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Executive Summary

In present era, urban air pollution has a serious health concern as the result of rapid
urbanization, industrialization, population bloom, increasing automobiles and economic
expansion. Air pollution episodes around the world like Meuse valley smog (1930),
Donora smog (1948) and London smog (1952 & 1962) caused thousands of deaths due to
high air pollution. As per an UNEP and WHO estimate, worldwide more than 500,000
deaths yearly worldwide are caused due to inhalation of particulate matter per annum.
Particulate matter plays the significant role on human health in the presence of complex
synergistic interrelationships among atmospheric processes such as vighility,
precipitation, solar radiation, climate change, cloud formation and acidification. It also
affects the features like ecosystems, vegetation and works of art & building materials. The
epidemiological studies confirm that the adverse hedth effects are mainly due to
particul ate matter, especially smaller particles of PM5(<2.5um in size)

Particulate matter is a complex mixture of organic and inorganic substances
suspended in air as solids and liquids. Particulate aerosols are very diverse in size, shape
and chemical composition depending on the source, meteorological conditions and
geographical localization of the area. It is very essential to elaborate the emission sources
of particulate matter in view of the air quality and human heath perspectives. The
implication of the preventive and control measures to minimize the mass levels of
particulate matter is only possible when the emission sources are quantitatively
characterized and identified. Source apportionment is based on the fact that the different
emission sources of particular location have their characteristic chemical signature or
source profile at that site such as potassium has strong association with biomass burning,
while aluminum and silicon are strongly associated with crust material. The emissions of
various industries are enriched in specific pollutants like iron from stee mills, calcium
from cement plants and carbonaceous matter from diesel combustion. An elevation of only
10pg/m? each in fine particulate matter is associated with approximately 4, 6 and 8%
increased risk of cardiopulmonary, lung cancer and mortality respectively. Symptomatic
or biologica effects are determined by the chemical nature, site of deposition within lungs
and physiologic responses of the deposited particulate matter. OC is suspected as
carcinogenic and mutagenic, whereas EC causes tissue irritation and interferes in lung



clearance mechanism. Polycyclic aromatic hydrocarbons (PAHs) among the organic
compounds emitted by various combustion processes are likely to be carcinogenic and

interferes the functioning of reproduction, hormone and immune systems.

So far much attention has been focused on source apportionment of particulate
aerosols in India and abroad, however sources of PM, s have not been characterized and
identified in metropolitan region of Chandigarh (UT, India). This study presents mass
levels, chemical characterization of PAHs and organic tarry matter, seasonal variation and
source apportionment of PM 5 using three years data of summer and winter seasons from
the metropolitan region of Chandigarh tri-city. The metropolitan region of Chandigarh
Tricity includes Chandigarh-Mohali-Panchkula with over 2 million of population.
Chandigarh is a union territory of Indiaand serves as the combined capital of both states
of Punjab and Haryana. Whereas Mohali and Panchkula are district head quarters of
Punjab and Haryana states respectively. Chandigarh is located in the foothills of Shiwalik
range of Himalayas and 162 miles (260 km) north of New Delhi, the national capital of
India. The climate of Chandigarh ishumid subtropical with varying temperature (-1 to
46 °C) and the annual average rainfall of 1110mm. Ambient air samples for particulate
aerosols were collected from four location namely Sector 12 (Chandigarh), Sector 34
(Chandigarh), Sector 74 (Mohali) and Sector 12A (Panchkula). The present study focused
on monitoring of fine particulate matter in ambient air of urban area and to source profile
the ambient air and correlate with PAHs and organic tarry matter in fine particul ate matter.

Particulate aerosols (PM1p and PM,s) were collected from the tricity of
Chandigarh, Panchkula and Mohali during summer (April to May) and winter (December
to January) seasons of 2013-14, 2014-15 and 2015-16. The mass levels of PM o and PM5
respectively varied from 69.2-187.5 pg/m® (average 116.4 pug/m®) and 40.5-100.3 ug/m*
(average 61.7 pg/m?) in 2013-14, 79.8-198.0 pg/m? (average 138.9 pg/m?) and 43.2-105.7
ng/m? (average 73.1 pg/m®) in 2014-15 and 80.1-194.1 pg/m® (average 125.6 pg/m°) and
42.4-103.8 pg/m® (average 66.4 pg/m®) in 2015-16. The values of PMy and PMas
respectively exceeded to 24 hourly NAAQ standards of 100pg/m® and 60pg/m® during
most of the sampling days which indicate the deteriorating air quality in this tricity. OTM
contributes to PM, 5 mass as 36.0% in 2013-14, 40.1% in 2014-15 and 35.7% in 2015-16
whereas OTM/OC ratio ranges from 1.57 to 1.71 indicates carbon as the largest
component. The concentration of total PAHs (3 PAHS) varied from 5.16 to 72.59 ng/m?in
2013-14, 4.95-69.57 ng/m®in 2014-15 and 5.38-75.62 ng/m°®in 2015-16 at the study area.



Presence of these polycyclic hydrocarbons indicates the emissions from combustion

processes mainly associated to vehicles and biomass burning.

Markers of PAHs and their diagnostic ratio is used to categorize the anthropogenic
and biogenic sources of emission. The ratio of IP/(IP+BghiP) as 0.42 under the range
0.37-0.70 and the ratio of BbF/BKF in the range 1.29-1.31 suggests the influence of diesel
emissions whereas the ratio of BaA/BaP as 1.21 indicates the biomass burning. The ratio
of BaA/(BaA+Chy) as 0.32 (0.20-0.35) indicates coal combustion in the study area. The
diagnostic ratio performed in the study highlight the influence of multiple sources as
vehicular emissions, coal combustion and Biomass burning as the main emission sources
of PAHSs in the study area. Pearson correlation shows higher coefficient among Acy,
BghiP, BKF, dBahA, Fin, IP, Pery, Pyr, Chry, OC and EC as first group, high loading of
Ant, BbF, BaA and NaP in second group and BaP, Flu, Ret and OTM in third group
indicating similar and common sources of origin. Principal component analysis shows
three contributory sources of particulate aerosols as vehicular emissions (44.03%), coa
combustion (18.85%) and wood & biomass burning (15.88%).

The study describes existing air quality & source inventory in tricity of Chandigarh
based on three years long data and it becomes a base to device an effective management
plan for air pollution control and emission reduction strategies. The study recommends a
comprehensive and regular monitoring of fine aerosols to understand the nature, strength,

trend and potential health impacts of emission sourcesin the region.

Vi
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CHAPTER 1: INTRODUCTION

This chapter broadly covers the background of Particulate Matter and PAHS, their
chemical characteristics and composition, followed by its source apportionment study and

assessment of toxicity.

1.0 Background

In the present era, urban air pollution has a serious health concern as a result of
rapid urbanization, industriaization, population bloom, increasing automobiles and
economic expansion (Kothai et al., 2011). Air pollution episodes around the world like
Meuse Valey Smog (1930), Donora Smog (1948) and London Smog (1952 & 1962)
caused thousands of deaths due to high air pollution. As per UNEP and WHO estimate,
worldwide more than 5,00,000 deaths are caused due to inhalation of particulate matter per
annum. In India, most of the cities are highly polluted and millions of urban Indians are
victims of deteriorating air quality due to the increased industrialization and fossil fuel
demand (Dickerson et al., 2002).

Particulate matter poses significant impacts on human health in the presence of
complex synergistic interrelationships among atmospheric parameters/processes such as
visibility, precipitation, solar radiation, climate change, cloud formation, acidification of
atmosphere (Revich and Shaposhnikov, 2010); and features like vegetation, ecosystems
and art & buildings (Riga-Karandinos and Saitanis, 2005). As epidemiological studies
have confirmed, airborne particles especially, smaller particles of PM,5 (<2.5um in size)
pose severe health hazards. Hence, PM, s has been considered as most significant criteria

pollutant of ambient air quality worldwide.

The six common air pollutants such as Particulate Matter (PM), Carbon Monoxide
(CO), Nitrogen Oxides (NOx), Sulphur dioxide (SO-), ground level Ozone (O3) and Lead
(Pb) are known as criteria pollutants. Inhalation and frequent exposure to fine airborne
particulate matter (PM1o/ PM,5 fractions) is a major cause of premature deaths and other
chronic human health impacts worldwide. Even in fine particulate matter elevated levels
of finer fractions (<PM,s um) are associated with more fatalities in comparison to coarse
fraction (<PM 1o um). In general, as particle size becomes smaller or finer, their potential

impact on human health is stronger because they can be easily inhaled deeply into lungs



and even get into blood stream or tissues. For this reason, particulate matter is monitored
and regulated by size as. (1) Coarse fraction (=PMy), (I1) Respirable fraction (<PMy),
(1) Fine fraction (€PM,5) and (1V) Ultrafine fraction (SPMy).

United States Environment Protection Agency (USEPA) revised the PM standards
in ambient air in 1987, replacing Total Suspended Particulate (Coarse fraction) with PM,
while standard for PM,s was published in 1997. It revised the standards again in 2006 and
introduced stringent 24 hour standard mass limits of PM 5 from 65 to 35ug/m®.

In India, taking a hint from international trends in regulation of fine particulate
matter, standards for PMyy were laid down in 1994. In 2009, the NAAQ (National
Ambient Air Quality) standards were again revised to incorporate standards for PM,s. A
lot of work is therefore needed in the country to better understand about pollution from
fine particulate matter and smaller fractions in it as PM,s/PM1. Paralel to determining
mass concentration of fine particulate matter, it is equally important to determine its toxic
constituents due to reported association of exposure to fine particulate matter and diseases.
In urban areas due to large scale burning of fossil fuels particularly in vehicles, it is
prudent to develop data on organic tarry matter including particulate phase of PAHs
(Polycyclic Aromatic Hydrocarbons) in fine fraction of air borne dust (<PM2s pum).
Organic tarry matter is a representative of organic air pollutants that include oxidized
hydrocarbons carbons (aldehydes, ketones, oxyacids etc.), polycyclic aromatic
hydrocarbons, dioxin and furans etc. Thus, the measurement of organic tarry matter and
polycyclic aromatic hydrocarbons provides an accurate idea for anthropogenic emissions

associated to combustion of fossil fuels and biomass.
1.1 Particulate M atter

Airborne particulate matter mainly comprises of organic and inorganic substances
which are in the form of solids or liquids suspended in air. Particulate matter under the
sampling conditions of atmosphere exists almost exclusively in solid phase, but liquid
aerosols can also be there in the form of acidic fumes/mists and heavy compounds of
diesel combustion. Particulate aerosols are very diverse in size, shape and chemical
composition, emission of source and strength, meteorological conditions and geographical
localization of the area (Mirandaet al., 2002; Angjaet a., 2006).



Particle size is the key parameter which governs transport and removal of particles
in the atmosphere as well as deposition of particles in the respiratory system. Particulate
matter varies in size from a few nanometers (0.002um) to around 100um in aerodynamic
diameter. However, significant size of particles in respect to physics, atmospheric
chemistry and health hazards lies in the range 0.002 to10um (CCPA, 2001). Particle size
for spherical particles is smply defined as the diameter of particle; however the term
"diameter” is not applicable for non-spherical particles such as a flake of material or a
fiber. The size of particles having different shapes and densities is measured in terms of
aerodynamic diameter. The aerodynamic diameter (da) refers to the diameter of the
spherical particle which has unit density of 1.0gm/cm®. USEPA has classified four
categories of the particulate matter having different sizes as- (I) Ultra fine particles
(<0.1pm), (I1) fine particles (0.1-2.5um), (I11) coarse particles (2.5 to 10pum) and (1V)
super coarse particles (10 to 100um). Particle categorization is important because
particul ate matter is regulated and tested under these categories. A comparison of different
particul ate sizes with human hair has been illustrated in Figure 1.1.

HOW SMALL IS PM?

—

Hair Gross Section (Bhpmi

“{Fuparcaarsa)
A Partele [Coaste|
o T Fanici (P}

I i
PM0 PMZ.5

Human Hair
[BOpm digmeter) {10pm) 2. 5pm)

Fig. 1.1: A sizewise comparison of particulate matter (CCPA, 2001)

Particulate matter is classified by number of ways depending upon its size,
formation and health effects. Based on particle size, particulate matter is generaly
subdivided into a fine fraction PM,5 (<2.5um) and a coarse fraction PM25.10 (>2.5um),
reflecting typically bimodal distribution. The fine mode (<2.5um) also known as
accumulation mode associated with gas to particles conversion and subsequent

agglomeration in the atmosphere.



The fine fraction of particulate aerosol (<2.5um) differs from coarse fraction
(>2.5um) in chemistry and in origin. Fine fraction is generally composed of sulphate,
nitrate, ammonium, carbonaceous compounds (organic and elemental), soil dust, acid
fumes/mists, water droplets, metallic and volatile species. These aerosols are primarily of
anthropogenic origin or secondary emission and tend to be acidic in nature. Forest fires are
well known largest natural source and significantly contributes to the fine fraction airborne
aerosols. The lifetime of these fine aerosols varies from days to weeks whereas travel
distance varies in wide range of 100 kms to more than 1000 kms. Fine aerosols are solely
responsible for decreased visibility in atmosphere and climate change.

The coarse fraction (>2.5um) primarily consisting of crust material (oxides of iron,
calcium, silicon and aluminum) is generally formed by natural and mechanical processes.
Major sources include crushing and grinding, windblown dust, paved and unpaved roads,
agriculture, industry, combustion of fossil fuels and construction & demoalition activities.
This size range is typically basic in nature. The coarse fraction being heavier in mass and
size has shorter life span of minutes to hours and travel distance of less than 1km up to
10km. A few chemical species of nitrates, chlorides, sulphates and trace metals nickel,
zinc, copper, manganese, vanadium, tin and antimony are variable and associated to coarse

and fine fractions.

On the basis of formation mechanism, particulate matter contains primary
components which are directly emitted into the atmosphere whereas the secondary
components are formed in the atmosphere as the result of photo-chemica reactions of
gaseous components by gas to particle conversion (Campos-Ramos et a., 2011). The
emission of primary and secondary particulates depend upon the geographical location of
the area and the atmospheric chemistry such as firewood burning and heating fuels during
winters emits the particles which are primary in nature, while in summers the

photochemical reaction attribute to secondary aerosols in the atmosphere.

The secondary reactions in the aimosphere include sulphur oxides, nitrogen oxides,
ammonia and variety of organic and volatile compounds as precursors of secondary
aerosols. The resulting secondary particulates include nitrates, sulphates and condensed
organic compounds. Sometimes the distinction between the emissions from anthropogenic
and natural sources is not possible. For example, emissions from biomass burning and
fugitive dust cannot be differentiated due to variations in source emissions from different

4



geographical areas. With reference to heath impacts on humans, particulate matter is

classified into four categories:
1.1.1 InhalableFraction

The inhalable fraction represents the mass fraction of particulate matter inhaled

through the nose and/or mouth and which is expressed for air quality as.
E =0.5[1+ exp (-0.06D) + 10° U exp(0.05D)]

Where -
D isthe aerodynamic diameter of the particle.
U isthe wind speed (up to 10 m/s).

1.1.2 Thoracic Fraction

Thoracic fraction of particulate matter (aerodynamic dia <10um) represents the
mass group and size fraction of inhaled particles. This fraction can deeply penetrate to
human respiratory system even though beyond larynx.

1.1.3 Respirable Fraction

Respirable fraction comprises of the mass fraction of inhaled particles with median
aerodynamic dia < 4 um. This fraction can penetrate deep into unciliated airways of our

lungs
1.1.4 High Risk Respirable Fraction

High risk respirable fraction is the mass fraction of inhaled particles (median
aerodynamic dia< 2.5um) which can cause sickness and/ or infirmity in children.

1.2 Chemical Characteristics of Particulate Matter

The behavior and fate of particulate matter in the atmosphere and within our
respiratory system depend upon its physica and chemical properties. Physica

characterization of particulate matter includes determination of shape and size; optical



properties and molecular; elemental and isotopic structures. Most of epidemiological
studies are based on the statistical investigation of mass concentrations and physical
properties of PMyp and PM,5 with health effects. It is well established that chemical
constituents of particulate matter influence the atmospheric processes and induce adverse
health effects. Thus, the chemical characterization of particulate matter can help in better
understanding of its behavior and influence. The chemical characterization can be divided

into elemental, ionic and carbonic analysis.

The elemental composition of particulate matter is mainly contributed by crust
sources consisting of the elements such as sodium, potassium, iron, auminium,
magnesium, calcium, manganese, silicon, and strontium. The combustion sources and
industrial processes at high temperature emit cadmium, arsenic, chromium, nickel and lead
in the vapor form which may quickly condense as the ambient air mixes with the hot
exhaust gases. Elemental analysis generadly refers to the measurements for total
concentrations of 20 to 60 multi-elements. The energy dispersive X-ray fluorescence,
proton induced X-ray emission spectroscopy and atomic absorption spectrophotometer are
the effective techniques to determine the elements from sodium (Nay;) to uranium (Ugy).
lonic species generally soluble in water are the important components of secondary

aerosols which can often be used to distinguish the polluting sources.

Simple ions such as sodium, potassium, calcium and magnesium are best
determined by atomic absorption spectrophotometer whereas polyatomic ions i.e. nitrate,
sulphate, phosphate and ammonium along with chloride are best determined by ion
chromatography and automated colorimetric techniques. Carbonaceous composition of
particulate matter is determined in two categories — organic carbon and elemental carbon
by therma manganese oxidation, thermal/optical transmission and thermal/optical
reflectance methods. Volatile organic fraction and polycyclic aromatic hydrocarbons are
determined by Gas chromatograph with flame ionization detector (GC-FID) or mass
spectrometry (GC-MS).

1.3 Chemical Composition of Particulate M atter

The chemical composition of atmospheric particles is very diverse with particle
size varying both in space and time. Sulphates present in fine particles arise from the
oxidation of SO, while silicon found in coarse particles usualy arise from the re-



suspension of surface dusts and soils. Around the world, the particulate samples collected
from urban areas typically have similar major components; however their proportions can

be different according to the location of sampling sites (Harrison and Yin, 2000).
1.3.1 Sulphate

Particulate sulphate as a secondary component arises mainly from atmospheric
oxidation of SO,. Although sulphate arising from mineral matter such as gypsum or sea
sat may be a primary component. The secondary sulphates in majority are found as a
combination of ammonium bisulphate (NH4sHSO,), ammonium sulphate [(NH4)>.SO,] and
dihydrogen sulphate (H>SO,4). Sulphur dioxide (SO,) aso undergoes change to form
sulphate particles through aqueous and gaseous phase transformations. SO, reacts with
hydroxyl radicals under the gas-phase pathway to form hydrogen sulphite in the
atmosphere. The resulting species reacts rapidly with water vapor and oxygen to forming
sulphuric acid gas. Under low vapor pressure conditions, this sulphuric acid gas condenses
on existing particles and at high relative humidity it nucleates to form a sulphuric acid
droplet. It becomes neutralized in the presence of ammonia gas to ammonium sulphate

and/ or ammonium bisulphate.

Hydroxyl radica pathway as another gas-phase pathway also contributes
significantly to a large extent. SO, present in atmosphere dissolved in droplets under
agueous reaction and reacts faster than gas-phase reactions when clouds and/ or fogs are
present. Dissolved sulphur dioxide is oxidized quickly to sulphuric acid mist in the
presence of hydrogen peroxide and ozone. The resulting sulphuric acid neutralizes to
ammonium sul phate in the presence of anmonia and dissolves in the water droplets. When
the clouds and/ or fogs evaporate and relative humidity decreases less than 100 per cent,
then the resulting sulphate droplets contain a small fraction of liquid water. These sulphate
droplets evaporate into small and solid sulphate particles when relative humidity further
undergoes less than 70 per cent. The same reactions occur very fast in fog droplet and
controlled by the presence of precursor gases and their rate of solubility. Aqueous
transformation of sulphur dioxide to sulphate is 10 to 100 times faster than the gas-phase

reactions.



1.3.2 Nitrate

Particul ate nitrate arises from atmospheric oxidation of nitrogen dioxide (NO,) as
secondary pollutant. Particulate nitrate is normally present as ammonium nitrate
(NH4NO3) resulting from neutralization of nitric acid (HNO3) vapour by ammonia (NH3).
It can also be present as sodium nitrate (NaNOs3) resulting from chemical reaction of
HNO;3; vapour by sodium chloride (NaCl). Nitric oxide (NO) is directly emitted into
atmosphere and converted to nitrogen dioxide (NO,) in presence of ozone. The nitrogen

dioxide present in atmospheric principally undergoes to various gas-phase pathways as:

(2) In the presence of UV radiations, it can again convert to nitric oxide;
(2) It can get converted to radical species as precursor for another chemical reaction;

(3) Nitrogen dioxide can form peroxyacetyle nitrate and other organic nitrate species;

and

(4) Can oxidize to nitric acid.

The hydroxyl radicals react with nitrogen dioxide and form nitric acid or convert
the sulphur dioxide into sulphuric acid. The rapid deposition of nitric acid in the
atmosphere is finaly neutralized to ammonium nitrate in presence of ammonia. Nitrate
formation also occurs during aqueous-phase transformations analogous to aqueous-phase
transformation of sulphate during fogs and clouds. In agueous phase or under moisture
conditions, nitrogen dioxide changes to ammonium nitrate in the presence of dissolved

ammoniaor nitric acid in the presence of oxidants.
1.3.3 Ammonium

The occurrence of ammonium (NH,4") in the atmosphere takes place by the process
of gas to particle conversion of ammonia (NH3z) gas (Adams et al., 1999). NH3 is present
in atmosphere as most abundance alkaline species. It comes from natural decomposition of
nitrogenous organic matter/fertilizers, farming of animals, oceanic emissions and biomass
burning (Tiwari et al., 2008). Ammonium rapidly reacts with acidic species sulphate and

nitrate and forms salts of ammonium sul phate or ammonium nitrate in the atmosphere.



1.3.4 Sodium and Chloride
Sodium and chloride mainly originate from sea salt.
1.3.5 Carbonaceous M atter

Carbonaceous matter represents the complex mixture of variety of chemica
substances consisting of carbon. Carbonaceous matter is generaly classified as organic
(OC) and elemental carbon (EC).

Organic Carbon

Organic carbon is emitted in to the atmosphere as primary as well as secondary

emission sources through photo-chemical reactions of precursor organic species.
Elemental Carbon

Elemental carbon (EC) is usualy known as inorganic, black or graphitic carbon.
EC is primary in origin and product of incomplete combustion of fossil fuels and biomass
burning. Elemental carbon is generally considered as the index of air pollution from diesel
vehicles (Takahashi et al., 2008) and a primary light-absorbing speciesin the atmosphere
which significantly affects the radiation balance and the climate of earth (Huang and Yu,
2007; Ramanathan and Carmichael, 2008).

1.3.6 Mineral (Crust) Material

Crust material originates from soil and rocks that is enriched in calcium, iron,
silicon and aluminium. Crust material is generally present in coarse dust arising from
windblown dust, entrainment processes, and anthropogenic sources such as quarrying,

construction and demolition activities (Harrison et al.1997a, b).
1.3.7 Water

Water from atmosphere is absorbed as water vapour by airborne particles
especialy salts of ammonium nitrate (NH4sNO3), ammonium sulphate [(NH4).SO4] and
sodium chloride (NaCl). During higher conditions of relative humidity, these species are
transformed from crystalline solids to droplets of liquid. This transformation occurs at



deliquescence point (specific humidity) where dry crystals get exposed to highest level of
humidity. As aresult, even after drying at 40 to 50% relative humidity, particles sampled

from the atmosphere retain airborne water that contribute significantly in particul ate mass.
1.3.8 Trace Metals

Trace metals like zinc, nickel, chromium, cadmium, manganese, lead, and mercury
are used in metallurgical processes, while others occur as additives or impurities in fuels.

Industrial processes and products also contribute to emissions of these trace metals.
1.3.9 Trace Organic Compounds

Trace organic compounds comprises a significant part of particulate mass such as
alkanes, alkenes, carboxylic acids, carbonyl, aromatic compounds (PAHS) and volatile
organic compounds. These compounds originate either from primary sources as industrial
and/or automotive or secondary emissions from the oxidation of volatile organics (VOCs).
Generdly, primary organics arise directly from fuel combustion and tend to have high
hydrogen to carbon ratio. The secondary organics are more oxidized and often consist of
poly-functional carbonyl and carboxylic acids.

In urban areas due to large scale burning of fossil fuels particularly in vehiclesit is
prudent to develop data on organic tarry matter including particulate phase of polycyclic
hydrocarbons (PAHS) in the fine fraction. Organic tarry matter is a representative of
organic air pollutants that include polycyclic hydrocarbons, oxidized hydrocarbons

(ketones, aldehydes and oxyacids), dioxin and furan etc.

Airborne PAHSs has been considered as major cause of adverse health impacts due
to their carcinogenic (causing cancer) and mutagenic nature (Villalobos-Pietrini et al.
2007). These are complex organic compounds which have at least two benzene rings in
their structure having carbon — hydrogen bond between them (Ravindra et a. 2008a&b).
They originate mainly from anthropogenic activities associated to incomplete combustion
of fossil fuels (ail, coal, petroleum) and pyrogenic sources as biomass burning (ATSDR
1995 and Takasuga et al. 2007)). In urban areas, the high vehicular density, industrial
activities and low dispersion conditions of atmosphere are conducive for higher mass

emissions of airborne Organic tarry species and PAHs (Caricchia et al. 1999). Emissions
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from vehicular exhaust contain most of the PAHs classified as carcinogens (Park et al.
2011). United States Environmental Protection Agency has included a total of sixteen
PAHSsin thelist of 188 air pollutants of hazardous in nature (Ravindra et al. 2008a &b).

The classification of PAHs can be performed on the basis of their molecular
weights as less than or equal to four aromatic rings called as low molecular weight (LMW)
and four or more aromatic rings as high molecular weight (HMW) PAHs (Kaur et al.
2013). Various studies have showed PAHs of LMW category mainly from products of
wood, oil and biomass combustion (Khalili et al. 1995 and Wilcke 2007) whereas PAHs of
HMW arising from vehicular emissions and coal combustion (Khalili et al. 1995 and Marr
et al. 1999). Hence, the source identification can be done by using ratios between PAHSs of
LMW and HMW. Sources are considered for the ratio <1 as pyrolytic sources, while the
ratios >1as petrogenic sources (Mastral and Calle’n, 2000).

As per the global emission inventory of total sixteen PAHs in 2004, India ranks
second with the mass emissions of PAHs as 90 giga grams per year (Gg/year) equals to
3.6% of the mass proportion of hazardous high molecular weight compounds than the
global average (Zhang and Tao 2009). The PAHs show higher correlation with PM 45 than
PMjo(Yang et al. 2012) and HMW fraction dominant over LMW (Aryal et al. 2011).

1.4 Sour ce Apportionment of Particulate Matter

It is very essential to elaborate the emission sources of airborne particlesin view of
air quality status, human health and environmental perspectives. The implication of the
preventive and control measures to minimize the mass levels of particulate matter is only
possible when the emission sources are quantitatively characterized and identified (Viana
et a., 2006). Source apportionment is factually based on different emission sources of
particular location with their source profile and/ or characteristic signature at that site for
example, potassium has strong association with biomass burning, while aluminium and
silicon are strongly associated with crust material. The emissions of iron and steel mills
are enriched in iron, cement plants emission enriched in calcium, while diesel emissions
are enriched in carbonaceous matter. Signatures/markers for specific source are listed
below in Table 1.1.
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Table 1.1: Signatures/markers of source emissions

Source Signature/Marker Reference
Wood Al, BaP, Flu, Ret, Pb, Larson & Baker 2003, Kulkarni et al. 2014,
Burning Zn, stigma sterol Lv et al. 2016, Dvorskaet al. 2012

Larson and Baker 2003, Kulkarni et al.
2014, Lv et d. 2016; Gupta & Chakraborty
2010); Kumar et a. 2001

Cod Ant, BbF, BaA, NaP,
Combustion | Picene, Se, As, SO,

Biomass Larson & Baker 2003, Kulkarni et al. 2014,
_ BaP, Flu, Ret, OTM, K,
Burning Lv et al. 2016, Dvorska et al. 2012
Diesel Pyrene, Flu, BKF, EC,
_ Yunker et al. 2002
Vehicle Mn, Fe

Petrol Coronene, Acy, IP, Pery | Hoe et a. 2009; Guo et a. 2003; Ravindra et
Vehicles B(ghi)P, OC/EC, Ni, Na | a. 2008a&hb

Source apportionment of particulate aerosols from urban atmosphere is a
complicated issue due to various reasons as (i) numerous source categories anthropogenic,
natural and biogenic contributing to primary and secondary components (ii) inadequate
characterization of all emission sources;, and (iii) variability in emission pattern and
sources due to different shapes, sizes, densities and lifetimes of pollutants, atmospheric
chemistry, varying geographical and climatological conditions of the area.

1.5 Health Effects of Particulate M atter

Airborne particulate matter is a serious concern worldwide since it is linked with
wide ranging health effects. Size, chemical nature and quantity of particulate matter in the
atmosphere plays a vita role in human health. Notorious acute air pollution episodes like
Meuse Valley smog (1930), Donora Smog (1948) and London Smog (1952, 1962) caused
heavy mortality. These episodes clearly indicate that short-term elevated levels of
particulate matter and sulphur dioxide are associated with various pulmonary disorders
and mortality. As per UNEP and WHO estimate, about 5,00,000 people die each year due
to inhalation of particul ate matter worldwide among which 1,35,000 are victims of chronic

asthma and rest die of heart or cardiovascular diseases. Suspended particulate matter
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dominated by 68% of respirable particulate matter (<PM 1) is associated with mortality of
9.5% (Samoli et al., 2001). An elevation of 10ug/m® each in fine fraction (<PMss) is
associated with increased risk of mortality, lung cancer and cardiopulmonary in
approximate to 8, 6 and 4% (Pope 111 et al., 2002). In beginning of 20" century, lung
cancer has been reported as a rare disease which has now become aleading cause of death
inindustrialized era of present world at arate of 0.5% per annum accounted for about 13%
of total deaths. As per physiological study, particulate matter in a range of 207 to
733pg/m® can increase pulmonary inflammation in rats (Clarke et a., 1999).

Symptomatic or biological effects are determined by the chemica nature, site of
deposition within lungs and physiologic responses of the deposited particulate matter. The
particulate components such as nitrate, sulphate, acidity, transition metals, organic carbon
(OC) and black or elemental carbon (EC) are responsible for adverse health effects. OC is
suspected as carcinogenic and mutagenic, whereas EC causes tissue irritation and

interferesin lung clearance mechanisms.

Polycyclic aromatic hydrocarbons (PAHS) among the organic compounds emitted
by various combustion processes are carcinogenic in nature and interfere with the
functioning of reproduction, hormone and immune systems. Benzo[k] fluoranthene,
benzo[j] fluoranthene, benzo[b] fluoranthene, benzo[a] pyrene and benzo[a] anthracene
are directly mutagenic, whereas others are indirectly mutagenic in Salmonella (Mumtaz
and George, 1995). Since PAHs emissions in the atmosphere are often associated with
vehicular pollution, hence the population in urban areas experience higher exposure of
petrochemical pollution and are under higher risk of lung cancer than the population of

low pollution or rural areas (Yang et a., 1999).

In the atmospheric environment of India, particulate phase PAHs 22.91-190.96
ng/m? in Kolkata (Chattopadhyay et al., 1998) and 20-172 ng/m*in Coimbatore (Mohanraj
and Azeez, 2004) are apparently higher than National Ambient Air Quality (NAAQ)
Standards. Inorganic salts which serve as the reactive surface can enhance the deposition
and condensation of harmful compounds. Toxic metals in association with particulate
aerosols have a significant role in human health. The metallic species are derived from
fossil fuel combustion; vehicular and industrial sources act as catalysts and activate

biological processes.
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1.6 Aim of the Study

So far, much attention has been focused on source apportionment of particulate
aerosols in India and abroad, however sources of PM, s have not been characterized and
identified in metropolitan region of Chandigarh. This study presents mass levels, chemical
characterization of PAHs and/ organic tarry matter, seasonal variability and source
apportionment of PM, 5 using three years data of summer and winter seasons from tri- city
of Chandigarh-Mohali-Panchkula. The specific objectives of the study are described as to
monitor airborne fine particulate matter in urban area and source profiling of ambient air,

correlation of PAHs and organic tarry matter in fine particulate matter.

14



CHAPTER 2: REVIEW OF LITERATURE

This chapter summarizes substantive findings of evaluation and assessment of
more than 300 scholarly articles published on the various aspects of research related to
particulate aerosols and PAHs over a period of three decades, since 1990. The review has
been conducted and compiled to synthesize historical research evidence to effectively
support the key objectives of the study and provide a significant foundation for the
research. Thus, this chapter helps us to understand the present state of affairs under
research performed for chemical characterization and source apportionment of OTM and
PAHSs in Fine Particulate Matter and identify the potential research gaps to be filled up

during the study, as per our objectives.
2.0 Standardsof Particulate M atter
EPA Standardsin United States of America

USEPA announced the first NAAQ (Nationa Ambient Air Quality) standards with
respect to PM 1 (inhalable particles equal to or smaller than 10 micrometers) in 1987 as 24
hourly average standard of 150 micrograms per cubic meter (ug/m°) and the annua
average standard as 50pg/m°. In 1997, USEPA added PM 5 (< 2.5 um) as target particles
and set the standards as annual average of 15ug/m® and 24 hourly average of 65ug/m®.
USEPA again revised 24 hourly average standard of PMs in 2006 from 65pug/m® to

35ug/m> whereas annual average standard remains same as 15ug/m?>,
NAAQ Standardsin India

In India, the air pollution standards were first laid down in 1981 when the Air
(Prevention & Control of Pollution) Act 1981 was notified. The standards included
measurement of Suspended Particulate Matter (SPM<100um) only among various
particulate fractions. These standards were amended in 1994 and notified for Respirable
Particulate Matter (RSPM/PM o) as per MoEF Notification: GSR 176 (E) April 2, 1996
prescribed for three categories as industrial, residential and sensitive areas. In 20009,
NAAQ standards were amended with remova of SPM and addition of PM,5 under the
area categorization as (l) Industrial area, Residential/ Rura area & others and (l1)
Sensitive area as per MoEF Notification: GSR 826 (E) Nov. 18, 2009 (Table 1.2).
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Table 1.2: National Ambient Air Quality Standards (NAAQS), 2009

Concentration in

Ambient Air
Time . Ecologically
Pollutant Weighted Ind_ustrlgl, sensitive area M ethods of
Residential, e M easur ement
average (Notified by
Rural and C
entral
other area
Gover nment)
. Annual * 50 20 0 Improved West &
Ssugph;; n?; oxide 24 hours 80 80 Gaeke
2H * o Ultraviolet
Nitrocen Annual* 40 30 0 Modified Jacob &
Itrog 24 hours Hochheiser (Na-
DioxideasNO, | ., :
g/ 80 80 Arsenite)
H 0 Chemiluminescence
Particul ate Annual * 60 60 0 Gravimetric
matter PM o 24 hours o TOEM
(10pm) pg/ms | ** 100 100 0 Beta attenuation
Particulate Annual * 40 40 o Gravimetric
matter PM 5 24 hours 60 60 o TOEM
(£2.5um) pg/ms3 | ** 0 Betaattenuation
Ozone (03) 8 hours ** 100 100 0 UV photometric
- > | hour ** 180 180 0 Chemiluminescence
H 0 Chemica method
Annual* 0.50 0.50 0 AAY ICP method after
sampling on EPM 2000
Lead (Pb) pg/m3 | 24 hours 10 10 or equivalent filter paper
*x ' ' 0 ED - XRF using Teflon
filter
Carbon 8 hours ** 02 02 o Non Dispersive Infra
Monoxide Red (NDIR)
mg /m? | hour ** 04 04 Spectroscopy
: Annual * 100 100 I
Ammonia >4 hours 0 Chemiluminescence
(NH3), pg/ms - 400 400 0 Indophenol blue method
o Gas chromatography
based continuous
Benzene (CgHe) . analyzer
pg/m?3 Annual 05 05 0 Adsorption and
desorption followed by
GC analysis
Benzo(a) Pyrene o Solvent extraction
_ (BaP), ng/m?® Annual * 01 01 followed by HPLC/GC
' analysis
Arsenic (As) AASY ICP method after
ng/m® Annual * 06 06 sampling on EPM 2000
or equivalent filter paper
, , 0 AASY/ICP method after
rl:lgljfrﬁ? () Annual * 20 20 sampling on EPM 2000
or equivalent filter paper

Source; Central Pollution Control Board
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2.1 Monitoring of Particulate Matter

In India, ambient air is being monitored under NAAQM (National Ambient Air
Quality Monitoring) program in 25 States and 4 Union Territories (126 cities/towns) at
341 sations by National Environmental Engineering Research Institute (NEERI), State
Pollution Control Boards (SPCBs), Pollution Control Committees (PCCs) and various
other institutions in coordination with Central Pollution Control Board (CPCB).

A size distribution study describes more than 85% aerosols are less than 12.5um in
Size at industrial area in Mumba (Sharma and Patil, 1991). Study on particle size
distribution, reported fine particles < 2.1um accounting for 45.4% and coarse particles
>2.1um accounting for 54.6% to TSPM at industrial area in Mumbai (Khemani et al.,
1994), whereas smaller particles <2.0um accounts for 52% to TSPM in Agra and 68% to
PMiy mass in Dehi (Kulshrestha et al., 1995a). Another study on chemical
characterization of airborne individua particles and its distribution in number and size of
mineral aerosols, highlighted coarser particles more than 1.0um during Asia-Dust Storm
(ADS) while mineral particles less than 1.0um were dominant in non-ADS collections.
Respirable fraction (<2.5um) accounts for 99% of the total particulate mass comprising of
soot aggregates as the most abundant components, while fly ash (spherical particles) were
enriched during summer season (March) and domestic coal-burning was indicated as

predominant source of emission (Shi et a., 2003).

The study on air pollution and hedth indicate that the emissions of small
particulates (PM1g) and SO, are responsible for 95% of the health damage in India
(Khillare et al., 2004). Another study on events of dust storm and daily mortality in Taipel
(Taiwan) reported that the dust storm increases risks of respiratory diseases by 7.66%
after a day of event, risks of total deaths by 4.92% and risks of circulatory problems by
2.59% after two days of the event (Chen et a., 2004).

Moreno et a. (2007) demonstrated annual average mass levels of PM at urban
traffic intersections, in European cities as high as 50-100% above the WHO standards. The
situation exerted high urban PMs/PMy ratio indicating predominance of finer fraction
which when inhaled goes deeply in our lungs and has the potential of detrimental health
impacts. Satsangi et al., (2007a) reports the mass concentrations for PM 5, PM 19 and NO,
as 2 to 3 times higher than the WHO standards, indicating deteriorated air quality in Agra
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and PM,s/PMyg ratio suggests 54% of PMjo congtituted by fine fraction of PMys. A
strong correlation of NO, with PM45 and PM 1o suggests road traffic as a common source
and no correlation between PM, 5 and PM o shows both fractions originate from different

Sources.

Ostro et a. (2007) obtained daily data on mortality and PM s mass from 2000 to
2003. The study examined associations of PM s with mortality. It indicated that mortality,
respiratory and cardiovascular disorders influence the age group > 65 years. The multiple
mortality categories were found to be highly associated with PM,s mass whereas
cardiovascular deaths were more prone to PM, 5 fraction. Tha et al., (2008) elucidated the
health impacts associated with PM exposures in variety of land uses and in traffic
dominated urban areas. During each of daily bicycle traverse, mass levels of PM 1, and
PM, 5 varied between 26-77 and 7-34 pg/m® respectively. The study concluded that the
factors significantly affecting exposures along the designated bicycle routes were
associated to the proximity of traffic and land use pattern in the area. Measurement of
PMyo and levels of Lead (Pb) over Madurai in Tamil Nadu presents the mass
concentrations in the range of 88.1 to 226.9ug/m* and 0.21 to 1.18ug/m? respectively
(Bhaskar et a., 2008).

A study estimated air quality for PM 4, CO, SO,, O3 and NO, from January 1997
to December 2006 in the Klang Valley of Malaysia and reported that the mass
concentrations of PMjp and Oz associated with meteorological factors especialy of
sunlight and air temperature, while other pollutants are more influenced by the number of
automobiles (Azmi et a., 2009).

Brunekreef et al., (2009) reported increasing evidence of long-term exposures of
air pollution which cause cardiopulmonary diseases and mortality deaths. This study aso
highlighted that the traffic induced air pollution at the local scale causes cardiopulmonary
mortality. Diaz-Robles et a., (2009) found that the diesel particulate matter (DPM) in the
size range of fine and ultra fine poses high cancer risk and great health concern. The
annual DPM contribution to total PM,s was reported as 3.7, 2.5 and 2.2% respectively in
Atlanta, Nashville, and Birmingham. A study of elemental composition of particulate
matter from Dar-Es-Salaam Tanzania during August 16 to September 16, 2010 (dry
season) reported strong correlation among the most of elements in coarse mode, while
weaker correlation in fine mode suggesting similarity in origin of sources (Mkoma et al.,
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2010). Houda et a. (2011) did exploratory study to estimate the low levels of particulate
pollution. The study was based on vertical integrated optical measurements to facilitate
PMj0 monitoring by remote sensing observations to build relationship between Aerosol
Optical Thickness (AOT) and particle mass concentration and it concluded that the strong
correlation between AOT and PM 1 was directly associated to the geographical location

and the meteorological conditions of the area.
2.2 Chemical Characterization of Particulate Matter
2.2.1 Polycyclic Aromatic Hydrocar bons (PAH)

An intensive seasonal measurement campaign for particulate and vapor phase
polycyclic hydrocarbons from urban locations in Birmingham (UK), using PCA followed
by MLR technique, demonstrates the measurement of PAHs along with inorganic
pollutants as the powerful tracer of source categories than PAHs aone (Harrison et al.,
1996). Another study of non-methane hydrocarbons reports higher levels of Cy-Cs
hydrocarbons than Cs-Cyo hydrocarbons and benzene concentration as 5 ppb in the
proximity of a refinery in Mumbai. It suggested Principa Component Analysis as a
significant tool for source identification of different hydrocarbons. A comparison between
the ratios of hydrocarbon acetylene and benzene-toluene, elaborated industrial emissions

to be predominant over vehicular emissions in the urban region (Mohan Rao et a., 1997).

In Kolkata, elevated levels of benzene and toluene are reported by Chattopadhyay
et a. (1997), whereas benzene, toluene and xylene are measured in the range of 1,000 to
8,000pug/m3, 100 to 1,200pg/m?, and 60 to 120pg/m® respectively in winters during 1992-
1994 (Samanta et al., 1998). Particulate phase VOCs were observed from Delhi, in the
range of 1.3 to 32.5 ppm with peak values at 0900 hour during heavy traffic density,
showing a wide temporal as well as seasona variation attributing to the solar radiation
intensity and meteorological conditions (Padhy and Varshney, 2000). The measurement of
polycyclic hydrocarbons species from the atmospheric air of Calcutta (Chattopadhyay et
a., 1998), Durg in Madhya Pradesh (Pandey et a., 1999) and Mumbai (Venkataraman et
a., 1999; Kulkarni and Venkataraman, 2000; Sahu et a., 2001) shows the site specific
contribution, whereas source quantification indicates oil combustion in industries and

vehicles as primary sources of PAHS.
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In 2008, a study was conducted in Mumbai, Indiain which PAHs in different sizes
of aerosols were characterized and their dry deposition rate was estimated. It was indicated
that dry deposition of PAHs was mainly due to gravitational settling of coarse particles.
The results of the study identified that mostly PAHs were adsorbed on pre-existing
aerosols associated with fine particles. (Sahu et a., 2008). In 2009, a study was conducted
a Industria area Agra, in which sixteen PAHs were identified in Total Suspended
Particulate Matter (TSPM). Out of which, maor high molecular weight PAHSs included
Benzo(a)pyrene, Benzo(ghi) Perylene, indeno(123cd) pyrene and Dibenzo(b) anthracene.
The study concludes that BaP is considered as the most abundant PAH in urban area with
average concentration lying between 0.7-176 ng/m>. Diagnostic ratio was used as a tool to
identify the potential sources of PAHSs in aerosols. Vehicular influence is assessed from
IP/(IP+BghiP) having value 0.29, BaP/(BaP+Chy) attributed to diesel emission with a
value of 0.97 and the ratio of IP/BghiP with value 0.407 attributed to gasoline (Rajput et
a., 2009). Similar study was conducted in Baoji, China where PAHs in PMo were
collected in 2008 during winter and spring seasons. The results of the study indicate that
there is much increase in PAHs mass in winter due to increase in coa usage in house
heating (Xie et a. 2009).

The investigation of polycyclic aromatic hydrocarbons from December 2005 to
December 2006 at an urban and industrial site in Agra shows a significant seasond
variation with higher mass concentration in winter attributing to the changes in emissions
rates and meteorology (Raput and Lakhani, 2010). Shaofei et a. (2011) studied the
characteristics of PAHs in various ash contents in the size range of PM,, fraction collected
from iron smelt, coke production, heating station and stack emissions of power plantsin
Lianing Province, China. The total mass of PAHs varied from 290.2-7055.7 pg/g for 17
identified species and 140.3-3345.5 pg/g for carcinogenic species. The toxicity index of
ash content was highest in coke production plants followed by coa based power plants,
iron smelters and heating stations.

A study was conducted in 2012 in Agra, India where major industries use coal and
coke as a fuel in cupola furnaces along with natural gas. Results of the study showed that
HMW (High Molecular Weight) PAHs BghiP, DbA, IP &BaP were predominant in the
area. The diagnostic ratios indicated that IP & BghiP were main source of diesel emissions
because the ratio of 1P/ (IP+BghiP) was found to be 0.72. BaP & BaA were associated as
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the source of gasoline, as the ratio of BaA/BaP was 0.50; whereas BbF & BKF were
associated to be the sources of diesel emissions (BbF/BkF > 0.5). In 2012, study was
conducted in Bogota where researchers prove that exposure and inhaling of PAHs and
PMjo was due to heavy traffic flow in Bagota. It was recorded that emissions in case of
bus was much higher when compared to Van. The study concludes that greater exposure to
PAHs was due to poor maintenance of buses and also due to aggressive driving pattern of
drivers (Pachon et al., 2013).

The study on characterization of PAHsin PM 25 & PM 1o was conducted in 2012, in
Tanngu district of China. The mass concentrations of PAHs varied from 8.47 - 113.94
ng/m® and 21.07 - 118.23 ng/m® for PM,s and PMy fractions respectively. The study
showed that low molecular weight PAHs (2-3 rings) were dominant when compared to
high molecular weight PAHs. Moreover, there was strong relationship between PM, 5 and
PAHs as compared to PM1o. Three factors were identified as the sources for emission,
which includes coke production, pyrogenic sources and vehicular sources (Yang et a.,
2012). In 2014, research on characterization and source identification of polycyclic
aromatic hydrocarbon was done in Visakhapatnam, India. In which, researchers found
sixteen particles bound to PAHs in industrial and residential areas. The dominating PAHs
in that area were Acy, Ace, Phen, Pyr, B(@P, B(k)F and B(ghi)P. It showed that
concentration of these PAHs is amost twice in winter when compared to summer and 2.6
times as compared to monsoon seasons. Study also indicates that low molecular weight (2-
3 rings) PAHs are predominant in these areas (Kulkarni et al., 2014). In August 2014,
PAHSs identification and characterization was performed in the Agra city where 3-4 rings
PAHs were found in abundance as compared to other PAHs. The dominance of 3-4 ring
PAHs showed the biomass combustion and vehicular emissions were the major sources.
Health risk assessment was also performed on the basis of BaP equivalent (Dubey et d.,
2014). Similarly in 2014, aresearch paper published on source apportionment of PAHs in
New Delhi reported higher mass concentrations in winter as compared to other seasons
due to combustion of fuel for household and space heating purposes. The emissions of
PAHs were found to be associated to petrol/ diesel driven vehicles and diesel fumes of
generator sets (Sharmaet al., 2014).

Seasonal variations of PAHs were observed in Mexico in 2014 and the results
indicated that 86-97% portion of PAHs comprised of vapor phase aerosols. Naphthalene
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was the most abundant PAH contributing around 84-93% of the total mass. On the other
hand, BaP was found to be 7% in particle phase, while 0.2-1 % in gas phase. The overall
study concluded that vehicular emissions along with diesel and gas combustion was the
major contributors in PAH emissions. Also PAH concentration was 2-8 times higher in
winter/cold season at industria site as compared to other seasons. The carcinogenic effect
of PAH was estimated by TEF (Toxicity Equivaent Factor) in which BaPeq
concentrations were determined. The value of toxicity equivalent factor (TEF) was found
to be much greater as compared to proposed standards that impose a hedlth risk to the
habitants of Mexico City (Mugicaet a., 2012).

The researchers from university of Ghana performed a study at a toll booth on
major highway & found a good correlation between PAH level and vehicular traffic. The
most identified PAHs contained five rings, while low molecular weight PAHs was lessin
number. Analysis of diagnostic ratio identified that petrogenic sources like gasoline and
diesel as the maor pollutants for PAHs emission. BaP equivalent was calculated for
estimating the lifetime lung cancer risk (LLCR) that attributes a very higher value than its
limit given by WHO and USEPA (Safo-Adu et a., 2014). In the year 2015, determination
and evauation of PAHs in the city of Lahore, Pakistan were performed. The study
indicates that among the total determined PAHS, Benzo (a) Anthracene was found to bein
the highest concentration. Moreover, the average concentration of all PAHs were higher in
winter in comparison to other seasons. The major identified sources of emissions were
industrial emissions, vehicular emissions and incomplete combustion of organic matter
(Kalimet a., 2015).

In the same year, a study on PM, 5 bound PAHs in Mexico showed that PAHS with
high molecular weight are abundant in atmosphere in comparison to low molecular weight
PAHSs. Source characterization of PAHs done with the help of diagnostic ratios and
principa component analysis (PCA) reveals two major sources as coa burning and
vehicular emissions. Also in this study, carcinogenic potential of BaP is calculated in
terms of BaPE (equivaent index of BaP) which is attributed to an estimated concentration
of 4.05ng/m* (Hugo et a., 2015). Another study on PM.s bound PAHs in indoor and
outdoor environments in Western Sierra Leone (Taylor et a., 2015) reported that the
burning of wood and charcoa are the main sources of emission. The study concluded that

kitchen has highest concentration, whereas living room has least concentration of PAHs in
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indoor atmosphere. High molecular weight PAHs (BaP & DbA) were found to be
dominant in kitchens due to wood & charcoa burning as compared to living room and
outdoor areas. A varying PAH profile with risk effect was reported with higher risks in
kitchen when compared to outdoor and living areas.

In 2016, a size resolved PAH study was conducted in megacity Shangha to
understand the effects of PAH on human respiratory system. The results showed a bimodal
distribution of size resolved PAHSs. In this distribution, with the increase in the ring
number, intensity of peak increased in fine mode while decreased in coarse mode. It is
further used for calculating lifetime cancer risk (LCR). The magjor sources contributed to
PAH emissions reported as vehicular emission (27%), coal combustion (25%) and
biomass burning (27%) (lv et al., 2016). In the same year, research on PAH, Fe and Black
Carbon was conducted in a Steel Industrial City, Central China where result trend showed
that there were no relationship between Fe and other compounds. While PAH and black
carbons were related to each other and the possible sources for their emissions were
industrial production and vehicular emissions (Zhang et a., 2016).

In 2017, a research was reported (Study period October-December 2014) on
identification of PAHs at industrial and traffic sites in the city of Mangalore, India. Seven
PAHs were reported namely Flu, Ace, Chr, B (a) A, BaP, BbF, IP, Pyr. It was observed
that average of TPAHs concentration at residential areawas 70.2 ng/m® (ranging from 12-
109 ng/m®) and at industria areawas 109 ng/m?* (varying from 39-252 ng/m°). Also TPAH
concentration was 1.8 times higher at traffic site as compared to industrial area. Source
characterization was performed using PCA in which only two components were analyzed.
The analysis indicated that the main sources of PAHs were vehicular emissions and fuel
combustion other than gasoline/diesel (Kalaiarasan et a., 2017).

2.2.2 Diagnostic Ratio

Diagnostic Ratios indicated that B(k)F, B(ghi)P, 1P were the sources of vehicular
emissions. Anth, Flt, BghiP & Pyr were identified as the sources of wood combustion.
Phen, FIt were tracers for coa combustion and BbF & BkF was the sources of heavy duty
diesel vehicles. Diagnostic Ratios & PCA data indicated that coal combustion, oil burning,
vehicular emission and diesel engines were the major sources of PAH (kulkarni et al.,
2014). In January 2014, study was conducted on the size distribution pattern of PAH in

23



Japan and it was observed that high molecular weight PAH followed different size
distribution in al the seasons with highest peak in fine particle size range of 1.1 um, while
low molecular weight PAH didn’t show much variation with particle size. Also
carcinogenic potency of PAH mainly existed in the particle size range 1.1 pum. The
emission source of PAH was identified as vehicular as well as anthropogenic (Wang et al.,
2014).

2.2.3 Organic Species

A short term study of the carbon composition of particulate matter illustrates
respirable suspended particulates (RSPM), total carbon (TC) and black carbon (BC) in the
range of 72 to 702 pg/m®, 28 to 341 ug/m?® and 17 to 216 pg/m® respectively and a higher
ratio of BC/TC (0.61) suggesting fossil fuel as predominant source over biomass (TERI,
2001). The INDOEX-IFP (Indian Ocean Experiment-Intensive Field Phase) program
undertaken in Mumbai from January to March 1999 to determine the size distribution and
chemical composition of PM revedls that carbonaceous and ionic constituents account
for 30 and 20% to surface aerosols (Venkataraman et al., 2002). Another study in Mumbai
during INDOEX programme from February to March 1999 demonstrates the ratio of
BC/TC (0.42) and BC/OC (0.77) suggesting 60 to 80% aerosols from fossil fuel
combustion, while 20 to 40% from biomass burning (Mayol-Bracero et a., 2002). In
addition to INDOEX, various experimental researches over the Indian subcontinent have
reported elevated aerosol loadings with variable aerosol characteristics over rura and
urban areas (Carrico et al., 2003; Sumanth et al., 2004; Moorthy et al., 2005).

A study of the characterization of particulate aerosols for soluble and insoluble
components (Kyotani and Iwatsuki, 2002) and particulate phase organic compounds
(Sharma et a., 2003) suggests vehicular emissions, refuse waste and biomass burning
significantly contribute in organic mass of PM 1. Air quality for particulate aerosols, NOx,
CO and black carbon measured from June 1999 to May 2002 near busy road side in
Athens, Greece shows the mass concentrations of PM s and PM ;g are positively correlated
with black carbon, CO and NOy, whereas inversely correlated with wind speed
(Chaloulakou et a., 2003). Another study reports the high molecular weight compounds
(often named humic-like substances) from 0.3 to 1.6pg/m® corresponding to 9 to 30% per
cent of the total organic carbon (Samburova et al., 2005). A characterization study on
source characterization of PM»5 in Taiyuan, China reports that the mass levels of PM 5,
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OC, EC and OC/EC ratio are mainly affected by meteorology and the carbonaceous
species are thought to be as key components in controlling particulate pollution in the city
(Meng et dl., 2007).

A study based on characterization of fine aerosols in Agra reports organic carbon
(OC), elemental carbon (EC), SO,* and NO3 as dominant species in PM s mass, whereas
elemental, inorganic ionic and carbonaceous species contributed 32.3, 16.8 and 23.0%
respectively (Saha et al., 2008). Another study based on carbonaceous composition of
particulate aerosols from Tainjin, China shows the mass concentrations of elemental
carbon (EC) and/ organic carbon (OC) accounting for 17.0 and 5.7% to PM, 5 mass, while
16.1 and 4.9% to PM 1o mass due to coal and biomass burning and vehicular emissions in
the city. The chemical species showed a seasona variability with higher mass levels in
winter and fall in spring and summer attributed to the combined effect of variable

emissions rates and meteorology (Gu et a., 2010).

Carbonaceous aerosols measured from suburban site of Agra accounts for 25.2% in
total suspended particles (TSP) and high correlation coefficient for OC and EC suggests
common source of origin, while high OC/EC ratio (8.1) suggests biomass burning as
major source at the site (Satsangi et a., 2010). In 2006-07, a study was conducted on
analysis of concentration of organic tarry matter in Patiala, Punjab. The analysis was
performed during crop residue burning period (CRB) and non-crop residue burning period
(NCRB). The results of the study indicate that OTM level is much higher during the
period of CRB. Moreover higher level of concentration was observed in rice residue
burning in comparison to wheat residue burning (Singh et al. 2012).

2.2.4 Elemental Species

Makkonen et al. (2010) determined elemental composition in PMy, PM,5 and
PM1 fractions during various wildfire episodes and different seasons in 2006. It was
concluded that the most of toxic and trace metals such as arsenic, lead, nickel and
cadmium contribute 70-80% to PM o (particles <1.0 um in dia).
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2.2.5lonic Species

Measurement of particul ate sulphate from Mumbai during INDOEX reports largely
a trimodal size distribution in condensation mode (MMAD of 0.6um), droplet mode
(MMAD of 1.9-2.4pum) and coarse mode (MMAD of 5.0um) (Venkataraman et al., 2001).
lonic characterization of PM, 5 shows NOs', SO, and NH,4" as dominant species, whereas
low NO3/SO4 ratio suggests stationary emissions as a dominant source of fine aerosols
(Yao et a., 2002). Characterization of Inhalable particulate matter results, with the
Scanning Electron Microscopy (SEM) analysis significantly yielded more information on
elemental composition and morphology than direct examination of dust filters by SEM
(Chong et d., 2002).

2.3 Seasonal, Temporal and Spatial Variations of Particulate Matter

Particulate aerosols show seasonal variations due to meteorological conditions,
type of source, strength of emission and atmospheric chemistry. The influences of
meteorology on air quality have been described in various environmental studies. A
seasonal variability for different particulate size range observed from heavily polluted
urban area of Hong Kong illustrates that the coarse size aerosols have apparent seasonal
variation, whereas fine aerosols have insignificant variation suggesting fine aerosols
mainly associated with local traffic sources (Chan and Kwok, 2001).

Spatial and tempora characterization of dust storms was reported from China and
its surrounding by analyzing the reports for last 40 years. The meteorological conditions,
nature and transport routes of dust storms and the Aeolian dust regions reveals Gobi and
Taklimakan deserts as the major source of dust stormsin China (Sun et a., 2001). Another
investigation on dust contribution from the Sahara region to particulate aerosols in Spain
reports high mass levels of total suspended particles (TSP) and PM o during Saharan dust
intrusions occurring from May to September. The study suggested that the mineral dust is
considerably affected by the dust particulates in the areas, mostly affected by resuspended,
windblown and long-range transportation of dust storms (Rodriguez et al., 2001). Various
studies in Australia (Chan et a., 1999), Asia (Chen et al., 2004), North-America (Owega
et a., 2004) and Europe (Kocak et al., 2004) have discussed the significant role of major
desert events to particulate mass in the air. Estimation of spatio-temporal variations and
sources of particulate trace metals from Levantine Basin of Eastern Mediterranean shows
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seasonal variability among crust elements (Al, Fe and Mn) in the order of transitional >
summer > winter. It is all due to frequently and intensive dust storms during transitional
period and washout effects during winter (Kocak et al., 2004).

A study on spatial and temporal variation of PM 1o from four sites of the greater
area of Athens by Andersen mass flow controlled high volume sampler, using quartz
micro-fiber filters during June 2001 to May 2002, presents elevated mass concentrations
of PMyp in cold period (16 October to 15 April) than warm period (16 April to 15
October). It is associated with the existence of additional sources such as domestic
heating, starting of engines and the prevailling meteorological conditions favoring
dispersion of pollutants in the cold period (Grivas et a., 2004). Another study on temporal
and spatial variations in PM3g PM,5 and PM; observed from urban and rura sites of
Austria show similar weather dependent mass patterns for these fractions of particulate
matter suggesting similarity in sources (Gomiscek et al., 2004). A characterization study
of fine aerosols from Finland during the wildfire episodes reports elevated levels of
potassium and minor amount of calcium rich particles. It suggested that biomass burning
from wildfires and large scale agricultura field substantially affects, the concentrations of
PM s under unfavorable meteorological conditions, even at distances over 1000 kms from
the burning areas (Niemi et al., 2004; Niemi et a., 2005).

Namedo et a. (2005) presented descriptive analysis of seasonal and tempora
variation in PM 1o and PM, 5 mass fractions at urban (roadside and background) and rural
locations. It was concluded that PM,s and PMj, were positively correlated at urban
locations. Both fractions were significant contributors to mortality, cardiovascular and
respiratory disorders. The study further showed that PM,s/PMjo ratio has diurnal
variations and is influenced by vehicular emission. The higher ratio in winter than summer
indicated longer residence and build-up time of finer fraction and wash down effect on
coarse particles in winters as aresult of fog.

The study conducted in Hong Kong presents a distinct seasonal variation in PM3s
and PM 1 aong with carbonaceous components with higher mass levels in winter than in
summer. It suggested accumulation of pollutants in winters due to calm weathers and more
dilutions and dispersions in summer due to hot air and higher mixing heights (Ho et al.,
2006). A study of long range dust transport reveals four dust sources areas as Northerly

sources, Northwesterly sources, Loess Plateau source and anthropogenic Southerly source
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contributing to higher mass loading of particulate pollution in China (Wang et a., 2006).
Another study on temporal and spatia patterns of PM ;o from the urban region of Finland
presents the mass levels of PM 1o from 11 to 24pg/m?® with maximum seasonal variation in
spring, strongly influenced by the traffic (Anttila and Salmi, 2006).

An overview of profile and influences of atmospheric aerosols in Belgrade reports
seasona variation to be higher in autumn (October) and winter (November to December)
seasons. Higher mass levels were attributed to combustion of fossil fuels for space heating,
higher traffic density and prevailing meteorological conditions during winters in the study
area (Tasic et a., 2006). Another study elaborates a clear seasonality in mass levels of
PM1, inversely correlated with meteorological parameters, suggesting the increasing
number of mobile and stationary sources, and the prevailing meteorology, responsible for

variations in particulate mass levels in the urban environment (Dubey and Pervez, 2008).

Various studies have illustrated that the mass concentration of PM 10, PM2 5 as well
as the chemical species are higher in winter or cold season as compared to summer (Xuet
a., 2011, Wang et a., 2012; Guoet a., 2014; Zhang and Cao, 2015; Zhang et al., 2015;
Tang et d., 2016; Ca et a., 2017). The highest mass concentrations during winter were
attributed to enhanced human activities such as burning of coal and bio-fuels for domestic,
commercial cooking and space heating, along with higher exhaust emissions from
automobiles and engine sets due to cold start in cold conditions. Stagnant atmosphere,
temperature inversions, low mixing height and calm conditions were reported as
conducive for the formation of particulate matter. A seasonal trend in mass levels of
particul ate aerosols in the order of winter > summer > monsoon has also been explored by
various researchers (Xue et a., 2010; Cao et a., 2011; Perrino et al., 2011; Singh and
Sharma 2012) as a result of stagnant conditions of the atmosphere in winter and chemical

wash down effect in monsoon season.
2.4 Source Apportionment of Particulate M atter

Countable studies have estimated source apportionment of airborne particles in
India, most of them focus on total suspended particulate matter (TSPM) and natural source
as contributory sources to air pollution (Srivastava et a., 2005; Srivastava and Jain,
2007a&b; Kothai et al., 2008; Srivastava et a., 2008). However, at globa level, much
attention has been given to metal contents of the different fractions of TSPM specially fine
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and respirable aerosols (PM,s/PM 1) using different multivariate techniques (Christensen,
2004; Jones and Harrison, 2006; Song et a., 2006; Zhang et a., 2007; Harrison et al.,
2008) wherein absence of long term database is a common problem (Wang et al., 2008).
Various studies from Mumbai have confirmed the emissions of particulate aerosols from
combustion sources, though authors are unable to differentiate industrial versus vehicular
emissions (Negi et al., 1988; Sadasivan and Negi, 1990).

Aerosol samples were collected from an industrial area of Mumbai and analyzed
using EDXRF, UV-visible photometry and ICP-AES techniques. Factor analysis applied
for source identification reveals seven sources as ferrous and nonferrous industrial
emissions; refuse burning, oil combustion, coa burning, secondary emissions and road
transport as contributors to air pollution in the study area, while the association of soil
elements with multiple factors shows co-linearity in the sources (Sharma and Patil, 1991).
Another study from Mumbai based on particle size distribution represents windblown
dust, vehicles and marine aerosols as sources, depending upon the emission of particle size
by source type (Sharma and Patil, 1992a). Source apportionment of TSPM from industrial
area of Mumbai using CMB model of US EPA, based on total of 19 elements, evaluates
the model performance for seven sources at three sites. Unsatisfactory results of CMB
model for highly polluted location of study area and the unsuitable resultant source
profiles for the atmospheric conditions of India, suggest the need to evauate the site
specific source profiles (Sharma and Patil, 1994).

A size segregation aerosol study from the atmospheric air of Agranear Tg) Mahd
presents enrichment factors in two groups. Source apportionment using principal
component analysis illustrated the higher loading of soil-derived elements as first factor,
industrial processes as second factor, wood combustion as third factor and brick kilns as
fourth factor. However, no factor of PCA was associated with vehicular emissions, despite
the fact that Tg attracts the heavy traffic (Kulshrestha et al., 1995b). Another study
determines air quality of industrial area in Agra using enrichment factor and correlation
matrix analysis in which PCA shows road dust, foundry emissions, diesel engines
(manufacturing and testing), electroplating and automobile exhausts as the contributory

sources of air pollution (Khare et al., 1996).

A source estimation study by Factor analysis from Chembur, Mumbai reports four
source categories contributing to PM 1o aerosols: re-suspended soil dust, biomass burning,
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auto emissions and sea-salts. Particle size distribution shows the particles of larger size
fraction are predominated by soil dust and the particles of smaller size fraction are
predominated by auto-exhaust & refuse burning (Meenakshy et al., 1996). However, soil
dust, biomass and refuse burning, smelter and vehicle emissions have been identified as
five predominant sources contributing to air pollution in Chandigarh (Bandhu et al., 1998).
Another source estimation study by CMB, TTFA and MLR methods from Brisbane,
Australia shows that the contribution of PMyo includes soil/road dust (25%), EC and
secondary aerosols (15%), Vehicles (13%), sea-salts (12%), Ti and Ca rich compounds
(11%) and biomass burning (7%), whereas the contribution of PM 5 includes EC (24%),
biomass burning (15%), secondary organics (21%) and secondary SO, (14%) (Chan et
al., 1999).

A study, estimated chemica composition of particulate aerosols from commercial,
industrial and clean zones of Chandigarh with EDXRF (Energy dispersive X-ray
fluorescence) and PIXE (photon-induced X-ray emission) techniques. The source
identification by principal component analysis reveals soil dust, refuse-burning, vehicular
emissions, lead recycling and iron foundries as the sources of emissions (Bandhu et a.,
2000). A multi-elemental source apportionment illustrates that the sea spray and soil
contribute 60%, anthropogenic sources (smoke from biomass burning, wood fires and
industrial sources) contribute 40% whereas sea salt as sodium chloride contributes 48% to
the mass levels of fine aerosols (Cohen et al., 2000). A study, estimating source
composition of PM g aerosols from Los Angeles by CMB analysis, using source profiles
derived from SAFER model shows the contribution from road dust 20 to 34pg/m?,
secondary aerosols 17.75 to 31.40ug/m°, crustal sources 4.06 to 8.13ug/m® and marine
sources up to 2.50pg/m’. The study concluded that 80% of organic carbon (OC) is
attributed to primary roadway sources and 32% of SO, is attributed to crustal, roadway

and marine sources (Kim and Henry, 2000).

Indian Ocean Experiment (INDOEX) measured long range transportation of
particulate aerosols from the Asian region of South and Southeast. The study indicated
biomass burning and fossil fuel combustion as responsible for higher pollution load over
Indian Ocean during January to March 1999 (Lellieveld et al., 2001 Another source
apportionment study from two traffic junctions in Mumbai using factor analysis with

multiple regression presents five sources of suspended particulate matter (SPM) as road
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dust (41%), marine aerosols (15%), vehicular emissions (15%), coal combustion (6%) and
metal processing industries (6%) at Saki Naka traffic junction whereas, 33%, 18%, 15%,
8% and 11%, respectively at Gandhi Nagar traffic junction. The analyzed lead content of
SPM is attributed to road dust (17%), vehicular emissions (62%), coa combustion (7%0),

metal processing industries (11%) and marine aerosols (3%) (Kumar et al. 2001).

A study on chemical characterization of PM,s and PMjg from Yamanashi
University, Kofu in Japan determined enrichment factor and source apportionment. Source
investigation revealed soil, anthropogenic substances and vehicles as main source of
emission in the region (Kyotani and Iwatsuki, 2002). A review study of air pollution and
health impacts from Maaysia based on air quality monitoring for SO,, NO,, O3, CO and
suspended particulate matter (SPM) indicates NO, and SPM as the predominant
pollutants. Land transportation, open burning and industrial emissions are reported as
sources of air pollution with land transportation as the dominant source (Afroz et al.,
2003).

A comprehensive characterization of fine aerosols estimated from January to
December 2000, at national university of Singapore shows the higher mass concentrations
of carbonaceous aerosols and nss-SO,* (non-sea salts) associated to smoke haze. Principal
Component Analysis (PCA) presents five source categories of soil dust, metallurgical
industries, automobiles and biomass burning, sea sats and oil combustion
(Balasubramanian et al., 2003). A characterization study demonstrates the mass levels of
organic and elementa carbon in PM,s higher in winter than summer. The comparison of
carbonaceous species (OC/EC) with trace elemental species (Pb, As, K and Zn) reveals
coa combustion as dominant source during winter, while vehicular and/or industrial
emissions and biomass burning as the main sources of carbonaceous species in summer
(Dan et a., 2004).

Air samples for PM, 5 and PM 1, aerosols were collected from traffic, industrial and
residential sites in Beijing during summer and winter from 2002 to 2003. It identifies
secondary aerosols, industrial and vehicular emissions, road and long range transported
dust and coal burning as major sources of emission in Beijing. A clear spatial and seasonal
variability shows higher mass concentrations of PM,, and PM,5s as well as chemica
constituents in winter in comparison to summer (Sun et al., 2004). Source apportionment
of PM,s from three European cites by PCA and MLR shows six source categories as
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secondary aerosols (34%), traffic (30%), oil combustion (11%), industrial and incineration
(9%), crustal matter (7%) and sea salts (2%) in Amsterdam, while four source categories
as secondary aerosols (32%), traffic (32%), crustal matter (21%) and industrial activities
(8%) at other sites (Vallius et a., 2005). Another study on PM ;o source apportionment
during cold and calm weather presents sea spray, vehicular emission, domestic heating and

road dust as the main cul prits of atmospheric pollutants (Senaratne et al., 2005).

A source apportionment study based on size-resolved particul ate aerosols describes
the natural sources including soil dust, Chinese aerosol and sea salts that account for 79%,
anthropogenic emissions, coal and biomass burning account for 60% (to the fine fraction
of 0.56 to 2.5um), whereas diesel vehicles are responsible for about 52% (with primary
aerosols in ultra-fine 0.07 to 0.56um fraction) (Han et a., 2005). Another study
determining the characteristics and sources of fine aerosols reports long-range transport
(50 to 58%) and local traffic (41 to 45%) as the most important determinants, while soil
dust, industrial emissions, oil combustion and sea salts as another source of PM, 5 (Valius,
2005). The estimation of particulate phase secondary organic carbon (SOC) in along term
study from 1998 to 2002, at Hong Kong by positive matrix factorization model reveas
SOC as nearly half of the total carbonaceous aerosols, suggesting a clear seasonality with

higher mass levelsin winter than summer (Y uan et al., 2006).

Source apportionment of fine aerosols, by positive matrix factorization (PMF)
during inhalation exposure studies in Detroit, USA elaborated major source categories as
vehicles/road dust, coa combustion/or secondary sulphate, waste incinerator, oil
combustion, iron/steal manufacturing and sewage sludge incineration responsible for
PM,s emissions (Morishita et a., 2006). Another study measures chemical
characterization and source identification of size segregated aerosols from six European
cities. Particulate aerosols were collected by high volume cascade impactor (HVCI). The
parti cul ate organic matter with mean mass levels of 1000ng/m® was the largest component
a all study sites. The total measured components accounted 79% to PM,s, while 77 to
96% to PM2s.10 (Sillanpaa, 2006). Another study collected PM, s ssimultaneously from
various receptors in Shangha City for source apportionment. Total seven source
categories were identified as vehicle exhaust, metalurgical industry, soil dust, diesel

exhaust, coa and oil burning and motorcycle exhaust. Among the identified sources,
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metallurgical industry, coa combustion and automobile exhaust were recognized as the
main culprits of PM,s emissionsin Shanghai City (Yue et al. 2006).

A study on multi-element analysis of particul ate aerosols from the atmospheric air
of Dhaka shows motor vehicles, fugitive emissions, sea spray and soil dusts as main
culprits of air pollution in the city (Begum et al., 2006). Another source apportionment
study from residential and industrial area of Kolkata reported the sources of PM 4 as paved
road (21%), coal combustion (42%), wood combustion (1%) and field burning (7%) at
residential site, whereas coal combustion (34%), vehicular emissions (47%), meta
industry (1%) and crust dust contributed (1%) at industrial site. The sources of total
suspended particles were reported as diesel combustion (15%) at residential area, whereas
coa combustion (17%), soil dust (36%), solid waste (17%), tyre abrasion (7%) and road
dust (16%) at industrial area (Guptaet al., 2007).

A long term study on source apportionment of PM 1o and PM, 5 aerosols in Beijing
illustrates six common sources as soil dust, vehicular emission, coal combustion, industrial
emission, secondary aerosols and biomass burning with predominance of coal combustion
to PM, s and soil dust to PM o aerosols (Wang et a., 2008). Another source apportionment
study of PMy aerosols from Kanpur, India shows road dust (15-47%) and secondary
aerosols (21-26%) as the main culprits of particulate pollution in the city (Shukla and
Sharma, 2008). Characterization of fine particulate (PM,5) aerosols was done, as collected
by sequential sampler whereas principal component (PCA) and cluster analysis reveaed
anthropogenic emissions (traffic and industries) as a maor source of fine particles
(Ravindraet a., 2008a& b).

A composition profile of fine fraction (PM,5) and coarse fraction (PM25.10) during
2004 to 2005 from highly polluted cities of Anshan, Shenyan, Jinzhou and Fushun in
Northeast China and a site to site comparison using coefficient of divergence shows the
similarity in elemental composition of PM,s. Whereas principal component analysis
presents crust, coal combustion, vehicles and iron or other metallurgica activities as
common sources of particulate matter in China (Han et a., 2009). Another source
apportionment study from Lahore reports six sources as — secondary aerosols, two-stroke
vehicle exhaust, diesel emissions, industrial sources, coa combustion and biomass

burning, whereas the quantification of sources indicated two-stroke and diesel vehicles
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(36%), coa combustion (13%) and biomass burning (15%) towards PM;s in the city
(Rajaet d., 2009).

A study demonstrated the sources of ultra-fine particles (PM 1) from Kanpur and
suggested that the metallic composition of PM1o associates with anthropogenic origin
while vehicular emission is the most significant source of these aerosols (Chakraborty and
Gupta, 2009 & 2010). PM,5 and PM 4o aerosols from a residential area of Vashi, Navi
Mumbai were analyzed for elemental composition using PIXE technique and PCA revea
common sources as soil, fuel combustion and sea salts for both the fractions with
industries as additional source to fine particles (Kothai et al., 2009). Quantitative
estimation of the emission sources of airborne aerosols in urban atmosphere has been a
significant issue with various anthropogenic sources including traffic emission, industrial
processes and biomass burning (Godoy et al., 2009; Heo et al., 2009).

Shao et a., (2009) investigated mass levels, size distribution and morphology of
PM,s and PM 1, aerosols during the Olympic Games at Beijing in summer 2008. They
reported the mass levels of PMyo and PM.5 as 81.6 and 54.6 pg/m?® respectively meeting
with air quality standards in China. They further investigated the morphology and size
distribution of individual particles in PM 1o and PM, 5. Microscopic morphology identified
four categories of particles as soot aggregates, minerals, spherical and unresolved particles
in which spherical and unresolved particles were reported as predominant components.
The results of size distribution studies showed average PM,s and PMy, ratio as 0.63
indicating the dominance of the mass fraction of PM ;o (Coarse) to PM5 (fine). Karnae et
al., (2011) used Positive Matrix Factorization (PMF) technique to quantify the emission
sources of fine particulate matter in South Texas. Study reveals regional transport and
local emissions significantly contribute to fine aerosols (PM2s) in the region. Positive
matrix factorization identified total eight source categories as secondary sulphates
(30.4%), biomass burning (12.7%), aged sea salt (18.5%), fresh sea sdt (8.1%), traffic
emission (9.7%), crustal dust (10.1%), industria sources (6%) and oil and diesel

combustion (4.6%) with distinct seasonal variability in mass and source categories.

A characterization study for the sources of fine and coarse particulates from
Lahore examines organic and elemental carbon, ionic species, organic species, elemental
species, water soluble species and biological matter using macro-phase ROS assay
method. It suggested crustal components dominant in coarse mode while carbonaceous
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components dominant in fine mode. Elemental composition subjected to principal
component analysis shows industries, vehicles, re-suspended soil and secondary aerosols
as the main source (Schneldemesser et a., 2010). A short term study used the combination
of semi-continuous measurements and single particle mass spectrometry to estimate
source apportionment of PM,5 aerosols. Total six source categories were identified as
marine aerosols (14%), vehicular traffic (23%), long-range transport (13%), domestic solid
fuel burning (5%), power generation (11%) and shipping vessels (1.5%) accounting to
PM, 5 emissions in Cork Harbor, Ireland (Healy et dl., 2010).

The source apportionment study using EF and CMB model from Harbin, China
presented traffic emissions, road dusts, petrochemical plants and coa burning as magor
sources having spatial as well as seasonal variability (Huang et al., 2010). Another source
apportionment study from a major European Airport of El Prat, Barcelona reveals major
atributions of crust materia by 38%, total carbon (OC and EC) by 25%, secondary
aerosols by 20% and sea-salts by 6% to PM1o (Amato et a., 2010) whereas Singh and
Sharma (2012) reported natural, vehicular, industrial and secondary sources as main

culprits to contribute PM o in Agra, India.
2.5 Gap Analysisin Literature

It is evident from the various studies and research trends that the accelerated
investigations are going all over the world to better understand the atmospheric pollutants:
how particulate aerosols are emitted into the atmosphere, how are they transformed from
gaseous and secondary pollutants, how are they transported on local and regional scale,
how are the people getting exposed to them, how much and to what extent health impacts

are being experienced by people due to the exposures of fine aerosols (PM ).

So far, the main constituents of particulate matter being studied are elemental,
inorganic carbon (Boldo et al., 2006), other inorganic constituents such as sulphates,
nitrates (Shao et al., 2009) and elemental composition (Yue et a., 2006, Makkonen et al.,
2010). However, the studies have also been initiated to study organic solvent soluble
fractions including oxidized hydrocarbons as ketones, aldehydes, oxyacids, polycyclic
aromatic hydrocarbons (PAHSs), dioxins and furans etc. (CPCB, 2006, Dasgupta et a.,
2008, Makkonen et al., 2010, Shaofei et al., 2011).
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The magjority of above studies are however limited to PMo fraction. In India,
standard for PM 5 has been notified just few years ago though the countable studies have
focused on PM,s however, no study is evident in literature from Chandigarh region,
Therefore, it is a dire need to understand the characterization and source profile of fine
particulate aerosols in different geographical and meteorological settings. Among the
measurement of various constituents of these fine aerosols, organic tarry matter and PAHs

are of particular relevance in urban ambient air.
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CHAPTER 3: MATERIALSAND METHODS

This chapter broadly explains the material and methods utilized for implementation
of the study including details of Study Area (Sampling Locations, Site Selection &
Meteorology), Sampling of PM and PM,s Gravimetric Analysis of PM3p and PM35
Chemical Analysis (Organic Tarry Matter, Organic carbon, Elementa Carbon and
Polycyclic Aromatic Hydrocarbons), Quality Assurance & Control (QA/QC) and
Statistical Analysis (Correlation Analysis and Source A pportionment) for source profiling.

3.1 Study Area

The study was conducted in the metropolitan region of Chandigarh tricity
including Chandigarh-Mohali-Panchkula with over 2 million of population. Chandigarh
the Union Territory of India, serves as a combined capital of Haryana and Punjab. It is
located in the foothills of Shiwalik range of Himaayasand 162 miles (260 km) north
of New Delhi, the national capita of India. The climate of Chandigarh ishumid
subtropical with varying temperature (-1 to 46°C ) and the annual average rainfall of 1110
mm. Mohali and Panchkula are district head quarters of Punjab and Haryana states
respectively.

Mohali has emerged as one of the most important cities in Punjab and in the rest of
northern India. It is developing rapidly as an IT Hub of the state. The city has many places
of importance including international sports venues like a magnificent cricket stadium,
hockey stadium, indoor stadium, golf course area and an International Airport. The city
has a sub-tropical continental monsoon climate. The average temperature varies from -1 to
44°C.

Panchkula is approximately 4 km (2.4 miles) southeast of Chandigarh, 105 km (65
miles) southwest of Shimlaand 259 km (162 miles) northeast of New Delhi, the national
capital of India. The city hosts the Chandimandir Cantonment, the headquarters of
the Western Command of the Indian Army. This area also receives winter rains from the

western disturbance.
3.1.1 Sampling L ocations

Ambient air samples for particul ate aerosols (PM 1o and PM, ) were collected from
four locations namely Sector 12 (Chandigarh), Sector 34 (Chandigarh), Sector 74 (Mohali)
and Sector 12A (Panchkula) as per details shown in Table 3.1.
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Table 3.1: Details of sampling locationsin the study area

Sampling Location Site Description L%cc?ggn Location Coordinate

Sector 12 (Chandigarh)  Educational Institute Site STO N 30°42.997"; E 76°45.856'

Sector 34 (Chandigarh)  Reddential Cum 0 o1\ 30°42.086' E 76°45.884
Commercial Area
Sector 74 (Mohali) Industrial Area SiteST2 N 30°42.617" E 76°41.326'

Sector 12A (Panchkula) Residential Area SiteST3 N 30°41.071"; E 76°51.136'

The study area experiences prominent wind direction from north-west and thus the
station in this direction should have least impacts from anthropogenic and urban activities
of the tricity. Hence, one station ST, (Sector 12, Chandigarh) is proposed in north-west in
a green belt beyond Sarangpur in Chandigarh as a background station. Furthermore, there
is little habitation in this location with the presence of Shiwalik hills in the background
(Figure 3.12).

MY | raminent wine direction |
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Fig 3.1: Location map of the study area

Sector 74 (Mohali) represents the industrial area comprising engineering,
electrical, electronics, pharmaceuticals, IT, hospitals and healthcare, office automation and
stationery type of industries. Sector 34 (Chandigarh) is a commercial cum residential area

38



in the downwind direction of city. Sector 12A (Panchkula) is purely a residentia area.

Among these three cities, Chandigarh city has the highest vehicle to population ratio.
3.1.2 Site Selection

The site selection is based on the importance of emission sources, sensitivity of
receptors, predominant local activities and wind directions in the study area. Four
sampling locations namely Sector 12 Chandigarh (Educational Institute — Sensitive Zone),
Sector 34 Chandigarh (Residential cum Commercial Zone), Sector 74 Mohali (Industrial
Zone) and Sector 12A Panchkula (Residential Zone) were selected for representative
sampling from each category of zone classification as defined by CPCB. The sampling
stations were installed at two storey buildings for suitable heights of 3 to 10 meters from
ground level as per guidelines of 1S: 5182 (Part 14) 2000 and CPCB guidelines.

Sampling guidelines of CPCB were followed in site selection at each location as
per zone area classification as sites were chosen with open spaces from all sides,
unrestricted airflow, absence of obstructions (trees, balcony, corners or walls) and source
(s) of direct emissions (like furnace, incinerator, process duct, domestic chimney, wood
burning, unpaved roads and streets etc.).

3.1.3 Sampling Duration and Frequency

The air sampling was done on 24 hourly basis with the frequency of twice a week
during summer (April-May) and winter (December-January) for three consecutive years of
2013-14, 2014-15 and 2015-16 at each location. A total of 384 samples [2 (twice a
week)*16 (8 weeks in April-May plus 8weeks in December-January)* 3 (three years)*4

(No. of locations)] each of PM, 5 and PM 1 was collected from each location.

3.1.4 Meteor ology

To assess the influence of origin, dispersion and migration of particulate aerosols,
the meteorological data of study area was obtained from continuous weather monitoring
station operated by Eco Laboratories and Consultants Private Limited located near
sampling location in Sector 74, Industrial Area, Mohali. Meteorological parameters
considered were wind direction (degree), wind speed (m/s), temperature (°C), relative
humidity (%) and precipitation (mm) on hourly basis, during the entire study period. Data
was collected from March 2013 to January 2016 and wind rose diagram was plotted for
representation of predominant wind direction from Northwest (NW) in the study area.
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Meteorological data was collected using permanent fixed weather monitoring
system (Model: WDL 1002; Virtual Electronics Company, Roorkee, UK). The system is
operated by self contained battery and solar panel. The data is collected in data logger on
hourly basis and transferred from data logger to computer system through data shuttle.
Meteorological data were interpreted and arranged as per input requirement of WR Plot
(Environment Lakes).

Weather Monitoring Station

3.2 Materials
3.2.1 Filter paper

PMjo samples collected on Whatman glass fiber filters GF/A (size A4 / 8x10
inches) and PM, s samples collected on Whatman Quartz Filter papers (circular & 47 mm
in diameter).



1 PR
PM2.5 Filter paper

3.2.2 Instruments and Equipments

Weighing Balance

PM10 Filter Paper

Micro Balance used is from M/s Denver Instrument, USA having least count of 0.001 mg.

Fine Particulate Sampler

PM2 s sampler used for the sampling is manufactured by M/S Envirotech Instruments
Pvt. Ltd., Delhi (India), Model-APM550 capable to set Flow rate 16.67 liter per minute

(Ipm).

Fine Particulate Sampler (PM ;5)

Respirable Dust Sampler (PM 1)
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Respirable Dust Sampler

PM10 sampler manufactured by M/S Envirotech Instruments Pvt. Ltd., Delhi (India),
Model-AAS 217NL maintains the sampling flow rate @ 1.13 m*min.

Gas chromatograph

Agilent- 7890, Equipped with Flame ionization detector (Capable to detect Tridecane
<1.4 pg) and column oven (Dimension 28 x 31 x 16cm) has been used to accommodate a
capillary column up to 100 m and Software to compute the Peak Signal response (Chem

Station software).

Capillary column (Stationary Phase): Agilent, DB-5, L-25 m, Column ID 0.20 mm, Film
thickness 0.33 um.

Organic Carbon and Elemental Carbon Analyzer

OC-EC Aerosol Analyzer manufactured by M/S Sunset Laboratory Inc. (USA), has
been used, which is based on working principle of National Institute for Occupational Safety
and Health (NIOSH method 5040). Testing of OC/EC was conducted at Atmospheric Particle

Technology Lab, Centre for Environmental Science and Engineering, |1 T-Kanpur.

Other equipment: Soxhlet Apparatus, Ultra sonicator, Rotary Evaporator, Steam Bath

Ultra-sonicator Rotatory Vacuum GC-FID
Evapor ator
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3.2.3 Reagents
Toluene, ultra-residue grade.
Cyclohexane, ultra-residue grade.
Solid PAHs Compounds, high purity
Activated Silica Gel
Carrier Gas (Helium/Nitrogen)
Fuel Gases (Hydrogen & Zero air)

3.2.4 Software

Statistical Package for Social Sciences (SPSS) Version 22 was used for basic
statistical analysis, Pearson Correlation Analysis and Principal Component Analysis (PCA)

for source apportionment (quantification and identification) of PM 5 emission sources.
3.3 Methodology
3.3.1 Sampling of PM jpand PM 5

Air particulate samples for PM 1o were collected on Whatman glass fiber filters using
respirable dust sampler (APM 460, Envirotech) whereas samples for PM, 5 were collected on
Whatman Quartz filter papers (47 mm dia) using fine particulate sampler (APM550,
Envirotech). During sampling a laminar flow was maintained at 16.7 liter per min (~0.167
m% min) for PM5 and 1.13m*min for PM o as per guidelines of 1S; 5182 (Part 14) 2000 and
CPCB.

The air sampling was done on 24 hourly basis with the frequency of twice a week
during summer (April-May) and winter (December-January) at four locations for three
consecutive years of 2013-14, 2014-15 and 2015-16. Monsoon season was not considered
during the study, as the associated mass levels of PM,s are in very low range during that
period and could not serve the purpose of meaningful analysis of organic tarry matter. A total
of 384 samples [2 (twice a week)*16 (8 weeks in April-May plus 8weeks in December-
January)*3 (three years)*4 (No. of locations)] each of PM,s and PM1o were collected for
three consecutive years at al sampling locations. Sampling flow rate was checked on hourly
basis through manometer, and the pump flow of the equipment was calibrated with the

frequency of oncein a month.

43



3.3.2 Gravimetric Analysis of PMpand PM ;5

In gravimetric analysis, the mass concentration is calculated by dividing the net mass
of filter papers weight difference, by the volume of air sampled. The exposed filter papers of
PM 1o and PM, 5 along with field blanks were kept in desiccators containing active and fresh
silica gel. The conditioning was done for 24 hours in a room with controlled environment, at
atemperature of 25+5°C, and relative humidity of 45+5%, before and after sampling. The net
mass of particulate matter is determined by weighing the filter papers with a pre-calibrated
electronic balance of 0.1ug precision as per the standard method of USEPA (USEPA—
Method 10-3.1 1999). The obtained mass concentrations of dust particles are expressed in

terms of particle numbers by weight in per cubic meter of air.
Calculations for Mass Concentration of PM1gand PM2s
a) Volume of Air Sampled

V (M) =QT

Where:
V = Volume of air sampled in cubic meter (m®)
Q = Average flow rate in cubic meter per min (m*min)
T = Tota sampling time in minute (min)

b) Mass Concentration
(Ws — W) x 10°

PM (UQ/M?) = —-mmmmeemmmmmeeeee
\%

Where:
PM = Mass concentration in micrograms per cubic meter (pg/m?>)
Wi = Initial weight of filter paper in grams (Q)
W: = Final weight of filter paper in grams (Q)
V = Volume of air sampled in cubic meter (m®)
10° = conversion of grams (g) to micrograms (jig)

The obtained mass concentrations of dust particles are expressed in terms of particle

numbers by weight in per cubic meter of air. Weighing of laboratory and field blank filter



papers was also done to ensure accuracy of balance. The accuracy of microbalance (scale and

reading) was checked regularly with standard weights.
3.3.3 Chemical Analysis
3.3.3.1Organic Tarry Matter (OTM)

Soxhlet extraction was applied using organic solvents as customized procedure to
determine organic tarry matter. Halved part of all sampled filter papers for PM 5 (384 Nos.)
were extracted in 150 ml Organic solvent sequentialy for 8 hours at 80°c. The steam bath
treatment reduced the solvent to 5 ml. The resulting extract was filtered using Whatman filter
and transferred in to amber vials (chromatographic). After drying at room temperature, their

weight was determined using microbalance (précised to 0.1ug).
3.3.3.2 Organic Carbon (OC) and Elemental Carbon (EC)

All sampled filter papers of PM, 5 (384 Nos.) were analyzed by NIOSH method using
OC/EC aerosol analyzer. A standard sized (1.5 sgq cm) punch of filter sample was placed in a
quartz oven purged with helium. Oven temperature was rose to 870°C by thermal desorption

of organic compounds for pyrolysing them to manganese dioxide.

Carbon fragments flowing through manganese dioxide in oven are finally converted
to CO, gas. CO, is swept out by helium stream and hydrogen gas. This mixture was
converted to methane gas when passed through the heated catalyst of nickel. The resulting
methane gas was determined by flame ionization detector. Flow stream was switched to
helium/oxygen mixture after cooling the temperature to 550°C and the second ramp of
temperature was initiated. EC is then oxidized from the filter paper and determined as per the

same procedure of OC.
3.3.3.3 Palycyclic Aromatic Hydrocarbons (PAHS)

All 384 samples of PM ;5 were analyzed using standard method of 1S; 5182 Part 12:
2004 (methods for measurement of air pollution- polynuclear aromatic hydrocarbons in air
particul ate matter). Halved part of each PM s filter paper was extracted in 100ml toluene into
a 200ml Erlenmeyer flask. The solution was ultra sonicated (Ultrasonic Processor of Citizen)
at 30 min and 20 Hz. The extract was filtered using Whatman filter paper No. 41 (20) in the
evaporated flask of 250 ml. The extraction was repeated twice and the extracts were

combined.
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Rotary evaporator with temperature not exceeding 40°C was used for the evaporation
of toluene extract until its volume was reduced to 1-2 ml. The wall of evaporation flask was
rinsed by using 2.0 ml toluene and the extract was transferred to a beaker of 5 ml capacity. To
clean up the impurities, silica gel column (length 200mm, and inner diameter 0.5 cm) was
used. 3g durry in cyclohexane of deactivated silica gel (60-120 mesh size) was taken and
poured into the column. Conditioning of column was done as the toluene eluted by
cyclohexane through the column. The sample extract was passed through the silica column
and the resulting PAH fraction was collected within 5ml of cyclohexane. Finally 30ml of
cyclohexane was added to elute all organics of interest through the column. The PAH fraction
was collected in the flask (reduced to about 1ml) and transferred to 5ml capacity vials (stored
in adark and cool place).

The identification of PAHs was carried out using Gas Chromatography consisting of
a capillary column (Dimension 28 x 31 x 16cm) and flame ionization detectors (FID) in a
split less mode. The temperatures of detector and injection were set 320°C. The carrier gas
was N2 @ 30ml/min. The GC calibration was performed by known standard of Dr.
Ehrenstorfer GmbH containing sixteen analyte in acetonitrile. The concentrations were made
in three levels from the original mixture. On the basis of retention times, the peaks were

identified and the amount of analyte was cal cul ated.

Chromatography grade solvents were used in the analysis. Total of sixteen PAHsS
were investigated as Anthracene, Acenaphthylene, Benzo(a)pyrene, Benzo(a)Anthracene,
Benzo(ghi)perylene, Benzo(b)fluroanthene, Benzo(K)fluoranthene, Chrysene, Dibenz(ah)
anthracene, Fluorene, Fluroanthene, Indeno(1,2,3-c,d)pyrene, Naphthalene, Pyrene, Perylene
and Retene. Nomenclature of these Polycyclic Aromatic Hydrocarbons (PAHS) species is
presented in Table 3.2.

Table 3.2: Nomenclature of Polycyclic Aromatic Hydrocarbons (PAHS)

PAH Abbreviation Molecular weight Chemical formula
Acenaphthylene Acy 152 CHg
Anthracene Ant 178 C.Hp,
Benzo(a) Anthracene BaA 252 CeHo,
Benzo(a)pyrene BaP 252 Cotiz

46




Benzo(b) Fluroanthene BbF 252 C,oHL,
Benzo(ghi)perylene BghiP 276 M1
Benzo(K fluoranthene BkF 252 C,H,
Chrysene Chry 228 CeMay
Dibenz(a,h) anthracene dBahA 278 CH,
Fluroanthene Fin 202 160
Fluorene Flu 165 CiaMio
Indeno(1,2,3-c,d)Pyrene P 276 o,
Naphthalene Nap 128 s
Perylene Pery 252 Cotiz
Pyrene Pyr 202 160
Retene Ret 234 CisMig

Calculationsfor the Mass Concentration of OTM, OC, EC & PAHs
a) Volume of Air Sampled

V (M) =QT
Where:

V = Volume of air sampled in cubic meter (m®)

Q = Average flow rate in cubic meter per min (m*min)

T = Total sampling time in minute (min)

b) Mass Concentration

(Cs-Cbin pg/mL) (Volume of extraction, mL) (Sgp)

O (T
Eppx V (m3)
Where:

C = Concentration of analytein air (in pg/m°)
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Cs-Cb = Difference of analyte concentration determined by instrument in sample and
blank (ug/ml)

Sep = Area of exposed/sampled filter paper (in cm?)
Erp- Areaof filter paper used in extraction (cm?)
V  =Volumeof air sampled through filter paper (m°)
3.4 Quality Assurance & Quality Control (QA/QC)
3.4.1 Quality Assurance

To maintain the accuracy and precision during sampling and analysis, intensive
quality control was adopted and the following quality assurance procedures were taken into

account as -
Regular maintenance of the sampling and analysis equi pments.

Regular check-up and setting of water level at zero in manometer and cleaning of

cyclone and dust cup before sampling

Cleaning of jet pipes, oil well, inlet and application of silicon oil wet filter paper in

impactor of PM5

Proper labeling & numbering of filter papers, sampling location, date, time and

environmental conditions
Routine calibration of the pump flow rate and timer for accurate measurements

Filter handling with non-serrated clean forceps to avoid finger moisture and salt

contamination
Monitoring and recording of sampler flow at hourly basis for accurate sampling

Use of filters, glass wares, chemical reagents and solvents of standard quality and

grade

Conditioning of filters in desiccators with silica for 24 hours at controlled room

conditions

Storage of exposed filters papers in refrigerator with sealed plastic containers until lab

analysis
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Quality control using field and control blanks, flow audit, spot check and duplicate

weighing and analysis
3.4.2 Quality Control in Carbonaceous Analysis

The accuracy for analytical results was periodically checked using standard reference
materials (SRMs). Methane as internal standard was used to check the accuracy of carbon
results (Pachauri et al. 2013). The minimum detection limits of OC/EC analyzer were
observed as 1.01pg/m® for OC and 0.21ug/m3for EC with the maximum analytical error of
15% (Hegde et al. 2016). The measured concentrations were reported after correction of field
blanks. Uncertainty was calculated by fixing the Method Detection Limit (MDL) as (5/6) x
MDL in case the analytic concentration was <MDL and as under root (Error Fraction +
concentration)® + (0.05MDL)? in case the analytic concentration was >MDL (Huang et 4.
2017).

NIST 8785 as SRM 1649 was also used to determine the analytical accuracy of OC
and EC as 15% and 10%, respectively (Murillo et al., 2013). Tota five replicates of this SRM
were analyzed as the results depicted in Table 2. As per t-test performed for median
comparison, no significant difference was observed between reference and obtained results at

95% confidence level.
3.4.3 Quality Control in PAHs Analysis

The accuracy for analysis was periodically checked using standard reference materials
(SRMs). All sampled filter papers were stored at 4°C temperature after sampling. Based on
retention times and peak areas of samples and standards, the mass concentrations of PAHsS
were calculated. Blanks samples were also used for the accuracy of analysis. The detection
limit of GC was determined using serial dilution of standard in a range of 0.008 - 0.020
ng/ml.

3.5 Statistical Analysis
3.5.1 Basic Statistic

The basic statistical anaysis was performed for minimum, maximum, mean and
standard deviations for PMjo, PM,s, carbonaceous species and polynuclear aromatic
hydrocarbons. The basic statistics included daily 24 hours, seasonal as well as the annual,
minimum, maximum, mean, and standard deviation of each variable. Statistical anaysis was
performed by the use of Statistical Package for Social Sciences (SPSS Version22).

49



3.5.2 Correlation Analysis

Pearson Correlation Coefficient Analysis was performed among PAHs, Organic tarry
matter, OC and EC. The Pearson Correlation Coefficient measure the relationship between
two variables, gives an idea about how much the chemical species are correlated in terms of
their origin and source. Pearson Correlation Analysis was performed by the use of Statistical
Package for Social Sciences (SPSS Version22).

3.5.3 Factor Analysisfor Source Apportionment

Factor analysis, a statistical technique that is used to investigate whether the variables
of interesti.e Yy, Y3,...,Yn, and the unobservable factorsi.e. Fy,F,..., Fn are linearly related.

Each Y variable and two factors are assumed to be linearly related to each other as follows:

Y1 =B+ BuaF1 + P22 + Ex (1
Y2 =Bao + BarF1 + BooFo + Ez (2
Y3 = Bso + BaiF1 + BxoF2 + E3 (3)

E;, E, and E3 as error terms that indicate the hypothesized relationship is not exact.
The parameter [Bij isreferred as loading as per the vocabulary of factor analysis. Asillustrated
in above example, 12 represents the loading for the variable Y ; on factor F,,

The main objective of PCA using factor analysis is to set smaller set of factors by
reducing the large number of variables which retain most of the information or origina data
set (Marcazzanet al., 2003; Karar and Gupta(2007).

Factor Analysis/PCA produces small number of independent correlated variables by
replacing the set of multiple variables. Orthogonal transformations are achieved computing
eigen-values and eigen vectors and diagonalizing correlation matrix of variables (Salvador et
al., 2003). Each factor describes maximum total variance for similar data set which is totally
uncorrelated with the other data set. After varimax rotation obtained, each factor loading
gives significant correlation between factors and variables. Thus, each factor contains the
chemical species of higher loading which represents fingerprint of the emission source. The

bilinear model used in the study for factor analysisis expressed as:
Cit=>Lijx St +Ei
Where,

C_ = Standardized value for the mass levels of i™ speciesin t sample,

50



S, = Factor/ common score for j™ factor in t™ sample,
L = Factor oading for i™ speciesin j™ source
Eit = Residual of i species for t" sample which is not in account by the j factor or source.

Principal component analysis was performed by selecting factor analysis option in Statistical
Package for Socia Sciences (SPSS Version 22).

3.6 Assessment of Toxicity

BaP is considered as the most powerful tool as reference chemical/ indicator for
estimating the risk level imposed by PAHs. BaP equivalent (BaPy) is caculated by
multiplying the concentration of each compound with its corresponding TEF value and then
summing up the obtained results as per USEPA guidelines. To assess the health impacts of
particul ate agrosols, Benzo(a) pyrene equivaent (BaPy;) and Toxic Equivalency factor (TEF)

were cal culated using mathematical expression defined as

BaP equivalent (BaPe) = > Conc *TEF

Where
Conc = Concentration of Individua PAH,
TEF = Toxic Equivalency factor
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CHAPTER 4: RESULT AND DISCUSSION

This chapter broadly discusses the results and their interpretation for meteorology,
mass concentration of Particulate Matter (PM 10 and PM, ), mass concentration of Organic
Tarry Matter (OTM), Organic Carbon (OC), Elemental Carbon (EC) and mass concentration
of Polycyclic Aromatic Hydrocarbons (PAHS). It also focuses on the seasonal variation in
Particulate Aerosols during the study period, correlation anong PAHS, Organic Tarry Matter,
Organic & Elemental Carbon in terms of Diagnostic Ratio, Pearson Correlation and OC/EC

ratio, Source apportionment using Principa Components Analysis has been presented.
4.1 Meteorology of the Study Area

To assess the influence of origin, dispersion and migration of particulate aerosols, the
meteorological data of study area was obtained from a continuous weather monitoring station
operated by Eco Laboratories and consultants private limited located nearby our sampling
location in ST, (Sector 74, Industria area), Mohali. Meteorological parameters considered
are wind direction (degree), wind speed (m/s), temperature (°C), relative humidity (%) and
precipitation (mm) on hourly basis during entire study period. Wind rose diagram was plotted
as presented in Figure 4.1 and predominant wind direction from Northwest (NW) was

reported for study period.
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Fig. 4.1: Wind Rose showing M eteorology of Study Area (April 2013 - January 2016)
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4.2 Mass Concentration of Particulate Matter (PMpand PM5s)

Air samples for PMjg (particle size <10um in aerodynamic diameter) and PM;s
(particle size <2.5um in aerodynamic diameter) were collected from the tricity of
Chandigarh-Mohali-Panchkula during summer season (March to April) and winter season
(December to January) in 2013-14, 2014-15 and 2015-16.

The sampling was carried out twice a week at four locations namely Sector 12
Chandigarh (STo), Sector 34 Chandigarh (ST;), Sector 74 Mohali (ST,) and Sector 12A
Panchkula (ST3). Total 384 Nos. of samples [2 (twice a week)* 16 (8 weeks in April-May
plus 8weeks in December-January)* 3(three years)*4(No. of locations)] each for PM 1o and
PM,s were collected from all locations during the study period of three years. The daily
average mass concentrations of PM1y and PM,5 are presented in Table 4.1(a) - 4.1() as
enclosed in Annexure-1 and year wise statistical summary of PMo and PM ;5 isdepicted in
Table 4.2(a-c).

Particulate Matter in 2013-14

Asillustrated in Table 4.2a and Figure 4.2a & 4.3a, the mass concentrations of PM g
and PM,5 respectively varied from 69.2-162.2 pg/m? (average 108.1 pg/m®) and 40.5-84.5
ng/m? (average 57.1 pg/m®) at STy, 79.8-173.6 pg/m® (average 119.7 pug/m3) and 41.8-91.2
ng/m? (average 62.1 pg/m®) at ST;, 80.6-187.5 pg/m? (average 124.1 ug/m®) and 42.4-100.3
ng/m? (average 65.7 ug/m®) at ST, and 82.6-171.1 pg/m? (average 116.8 pg/m®) and 45.5-
91.3 ug/m?® (average 61.8 pg/m®) at STs.

Particulate M atter in 2014-15

PM1o and PM,5 respectively varied from 84.2-177.1 pg/m? (average 125.7 pg/m?)
and 43.2-90.5 pg/m® (average 65.7 pg/m?) at STy, 82.9-191.2 pg/m® (average 140.1 pg/m®)
and 44.7-99.5 pg/m® (average 73.6 pg/m?) at ST, 84.8-198.0 pg/m® (average 148.9 pg/m®)
and 47.8-105.7 pg/m® (average 78.8 pg/m®) at ST, and 79.8-193.0 pg/m® (average 142.9
ng/m®) and 43.7-101.1 pg/m® (average 74.1 pg/m®) at ST; (Table 4.2b and Figure 4.2b &
4.3).
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Table4.2(a): Statistical summary of ambient air quality at study area during 2013-14 (PAHs in ng/m?® & rest in pg/m°)

Location STo STy ST» STs
Parameter | Min | Max | Avg | SD | Min| Max | Avg | SD | Min| Max | Avg | SD | Min| Max | Avg | SD
PM1o 69.2 | 162.2 | 108.1 | 258 | 79.8 | 173.6 | 119.7 | 31.2 | 80.6 | 1875|1241 | 33.0 | 82.6 | 171.1 | 116.8| 24.7
PM,s |405| 845 | 571 | 125 |41.8| 91.2 | 621 | 155 | 4241003 | 65.7 | 17.0 | 455| 91.3 | 61.8 | 128
Acy 015|193 | 072 | 055 [019| 244 | 091 | 0.70 |0.21| 274 | 1.02 | 0.78 | 0.17| 222 | 0.83 | 0.64
Ant 022|145 | 073 | 040 [028| 183 | 092 | 051 |031| 205 | 1.03 | 057 |0.26| 1.67 | 0.83 | 0.46
BaA 053] 345 | 1.73 | 096 |0.67| 436 | 219 | 1.21 |0.75| 489 | 245 | 1.36 |0.61| 397 | 1.99 | 1.10
BaP 032] 243 | 1.35 | 055 |041| 308 | 1.70 | 0.70 | 046 | 345 | 191 | 0.78 | 0.37| 280 | 1.55 | 0.63
BbF 080 581 | 261 | 1.29 |101| 734 | 330 | 1.63 |1.15| 823 | 3.69 | 1.83 |0.92| 6.68 | 3.00 | 1.48
BghiP | 029| 539 | 1.60 | 1.18 |0.37| 681 | 202 | 149 |[041| 763 | 226 | 1.67 | 034 | 6.19 | 1.84 | 1.35
BKF 050 412 | 192 | 0.89 [063| 521 | 243 | 1.13 |0.71| 583 | 272 | 1.26 | 058 | 4.74 | 221 | 1.02
Chry 0581069 | 3.34 | 281 | 0.74 | 1353 | 422 | 356 | 0.83|15.15| 473 | 399 | 0.67|1230| 3.84 | 3.24
dBahA | 0.27| 1.61 | 0.77 | 041 |0.34| 204 | 097 | 051 |038| 229 | 1.09 | 058 | 0.31| 1.85 | 0.89 | 047
Fin 024 259 | 068 | 055 [0.30| 3.28 | 0.86 | 0.69 | 0.34| 367 | 0.97 | 0.77 | 0.27| 298 | 0.78 | 0.63
Flu 0.14| 101 | 056 | 0.23 |0.17| 1.28 | 0.71 | 0.29 | 0.19| 144 | 0.79 | 0.33 | 0.16| 1.17 | 064 | 0.26
IP 030 202 | 1.25 | 048 [038| 255 | 158 | 0.60 | 043 | 286 | 1.77 | 067 |0.35| 232 | 144 | 0.55
Nap 038| 276 | 1.24 | 061 | 048 | 350 | 157 | 0.78 |054| 392 | 1.76 | 0.87 | 044 | 3.18 | 143 | 0.70
Pery 023| 444 | 101 | 1.03 |0.29| 561 | 1.28 | 1.31 |0.33| 6.28 | 143 | 147 |0.27| 510 | 1.16 | 1.19
Pyr 010, 0.73 | 031 | 0.20 {012 092 | 0.39 | 025 |0.14| 103 | 044 | 028 |0.11| 0.83 | 0.35 | 0.23
Ret 011, 081 | 045 | 018 |0.14| 103 | 057 | 023 |015| 115 | 064 | 0.26 | 0.12| 093 | 052 | 0.21
OT™M 498 | 37.31| 2063 | 845 | 594 4179|2247 | 731 | 7.24 | 4542 | 23.71 | 826 | 6.41 | 40.22 | 22.08 | 6.42
oC 3.03 3246|1171 | 756 | 2.88|30.80|1202| 7.83 | 257 |33.65|1198| 7.28 | 3.45| 22.65| 1281 | 5.50
EC 0.82] 500 | 239 | 1.26 |0.70| 428 | 205 | 1.08 | 0.80| 596 | 253 | 1.63 | 090 | 6.68 | 2.84 | 1.83
SPAHs |5.16|51.24 | 20.25| 12.32 | 6.53 | 64.82 | 25.62 | 15.59 | 7.34 | 72.59 | 28.70 | 17.47 | 5.94 | 592 | 23.29 | 14.17

Note: Min — Minimum, Max — Maximum, Avg — Average, SD — Standard deviation




Table4.2(b): Statistical summary of ambient air quality at study area during 2014-15 (PAHsin ng/m* & rest in ug/m®)

Location STo STy ST» STs
Parameter | Min | Max | Avg | SD | Min| Max | Avg | SD | Min| Max | Avg | SD | Min| Max | Avg | SD
PM1o 84.2 | 177.1|125.7| 298 | 829 |191.2|140.1| 345 [ 84.8|1980| 1489 36.1 | 79.8 | 193.0| 1429 | 373
PMzs [432| 905 | 65.7 | 151 |44.7| 995 | 736 | 174 | 478 | 1057 | 788 | 193 | 43.7|101.1| 741 | 183
Acy 015|185 | 069 | 053 |[0.18| 234 | 0.88 | 0.67 |0.21| 262 | 098 | 0.75 | 0.17| 213 | 0.80 | 0.61
Ant 021,139 | 070 | 0.39 |[027| 1.76 | 0.88 | 049 | 0.30| 197 | 0.99 | 055 |0.24| 1.60 | 0.80 | 0.44
BaA 051| 331 | 166 | 092 |0.64| 418 | 209 | 1.16 |0.72| 468 | 235 | 1.30 | 058 | 3.80 | 1.90 | 1.06
BaP 031 233 | 1.29 | 053 |0.39| 295 | 1.63 | 0.67 | 044 | 3.30 | 1.83 | 0.75 | 0.36 | 268 | 1.48 | 0.61
BbF 0.76 | 556 | 250 | 1.23 |097| 704 | 316 | 156 |1.11| 783 | 354 | 1.76 | 0.88| 640 | 287 | 142
BghiP | 028| 516 | 153 | 1.13 |0.35| 653 | 193 | 143 |[040| 731 | 217 | 1.60 | 032 | 594 | 1.76 | 1.30
BKF 048 | 395 | 184 | 085 [061| 499 | 233 | 1.08 | 068 | 559 | 261 | 1.21 |055| 454 | 212 | 0.98
Chry 0.56]10.25| 3.20 | 270 | 0.71] 1296 | 405 | 341 | 0.79| 1452 | 453 | 382 | 0.64|11.78| 3.68 | 3.10
dBahA | 025| 155 | 074 | 039 |0.32| 196 | 093 | 049 |0.36| 219 | 1.05 | 055 |0.29| 1.78 | 0.85 | 0.45
Fin 023 248 | 065 | 052 |029| 3.14 | 083 | 0.66 | 0.32| 352 | 093 | 0.74 | 0.26| 286 | 0.75 | 0.60
Flu 013 097 | 054 | 0.22 |0.16| 1.23 | 068 | 0.28 | 0.18| 1.38 | 0.76 | 0.31 | 0.15| 1.12 | 062 | 0.25
IP 029|193 | 1.20 | 046 [037| 244 | 151 | 058 |041| 274 | 1.70 | 065 | 0.33| 222 | 1.38 | 0.52
Nap 036| 265 | 119 | 059 |046| 3.35 | 150 | 0.74 |052| 3.75 | 1.68 | 0.83 | 042 | 3.05 | 1.37 | 0.68
Pery 022 425 | 097 | 099 |028| 538 | 1.23 | 1.25 |032| 6.02 | 1.37 | 140 |0.26| 489 | 111 | 1.14
Pyr 009, 070 | 030 | 0.19 |0.12| 088 | 0.37 | 0.24 |013| 099 | 042 | 027 | 011 080 | 0.34 | 0.22
Ret 010 0.78 | 043 | 0.18 [ 0.13| 098 | 054 | 0.22 |015| 110 | 061 | 0.25 |0.12| 0.89 | 049 | 0.20
OT™M 6.85|51.30 | 25.28 | 1041 | 7.49 | 56.11 | 28.44 | 12.12 | 7.99 | 59.85 | 31.83 | 12.94 | 7.78 | 58.29 | 31.76 | 12.71
oC 3.78 | 40.45 | 14.24 | 9.92 | 4.23 | 45.26 | 15.67 | 10.99 | 3.65 | 47.85 | 18.31 | 11.74 | 4.96 | 32.55 | 18.42 | 7.90
EC 097 | 587 | 280 | 148 |0.84| 508 | 243 | 1.28 |0.90| 6.70 | 285 | 1.83 | 1.07| 800 | 3.40 | 2.19
SPAHs | 4.95|49.10 | 1941 | 11.81 | 6.26 | 62.11 | 24.53 | 14.94 | 7.03 | 69.57 | 27.50 | 16.74 | 5.69 | 56.47 | 22.32 | 13.58

Note: Min — Minimum, Max — Maximum, Avg — Average, SD — Standard deviation
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Table 4.2(c): Statistical summary of ambient air quality at study area during 2015-16 (PAHsin ng/m> & rest in ug/m®)

Location STo ST ST, ST3
Parameter | Min | Max | Avg | SD | Min | Max | Avg | SD | Min | Max | Avg | SD | Min | Max | Avg | SD
PM1o 80.1 | 1594 | 116.0| 23.0 | 81.0 | 184.7| 1242 | 288 | 89.1 | 188.6 | 1324 | 286 | 89.3 | 194.1| 129.8| 28.8
PM2s 444 | 831 | 614 | 115 | 424 | 993 | 655 | 151 | 46.6 | 1008 | 69.9 | 149 | 46.3 | 103.8 | 68.7 | 15.0
Acy 016 | 201 | 0.75 | 058 | 0.20 | 255 | 095 | 0.73 | 0.22 | 285 | 1.07 | 0.82 | 0.18 | 231 | 0.87 | 0.66
Ant 023|151 | 076 | 042 | 029 | 191 | 096 | 053 | 0.33 | 214 | 107 | 059 | 0.27 | 1.74 | 0.87 | 0.48
BaA 055 | 359 | 180 | 1.00 | 0.70 | 455 | 228 | 1.26 | 0.78 | 5.09 | 255 | 141 | 0.63 | 413 | 207 | 1.15
BaP 034 | 253 | 140 | 057 | 043 | 321 | 1.77 | 0.73 | 048 | 359 | 199 | 081 | 0.39 | 291 | 1.61 | 0.66
BbF 083 | 605 | 271 | 134 | 105 | 765 | 343 | 1.70 | 1.20 | 857 | 385 | 191 | 096 | 696 | 3.12 | 1.54
BghiP 030 | 561 | 166 | 1.23 | 039 | 710 | 210 | 155 | 043 | 795 | 236 | 1.74 | 0.35 | 645 | 191 | 141
BkF 052 | 429 | 200 | 093 | 0.66 | 543 | 253 | 1.17 | 0.74 | 6.08 | 284 | 1.32 | 0.60 | 493 | 230 | 1.07
Chry 0.61 | 11.14| 348 | 293 | 0.77 | 1409 | 440 | 3.71 | 0.86 | 15.78 | 493 | 415 | 0.70 | 12.81 | 4.00 | 3.37
dBahA | 028 | 168 | 0.80 | 042 | 0.35 | 213 | 1.01 | 054 | 0.39 | 238 | 1.14 | 060 | 0.32 | 1.93 | 092 | 0.49
Fin 025 | 270 | 0.71 | 057 | 031 | 342 | 090 | 0.72 | 0.35 | 383 | 1.01 | 081 | 0.29 | 3.11 | 0.82 | 0.65
Flu 014 | 106 | 058 | 024 | 018 | 1.34 | 0.74 | 0.30 | 0.20 | 150 | 0.83 | 0.34 | 0.16 | 1.21 | 0.67 | 0.27
IP 032210 | 1.30 | 050 | 040 | 266 | 1.65 | 063 | 045 | 298 | 1.84 | 0.70 | 0.36 | 242 | 1.50 | 0.57
Nap 040 288 | 1.29 | 0.64 | 050 | 364 | 1.64 | 081 | 056 | 408 | 1.83 | 090 | 045 | 3.31 | 149 | 0.73
Pery 024 | 462 | 105 | 1.08 | 031 | 584 | 1.33 | 1.36 | 0.34 | 655 | 149 | 153 | 028 | 531 | 1.21 | 1.24
Pyr 010 | 0.76 | 0.32 | 0.21 | 013 | 096 | 041 | 026 | 0.14 | 1.07 | 046 | 029 | 0.12 | 087 | 0.37 | 0.24
Ret 011 | 084 | 047 | 019 | 0.14 | 1.07 | 059 | 0.24 | 0.16 | 1.20 | 066 | 0.27 | 0.13 | 097 | 054 | 0.22
OoT™M 1295|3094 | 2196 | 5.15 | 1590 | 38.61 | 24.18 | 569 | 16.69 | 36.58 | 25.49 | 5.61 | 12.69 | 36.75 | 23.12 | 6.44
oC 9.01 | 18.69|1397| 260 | 894 | 2000|1411 | 325 | 998 | 2364 | 15.77| 3.79 | 7.69 | 21.90 | 13.90 | 4.00
EC 092 | 391 | 220 | 0.76 | 0.78 | 357 | 1.88 | 0.80 | 0.85 | 355 | 203 | 0.78 | 1.01 | 421 | 218 | 0.88
SPAHs | 538 | 5357 (2110|1284 | 6.80 | 67.52 | 26.69 | 16.24 | 7.64 | 75.62 | 29.89 | 18.20 | 6.18 | 61.38 | 24.26 | 14.76

Note: Min — Minimum, Max — Maximum, Avg — Average, SD — Standard deviation
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Particulate M atter in 2015-16

PM 1 and PM 5 respectively varied from 80.1-159.4 pg/m? (average 116.0 pg/m?) and
44.4-83.1 pg/m? (average 61.4 pg/m®) at STy, 81.0-184.7 pg/m® (average 124.2 ug/m®) and
42.4-99.3 pg/m? (average 65.5 pg/m®) at ST, 89.1-188.6 pg/m* (average 132.4 ug/m®) and
46.6-100.8 pg/m® (average 69.9 pg/m®) at ST, and 89.3-194.1 ug/m?* (average 129.8 pg/m®)
and 46.3-103.8 pg/m® (average 68.7 ug/m>) at ST (Table 4.2c and Figure 4.2c & 4.3c).

PM 10 and PM 5 exceed to respective 24 hourly NAAQ standards of 100 pg/m?® and 60
ng/m? during most of sampling days. The results clearly indicate that the airborne PM is a
critical air pollutant which not only deteriorates air quality but also causes secondary
concerns. Literature studies also indicate that increase in PMyo by 10 ug/m? leads to daily
mortality of 0.2-0.6% (Samoli et al. 2008) and increase in PM5 by 10 pg/m? leads to along
tern risk of cardiopulmonary mortality of 6-13% (Krewski et a. 2009; Beelen et a. 2008;
Pope et a. 2002).

The higher mass concentrations of these particul ate aerosols in the study period may
be attributed to various sources such as combustion of fossil fuels in stationary, mobile
sources, trans-boundary migrations and crop residue burning after rice and wheat harvesting
periods in the region which are in agreement with previous studies (Gupta et a. 2017 and
Lohan et a. 2018). PM19 & PM,5 levels were also reported to be higher during the events of
crop residue burning in rural area of Patiala (Awasthi et al. 2011). Another study reported
similar pattern of mass concentration of PM o and PM 5 during crop residue burning periods
at three urban locations at Amritsar, Ludhiana and Mandi Gobindgarh in Punjab (Gupta et a.
2016).

The obtained mass levels of PM, 5 and PM 1 showed spatial and temporal variation as
depicted in Figure 4.4. The average concentrations of PMyo were reported as 116.6 ug/m? at
STo, 127.0 pg/m® a STy, 135.1 pg/m® a ST, and 129.2 pg/m® at ST3 whereas average
concentrations of PM. s were reported as 61.4 pg/m® at ST, 67.1 pg/m® at STy, 71.5 ug/m® at
ST, and 68.2 ug/m?® at ST3. The mass vaues of PM 1 and PM s varied as ST,>ST5>ST1>ST.

The highest mass concentrations of PM, s and PM ;o were observed at ST, Sector 74
(Mohali). ST, is an industrial area comprising various types of industries. Road dust, diesel
generators and heavy vehicles, boilers running on wood, rice husk and coal contributed to
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highest mass of PM at the site. ST3in Sector 12A Panchkula represents residential area and
ST in Sector 34 Chandigarh represents residential cum commercial areas which experience
less pollution than industrial site. STo in Sector 12 of Chandigarh is located in green belt
region in north-west of tricity with little habitation and presence of Shiwalik hills in
background. Thus this site has least impacts from the anthropogenic activities of tricity due to

prominent wind direction from north-west in the region.

The average mass concentrations of PM 1y and PM,5 respectively were reported as
116.4 pg/m® and 61.7 ug/m® in 2013-14, 138.9 pg/m? and 73.1 pg/m® in 2014-15 and 125.6
ug/m? and 66.4 pg/m? in 2015-16. The data showed temporal variation as 2013-14 <2015-16
<2014-15 during the three year study. The data of first two years shows increasing trend
while the third year data indicates slight down fall in PM values which could be the reason of
increasing awareness among public and enforcement of government regulations to curb the
environmental hazards due to residual crop burning by farmers in the vicinity of study
locations. The results clearly indicate that airborne PM is a critical air pollutant which is
adversely affecting the air quality of thistricity.

Temporal & Spatial variation in Particulate Matter
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Fig. 4.4: Temporal and spatial variation in PM 1o & PMsat study area
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4.3 Mass concentration of Organic Tarry Matter (OTM)

Carbonaceous matter includes organic compounds (such as akanes, akenes,
carboxylic acids, carbonyls, aromatic compounds and volatile organic compounds) and
inorganic/elemental compounds. Organic tarry matter represents oxidized hydrocarbons
(ketones, aldehydes and oxyacids), aromatics (PAHs) and dioxins and furans. These
compounds originate either primarily from industrial and/or automotive sources or
secondarily from oxidation of VOCs (volatile organics). In urban areas, these carbonaceous

compounds are largely associated to burning of fossil fuels particularly in vehicles.
Organic Tarry Matter in 2013-14

Asillustrated in Table 4.2a and Figure 4.5a, the mass concentrations of OTM varied
from 4.98-37.31 ug/m® (average 20.63 pg/m®) at STy, 5.94-41.79 pg/m® (average 22.47
ng/m®) at STy, 7.24-45.42 pg/m? (average 8.26 pg/m°) at ST, and 6.41-40.22 pg/m® (average
22.08 pg/m®) at STs.

Organic Tarry Matter in 2014-15

The mass concentrations of OTM varied from 6.85-51.30 pg/m® (average 25.28
Hg/m®) at STo, 7.49-56.11 pg/m? (average 28.44 ug/m®) at ST4, 7.99-59.85 pg/m® (average
31.83 pg/m®) at ST, and 7.78-58.29 pg/m?® (average 31.76 pg/m®) at STs (Table 4.2b and
Figure 4.5b).

Organic Tarry Matter in 2015-16

The mass concentrations of OTM varied from 12.95-30.94 pg/m® (average 21.96
ng/m®) at STy, 15.90-38.61 pug/m?® (average 24.18 ug/m) at ST,, 16.69-36.58 pg/m® (average
25.49 pug/m3) at ST, and 12.69-36.75 pg/m® (average 23.12 ug/m®) at ST5 (Table 4.2c and
Figure 4.5c).

OTM among the largest in composition contributes to PM, 5 as 36.0% in 2013-14,
40.1% in 2014-15 and 35.7% in 2015-16 at the study area. The results were consistent with
the previous finding (Ichikawa and Naito, 2017). The results indicate OTM as the main
component of PM, 5 aerosols and largely associated to burning of fossil fuels particularly in

vehicles, crop residue and biomass burning in and around the study area. Like PM,s, the
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average mass concentrations of OTM were also highest at ST (27.0 pg/m?®) followed by ST
(25.7 pg/m?), ST, (25.0 pg/m®) and ST, (22.6 pg/m®) as presented in Figure 4.4a-c. The
highest mass concentrations at ST, (industrial aread) may be associated to diesel generators,
heavy vehicles, boilers running on wood, rice husk/ coal and construction activities in the
area. ST; in Chandigarh is residential cum commercial and STs in Panchkula is purely
residential site which experiences less pollution than ST, industrial site of Mohali. STy in
Chandigarh represents educational institute and is located in green belt region in north-west
of tricity with little habitation and presence of Shiwalik hills in background experiences least

pollution in the region.
4.4 M ass concentration of Organic Carbon (OC) and Elemental Carbon (EC)
OCand ECin 2013-14

OC and EC respectively varied from 3.03-32.46 pg/m? (average 11.71 pg/m®) and
0.82-5.00 pg/m?* (average 2.39 pg/m®) at STo, 2.88-30.80 pg/m® (average 12.02 pg/m®) and
0.70-4.28 pg/m® (average 2.05 pg/m®) at ST,, 2.57-33.65 pg/m® (average 11.98 pg/m®) and
0.80-5.96 pg/m? (average 2.53 pg/m?) a ST, and 3.45-22.65 pg/m® (average 12.81 pg/m®)
and 0.90-6.68 pg/m® (average 2.84 pg/m®) at ST5 (Table 4.2a and Figure 4.5a).

OC and EC in 2014-15

OC and EC respectively varied from 3.78-40.45 ug/m® (average 14.24 pg/m®) and
0.97-5.87 pg/m* (average 2.80 pg/m®) at STo, 4.23-45.26 ug/m® (average 15.67 pg/m®) and
0.84-5.08 pg/m?® (average 2.43 pg/m®) at ST;, 3.65-47.85 ug/m® (average 18.31 pg/m®) and
0.90-6.70 pg/m? (average 2.85 pg/m?) a ST, and 4.96-32.55 pg/m® (average 18.42 pg/m®)
and 1.07-8.00 pg/m? (average 3.40 ug/m®) at STs (Table 4.2b and Figure 4.5b).

OC and EC in 2015-16

OC and EC respectively varied from 9.01-18.69 ug/m® (average 13.97 pg/m® and
0.92-3.91 pg/m?® (average 2.20 pg/m®) at STo, 8.94-20.00 pug/m® (average 14.11 pg/m®) and
0.78-3.57 ug/m® (average 1.88 pg/m®) at ST1, 9.98-23.64 pg/m? (average 15.77 pg/m®) and
0.85-3.55 pg/m? (average 2.03 pg/m?) a ST, and 7.69-21.90 pg/m® (average 13.90 pg/m®)
and 1.01-4.21 pg/m? (average 2.18 ug/m3) at ST5 (Table 4.2c and Figur e 4.5¢).
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Fig. 4.5b: Seasonal and spatial variation in carbonaceous speciesduring 2014-15
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Fig. 4.5c: Seasonal and spatial variation in carbonaceous speciesduring 2015-16
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The average mass concentrations of OC and EC were highest at ST, followed by ST3,
STiand STy as presented in Figure 4.5a-c. The highest mass concentrations at ST (industrial
area) may be associated to diesel generators, heavy vehicles, boilers running on wood, rice
husk/ coa and construction activities in the area. Many organic-related factories located in
this area can emit considerable organic pollutants during operation. ST; in Chandigarh is
residential cum commercial and ST3in Panchkulais purely residential site which experiences
less pollution than ST, industrial site of Mohali. STy in Chandigarh represents educationa
institution area experiences least pollution in the region. OC and EC aso varied in same
manner of PM 5 and contribute nearly half to OTM mass. Trends of seasonal variation in OC
& EC were aso observed similar to PM,5 as being higher when PM,s was high and lower
during PM ;5 levels were low. The relative abundance of carbonaceous speciesis presented in
Figure4.6.

Relative % Abundance of Carbonaceous Species

EC

Fig. 4.6. Relative abundance of carbonaceous components

4.5 Mass concentration of Polycyclic Aromatic Hydrocarbons (PAHS)

PAHs are emitted by combustion processes that are associated with vehicles and
biomass burning. Study depicted that People living in urban areas experience high level of
exposure of petrochemical pollutants and is under high risk of lung cancer in comparison to
those living in low pollution areas (Yang et al., 1999). A total of sixteen PAHS named
Anthracite, Acenaphthylene, Benzo(a) anthracene, Benzo(b) fluroanthene, Benzo(a) pyrene,
Benzo(K) fluoranthene, Benzo(ghi) perylene, Chrysene, Dibenzo(a,h) anthracene, Fluorene,
Fluroanthene, Indeno(1,2,3-c,d) pyrene, Naphthalene, Perylene, Pyrene and Retene were
determined in PM5. A statistical summary of the individual PAH is presented Table 4.2a-c.



PAHsin 2013-14

As illustrated in Table 4.2a, the mass concentrations of total PAHs (3 PAHS) varied
from 5.16-51.24 ng/m® (average 20.25 ng/m°) at STo, 6.53-64.82 ng/m® (average 25.62
ng/m®) at ST, 7.34-72.59 ng/m* (average 28.70 ng/m°) at ST, and 5.94-58.92 ng/m* (average
23.29 ng/m°) at STa.

PAHsin 2014-15

The mass concentrations of total PAHs (SPAHSs) varied from 4.95-49.10 ng/m®
(average 19.41 ng/m®) a STo, 6.26-62.11 ng/m® (average 24.55 ng/m°) at ST,, 7.03-69.57
ng/m* (average 27.50 ng/m®) a ST, and 5.69-56.47 ng/m® (average 22.32 ng/m°) at ST
(Table 4.2b).

PAHsin 2015-16

The mass concentrations of total PAHs (SPAHSs) varied from 5.38-53.57 ng/m®
(average 21.10 ng/m®) a STo, 6.80-67.52 ng/m® (average 26.69 ng/m°) at ST,, 7.64-75.62
ng/m* (average 29.89 ng/m®) a ST, and 6.18-61.38 ng/m® (average 24.26 ng/m°) at STs
(Table 4.2c).

In present study, the mass levels of all sixteen PAHs especially Benzo(a) pyrene
(BaP) reported in the range of 0.31-3.59 ng/m® (average 1.36 ng/m®) were higher than the
NAAQ standard of BaP as 1 ng/m*. The higher mass results of PAHs indicate the potency
and toxicity causing adverse health impacts in the study area. The obtained values of
particulate phase PAHs were consistent with 22.91-190.96 ng/m® in Kolkata (Chattopadhyay
et al., 1998) and 20-172 ng/m*in Coimbatore (Mohanraj and Azeez, 2004).

The mass concentrations of PAHs also showed spatial and temporal variation as
ST,>ST3>ST>ST(. The highest mass concentrations at ST, Sector 74 (Mohali) are mainly
associated to industrial activities, diesel generators, and heavy vehicles, boilers running on
wood, rice husk and coal. ST3 and ST; are located in residential areas and experiences less
pollution than industrial site ST, STy is least polluted. The mass levels of PAHs also showed
temporal variation as 2013-14<2015-16<2014-15. Relative abundance of individual PAHs

speciesis presented in Figure 4.7.
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Fig. 4.7. Relative per cent abundance of PAHs species

Presence of low molecular weight (LMW) PAHs i.e. Flu and Ant indicates industrial
oil, wood and grass combustion as a probable source (Wilcke 2007; Khalili et al. 1995). The
presence of HMW PAHSsi.e. FIn, Pyr, Chry, BaA, BbF, BKF, BghiP, BaP, Pery, dBahA, and
IP is mainly due to vehicular emissions (Marr et a. 1999; Khalli et al. 1995) coal
combustion (Ravindra et a. 2007, 2008a&b; Smith and Harrison 1998; Khalili et al. 1995)
and industrial sources(Daisey et al. 1986).

Like PM5, the mass levels of PAHS species show temporal and spatial variation as
highest at ST, followed by ST3, ST, and STy as presented in Figure 4.8. The highest mass
concentrations at ST, (industrial ared) are associated to diesel generators, heavy vehicles,
boilers running on wood, rice husk, coal and construction activities whereas |east mass levels
at STp in Chandigarh, an educational institute located in green belt region and foothills of
Shiwalik hills.
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Fig. 4.8: Temporal and spatial variation in PAHsat study area
4.6 Seasonal Variation in Particulate Aerosols

Particul ate aerosols show seasonal variation due to meteorological conditions, type of
source, strength of emission and atmospheric chemistry (Cai et a. 2017; Guo et al. 2014;
Tang et a. 2016; Wang et a. 2012, Xu et a. 2011; Zhang et a. 2015; Zhang and Cao, 2015).
The mass concentration of particulate matter PM1 and PM,s (Figure 4.9a-c), carbonic
species (Figur e 4.5a-c), and total PAHSs (Figure 4.10a-c) were higher in winter than summer
at al the sites.

Seasonal variation during 2013-14
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Fig. 4.9a: Seasonal variation in Particulate Matter during 2013-14
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Seasonal variation during 2014-15
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Fig. 4.9b: Seasonal variation in Particulate Matter during 2014-15

Seasonal variation during 2015-16
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Fig. 4.9c. Seasonal variation in Particulate Matter during 2015-16

The higher mass concentrations during winter can be attributed to enhanced
anthropogenic activities including burning of coal and bio fuels for domestic and commercial
cooking and space heating plus higher exhaust emissions from automobiles and engine sets
due to cold start in cold conditions (Chakraborty and Gupta, 2010; Tang et al. 2016).
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Moreover, in winters, stagnant atmosphere, temperature inversions, low mixing height and
calm conditions may be other causes for enhanced concentrations (Bressi et al. 2013; Zhao et
al. 2012).

Apart from the above, crop stubble burning after rice harvesting period in October-
November could be another reason (Awasthi et al. 2011). Various studies have reported the
similar trends in Patiala (Awasthi et a. 2011), Agra (Singh and Sharma, 2012), Udaipur
(Yadav et a. 2014) in India, Nanjing (Chen et a. 2016), Jinan (Yang et a. 2012), Wuhan (Xu
et a. 2017); north to south region (Wang et a. 2015), Beijing, Shijiazhuang, Tianjin,
Shangdianzi and Chengde (Zhao et al. 2013) in China and Riyadh (Modaihsh et a. 2015) in
Saudi Arabia

seasnnal & spatial variation In raAHs doring 20132 14
o Acy m Ant o Bab = BaP m BbF m BghiP mBkF m Chry
= dnaha mrin m rin = 1P = Nap PRy Pyr et
5
= 4
B
L=
L]
=
S 2 .
i ]
Sunmnern Winnlea Sunmiser WiniLes Surnmnern WiniLe Surnnmreer WWinn Ler
ST 5T asTX ST
Fig. 4.10a: Seasonal & spatial variation in PAHsat study area during 2013-14
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Fig. 4.10b: Seasonal & spatial variation in PAHsat study area during 2014-15
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Fig. 4.10c: Seasonal & spatial variation in PAHsat study area during 2015-16
4.7 Correlation Analysis

Correlation analysis is the statistical tool that predicts correlation coefficient of one
variable with other two or more variables. The correlation coefficient (between zero to one)
describes a better correlation in dependent variables with higher value of one or near to one
and no correlation in independent variables with zero or lesser value.

4.7.1 Diagnostic Ratio

PAHs and other semi volatile organic compounds are used to identify their emission
sources. Diagnostic ratios can be used to categorize anthropogenic and biogenic sources of
emission. Despite from these facts, ratios act as a fingerprint of emission sources and can be
used to differentiate between various PAHs and their potency of having carcinogenic and
mutagenic effects. The emission sources can be determined by comparing the values of this
study with the values given in literature as predicted source range of PAHs (Kulkarni et a .,
2014, Wang et al., 2007, and Rajput et a., 2009).

The diagnostic ratios calculated for IP/(IP+BghiP), BaA/(BaA+Chy), BaA/BaP,
BbF/BKF are presented in Table 4.3. The ratio of IP/(IP+BghiP) as 0.42 under the range
0.37-0.70 and the ratio of BbF/BKF in the range 1.29-1.31 suggests the influence of diesd
emissions (Kulkarni et al., 2014, Hugo et a., 2015, Mohanrg et a., 2012). The ratio of
BaA/BaP as 1.21 indicates biomass burning (Lakhani et a., 2012) and the ratio of
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BaA/(BaA+Chy) as 0.32 (0.20-0.35) indicates coal combustion (Tobiszewski et al., 2014) in
the study area. The diagnostic ratios performed in the study highlight the influence of

multiple sources as vehicular emissions and coa and biomass burning as the main source of

PAHSs.

Table 4.3: Diagnostic ratio with source, range and reference studies

Diagnostic Present Range Sources Conclusion References
Ratios Study
IP/(IP+BghiP) 0.42 0.18-0.20 Gasoline Qil Kulkarni et al.,
0.37-0.70 Diesel Combustion 2014, Hugo et dl.,
0.56 Coal 2015
0.62 Wood
BaA/BaP 121 0.90-1.70 Diesdl Wood Lakhani et a.,
05070  Gasoline ~ Combustion 2012
1.0-15 Wood
BaA/(BaA+Chy)  0.32 0.38-0.64 Diesdl Cod Tobiszewski et d.,
0.20-0.35 Coa Combustion 2014
BbF/BkF 1.29 >0.5 Diesdl Diesdl Kulkarni et al.,
Combustion 2014, Mohanrg et
a., 2012

4.7.2 Pearson Correlation

Pearson correlation was applied for the mass concentration of carbonaceous and

PAHs species for a total number of 384 data sets as depicted in Table 4.4. Correlation was
significant a 0.01 levels and 0.05 levels (2-tailed) with a confidence level of 95%. The higher
correlation coefficient among Acy, BghiP, BkF, dBahA, FIn, IP, Pery, Pyr, Chry, OC and EC
indicates similarity in source of origin. The high loading of Ant, BbF, BaA and NaP shows

another source of emission. The higher correlations among BaP, Flu, Ret and OTM indicates

third source of emission.
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Table 4.4: Pear son correlation among mass concentration of OTM, OC, EC and PAHs species

Acy Ant BaA BaP BbF  BghiP BKF  Chry dBahA  Fin Flu IP Nap  Pery  Pyr Ret OTM  OC EC
Acy 1.000
Ant -0.029  1.000
BaA -0.028 1.000"  1.000
BaP 232" 0074 -0074 1.000
BbF 1847 459" 460"  0.075  1.000
BghiP 872" 0.043 0044 3237 2487 1.000
BKF 905" -0016 -0015 .305° .180" .929”  1.000
Chry 3517 -4297  -4297 4227 0052 3247 30687  1.000
dBahA 943" -0.030 -0.030 2647 1997 839" 896" 4707  1.000
Fin 842" 0011 -0011 2697 208" 908" 830" 207" 714"  1.000
Flu 232" 0075 -0075 1.000° 0.074 3237 3057 423" 2647 2697  1.000
P 7867 0.027 0027 .3307 1907 8147 884" 4827 913" 5977 3307  1.000
Nap A24° 802" 8027 -0019 582" 228" 1607 -4627 0.085 .2407 -0.020 0.089 1.000
Pery 890"  -152" -152" 0080 102" 7477 7907 1937 804" 782" 0.080 .633" 0045 1.000
Pyr 962"  -0074 -0073 2567 1747 895" 9157 3447 929" 894" 256 809" 111" 907"  1.000
Ret 2327 0073 -0073 1.000° 0076 .323° 305" 4227 2647 2697 10007 .3307 -0.018 0080 .256 1.000
OT™M 0033 -0.042 -0.042 590" -0.013 008 0075 .224° 0041 0024 591" 105 -0.060 -0.081 0.007 .589" 1.000
ocC 597" 0071 -0071 0065 0.072 5417 5697 2797 5697 473" 0.065 518" -0.004 485" 5467 0.065 .195 1.000
EC 6517 -0.088 -0088 .114° 0.063 6027 595" 248" 624" 5627 114 5297 0002 5797 6437 1147 1547 7217 1.000

Note: **-Correlation is significant at the 0.01 level (2-tailed), *-Correlation is significant at the 0.05 level (2-tailed), N=384
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4.7.30OC/EC ratio

The average OC/EC ratio indicates higher concentrations of OC in comparison to EC
(Figure 5). OC contributes second largest to PM, 5 after OTM. OC variesin the order of ST,
(industria site) followed by ST; (Commercial and residential area), ST3 (residential area) and
STy (institutional area). The higher mass concentrations OC and EC at ST, and ST; may be
associated to the heavy vehicular and industrial activities. Presence of organic-related
factories at ST2 can emit considerable organic pollutants. Emissions of boilers, process ducts,
DG sets and construction activities may be another source. The results of OTM/OC ratio in
the range of 1.57 to 1.71 indicate combustion sources, which are agreement with the previous
findings of astudy carried out in Agra, India (Pachauri et a., 2013).

4.8 Sour ce Apportionment using Principal Components Analysis

The main objective of PCA using factor Analysis is to produce small number of
independent correlated variables by replacing the set of multiple variables. Orthogonal
transformations are achieved by computing eigen-values and eigenvectors and diagonalizing
correlation matrix of variables (Salvador et al., 2003). Each factor describes maximum total
variance for similar data set which is totally uncorrelated with the set of other data. After
varimax rotation, each factor loadings gives significant correlation between factors and
variables. Thus, each factor contains the chemical species of higher loading which represents
fingerprint of the emission source. Principa component analysis was performed by selecting
factor analysis option in Statistical Package for Social Sciences (SPSS Version 22). PCA with

varimax rotation was applied to determine the sources of PAHs in the study area (Table 4.5).

The first factor represents high loading of Acy, BghiP, BKF, dBahA, Fin, IP, Pery,
Pyr, Chry, OC and EC with atotal variance of 44.03%. Various studies have reported BghiP,
BkF, dBahA and IP in vehicular emissions (Kulkarni & Venkataraman 2000, Bostrom et al.
2002, Ravindra et al. 2008a& b, Kulkarni et a. 2014) whereas BkF as the marker for diesd
emissions (Khalili et al 1995, Yunker et al. 2002) and Acy, IP and Pery as the markers for
gasoline emissions (Guo et al. 2003, Ravindra et al. 2008a&b). These species show higher

correlation and represent vehicular emission as source of origin.
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The second factor represents a total variance of 18.85%. The high loading of Ant,
BbF, BaA and NaP indicates coa combustion as the source (Larson and Baker 2003,
Kulkarni et a. 2014, Lv et a. 2016).

The third factor represents a total variance of 15.88%. The high loading of BaP, Flu,
Ret and OTM indicates biomass and wood burning as the source (Khalili et al. 1995, Larson
and Baker 2003, Kulkarni et a. 2014, Lv et a. 2016). Various researchers have indicated the
marker of biomass and wood burning as Ret (Dvorska et a. 2012, Alves et al. 2015), BaP and
Flu (Kulkarni and Venkataraman 2000). Remaining variance of 21.24 is unknown and may

be attributed to non-identifiable sources present in the study area.

Table 4.5: Sour ce apportionment using PCA

Component Factor 1 Factor 2 Factor 3
Acy 945 153 -.143
Ant -.070 736 594
BaA -.069 736 593
BaP 434 -.579 .665
BbF 205 473 428

BghiP 931 157 .018
BKF 943 126 -.052
Chry 460 -.574 -.084

dBahA 935 .098 -112

Fin .858 174 -.041
Flu 434 -.580 .664

IP 870 .048 .010
Nap 101 748 546
Pery 822 .166 -.317
Pyr 955 127 -.151
Ret 434 -.578 .665

OT™M .186 -471 .560

oC .636 .065 -.209

EC .696 .065 -.210

Eigen vaue 8.37 3.58 3.02

Variance (%) 44.03 18.85 15.88

Cumulative (%) 44.03 62.88 78.76
Source Vehicular Emission Coal Combustion Wood & Biomass Burning
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Principal component analysis (PCA) as shown in Figure 4.9 identified the emission
sources of PM, 5 aerosols in the study area as vehicular emissions (44.03%), coal combustion
(18.85%) and wood & biomass burning (15.88%).

Emission Sources of PM, ; Aerosols

Unknown
Sources _
219 "I.I"Ef'llll:l...ﬂar
Emission

44%

Biomass &
Wood
Burning
16%

Coal
Combustion
19%

Fig. 4.11: Source of PM ;5 aerosolsidentified by PCA

4.9 Toxicity Assessment of Particulate Aerosols

Among the PAHSs studied, BaP is considered as the most powerful tool as reference
chemical/ indicator for estimating the risk level imposed by all PAHS because of their well
characterized toxicity. BaP equivalent (BaPeq) is calculated by multiplying the concentration
of each compound with its corresponding TEF value given in Table 4.6 (Halek et a., 2008
and Petry et al., 1996 ) and then summing up the obtained results. TEF or RPF from the EPA

were taken into account as reference valuesin present study.
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Table 4.6: PAHs and their toxic equivalency factor

S.No. PAH Compound Toxic Equivaency factor
1 Acenaphthylene(Acy) -
2 Anthracene(Ant)y -
3 Benzo(g,h,i)perylene (BghiP) 0.01
4  Benzo(a)anthracene (BaA) 0.1
5 Benzo(apyrene (BaP) 1
6  Benzo(k)fluoranthene (BkF) 0.01
7  Benzo(b)fluoranthene (BbF) 0.1
8  Chrysene (Chy) 0.001
9  Dibenzo(ah)anthracene (dBahA) 0.1
10 Fluoranthene (FIn) 0.001
11 HuoreneHw) e
12 Indeno(1,2,3)pyrene (1P) 0.1
13 Naphthaene(Nep) -
14 Pyrene (Pyr) 0.001
15 Peylene(Peryy -
16 Retene(Ret) e

In present study, the mass levels of all sixteen PAHs especially Benzo(a) pyrene
(BaP) reported in the range of 0.31-3.59 ng/m® (average 1.36 ng/m®) were higher than the
NAAQ standard of BaP as 1 ng/m*. The higher mass results of PAHs indicate the potency

and toxicity causing adverse health impacts in the study area.
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CHAPTER 5: CONCLUSION

Conclusion

Particulate aerosols (PMio and PM,5) were collected from tricity of Chandigarh,
Panchkula and Mohali during summer (April to May) and winter (December to January)
seasons of 2013-14, 2014-15 and 2015-16. The mass levels of PM o and PM 5 respectively
varied from 69.2-187.5 ug/m* (average 116.4 pg/m®) and 40.5-100.3 pg/m® (average 61.7
ng/m®) in 2013-14, 79.8-198.0 pg/m? (average 138.9 pg/m?) and 43.2-105.7 pg/m? (average
73.1 ug/m®) in 2014-15 and 80.1-194.1 pg/m® (average 125.6 ug/m*) and 42.4-103.8 pg/m?®
(average 66.4 pg/m®) in 2015-16. Exceeding mass levels of PMy and PM,s to NAAQ
standards during most of sampling days indicates deteriorating air quality in the study area.
OTM contributes to PM 5 as 36.0% in 2013-14, 40.1% in 2014-15 and 35.7% in 2015-16
whereas ratio of OTM/OC ranging from 1.57 to 1.71 indicates carbon as the largest
component. The presence of PAHSs in the range of 5.16-72.59 ng/m® in 2013-14, 4.95-69.57
ng/m*in 2014-15 and 5.38-75.62 ng/m®in 2015-16 indicates combustion processes associated

to vehicles and biomass burning in study area.

PM 10 and PM, s were higher in winter season in comparison to summer season during
al three years at al sampling locations mainly associated to increased fuel demand for
domestic and space heating. Moreover, cam, stagnant and stable weather conditions in
winter limit the dilution and dispersions whereas cold start of engines enhanced accumulation

of air pollutants.

Diagnostic ratio of 1P/(IP+BghiP) as 0.42 in the range 0.37-0.70 and BbF/BKF in the
range 1.29-1.31 indicates diesel emissions, BaA/BaP as 1.21 indicates biomass burning and
BaA/(BaA+Chy) as 0.32 in the range of 0.20-0.35 indicates coal combustion as the source.
Principal component analysis shows three contributory sources of particulate aerosols as
vehicular emissions (44.03%), coa combustion (18.85%) and wood & biomass burning
(15.88%). PM as well as carbonic species showed seasonal and temporal variations as higher
in winters attributed to enhanced domestic and commercial activities and poor dispersion

conditions.
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Futur e Recommendations

The study describes profiling & source inventory of PM,s in tricity of Chandigarh
based on three year long data that becomes a base to device an effective management plan to
control air pollution. Though the study mainly focused on chemical characterization of
carbonaceous species but trace metallic and ionic species were lacking. The study
recommends a comprehensive and regular monitoring of fine aerosols to understand the

nature, strength, trend and potential health impactsin the region.
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ANNEXURE-1
Table4.1(a): Status of ambient air quality at ST, during 2013-14 (PAHsin ng/m® & rest in pg/m?)

Dae PMy, PM,s Acy Ant BaA BaP BbDF BghiP BKF Chry dBahA Fin Fu I[P Nap Pery Pyr Ret OTM OC EC

1413 838 497 016 053 126 118 18 031 053 342 028 028 049 032 088 040 010 039 1802 323 0.87
2413 891 471 036 024 056 124 181 078 216 0.62 044 051 052 097 086 065 022 041 1908 7.26 1.37
8413 798 418 020 065 155 145 199 031 062 336 032 040 060 069 095 040 016 048 2226 4.03 1.00
9413 1375 691 133 065 155 148 197 290 295 7.15 129 113 062 202 094 177 052 049 2270 16.61 4.00
15413 1242 649 138 087 207 190 322 290 302 342 149 119 079 202 153 177 062 0.63 29.19 17.65 4.62
16413 901 514 032 145 345 035 373 062 124 068 044 051 014 089 178 056 021 012 530 645 137
22413 1110 553 177 047 112 127 217 295 328 323 161 119 053 202 103 444 0.73 042 1946 1548 5.00
23413 1146 616 065 041 098 145 204 28 257 901 097 085 060 202 097 098 041 048 2226 1297 3.00
6.5.13 1020 526 024 065 155 187 497 036 089 0.87 036 040 078 0.77 237 044 016 062 2862 484 112
7513 844 456 028 053 126 131 225 036 112 202 044 045 055 081 107 044 021 044 2014 564 137
13513 825 460 015 050 119 110 174 029 050 322 027 027 046 030 083 038 010 037 1694 303 0.82
14513 831 433 034 022 053 117 170 073 203 0.58 042 048 049 091 081 061 020 039 1793 6.82 1.29
20513 788 405 019 061 145 136 187 029 058 316 030 037 057 064 089 038 015 045 2092 379 094
21513 1287 652 125 061 145 139 18 273 278 6.72 121 106 058 190 088 167 049 046 2134 1501 3.76
27513 1120 635 130 082 195 179 3.03 273 283 322 140 111 075 190 144 167 058 0.60 2744 1699 4.35
28513 692 411 030 136 324 032 351 058 117 0.64 042 048 014 083 167 053 019 011 498 6.06 1.29
91213 816 433 041 126 301 046 475 144 171 0.65 066 035 019 127 226 035 017 015 699 816 205
10.1213 875 463 046 026 062 114 087 153 177 296 066 040 048 130 041 035 020 038 1749 919 205
16.12.13 1281 670 029 124 295 213 25 112 158 0.84 040 026 089 115 122 025 014 071 3264 576 125
171213 935 497 040 120 285 137 428 130 165 0.75 058 032 057 118 204 032 014 046 2098 792 1.79
231213 1622 845 121 118 280 147 346 161 215 504 112 060 061 144 165 070 036 049 2259 2417 3.48
241213 1410 756 062 028 067 243 101 158 194 1069 08 052 101 144 048 038 026 081 3731 1248 268
30.12.13 1437 700 162 030 073 116 232 383 317 411 115 225 048 150 110 269 0.69 0.39 1784 3246 357
311213 1515 745 193 126 301 217 581 539 412 168 127 259 090 161 276 295 0.73 0.72 3330 21.64 3.93
8114 1165 600 129 035 083 039 158 170 241 485 115 060 016 147 075 245 042 013 595 2578 357
9114 1366 691 155 033 078 140 145 196 279 467 115 101 058 147 069 268 052 047 2140 1894 357
15114 922 518 038 116 277 042 437 132 157 0.60 061 032 017 117 208 032 016 014 644 751 1.89
16114 823 428 042 024 057 105 080 140 163 272 061 037 044 119 038 032 019 035 1609 846 1.89
22114 1147 613 026 114 272 196 236 103 146 0.77 037 024 082 106 112 023 013 065 3003 530 115
23114 889 461 036 110 262 126 394 119 152 0.69 053 029 052 109 188 029 013 042 1931 729 164
29114 1437 772 111 108 258 136 318 148 198 4.64 103 05 056 132 152 064 033 045 2079 2224 3.20
30.1.14 1236 692 057 026 062 224 093 146 178 9.84 079 048 093 132 044 035 024 0.75 3432 1148 2.46
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Table 4.1(b): Status of ambient air quality at ST, during 2013-14 (PAHsin ng/m? & rest in pg/m°)
Date PMyp PM,s Acy Ant BaA BaP BbF BghiP BKF Chry dBahA Fin Fu IP Nep Pey Pyr Ret OTM OC EC
1413 817 499 020 067 160 149 235 039 067 433 036 036 062 041 112 051 013 050 2018 3.06 0.75
2413 946 501 046 030 071 157 229 098 273 079 056 064 066 122 109 082 028 052 2137 689 118
8413 866 453 026 082 19 184 252 039 079 425 041 050 077 087 120 051 020 061 2493 383 0.86
9413 1620 804 168 082 19 187 250 367 374 905 163 143 078 255 119 224 066 062 2543 1525 343
15413 1585 782 175 110 262 241 407 367 382 433 189 150 100 255 194 224 079 080 3269 1624 3.96
16.413 914 516 041 183 436 044 472 079 157 087 056 064 018 112 225 071 026 015 594 612 118
22413 1634 850 224 060 142 161 275 374 415 409 204 150 067 255 131 561 092 054 2179 1966 4.28
23413 1193 641 082 052 124 184 258 361 325 1140 122 107 077 255 123 123 052 061 2493 1230 257
6513 1110 572 031 082 19 236 629 046 112 110 046 050 098 097 299 056 020 0.79 3205 459 096
7513 905 489 036 067 160 166 28 046 141 25 056 057 069 102 136 056 026 055 2255 536 118
13513 798 418 019 063 150 140 221 037 063 407 034 034 058 038 105 048 012 047 1897 288 0.70
14513 832 459 043 028 067 148 215 092 25 074 053 060 062 115 102 077 026 049 2009 647 111
20513 823 440 024 077 184 173 236 037 074 399 038 047 072 082 113 048 018 058 2343 360 081
21513 1311 685 158 077 184 176 235 345 351 851 153 134 073 240 112 211 062 059 2390 2373 322
27513 1260 646 164 103 246 226 383 345 359 407 177 141 094 240 182 211 074 075 20.73 1466 3.73
28513 894 483 0338 172 410 041 444 074 148 081 053 060 017 105 211 067 025 014 1558 1175 111
91213 9.1 585 052 160 380 058 601 182 216 083 084 044 024 160 28 044 022 019 1783 1174 176
101213 915 484 058 033 079 144 110 193 224 374 084 051 060 164 052 044 026 048 1959 872 176
16.12.13 1392 729 036 157 374 269 324 142 200 106 051 033 112 146 154 032 018 090 3656 546 1.07
171213 992 528 050 152 361 173 542 164 209 094 073 040 072 149 258 040 018 058 2350 751 153
231213 1653 861 153 149 354 186 438 204 273 637 142 077 078 182 209 088 046 062 2531 2293 298
241213 1705 912 079 036 085 308 128 200 245 1353 109 066 128 182 061 048 033 103 4179 1184 230
30.12.13 1736 900 205 039 092 147 293 485 401 519 146 284 061 189 140 341 087 049 1998 30.80 3.06
311213 1360 729 244 160 380 275 734 681 521 212 160 328 114 204 350 373 092 092 1720 1150 337
8114 1128 581 163 044 105 049 200 215 305 614 146 077 020 186 095 310 054 016 666 2446 3.06
9114 1680 908 196 041 098 177 184 248 353 590 146 128 074 186 087 339 066 059 2397 2935 3.06
15114 926 570 047 147 350 053 553 168 199 076 077 040 022 147 263 040 020 018 1721 1212 1.62
16.1.14 861 448 053 030 072 133 101 178 206 344 077 047 055 151 048 040 023 044 1802 802 162
22114 1246 666 034 144 344 248 298 131 184 098 047 030 103 134 142 029 017 083 3364 503 099
23114 943 488 046 139 332 159 499 151 192 087 067 037 066 137 237 037 017 053 2162 691 141
29.1.14 1265 683 141 137 326 171 403 183 251 58 131 070 071 168 192 081 042 057 2328 2110 275
30.1.14 1038 554 073 033 078 283 117 184 226 1244 101 060 118 168 056 044 030 094 1844 1089 211
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Table 4.1(c): Status of ambient air quality at ST, during 2013-14 (PAHsin ng/m*® & rest in pg/m°)

Dae PMy PM,; Acy Ant BaA BaP BbOF BghiP BKF Chry dBahA Fin Flu [P Nap Pey Pyr Ret OTM OC EC
1413 1024 542 051 033 080 1.76 123 110 305 088 063 072 073 137 122 091 031 059 2323 683 1.79
2413 910 476 029 092 219 206 363 044 088 476 046 056 086 097 134 057 022 069 2710 273 1.28
8413 1404 759 189 092 219 210 607 411 419 1014 183 160 087 286 133 251 073 070 27.64 1550 4.26
9413 1583 813 196 123 293 270 490 411 427 48 211 168 112 286 217 251 088 090 2754 1550 5.11
15413 916 522 046 205 489 049 143 088 176 097 063 072 020 126 252 080 029 016 1645 546 1.70
16413 1708 885 251 067 159 1.80 328 419 465 458 229 168 075 286 147 628 103 060 2369 259 5.96
22413 1665 895 092 059 139 206 823 404 364 1277 137 120 086 286 138 138 059 069 27.10 2505 341
23413 1160 598 034 092 219 264 224 051 126 123 051 056 110 1.09 335 063 022 088 3484 319 128
6513 915 494 040 075 179 186 206 051 158 287 063 064 078 114 152 063 029 062 2452 319 1.70
7513 1021 570 021 071 168 156 633 041 071 456 038 038 065 043 118 054 014 052 2062 257 0.80
13513 955 497 048 031 075 166 115 104 287 083 059 068 069 129 115 086 029 055 2183 642 1.68
14513 865 462 027 086 206 193 341 041 083 447 043 053 081 091 126 054 021 064 2547 257 1.20
20513 1409 733 177 086 206 197 571 387 393 953 172 150 082 268 125 236 069 066 1520 13.10 4.00
21513 1452 748 184 116 276 254 461 387 402 456 199 158 106 268 204 236 083 085 1490 1120 4.81
27513 815 433 043 193 459 046 134 083 165 091 059 068 019 118 237 075 028 015 1006 870 1.60
28513 806 424 023 075 179 166 673 044 075 485 040 040 069 046 125 057 015 055 21.94 273 085
91213 1107 586 065 037 088 162 256 216 251 419 094 057 067 184 058 049 029 054 2129 1341 166
10.12.13 1640 859 041 176 419 302 282 159 224 119 057 037 126 163 173 036 020 101 3974 987 1.8
16.12.13 1162 618 056 170 4.04 194 280 184 234 106 082 045 081 167 289 045 020 065 2555 11.38 1.18
171213 1442 751 171 167 397 209 456 229 305 7.4 159 086 087 204 234 099 051 070 2751 14.17 2.98
231213 1875 1003 0.88 040 095 345 529 224 275 1515 122 073 144 204 068 054 037 115 4542 1391 213
241213 1769 908 230 043 103 165 308 543 449 58 163 318 069 212 156 382 098 055 2172 33.65 5.68
301213 1868 982 274 179 426 308 289 763 583 238 180 367 128 229 392 417 103 103 3010 2220 596
311213 1040 544 183 049 118 055 7.04 241 341 687 163 086 023 208 107 347 060 018 7.24 1493 348
8114 1417 766 219 046 110 198 319 277 395 661 163 143 082 208 098 379 073 066 2606 17.20 4.26
9114 1080 563 053 165 392 059 242 183 223 08 086 045 025 165 295 045 023 020 1950 11.64 1.31
15114 1041 542 060 034 081 149 236 199 231 38 08 053 062 1.69 054 045 026 050 1959 12.34 1.52
16.1.14 1469 785 038 162 385 277 259 146 206 109 053 034 116 150 159 033 019 092 3657 9.08 1.09
22114 1104 572 052 156 372 178 257 169 216 097 075 041 074 154 266 041 019 059 2351 1047 1.09
23114 1277 687 158 153 365 192 420 210 281 657 146 079 080 1.88 215 091 047 064 2531 1303 274
20114 972 512 081 037 088 317 48 206 253 1394 113 068 1.32 188 063 050 034 106 1910 12.80 1.96
30114 830 484 058 179 426 065 263 204 242 093 094 049 027 180 321 049 024 022 852 1265 142
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Table 4.1(d): Status of ambient air quality at ST; during 2013-14 (PAHsin ng/m? & rest in pg/m°)
Date PMyp PM,s Acy Ant BaA BaP BbF BghiP BKF Chry dBahA Fin Fu IP Nep Pey Pyr Ret OTM OC EC
1413 895 483 035 157 373 037 403 067 134 074 048 055 016 096 192 061 022 012 1350 805 179
2413 9.2 501 019 061 145 135 213 036 061 393 032 032 056 037 102 046 012 045 1942 367 095
8413 1204 637 042 027 065 143 208 08 248 072 051 058 060 111 099 0.74 025 048 2057 14.87 2.00
9413 869 455 023 075 178 167 229 036 071 38 037 045 070 079 109 046 018 056 2400 428 143
15413 1359 692 153 075 178 170 227 334 340 823 148 130 071 232 108 204 060 057 2448 2038 4.77
16.413 1430 761 159 100 238 219 370 334 347 393 172 136 091 232 176 204 072 073 2347 2081 572
22413 914 533 037 167 397 040 429 072 143 079 051 058 017 102 204 065 024 013 1520 1060 191
23413 1411 733 204 054 129 146 250 340 377 372 18 136 061 232 119 510 083 049 2098 2265 6.68
6513 1365 734 075 048 113 167 235 328 29 1037 111 097 070 232 112 112 048 056 2400 17.75 3.82
7513 1133 584 028 075 178 215 572 042 102 100 042 045 089 088 272 051 018 0.72 3085 6.12 143
13513 974 527 032 061 145 151 259 042 129 233 051 052 063 093 123 051 024 050 2171 771 191
14513 838 466 017 057 137 127 201 034 058 370 031 031 053 035 09 044 011 042 1826 345 0.90
20513 1122 584 039 026 061 134 195 084 233 067 048 055 056 105 093 070 024 045 1933 1398 1.88
21513 826 462 022 070 167 157 215 034 067 363 035 043 065 074 102 044 017 052 2256 4.03 134
27513 1178 621 144 070 167 160 213 314 319 773 139 122 067 218 102 192 056 053 2301 19.16 448
28513 1125 593 149 094 224 206 348 314 326 370 161 128 08 218 166 192 067 069 1920 11.10 538
91213 1040 563 066 030 071 257 107 168 205 1131 091 055 107 152 051 040 027 086 1750 1231 219
10.12.13 107.7 556 047 145 346 052 547 166 197 075 076 040 022 146 260 040 020 0.17 1920 11.80 1.59
16.12.13 1003 531 053 030 072 131 100 176 204 340 076 046 055 149 047 040 023 044 1885 1224 185
171213 1532 802 033 143 340 245 294 129 182 097 046 030 102 132 140 029 017 082 3519 1093 1.32
231213 1078 573 046 138 328 157 493 149 190 086 066 036 066 136 235 036 017 052 2262 1141 132
241213 1374 716 139 135 322 169 398 18 248 579 129 070 071 166 190 080 042 056 2436 1486 3.34
30.12.13 170.7 91.3 072 033 078 280 116 182 223 1230 099 060 117 166 055 044 030 093 4022 1338 238
311213 1413 744 187 035 083 134 267 440 364 472 132 258 056 172 127 310 079 045 1923 2186 6.36
8114 1711 892 222 145 346 250 668 619 474 193 146 298 104 185 318 339 083 083 2990 2042 6.68
9114 839 458 148 040 09 045 182 195 277 558 132 070 019 169 087 282 049 015 641 16.61 3.89
15114 1403 758 178 038 089 161 167 225 321 537 132 116 067 169 079 3.08 060 054 23.08 1924 477
16.1.14 938 506 043 134 318 048 503 152 181 069 070 037 020 134 239 037 018 016 1650 10.86 1.46
22114 943 491 049 028 066 121 092 161 188 313 070 043 050 137 044 037 021 040 1735 1126 171
23114 1372 734 030 131 313 225 271 119 168 089 043 027 094 122 129 027 015 075 3238 1006 1.22
29.1.14 1024 531 042 127 302 145 453 137 175 079 061 034 060 125 216 034 015 048 2081 1050 1.22
30.1.14 1217 654 128 124 296 156 366 171 228 533 119 064 065 152 174 074 038 052 2241 1368 3.07
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Table 4.1(e): Status of ambient air quality at SToduring 2014-15 (PAHsin ng/m*® & rest in pg/m°)

Dae PMy PM,; Acy Ant BaA BaP BbOF BghiP BKF Chry dBahA Fin Flu [P Nap Pey Pyr Ret OTM OC EC
01.0414 941 495 015 051 121 113 178 030 051 328 027 027 047 031 085 039 010 038 2477 402 103
020414 886 458 035 023 054 119 173 075 207 060 043 049 050 093 082 062 021 040 1610 9.04 162
08.0414 1076 563 019 062 148 139 191 030 060 322 031 038 058 066 091 039 015 046 3060 502 117
09.04.14 1710 886 128 062 148 142 189 278 283 68 124 108 059 193 090 170 050 047 3121 2315 4.70
150414 1392 749 133 083 198 1.82 309 278 289 328 143 114 076 193 147 170 060 061 2010 14.20 5.43
160414 853 450 031 139 331 033 358 060 119 066 043 049 014 085 170 054 020 011 7.29 804 1.62
220414 1383 733 170 045 108 122 208 283 315 310 155 114 051 193 099 425 070 041 2676 1420 587
230414 1291 663 062 040 094 139 196 273 247 864 093 08l 058 193 093 094 040 046 3060 1616 352
06.0514 1377 710 023 062 148 179 476 035 085 083 035 038 075 073 227 043 015 060 3935 603 1.32
07.0514 1130 611 027 051 121 126 216 035 107 194 043 043 052 077 103 043 020 042 2769 7.03 162
13.05.14 842 432 015 048 114 106 167 028 048 308 025 025 044 029 080 036 009 035 2329 378 0.97
14.0514 1106 576 033 021 051 112 163 070 194 056 040 046 047 087 078 058 020 037 2466 850 1.52
200514 1022 547 018 059 139 131 179 028 056 303 029 036 054 062 085 036 014 044 2877 472 110
210514 958 501 120 059 139 133 178 262 266 644 116 102 056 1.82 085 1.60 047 044 1920 1150 4.42
270514 1131 593 125 078 186 171 290 262 272 308 134 107 071 182 138 160 056 057 23.10 2030 511
280514 90.1 468 029 131 311 031 336 056 112 062 040 046 013 080 160 051 019 010 685 755 152
09.1214 923 484 039 121 283 044 456 138 164 063 063 033 018 121 217 033 017 015 962 1017 241
10.12.14 1154 611 044 025 060 109 083 146 170 283 063 039 046 124 040 033 019 036 2405 1145 241
16.12.14 1728 905 028 1.19 283 204 245 108 152 080 039 025 085 110 117 024 014 068 4488 7.18 147
17.12.14 1244 662 038 115 273 131 411 124 158 072 055 030 055 113 1.96 030 014 044 2885 987 2.10
231214 1771 902 116 113 268 141 332 155 206 483 108 058 059 1.38 158 067 035 047 3107 3011 4.09
241214 1662 831 060 027 065 233 097 152 186 1025 083 050 097 138 046 036 025 078 5130 1555 3.15
301214 1735 863 156 029 070 111 222 367 304 393 110 215 046 144 106 258 066 037 2453 4045 4.20
311214 1308 668 185 121 283 208 556 516 395 161 121 248 087 155 265 282 070 069 2210 19.30 4.61
080115 1468 757 124 033 079 037 152 163 231 465 110 058 015 141 072 235 041 012 818 3212 4.20
09.01.15 1700 888 148 031 075 134 139 188 267 447 110 097 056 141 066 257 050 045 2943 3854 4.20
150115 87.2 487 036 111 265 040 419 127 151 058 058 030 017 112 200 030 015 013 88 935 222
16.01.15 1085 565 041 023 055 101 076 135 156 261 058 036 042 114 036 030 018 034 2212 1054 2.22
220115 1548 828 025 109 261 188 226 099 140 074 036 023 078 102 107 022 013 063 4129 660 135
230115 1182 612 035 106 251 121 378 114 146 066 051 028 050 1.04 180 028 013 040 2655 9.08 193
290115 1463 782 107 104 247 130 305 142 190 444 099 053 054 127 145 061 032 043 2858 27.70 3.76
300115 1398 734 055 025 059 215 089 140 171 943 076 046 089 127 042 034 023 072 27.30 1430 2.89
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Table 4.1(f): Status of ambient air quality at ST, during 2014-15 (PAHsin ng/m*® & rest in pg/m?)

Dae PMy PM,; Acy Ant BaA BaP BbOF BghiP BKF Chry dBahA Fin Flu [P Nap Pey Pyr Ret OTM OC EC
01.0414 1025 539 020 064 153 142 225 038 065 415 034 034 059 039 107 049 013 047 2710 450 0.89
020414 1292 684 044 029 068 151 219 094 261 075 054 062 063 117 104 078 026 050 2869 1012 1.40
08.04.14 1173 614 024 079 187 176 241 038 075 407 039 048 073 083 115 049 019 059 3347 562 102
09.04.14 1462 783 161 079 187 179 239 352 358 867 156 137 075 244 114 215 063 060 2420 17.10 4.07
150414 151.1 801 168 1.05 251 231 390 352 366 415 181 144 096 244 186 215 075 077 2930 2120 4.70
16.0414 863 451 039 176 418 042 452 075 151 083 054 062 017 108 215 068 025 014 7.97 899 1.40
220414 1673 893 215 057 136 154 263 358 398 392 196 144 064 244 125 538 088 051 2926 1947 508
230414 1636 880 079 050 119 176 247 346 312 1093 117 103 073 244 118 118 050 059 3347 1808 3.05
06.0514 1502 77.4 029 079 187 226 603 044 108 106 044 048 094 093 287 054 019 075 4304 675 114
07.0514 1230 665 034 064 153 159 273 044 135 245 054 055 066 098 130 054 025 053 3028 7.87 140
13.05.14 917 470 018 061 144 134 211 035 061 390 032 032 056 037 101 046 012 045 2547 423 084
14.0514 1205 628 041 027 064 142 206 089 246 071 051 058 059 110 098 074 025 047 2697 951 131
200514 1114 596 023 074 176 165 227 035 071 383 037 045 069 078 108 046 018 055 3146 528 096
210514 1242 663 152 074 176 169 225 331 337 815 147 129 070 230 107 202 059 056 16.60 1250 3.82
270514 1439 77.7 158 099 236 217 367 331 344 390 170 135 090 230 175 202 071 072 1860 13.30 4.42
280514 843 468 037 165 393 039 425 071 142 078 051 058 016 101 203 064 024 013 749 845 131
09.1214 875 487 049 153 365 055 576 175 207 079 080 042 023 154 274 042 021 018 1052 11.38 2.09
10.12.14 1254 664 056 032 075 138 105 185 215 358 080 049 058 157 050 042 024 046 2630 12.81 2.09
16.12.14 1886 987 035 151 358 258 310 136 192 102 049 031 108 140 148 031 017 086 49.09 803 1.27
17.12.14 1353 720 048 145 346 166 519 157 200 090 070 038 069 143 247 038 017 055 3156 11.04 1.82
231214 1896 995 146 143 339 179 420 196 261 611 136 073 074 175 200 084 044 060 3398 3360 3.54
241214 1720 891 076 034 082 295 122 192 235 1296 105 063 123 175 058 046 031 098 56.11 1740 2.72
30.12.14 1840 932 197 037 083 141 281 464 384 498 140 272 059 182 134 326 084 047 2683 4526 3.63
311214 1912 985 234 153 365 263 704 653 499 204 154 314 110 196 335 357 088 088 3020 2310 3.99
080115 1601 825 156 042 101 047 192 206 292 58 140 073 020 178 091 297 051 016 894 3594 363
09.01.15 1850 956 1.88 040 094 169 176 237 338 566 140 122 071 178 084 325 063 056 3219 4313 3.63
150115 829 447 046 141 335 051 530 161 191 073 074 039 021 141 252 039 019 017 968 1047 1.92
16.01.15 1180 614 051 029 069 127 097 170 198 330 074 045 053 145 046 039 022 042 2420 1179 1.92
220115 1688 903 032 138 330 237 28 125 177 094 045 029 099 128 136 028 016 079 4516 7.39 117
230115 1286 666 044 134 318 153 478 145 184 083 064 035 064 132 228 035 016 051 2903 1016 167
290115 1731 895 135 131 312 164 38 180 240 562 125 067 068 161 184 078 040 055 3126 31.00 3.26
300115 1792 912 070 032 075 271 112 177 216 1192 096 058 1.13 161 054 042 029 090 51.62 1601 251
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Table 4.1(g): Status of ambient air quality at ST, during 2014-15 (PAHsin ng/m® & rest in ug/m?)

Dae PMy PM,; Acy Ant BaA BaP BbOF BghiP BKF Chry dBahA Fin Flu [P Nap Pey Pyr Ret OTM OC EC
01.0414 1360 720 049 032 076 169 118 106 293 084 060 069 070 131 117 088 030 056 3060 971 201
020414 1199 628 027 088 210 197 348 042 084 456 044 054 082 093 129 055 021 066 3570 3.89 144
08.0414 1830 936 181 088 210 201 58 394 401 971 175 153 084 274 128 241 070 067 3642 3626 4.79
09.04.14 1860 984 1.88 118 281 258 470 394 409 465 203 161 108 274 208 241 084 086 4682 3626 574
150414 891 47.8 044 197 468 047 137 084 169 093 060 069 020 120 241 077 028 016 850 777 191
16.0414 1792 981 241 064 153 172 315 401 446 439 219 161 072 274 140 602 099 057 3121 3691 6.70
220414 1751 934 088 056 134 197 7.88 387 349 1224 131 115 082 274 132 132 056 066 3570 3562 3.83
230414 1530 789 033 088 210 253 215 049 120 118 049 054 106 1.04 321 060 021 084 4590 453 144
06.0514 1205 651 038 072 172 178 197 049 152 275 060 061 074 109 145 060 028 059 3230 453 191
070514 953 489 021 068 161 150 607 040 068 437 036 036 062 041 113 051 013 050 27.17 365 090
130514 1269 661 046 030 072 159 111 099 275 079 057 065 066 124 110 082 028 053 2877 913 1.89
14.0514 1140 610 026 083 197 185 327 040 079 429 041 050 077 087 121 051 020 062 3356 365 1.35
200514 1701 900 170 083 197 189 547 371 377 913 165 144 079 257 120 226 066 063 3423 3409 4.50
210514 1586 864 176 111 264 243 442 371 385 437 190 151 101 257 196 226 079 081 2410 2010 5.40
270514 848 481 041 185 440 044 129 079 158 087 057 065 018 113 227 072 026 015 7.99 7.30 1.80
280514 1065 561 022 072 172 160 645 042 072 465 038 038 066 044 120 055 014 053 2890 3.89 096
09.1214 1491 789 062 035 084 155 245 207 241 402 090 055 065 176 056 047 027 052 2805 19.07 1.86
10.12.14 1980 1057 039 1.69 401 289 270 153 215 114 055 035 120 156 1.66 034 020 096 5236 14.03 1.33
16.12.14 1559 830 054 1.63 387 186 268 176 225 101 078 043 077 160 277 043 020 062 3366 16.19 1.33
17.12.14 1928 1004 164 1.60 380 200 437 219 292 684 153 082 083 1.9 224 095 049 067 3624 2015 3.35
231214 1666 89.7 085 038 092 330 507 215 263 1452 117 070 138 196 065 052 035 110 59.85 19.79 2.39
241214 1741 901 220 041 099 158 295 520 430 557 156 305 066 203 150 366 094 053 2861 47.85 6.38
30.12.14 1976 1038 262 172 408 295 277 731 559 228 172 352 123 219 375 400 099 098 3320 29.30 6.70
311214 1145 590 175 047 113 053 675 231 327 659 156 082 022 199 102 332 057 018 954 2123 391
080115 1895 1024 210 044 106 190 305 266 379 633 156 137 079 199 094 364 070 063 3434 2446 4.79
09.01.15 935 479 051 158 376 057 232 180 214 08 083 043 024 158 283 043 022 019 1032 1655 147
1501.15 1402 730 057 033 078 142 226 191 222 369 083 050 059 1.62 052 043 025 047 2581 1754 171
16.01.15 1958 1047 036 155 369 266 248 140 198 105 050 032 111 144 152 032 018 089 4818 1291 1.22
220115 1482 768 049 150 356 171 247 162 207 093 072 040 071 147 255 040 018 057 3097 14.89 122
230115 1708 918 151 147 350 184 402 201 269 629 140 076 077 180 206 087 045 061 33.34 1853 3.08
290115 181.0 963 078 035 084 304 466 198 242 1336 108 065 127 180 060 047 032 101 5506 1820 2.20
300115 996 524 055 172 408 062 252 19 232 089 090 047 026 172 307 047 023 021 1122 17.99 160
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Table 4.1(h): Status of ambient air quality at ST during 2014-15 (PAHsin ng/m? & rest in pg/m°)

Date PMyp PM,s Acy Ant BaA BaP BbF BghiP BKF Chry dBahA Fin Fu IP Nep Pey Pyr Ret OTM OC EC
01.0414 827 437 033 150 357 036 387 064 129 071 046 053 015 092 184 058 021 012 778 1158 215
02.0414 934 517 018 059 139 129 204 034 059 377 031 031 054 036 097 044 011 043 2815 528 114
08.04.14 1222 663 040 026 062 137 199 08 238 069 049 056 057 107 095 071 024 046 29.81 2138 240
09.04.14 1247 653 022 072 170 160 219 034 068 370 036 044 067 076 104 044 017 053 3478 616 171
15.04.14 1762 904 147 072 170 163 218 320 326 7838 142 124 068 222 104 19 057 054 3547 2930 571
16.04.14 1801 932 152 096 228 210 355 320 332 377 164 131 087 222 169 19 069 0.70 4561 2991 6.86
220414 798 442 036 160 380 038 411 069 137 075 049 056 016 098 19 062 023 013 828 1232 229
23.0414 1671 914 196 052 124 140 239 326 362 357 178 131 058 222 114 489 080 047 3040 3255 8.00
06.05.14 1745 935 071 046 108 160 225 314 284 993 107 093 067 222 107 108 046 053 3478 2552 457
07.05.14 1629 840 027 072 170 206 548 040 098 09% 040 044 086 084 261 049 017 069 4471 880 171
13.0514 984 534 031 059 139 145 248 040 123 223 049 050 060 089 118 049 023 048 3146 11.09 229
140514 976 501 017 055 131 122 192 032 055 354 029 029 051 033 092 042 011 041 2646 496 1.07
20.0514 1606 836 038 024 058 129 187 081 223 064 046 053 054 100 089 0.67 023 043 2802 2010 2.26
21.0514 961 537 021 067 160 150 206 032 064 348 033 041 063 071 098 042 016 050 3269 579 161
270514 1695 889 138 067 160 153 205 301 306 741 134 117 064 209 097 184 054 051 3334 2754 537
28.0514 160.7 847 143 090 214 197 334 301 312 35 155 123 082 209 159 184 064 0.66 3887 2812 644
09.1214 183 936 063 029 068 247 102 161 197 1084 088 053 103 146 049 039 026 082 5363 1769 2.63
101214 963 507 045 139 331 050 524 159 189 072 073 038 021 140 249 038 019 017 1093 16.97 1.90
16.12.14 1435 759 051 029 069 126 09 168 19 326 073 044 052 143 045 038 022 042 2732 17.60 222
171214 179 912 032 137 326 235 28 124 175 093 044 029 098 127 134 028 016 0.78 51.00 1571 159
231214 1547 823 044 132 314 151 472 143 18 082 063 035 063 130 225 035 016 050 3279 1640 1.59
241214 171 864 133 130 309 162 381 178 237 555 124 067 068 159 182 0.77 040 054 3530 2137 4.00
301214 188 973 069 031 074 268 111 175 214 1178 095 057 112 159 053 042 029 089 5829 1923 286
311214 177 900 179 034 080 128 255 422 349 452 127 248 053 165 122 297 076 043 2787 3142 7.62
08.01.15 193 1011 213 139 331 239 640 594 454 18 140 286 100 178 305 325 080 080 4110 2010 8.00
09.01.15 949 547 142 038 091 043 174 187 265 535 127 067 018 162 083 270 047 014 929 2383 4.67
150115 170 833 170 036 08 154 160 216 307 514 127 111 064 162 076 29 057 051 3344 2765 571
16.01.15 904 464 041 128 305 046 482 146 173 066 067 035 019 128 229 035 018 015 1006 1561 1.75
220115 1042 586 047 027 063 116 083 155 18 300 067 041 048 131 042 035 020 039 2514 1619 204
230115 167 8.0 029 126 300 216 260 114 161 08 041 026 090 117 124 026 015 072 4692 1445 146
29.01.15 1172 654 040 121 289 139 434 131 168 076 058 032 058 120 207 032 015 046 3017 1509 146
30.01.15 1333 706 123 119 284 149 351 164 218 511 114 061 062 146 167 071 037 050 3248 19.66 3.68
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Table4.1(i): Statusof ambient air quality at ST, during 2015-16 (PAHsin ng/m® & rest in pg/m°)

Date PMy, PM,s Acy Ant BaA BaP BbF BghiP BkF Chry dBahA FIn Flu IP Nap Pery Pyr Ret OTM OC EC
1415 1122 590 017 055 132 122 193 032 055 35 029 029 051 034 092 042 011 041 19.07 1425 224
2.4.15 899 475 038 025 059 130 188 081 225 065 046 053 054 101 090 0.67 023 043 1500 1148 148
8.4.15 873 457 021 068 161 151 207 032 065 350 034 041 063 071 099 042 016 050 1744 1141 0.99
9.4.15 99.1 527 139 068 161 154 206 302 308 745 134 118 064 210 098 185 054 051 1816 12.01 1.37
15415 1265 659 144 091 216 198 335 302 314 356 155 123 083 210 160 185 065 066 2574 1403 244
16415 1024 548 034 151 359 036 389 065 129 071 046 053 015 092 185 059 022 012 1897 1226 235

22415 1073 556 185 049 117 132 226 308 342 337 168 123 055 210 108 462 076 044 1872 1428 193
23415 87 445 068 043 102 151 213 297 268 939 101 088 063 210 101 102 043 050 1448 1110 2.02
6.5.15 856 469 025 068 161 194 518 038 092 091 038 041 081 080 247 046 016 065 1388 1055 1.13
7.5.15 995 538 029 055 132 137 234 038 116 211 046 047 057 084 112 046 022 046 1732 1257 212
13515 1159 594 016 052 124 115 18 030 052 335 028 028 048 032 086 039 010 038 19.76 1529 3.53
14515 1154 601 036 023 055 122 177 076 211 061 043 050 051 095 084 063 021 041 2045 1341 235
20515 970 519 020 064 151 142 19 030 061 329 032 039 059 067 093 039 015 047 1782 1252 247
21515 1014 525 130 064 151 145 193 284 28 700 126 111 060 197 092 174 051 048 1782 1231 1.88
27515 801 444 135 08 203 18 315 284 295 335 146 116 078 197 150 174 061 062 1528 928 0.92
28515 842 451 032 142 338 034 365 061 122 067 043 050 014 087 174 055 020 011 1295 9.01 146
09.1215 1342 706 043 132 313 048 495 150 178 068 069 036 020 132 236 036 018 016 2262 1585 3.06
10.12.15 1456 770 048 027 065 119 090 159 185 308 069 042 050 135 043 036 0.21 040 2558 1833 391
16.12.15 988 577 030 129 308 222 267 117 165 087 042 027 092 120 127 026 015 074 26.27 1556 272
17.12.15 1562 831 041 125 297 143 446 135 172 078 060 033 059 123 213 033 015 048 3094 1786 248
23.1215 1429 744 126 123 292 153 361 168 224 525 117 063 064 150 172 073 038 051 2879 1336 211
24.1215 1263 675 065 029 0.70 253 105 165 202 1114 090 054 106 150 050 040 027 084 2596 13.83 1.60
30.12.15 1594 826 169 032 0.76 121 241 399 330 428 120 234 050 156 115 281 0.72 040 3046 16.04 294
31.1215 1173 630 201 132 313 226 605 561 429 175 132 270 094 168 2838 307 076 075 26.06 11.01 1.33
08.01.16 1487 76.7 134 036 08 040 165 177 251 505 120 063 017 153 079 255 044 013 25.67 16.66 2.75
09.01.16 1141 617 161 034 081 145 151 204 290 48 120 105 0.61 153 0.72 279 054 048 2423 1294 111
15.01.16 1212 642 039 121 288 044 456 138 164 063 063 033 018 121 217 033 017 015 2901 17.69 219
16.01.16 1494 778 044 025 060 109 083 146 170 283 063 039 046 124 040 033 019 036 2586 18.69 3.46
220116 1261 674 028 119 283 204 245 108 152 08 039 025 085 110 117 024 014 068 2252 1540 220
23.01.16 1393 722 038 115 273 131 411 124 158 072 055 030 055 113 196 030 014 044 2594 1534 298
29.01.16 1117 601 116 113 268 141 332 155 206 483 108 058 059 138 158 0.67 035 047 2637 17.15 1.99
30.01.16 1335 688 060 027 065 233 097 152 186 1025 083 050 097 138 046 036 025 0.78 2371 1550 273
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Table4.1(j): Status of ambient air quality at ST during 2015-16 (PAHsin ng/m* & rest in ug/m®)

Date PMy, PM,s Acy Ant BaA BaP BbF BghiP BkF Chry dBahA FIn Flu IP Nap Pery Pyr Ret OTM OC EC
1415 1276 672 021 070 167 155 244 041 070 451 037 037 065 043 116 053 014 052 2173 1690 181
2415 1102 583 048 031 074 164 238 102 28 082 058 067 068 128 113 085 0.29 055 2193 11.07 1.28
8.4.15 81.0 424 027 08 204 191 262 041 082 443 043 052 080 090 125 053 020 064 16.00 1000 1.71
9415 101.0 537 175 086 204 19 260 383 389 943 170 149 081 266 124 234 068 0.65 19.02 12.08 1.03
15415 1012 527 182 115 273 251 424 383 397 451 197 156 105 266 202 234 082 084 1814 1417 145
16415 934 499 043 191 455 046 492 082 164 090 058 0.67 019 117 234 074 027 015 16.84 1290 0.86

22415 830 430 234 062 148 167 286 389 432 426 213 156 070 266 136 584 096 056 1590 9.61 152
23415 918 504 08 054 130 191 269 376 339 1188 128 112 080 266 128 129 055 064 1803 894 117
6.5.15 948 498 032 08 204 246 655 048 117 115 048 052 102 101 312 058 020 082 1774 1011 0.78
7515 1012 547 037 070 167 173 296 048 147 267 058 060 072 106 141 058 027 058 2142 10.17 0.95
13515 928 476 020 066 157 146 230 039 066 424 035 035 061 040 109 050 013 049 1845 1117 1.25
14515 1070 557 045 029 070 154 224 096 267 077 055 063 064 120 107 080 027 051 2112 1149 0.95
20515 983 526 025 080 191 180 246 039 0.77 416 040 049 075 085 117 050 0.19 060 2152 1040 134
21515 971 503 165 080 191 183 245 360 366 88 160 140 076 250 116 220 064 061 1820 1144 1.00
27515 1206 648 171 108 256 236 399 360 374 424 185 147 098 250 190 220 0.77 079 26.66 1241 1.42
28515 1314 677 040 180 427 043 462 077 154 08 055 063 018 110 220 070 026 0.14 2336 1547 2.69
09.12.15 109.7 593 054 166 396 060 626 190 225 086 087 046 025 167 298 046 0.23 020 24.63 13.36 1.99
10.12.15 1847 993 146 143 339 179 420 19 261 611 136 073 074 175 200 084 044 060 3861 17.68 3.15
16.12.15 1548 811 038 164 389 281 337 148 209 111 053 034 117 152 161 033 019 094 2701 17.76 3.16
17.12.15 1407 748 052 158 376 180 565 171 218 098 076 042 075 156 269 042 019 060 2429 20.00 1.88
23.12.15 1063 571 159 155 369 194 456 213 284 664 148 080 081 190 217 092 048 065 24.05 16.13 219
24.1215 1391 744 082 037 089 321 133 209 255 1409 114 068 134 190 063 050 034 107 2433 1830 296
30.12.15 1680 871 214 040 09 153 305 505 417 541 152 29 064 197 145 355 091 051 29.24 1929 357
31.12.15 1555 836 255 166 39 28 765 710 543 221 167 342 119 213 364 383 096 095 3138 17.11 245
08.01.16 1633 842 170 046 109 051 209 224 317 639 152 080 021 194 099 323 056 0.17 30.82 15.63 3.03
09.01.16 1414 765 204 043 102 184 191 258 367 615 152 133 077 194 091 353 068 061 2818 17.27 2.00
15.01.16 1492 765 049 153 365 055 576 175 207 079 080 042 023 154 274 042 021 018 2541 16.87 297
16.01.16 1417 738 056 032 075 138 105 18 215 358 080 049 058 157 050 042 024 046 28.02 1480 274
220116 1393 745 035 151 358 258 310 136 192 102 049 031 108 140 148 031 017 086 2995 1249 1.86
23.01.16 1754 909 048 145 346 166 519 157 200 090 070 038 0.69 143 247 038 017 055 3447 1904 221
29.01.16 1229 651 061 034 082 150 114 201 234 39 087 053 063 171 054 046 027 050 26.03 12.86 1.49
30.01.16 1500 773 076 034 082 295 122 192 235 1296 105 0.63 123 175 058 046 031 098 3120 1455 137
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Table4.1(k): Status of ambient air quality at ST, during 2015-16 (PAHsin ng/m® & rest in pg/m®)

Date PMy, PM,s Acy Ant BaA BaP BbF BghiP BkF Chry dBahA FIn Fu I[P Nap Pery Pyr Rt OTM OC EC
1415 1589 846 054 035 083 184 128 115 318 092 065 075 077 143 127 095 032 061 2692 1411 216
2.4.15 89.1 466 030 09 228 214 378 046 092 496 048 058 089 101 140 060 023 071 1822 1096 1.27
8415 1058 563 19 096 228 219 632 428 436 1056 190 167 091 298 139 262 077 073 2110 1073 184
9.4.15 919 478 204 128 305 281 511 428 445 505 220 175 117 298 226 262 092 094 1980 998 0.85
15415 1016 543 048 214 509 051 149 092 183 101 065 075 021 131 262 083 031 017 1999 1209 123
16415 993 514 262 070 166 187 342 436 484 477 238 175 078 298 153 655 107 062 1669 1389 172

22415 1416 733 09 061 145 214 857 421 380 1330 143 125 089 298 143 144 061 0.71 1986 1472 272
23415 992 511 036 096 228 275 234 054 131 129 054 058 115 113 349 065 023 092 1978 1211 1.73
6.5.15 1494 783 042 0.78 187 194 214 054 165 299 065 067 081 119 158 0.65 031 065 2120 1723 3.34
7515 1054 541 022 074 175 163 659 043 074 475 039 039 068 045 123 056 014 054 1999 1353 157
13515 1252 652 050 033 078 173 120 108 299 08 062 070 072 134 119 089 030 058 2376 1318 232
14515 990 529 028 090 214 201 355 043 086 466 045 055 084 095 131 056 022 067 1788 1427 134
20515 1246 646 185 090 214 205 594 403 410 992 179 157 086 280 130 246 0.72 068 20.11 16.61 261
21515 1111 593 192 121 287 264 480 403 418 475 207 164 110 280 213 246 086 0.88 2624 1273 164
27515 984 545 045 201 479 048 140 08 172 09 062 070 020 123 247 078 029 016 2414 1131 0.98
28515 1291 680 024 078 187 173 702 046 079 505 042 042 072 048 130 060 0.15 058 27.63 11.75 1.55
09.12.15 1637 866 068 039 092 168 267 225 262 436 098 060 070 191 061 051 030 056 36.58 14.64 255
10.12.15 1263 66.6 043 183 436 314 293 166 234 124 060 038 131 170 180 037 021 105 26.66 1559 299
16.12.15 1491 793 058 177 421 202 291 191 244 110 085 047 084 174 301 047 021 067 3187 1517 1.88
17.12.15 1744 908 178 174 413 217 475 238 318 744 166 089 091 213 243 103 054 072 3131 19.18 355
23.12.15 1886 1008 092 042 099 359 551 234 286 1578 128 077 150 213 071 056 038 120 34.79 2364 3.38
24.1215 1448 750 240 045 107 172 320 565 468 606 170 332 072 221 163 397 102 057 2432 1723 334
30.12.15 1306 702 285 186 444 320 301 795 608 248 187 383 134 238 408 435 107 107 2526 1569 1.82
31.12.15 1023 577 190 051 122 057 734 251 355 716 170 089 024 217 111 361 062 019 2065 1856 1.04
08.01.16 1501 812 228 048 115 206 332 289 411 689 170 149 086 217 102 395 0.77 069 2525 2331 1.82
09.01.16 1214 643 055 172 408 062 252 196 232 08 090 047 026 172 307 047 023 021 26.88 20.65 124
15.01.16 1609 838 062 035 084 155 245 207 241 402 090 055 065 176 056 047 027 052 2822 2233 116
16.01.16 162.7 870 039 169 401 289 270 153 215 114 055 035 120 156 166 034 020 096 31.14 1851 213
2201.16 1828 947 054 163 387 18 268 176 225 101 078 043 0.77 160 277 043 020 062 3436 21.63 2.08
23.01.16 1401 748 164 160 380 200 437 219 292 684 153 082 083 196 224 095 049 067 3361 1856 249
29.01.16 1651 851 0.85 038 092 330 507 215 263 1452 117 070 138 196 065 052 035 110 3151 17.27 3.07
30.01.16 1453 765 060 186 444 067 274 213 252 09 098 051 028 187 334 051 026 022 2985 1356 155
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Table4.1(l): Status of ambient air quality at STs during 2015-16 (PAHsin ng/m® & rest in pg/m°)

Date PMy, PM,s Acy Ant BaA BaP BbF BghiP BkF Chry dBahA FIn FHu I[P Nap Pery Pyr Ret OTM OC EC
1415 1278 690 166 104 248 228 386 348 361 410 179 142 095 242 184 213 075 0.76 1532 1059 1.23
2.4.15 952 497 019 064 151 141 222 037 064 410 034 034 059 039 106 048 012 047 1628 9.92 123
8415 1322 693 043 028 067 149 217 093 258 075 053 061 062 116 103 0.77 026 050 2168 1327 245
9.4.15 893 463 024 078 18 174 238 037 074 402 039 047 072 082 113 048 019 058 16.34 1001 143
15415 1214 647 156 098 233 214 363 327 340 38 168 133 089 227 173 200 070 071 2137 1342 227
16415 1401 716 036 163 388 039 420 070 140 077 050 057 016 1.00 200 064 023 013 2275 1422 329

22415 1194 633 039 174 413 041 447 075 149 08 053 061 017 106 213 068 025 0.14 1953 1366 2.40
23415 919 477 213 057 135 152 260 354 393 3838 193 142 063 242 124 531 087 051 1269 9.05 114
6.5.15 1065 584 0.78 050 118 174 244 342 308 1080 116 101 072 242 116 117 050 058 1444 1012 1.03
7.5.15 926 492 029 078 18 224 595 043 106 104 043 047 093 092 284 053 019 075 1640 7.69 101
13515 1181 632 034 064 151 157 270 043 134 242 053 054 066 097 128 053 025 052 2056 1256 1.39
14515 1016 516 018 060 142 132 209 035 060 38 032 032 055 036 099 045 012 044 1794 10.77 204
20515 1205 677 041 027 063 140 204 08 243 070 050 057 058 109 097 073 025 047 1753 09.08 142
21515 979 519 023 073 174 163 224 035 070 378 036 044 068 077 107 045 018 054 1987 874 150
27515 1267 651 150 073 174 167 222 327 333 806 145 127 069 227 106 200 058 056 2273 1231 1.32
28515 987 520 159 078 18 177 236 348 354 857 155 135 074 242 113 213 062 059 15.62 10.84 210
09.1215 1299 669 069 031 074 268 111 175 214 1178 09 057 112 159 053 042 029 089 2629 1248 2.02
10.12.15 1807 951 049 151 360 055 569 173 205 078 079 041 023 152 271 041 021 018 3292 1958 343
16.12.15 1548 819 055 031 075 137 104 183 213 354 079 048 057 155 049 041 024 046 3266 1522 3.00
17.12.15 1504 787 035 149 354 255 307 135 190 101 048 031 106 138 146 030 017 085 2732 16.69 255
23.12.15 1587 844 047 144 342 164 513 155 198 089 069 038 068 141 244 038 017 055 2886 21.14 2.09
24.1215 1162 605 145 141 335 177 415 193 258 604 135 072 074 173 197 083 043 059 1885 14.76 2.39
30.12.15 1012 541 075 034 081 291 121 190 232 1281 104 062 121 173 058 046 031 097 1951 1145 221
31.1215 1438 745 194 037 087 139 278 459 380 492 138 269 058 179 132 323 083 046 2532 1588 3.38
08.01.16 1584 852 231 151 360 260 69 645 493 201 152 311 108 193 331 353 0.87 087 2785 2044 3.58
09.01.16 1693 873 154 042 099 046 190 204 288 581 138 072 019 176 090 293 051 015 2968 18.99 264
15.01.16 156.6 84.7 185 039 093 167 174 235 334 559 138 121 070 176 083 321 062 056 3401 16.02 253
16.01.16 1435 736 045 139 331 050 524 159 189 072 073 038 021 140 249 038 019 017 2759 1466 1.28
220116 953 599 051 029 069 126 096 168 19 326 073 044 052 143 045 038 022 042 2284 1268 1.45
23.01.16 1941 1038 032 137 326 235 282 124 175 093 044 029 098 127 134 028 016 078 36.75 2131 3.71
29.01.16 1687 874 044 132 314 151 472 143 182 082 063 035 063 130 225 035 016 050 2748 2190 4.21
30.01.16 1504 809 133 130 309 162 381 178 237 555 124 067 068 159 182 077 040 054 3098 1533 2.08
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Abstract: Present study highlights the seasonal and spatial variation of particulate aerosols (PM;, and PM,s) and
carbonaceous species (organic tarry matter, organic and elemental carbon) in PM, 5. The ambient air samples for par-
ticulate aerosols were collected from tricity of Chandigarh, Mohali and Panchkula in India during summer (April’ 15—
May’15) and winter (December’15-January’16). The mass levels of particulate aerosols and carbonaceous species show
significant variation both seasonally and spatially. Average mass levels reported as higher in winter than summer were
attributed to stagnant atmospheric and poor dispersion conditions. The mass levels were also found to be higher in
industrial area as compared to residential and commercial areas. Average mass levels varying from 107.6 to 137.8 ug m >
for PM and 46.6-59.5 ug m > for PM, 5 during the study period indicate alarming situation of particulate aerosols in this
tricity. Carbonaceous species contributing as 42.5-47.5% OTM, 25.4-29.9% OC and 3.4—4.7% EC in PM, s indicate larger
in fraction at all sites during both summer and winter.

Keywords: Elemental carbon; Fine particulate matter; Organic carbon; Organic tarry matter; Seasonal and temporal

variation
1. Introduction

Air pollution is critical and serious health issue in urban
areas. Various studies have highlighted the significance of
airborne particulate matter (PM) for human health and
environment depending on the particle size and their sur-
face area [1-3]. PM is classified into respirable (PM;), fine
(PM,5) and ultrafine (PM;) fractions. Epidemiological
studies suggest that fine particles exert more adverse health
effects than coarse particles in addition to its chemical
composition and mass concentration [4-7]. The fine frac-
tion (PM,5) generally contributes to respirable fraction
(PM, () as 55-64% in Patiala, India [8] and 0.62-0.68% in
Wuhan, Central China [9]. Airborne particulate matter
(PM,o/PM,5) shows seasonal variability as higher in
winter season (cold conditions) and spatial variability as

*Corresponding author, E-mail: consulteco@yahoo.com

Published online: 28 August 2018

higher at industrial locations than others observed in
Patiala [8], Agra [10], Udaipur [11] in India, Wuhan [9],
Nanjing [12], north to south region [13] in china and
Riyadh and Wuhan [14] in Saudi Arabia. These variations
are associated to meteorology, source type and emission
strength and atmospheric chemistry [15-17].

The fine particles (PM, ) contain anthropogenic and
secondary aerosols from combustion process, re-conden-
sation and gas to particle conversions [18-20]. Organic
tarry matter (OTM) as the major part of primary carbona-
ceous matter in airborne particles comprises of polycyclic
aromatic hydrocarbons, aliphatic hydrocarbons, alkanols
and fatty acids. The particulate phase of carbonaceous
matter generally classified as organic carbon (OC) and
elemental (black or soot) carbon (EC) and play significant
role inhuman health and atmospheric chemistry [21]. EC
released directly from incomplete combustion of carbon-
contained materials (coal, diesel, gasoline and biomass)
whereas, OC can either be released directly from
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combustion sources (fossil fuels, vehicular exhaust, bio-
mass burning and cooking) or formed through atmospheric
reactions. Particulate matter comprising of OC and EC act
as the agent of global warming and ultimately affect global
climate [22]. Organic compounds such as polychlorinated
biphenyls (PCBs), polycyclic aromatic hydrocarbons
(PAHs) and polychlorinated dioxins and furans (PCDD/Fs)
are mutagenic and/or carcinogenic. Keeping in the view of
limited research work in Chandigarh region, present study
attempts to obtain quality and quantitative information on
carbonaceous and PM, 5 aerosols.

2. Materials and Methods
2.1. Sampling Site

The metropolitan region of Chandigarh Tricity includes
Chandigarh—Mohali—Panchkula with over 2 million of
population. Chandigarh is a union territory of India and
serves as the combined capital of both states of Punjab and
Haryana. Mohali and Panchkula are district head quarters
of Punjab and Haryana states, respectively. Chandigarh is
located in the foothills of Sivalik range of Himalayas and
162 miles (260 km) north of New Delhi, the national

Table 1 Details of sampling locations in the study area

capital of India. The climate of Chandigarh is humid sub-
tropical with varying temperature (— 1 to 46 °C) and the
annual average rainfall of 1110 mm.

Ambient air samples for particulate aerosols were col-
lected from four location namely Sector 12 (Chandigarh),
Sector 34 (Chandigarh), Sector 74 (Mohali) and Sector
12A (Panchkula) as per details shown in Table 1. One
station (Sector 12, Chandigarh) is proposed in north-west
in a green belt beyond Sarangpur in Chandigarh as back-
ground station. The prominent wind direction in the study
area is north-west and thus the station in this direction shall
have least impacts from the anthropogenic and urban
activities of this tricity. Furthermore, there is little habita-
tion in this location with the presence of Shiwalik hills in
the background (Fig. 1). Sector 74 (Mohali) represents the
industrial area comprising engineering, electrical, elec-
tronics, pharmaceuticals, IT, hospitals and healthcare,
office automation and stationery type of industries. Sector
34 (Chandigarh) is a commercial cum residential are in the
downwind direction of city. Sector 12A (Panchkula) is
purely a residential area. Among these three cities,
Chandigarh city has the highest vehicle to population ratio.
The sampling stations were selected at two story buildings
at suitable heights of 3-10 m from ground level as per
guidelines of IS: 5182 (Part 14) 2000 and CPCB.

Sampling Location Site description

Location Code Location coordinates

Sector 12 (Chandigarh)
Sector 34 (Chandigarh)
Sector 74 (Mohali)

Sector 12A (Panchkula)

Background station (Institute)

Industrial area
Residential area

Residential and commercial area

Site STO N 30°42.997'; E 76°45.856
Site ST1 N 30°42.986'; E 76°45.884'
Site ST2 N 30°42.617'; E 76°41.326
Site ST3 N 30°41.071'; E 76°51.136’

Prominent Wind Direction

i

e —emm—
d Station INW)

Fig. 1 Location map of the study area
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2.2. Sampling of PMy and PM, 5

Air particulate samples for PM;, were collected on
Whatman glass fiber filters using respirable dust sampler
(APM460, Envirotech) whereas samples for PM, s were
collected on Whatman Quartz filter papers (47 mm diam-
eter) using fine particulate sampler (APM550, Envirotech).
During sampling a laminar flow was maintained as
16.7 L min~' (1.0 m* h™") for PM,5 and 1.13 m® min™"
for PM,(. The air sampling was done on 24 hourly basis
with the frequency of twice a week during summer
(April’15-May’15) and winter (December’15-January’16)
at four locations. The monsoon season was not considered
as the associated mass levels of PM, 5 in very low range
could not serve the purpose of meaningful analysis of
organic tarry matter. Total of 128 samples (32 x 4) each
for PM, s and PM,, were collected from four sampling
locations with the sampling frequency of twice a week for
2 months in summer and 2 months in winter season.

To assess the influence of origin, dispersion and
migration of particulate aerosols, wind data for the period
of April 2015 to March 2016 were used. The meteorolog-
ical data were obtained from Eco Laboratories (a contin-
uous weather station) located nearby our sampling location

Fig. 2 Wind rose of the study
area o=

1
1
1
1
1
L
1
]
1
|
1
!
pmm————

in Sector 74, Industrial area, Mohali. The data were
interpreted and incorporated in the form of wind rose
diagram as shown in Fig. 2.

2.3. Determination of PM Concentration

Sampled filters (total 128 each for PM, 5 and PM;() were
kept in vacuum desiccators in environment controlled room
(temperature 25 £+ 5 °C and relative humidity 45 £ 5%)
for a period of 24 h before and after the sampling for
dryness. After sampling, each of loaded filters were
wrapped in aluminium foil for transportation and kept in
refrigerator at 4 °C inside sealed plastic bags until labo-
ratory analysis. Mass levels were calculated gravimetri-
cally by dividing weight difference with volume of air
sampled.

2.4. Analysis of Organic Tarry Matter (OTM)

Soxhlet extraction using benzene was applied as cus-
tomized procedure to determine organic tarry matter based
on various used practices. All sampled filter papers for
PM,s were extracted in 150 mL benzene (Merck)
sequentially for 8 h. The steam bath treatment reduced the
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Table 2 Results of reference material (SRM 8785) in percentage for OC and EC analysis

Obtained values

Reference values (SRM 8785)

Average Standard deviation Average Standard deviation
Organic carbon (%) 0.106 0.047 0.111 0.085
Elemental carbon (%) 0.108 0.023 0.110 0.034
Total carbon (%) 0.214 0.026 0.221 0.029

solvent to 5 mL. The resulting extract filtered using
Whatman filter and transferred into amber vials (chro-
matographic). After drying at room temperature, weight
was determined using microbalance (précised to 0.1 pg).

2.5. Analysis of OC and EC

All sampled filters for PM, 5 were analyzed by NIOSH
method using OC/EC aerosol analyzer (Sunset Laboratory
Inc.) as per the instrumental details provided elsewhere
[23, 24]. A standard sized (1.5 sq cm) punch of filter
sample was placed in a quartz oven purged with helium.
Oven temperature rose to 8§70 °C by thermally desorbing
organic compounds and pyrolysis to manganese dioxide.
Carbon fragments flowing through manganese dioxide
oven finally converted to CO, gas. CO, swept out by
helium stream and hydrogen gas. This mixture was con-
verted to methane gas when passed through the heated
catalyst of nickel. The resulting methane gas was deter-
mined by flame ionization detector. After cooling temper-
ature to 550 °C and switching the flow stream to helium/
oxygen mixture, the second ramp in temperature was ini-
tiated. EC then oxidized off the filter and determined the
same as OC.

2.6. Quality Assurance/Control (QA/QC)
in Carbonaceous Analysis

The accuracy for analytical results was periodically
checked using standard reference materials (SRMs).
Methane as internal standard was used to check the accu-
racy of carbon results [25]. The minimum detection limits
of OC/EC analyzer were observed as 1.01 pg m™ for OC
and 0.21 ug m > for EC with the maximum analytical
error of 15% [26]. The measured concentrations were
reported after correction of field blanks. Uncertainty was
calculated by fixed fraction of method detection limit
(MDL) as (5/6)xMDL in case the analytic concentration
was < MDL and as under root (Error Fraction + concen-
tration)2 + (0.05SMDL)2 in case the analytic concentration
was > MDL [27].

NIST 8785 as SRM 1649 was also used to determine the
analytical accuracy of OC and EC as 15 and 10%,
respectively [28]. Total five replicates of this SRM were

@ Springer

analyzed as the results depicted in Table 2. As per ¢ test
performed for medians comparison, no significant differ-
ence was observed between reference and obtained results
at 95% confidence level.

3. Results and Discussion
3.1. Mass Levels of Particulate Aerosols

The mass values of PM;, and PM, 5 observed at Sector 12
Chandigarh (ST,), Sector 34 Chandigarh (ST,), Sector 74
Mohali (ST;), and Sector 12A Panchkula (ST;) are pre-
sented in Figs. 2 and 3, respectively. The mass concen-
tration of PM; varied from 77.9 to 155.1 pg m > (average
107.6 pgm>) at STO, 81.9-168.3 pgm > (average
1284 pgm™>) at STI, 94.2-206.4 pgm > (average
137.8 ug m—>) at ST2 and 75.2-154.9 pg m™> (average
108.4 pg m) at ST3.

The mass concentration of PM, 5 varied from 31.1 to
60.9 ug m— (average 46.6 pg m ) at STO,
32.1-72.7 ug m™>  (average 55.6 ugm~°) at STI,
36.9-91.3 ug m™> (average 59.5 pg m—) at ST2 and
33.5-65.5 g m~> (average 48.7 ugm~>) at ST3. As
illustrated in Table 3, out of total 32 sampling days, PM,,
exceeds to NAAQ standard of 100 pg mat all four
locations. PM,5 exceeds to NAAQ standard of
60 pg m~>during almost half of sampling days at ST1, ST2
and ST3. The results clearly indicate that the airborne PM
is a critical air pollutant which does not only deteriorate air
quality but also cause serious health impacts. Literature
studies also indicate that increase in PM;, by 10 pg/m’
leads to daily mortality of 0.2-0.6% [29] and increase in
PM, s by 10 pg/m’ leads to a long tern risk of cardiopul-
monary mortality of 6-13% [30-32].

The higher mass concentrations of particulate aerosols
in the study period may be attributed to various sources
such as combustion of fossil fuels in stationary/mobile
sources, trans-boundary migrations and crop residue
burning after rice and wheat harvesting periods in the
region, which are in agreement with previous studies
[33, 34]. Further, a study reported PM;, & PM, 5 respec-
tively, 97 and 57 pg m ™ as back ground levels and up to
51-66 and 43-78% as increased levels during the events of
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Fig. 3 Mass concentrations of PM,q at the study area

Table 3 Percent of days during PM exceeding to NAAQ limits

Location Percent of days (PM exceeding
NAAQ limits)
PM; PM, 5
Chandigarh Sector 12 (STo) 59 3
Chandigarh Sector 34 (ST;) 84 44
Mohali Sector 74 (ST,) 97 44
Panchkula Sector 12A (ST3) 59 19

crop residue burning in rural area of Patiala [8]. Another
study reported mass concentration of PM;, and PM, 5 as
71-167 and 43-107 ug m~> respectively, during crop
residue burning periods at three urban locations at Amrit-
sar, Ludhiana and Mandi Govindgarh in Punjab [35].

3.2. Spatial Variation in PM

The mass values of PM,, and PM, s varied as ST, >
ST; > STz > ST,. Highest concentrations were observed
at ST, Sector 74 (Mohali). This is an industrial area
comprising engineering, electrical, electronics, pharma-
ceuticals, IT, hospitals and healthcare, office automation
and stationery type of industries. Road dust, diesel gener-
ators, heavy vehicles, boilers running on wood, rice husk
and coal contribute to highest mass of PM at this site. ST,
Sector 34 (Chandigarh) representing commercial cum res-
idential site with high traffic density. These two sites are
also located in downwind of the city experiencing high
pollution load as evident in location map (Fig. 1) and wind
rose of study (Fig. 2). ST; Sector 12A (Panchkula) is a
residential site and located in crosswind direction, hence
experiences less pollution than industrial site. STy Sector
12, (Chandigarh) is located in green belt region in north-
west (upwind) of tricity with little habitation and presence

uST1

'mST2 mST3

of Shiwalik hills in background. Hence the site has least
impacts from the anthropogenic activities of tricity as
justified by location map and wind rose diagram.

3.3. Spatial Variation in OTM, OC and EC

OTM among the largest in composition contributes
42.8-47.5% (w/w) to PM, 5 during the study period at all
the sites. The mass levels of OTM varied from 12.9 to
309 pg m— (average 22.0 pg m) at STO,
159-38.6 uyg m—  (average 242 pugm ) at STI,
16.7-36.6 pg m > (average 25.5 pgm°) at ST2 and
12.7-36.7 pg m > (average 23.1 pg m~°) at ST3 (Fig. 4).
Results indicate that OTM content depends on aerosols
concentrations in the study area during monitoring periods.
OC and EC also varied in same manner and contribute
nearly half of OTM mass. Like PM,s concentrations,
average concentrations of OTM were also highest at ST,
followed by ST;, STsand ST, respectively. Highest mass
concentrations at ST, (industrial area) may be associated to
diesel generators, heavy vehicles, boilers running on wood,
rice husk and coal and construction activities in the area.
ST, representing commercial cum residential site and ST5
as residential site experiences less pollution than industrial
site. ST, located in green belt region in north-west of tricity
with little habitation and presence of Shiwalik hills in
background experiences least pollution in the region.

3.4. Seasonal Variation

Particulate aerosols show seasonal variation due meteoro-
logical conditions, type of source, strength of emission and
atmospheric chemistry [6, 15-17, 36]. As illustrated in
Figs. 3, 4 and 5, the mass concentration of particulate
matter (PM,;, and PM,; 5) and carbonic species are higher in
winter when compared to summer at all the sites. The
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Fig. 4 Mass concentrations of PM, 5 at the study area
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Fig. 5 Mass concentrations of carbonaceous species in PM, 5 at the
study area

highest mass concentrations during winter can be attributed
to enhanced human activities such as burning of coal and
bio fuels for domestic and commercial cooking and space
heating plus higher exhaust emissions from automobiles
and engine sets due to cold start in cold conditions [37, 38].
In winters, stagnant atmosphere, temperature inversions,
low mixing height and calm conditions are conducive for
the accumulation of particulate matter [39, 40]. Apart from
the above, crop stubble burning after rice harvesting period
(October—November) is usually more pronounced than
wheat harvesting period (March—April) [8, 34]. Various
studies have reported the similar trend in Patiala [8], Agra
[10], Udaipur [11] in India, Wuhan [9], Nanjing [12], north
to south region [13], Jinan [41], Beijing, Shijiazhuang,
Tianjin, Shangdianzi and Chengde [42] in china and
Riyadh [14] in Saudi Arabia.

3.5. OC/EC Ratio

As illustrated in Fig. 6, the seasonal average OC/EC ratio
indicates higher mass of OC than EC in the study area in
the order of ST2 (industrial site) followed by ST1 Com-
mercial area, residential and background sites. This might
be related to the heavy vehicular and industrial activities at
ST2 and ST1. Presence of organic-related factories in this
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Fig. 6 Ratio of OC/EC in PM, 5 mass at the study area

area can emit considerable organic pollutants during
operation. Emissions from nearby ongoing construction
activities may be another factor. The obtained ratio of
OTM/OC ranging from 1.57 to 1.71 was similar to the
findings in Agra, India [25].

4. Conclusion

Particulate aerosols (PM;y and PM, 5) were collected from
tricity of Chandigarh, Panchkula and Mohali during April
to May 2015 (summer) and December 2015 to January
2016 (winter). Daily 24 h average mass values of PM;, and
PM, 5 considerably higher than NAAQ standards indicate
deteriorating air quality in this tricity. OTM contributes
42.8-47.5% (w/w) in PM, s whereas ratio of OTM/OC
ranges from 1.57 to 1.71 indicating carbon as the largest
component.PM as well as carbonic species showed sea-
sonal and temporal variations. The high mass loading in
winter attributed to enhanced domestic and commercial
activities and poor dispersion conditions. The results of
present study can be utilized to evaluate existing air quality
and to devise more efficient emission reduction strategies.
A comprehensive physico-chemical analysis and source
apportionment is required to understand the type and



Seasonal and Spatial Variation of Particulate Aerosols and Carbonaceous Species in PM; 5 in...

strength of emission sources and to device and establish
suitable control measures for air pollution.
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Source apportionment of PM, s bound Polycyclic
Aromatic Hydrocarbons from a Tricity in the foothills
of Himalayas in Northern India

Sandeep Garg, Anita Rajor, Amit Dhir

Abstract— This study highlights variability in mass levels
and source identification of PM,5 bound polycyclic aromatic
hydrocarbons (PAHS) in the tricity of Chandigarh, Mohali and
Panchkula in India. The samples of PM, s were collected from
industrial and residential and sensitive receptor sites during
summer (April-May 2015) and winter (December 2015-January
2016) season. Sampling was done using medium volume sampler
and chemical analysis was done using gas-chromatography
technique. The average mass levels of PM, 5 varied from 31 to 91
g m™ exceeding to NAAQ standard of 60pg m™ and total PAHs
varied from 5.76 to 75.62 ngm™ with a seasonal variability as
higher in winter than in summer season. The positive correlation
between PM,s & TPAHSs suggested similarity in source and
origin. Diagnostic ratio and principal components analysis
suggested vehicular emissions, coal combustion, wood and
biomass burning as the main source of PAHSs in the study area
for potential health hazards.

Index Terms— Source identification, polycyclic aromatic
hydrocarbons, Diagnostic ratio, Principal components analysis,
Seasonal variability, Health hazards

I. INTRODUCTION

Airborne PAHSs have been considered as major cause of
adverse health impacts due to their carcinogenic (causing
cancer) and mutagenic nature [1]. These are complex organic
compounds which have at least two benzene rings in their
structure having carbon — hydrogen bond between them [2].
They originate mainly from anthropogenic activities, such as
incomplete combustion of coal, petroleum products, and
biomass (pyrogenic sources) [3-4]. In the urban areas due to
high vehicular density and low dispersion conditions, the
mass concentration of atmospheric PAHSs is generally very
high [5]. Emissions from vehicular exhaust contain most of
the PAHSs classified as carcinogens [6].

United States Environmental Protection Agency has
included a total of sixteen PAHSs in the list of 188 Hazardous
Air Pollutants [2].

The classification of PAHSs can be performed on the basis
of their molecular weights as less than or equal to four
aromatic rings called as LMW and four or more aromatic
rings as HMW PAHs [7]. PAHs of HMW are dominant over
LMW. Various studies have showed LMW PAHs are
considered as the products of wood, biomass and oil
combustion [8-9] whereas HMW PAHSs are associated with
coal combustion and vehicular emissions [8], [10]. Therefore,
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source identification can be done by using ratios between
PAHs of LMW and HMW. Sources are considered for the
ratio <1 as pyrolytic sources, while the ratios>1as petrogenic
sources [11]. Based on global atmospheric emission
inventory of 16PAHSs for the year 2004, India ranks 2nd with
emissions of 90 Ggl/year and also has higher proportion
(3.6%) of hazardous high molecular weight (HMW) PAHSs
emissions than global average [12]. The PAHs show higher
correlation with PM, s than PM, [13] and HMW fraction
dominant over LMW [14].

As per literature, studies on airbone PAHSs are reported
through wordwide but limited to few cities of Delhi [15, 16],
Mumbai [17], Ahmedabad [18] and Visakhapatnam [19] in
India. No such study is evident in northern India particular to
Chandigarh region. The present study focuses on the
qualitative and quantitative data analysis and source
identification of PM,s bound PAHs from a tricity of
Chandigarh, Mohali and Panchkula region of Northern India.

Il. MATERIAL AND METHODS

A. Sampling Site

The metropolitan region of Chandigarh Tricity includes
Chandigarh-Mohali-Panchkula with over 2 million of
population. Chandigarh is a union territory of India and
serves as the combined capital of both states of Punjab and
Haryana. Mohali and Panchkula are district head quarters of
Punjab and Haryana states, respectively. Chandigarh is
located in the foothills of Sivalik range of Himalayas and 162
miles (260 km) north of New Delhi, the national capital of
India. The climate of Chandigarh is humid subtropical with
varying temperature (—1 to 46 °C) and the annual average
rainfall of 1110mm.

Ambient air samples for PM, 5 were collected at four sites,
namely Sector 12 (Chandigarh), Sector 34 (Chandigarh),
Sector 74 (Mohali) and Sector 12 A (Panchkula) (Fig.1). The
location of Sector 12 (Chandigarh) is located in north-west of
Chandigarh city in a green belt area. In the study area, NW is
the prominent wind direction thus this station shall have least
impacts from the anthropogenic and urban activities of this
tricity. Furthermore, there is little habitation in this location
with the presence of Shiwalik hills in the background. Sector
74 (Mohali) represents an industrial area comprising of
various type of industries as engineering works,
electrical/electronics, stationery, IT, pharmaceuticals and
healthcare. Sector 34 (Chandigarh) represents a mix type of
commercial cum residential areas in the downwind direction
of city whereas Sector 12A (Panchkula) is purely a residential
area. Among these three cities, Chandigarh city has the
highest vehicle to population ratio.
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B. Sampling Procedure

The sampling was carried out as per CPCB
guidelines (NAAQS) for 24h twice in a week over the summer
season (April-May 2015) and winter season (December
2015-January 2016) for one year. The stations were located at
suitable height >3m as per IS: 5182 (P-14) 2000. The laminar
flow rate of the ambient air was 16.7 L/min (Im°hr). Quartz
filter paper having 47 mm diameter was used for sampling of
PM, s. For removal of moisture content in the sample paper, it
is mandatory to keep it in vacuum desiccators for 24 hour
before and after the sampling. The monitoring and analysis
was undertaken as per in NAAQS Monitoring and Analysis
Guidelines Volume-1 (Guidelines for determination of PM, 5
in ambient air). A total of sixteen samples of PM,s were
collected from each site using fine particulate sampler
(Envirotech APM 550). After sampling to the extraction of
PAHs, the filter papers were wrapped in aluminum foil and
kept refrigerated (4°C) inside sealed plastic bags.

C. Analysis Procedure

A total of 64 samples of PM, 5 (sixteen from each
location) were analyzed using standard method of IS: 5182
Part 12: 2004 (Methods for Measurement of Air Pollution-
Polynuclear Aromatic Hydrocarbons in Air Particulate
Matter). Each PM,;5 filter paper was extracted in 100ml
toluene into a 200ml Erlenmeyer flask. The solution was ultra
sonicated (Citizon Ultrasonic Processor) for 30 min at 20 Hz.
The extract was filtered with the help of Whatman filter paper
No. 41 (20) in the evaporated flask of 250 ml. The extraction
was repeated twice and the extracts were combined. Rotary
evaporator with temperature not exceeding 40°C was used for
the evaporation of toluene extract until its volume was
reduced to 1-2 ml. Added 2.0 ml of toluene to rinse the wall of
evaporation flask and transfer the extract in to a beaker of 5 ml
capacity. To clean up the impurities, silica gel column (length
200mm, and inner diameter 0.5 cm) was used. 3g slurry in
cyclohexane of deactivated silica gel (60-120 mesh size) was
taken and poured into the column. Toluene was eluted by
cyclohexane through the column for conditioning. The
sample extract was passed through the silica column and the
resulting PAH fraction was collected within 5ml of
cyclohexane. Finaly 30ml of cyclohexane was added to the
column to elute all organics of interest. The PAH fraction was
collected in to the flask (reduced to about 1ml) and transferred
in to 5ml capacity vials (stored in a dark and cool place).

The identification of PAHs was carried out using
Gas Chromatography (Agilent) consisting of a capillary
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column (DB-5), 25m x 0.2 mm inner diameter (ID) and flame
ionization detectors (FID) in a split less mode. The injection
and detector temperatures were 320°C. The carrier gas was
N2 @ 30ml/min. The calibration of GC was performed by
known standard of Dr. Ehrenstorfer GmbH containing 14
analytes in acetonitrile. Three levels of concentrations were
made from the original mixture. The peaks were identified on
the basis of retention times and the amount of analyte was
calculated.

HPLC grade solvents were used in the analysis.
Total of sixteen PAHs were investigated, i.e.,
Acenaphthylene,  Anthracene, Benzo(a)  Anthracene,
Benzo(a)pyrene, Benzo(b)fluroanthene, Benzo(ghi)perylene,
Benzo(K)fluoranthene, Chrysene, Dibenz(a,h)anthracene,
Fluroanthene,  Fluorene, Indeno(1,2,3-c,d)  pyrene,
Naphthalene, Perylene, Pyrene and Retene

D. Quality assurance in analysis

The accuracy for analysis was periodically checked
using standard reference materials (SRMs). All sampled filter
papers were stored at 4°C temperature after sampling. PAHs
concentrations were calculated using retention times and peak
areas of samples and standards. Blanks samples were also
used for the accuracy of analysis. The detection limit of GC
was determined using serial dilution of standard in a range of
0.008 to 0.020 ng/ml.

E. Principal components analysis using positive matrix
factorization

PCA or PMF as a useful tool for source
apportionment of PAHs was applied to multivariate data
analysis [44], [47]. A number of data is reduced to small
independent variables and each extracted factor corresponds
to the specific source of PAHs. The factor loadings were
carried out using SPSS after the varimax rotation to obtained
correlation between factors and variables. Data with
eigenvalue >1 for the factor were included in the matrix.

I11. RESULTS AND DISCUSSION

A. Mass levels

As presented in figure 2, the mass levels of PM,5
varied from 31 to 91 pg m™ exceeding NAAQ standard of
60ug m. The results indicate PM, s as critical and serious
concern which is affecting the air quality of this tricity.
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Figure 2: Mass levels of PM, 5 in the study area

A total of sixteen PAHs named Acenaphthylene,
Anthracene, Benzo(a) Anthracene, Benzo(a)pyrene,
Benzo(b)fluroanthene, Benzo(ghi)perylene,
Benzo(K)fluoranthene, Chrysene, Dibenz(a,h)anthracene,
Fluroanthene,  Fluorene, Indeno(1,2,3-c,d)  pyrene,
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Naphthalene, Perylene, Pyrene and Retene were determined
in PM,5 samples. A statistical summary of the individual
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PAH is presented Table |

Table I: Mass levels of polycyclic aromatic hydrocarbons (ng/m?) in the study area

PAH Annual Summer Winter
Avg Min Max SD Avg Min Max SD Avg Min Max SD
Acy 1.04 0.17 2.85 0.77 0.84 0.17 2.62 0.73 1.23 0.30 2.85 0.76
Ant 0.89 0.25 2.14 0.52 0.81 0.25 2.14 0.41 0.96 0.27 1.86 0.61
BaA 2.11 0.59 5.09 1.24 1.93 0.59 5.09 0.99 2.30 0.65 4.44 1.45
BaP 1.74 0.36 3.59 0.73 1.70 0.36 2.81 0.57 1.78 0.40 3.59 0.87
BbF 3.40 0.90 8.57 1.77 3.35 1.28 8.57 1.68 3.46 0.90 7.65 1.88
BghiP 2.25 0.32 7.95 1.69 1.81 0.32 4.36 1.57 2.70 1.17 7.95 1.70
BKF 2.62 0.55 6.08 1.24 231 0.55 4.84 1.34 2.93 1.65 6.08 1.06
Chry 441 0.65 15.78 3.58 4.25 0.65 13.30 3.42 4.56 0.68 15.78 3.77
dBahA 1.05 0.29 2.38 0.54 0.96 0.29 2.38 0.65 1.13 0.42 1.87 0.40
Fin 0.99 0.27 3.83 0.80 0.87 0.29 1.75 0.45 1.12 0.27 3.83 1.03
Flu 0.72 0.15 1.50 0.30 0.71 0.15 1.17 0.24 0.74 0.17 1.50 0.36
IP 1.66 0.34 2.98 0.64 1.57 0.34 2.98 0.85 1.74 1.20 2.38 0.29
Nap 1.62 0.43 4.08 0.84 1.56 0.90 3.49 0.64 1.68 0.43 4.08 1.01
Pery 1.57 0.26 6.55 151 1.49 0.42 6.55 1.55 1.65 0.26 4.35 1.48
Pyr 0.44 0.11 1.07 0.27 0.42 0.11 1.07 0.27 0.46 0.15 1.07 0.27
Ret 0.58 0.12 1.20 0.24 0.57 0.12 0.94 0.19 0.59 0.13 1.20 0.29
>PAHs 27.09 576 7562 1668 2516 6.78 64.06 1555 29.03 9.06 7047 17.21

The concentration of Total PAHs (3 PAHS) varied from 5.76
to 75.62 ngm™in the study area. Presence of LMW PAHs i.e.

Flu and Ant indicates wood, grass and industrial oil
combustion as a probable source [8], [19].

Table I1: Comparison of mass levels and measurement techniques for polycyclic aromatic hydrocarbons [19].

Mean/Range

Country City Extraction /Analysis of TPAH Samples Site Description
3 collected
(ng/m”)
India Visakhapatnam Acetonitrile-water/HPLC 57 PMjg Industrial/Residential
India Agra DCM /GC-FID 40 - 2500 SPM Industrial
India Delhi DCM /GC-MS 33.1-81.5 PMyq Roadside/ Residential
India Tiruchirapalli DCM: methanol/HPLC 232.7 PM, 5 Residential
Hong kong Kwun Tong DCM / GC-FID 2- 269 PMyq Industrial/Residential
Taiwan Taichung DCM /GC-MS 180.62 PM, 5 Residential
Greece Elefsina Acetonitrile/HPLC 0.6- 38.3 PMyq Industrial
Turkey Zonguldak province Hexane -acetone/HPLC 28 PMyq Industrial
Present Study  Chanidigarh-Mohali-Panchkula  DCM / GC-FID 576-7562  PM,, |ndustrial, residential

& Educational

The presence of HMW PAHSs i.e. FIn, Pyr, Chry, BaA, BbF,
BkF, BghiP, BaP, Pery, dBahA, and IP is mainly due to
vehicular emissions [8], [10] industrial sources [20] and coal
combustion [2], [8] ,[21] , [22].

B. Seasonal Variations

Particulate aerosols show a significant seasonal
variability mainly associated to meteorological conditions,
type and strength of source and atmospheric chemistry
[23-27]. As illustrated in Figures, the mass concentration of
PM2.5 and its associated PAHs are observed as higher in
winter than summer [28-29]. The higher concentrations in
winter may associated to increased coal and bio fuels burning
plus higher exhaust emissions from automobiles and engine
sets due to cold start [30-31]. Stagnant atmosphere and calm
conditions in winters are conductive for the

formation of particulate aerosols [32-33]. Crop stubble
burning in October-November after rice harvesting and in
March-April after wheat harvesting could be another reason
[34].

C. Diagnostic Ratios

PAHSs and other semi volatile organic compounds
were used as tracers to identify diverse sources. Diagnostic
ratios of PAHSs can be used to categorize anthropogenic and
biogenic sources of emission. Despite from these facts, ratios
act as a fingerprint of emission sources and can be used to
differentiate between various PAHs and their potency of
having carcinogenic and mutagenic effects. The emission
sources can determine by comparing the values of present
study with the values given by various authors, who
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established possible ranges indicating the source of emission
of various PAHs [19], [35], [36].

In this study, the diagnostic ratios were calculated for
IP/(IP+BghiP), BaA/(BaA+Chy), BaA/BaP, BbF/BKF are
presented in Table Ill. The ratio of IP/(IP+BghiP) as 0.42
under the range 0.37-0.70 and the ratio of BbF/BKF in the
range 1.29-1.31 suggests the influence of diesel emissions

[19], [37], [38]. The ratio of BaA/BaP as 1.21 indicates
biomass burning [39] and the ratio of BaA/(BaA+Chy) as
0.32 (0.20-0.35) indicates coal combustion [40] in the study
area. The diagnostic ratios performed in the study highlight
the influence of multiple sources as vehicular emissions, coal
and Biomass burning as the main source of PAHSs in the study
area.

Table I11: Diagnostic ratio with source, range and reference studies

Diagnostic Ratios Present Study Range Sources Conclusion References
IP/(IP+BghiP) 0.42 0.18-0.20 Gasoline Oil Combustion [19]
0.37-0.70 Diesel [37]
0.56 Coal
0.62 Wood
BaA/BaP 1.21 0.90-1.70 Diesel Wood Combustion [39]
0.5-0.70 Gasoline
1.0-1.5 Wood
BaA/(BaA+Chy) 0.32 0.38-0.64 Diesel Coal Combustion [40]
0.20-0.35 Coal
BbF/BKF 1.29 >0.5 Diesel Diesel Combustion [19]1,[38]

D. Principal component analysis (PCA)

PCA with varimax rotation was applied to determine
the sources of PAHSs in the study area of a tri-city.

Table IV: Source identification and factor analysis using PCA

technique

PAH Factor 1 Factor 2 Factor 3
Acy 941 -.070 -.223
Ant -.042 919 -.199
BaA -.042 919 -.199
BaP 392 .258 874
BbF .207 .606 -.078
BghiP .936 .106 -.099
BkF .958 .003 -.131
Chry 402 AT7 403
dBahA 929 -113 -.157
Fin .862 .098 -.132
Flu .393 .256 .875
IP .854 -.055 -.024
Nap 135 .900 -.183
Pery .827 -.200 -.332
Pyr .962 -.088 -.189
Ret .390 .259 .875
Eigenvalue 7.31 3.38 2.84
Variance (%) 45.70 21.14 17.76
Cumulative (%) 45.70 66.84 84.60

Source Veh_icglar Coal _ \évig?gaf;

Emission ~ Combustion Burning

The first factor represents high loading of Acy, Ant,
BghiP, BkF, dBahA, FIn, IP, Pery and Pyr with a total
variance of 45.70%. Various studies have reported BghiP,
BkF, dBahA and IP in vehicular emissions [2], [19], [41],
[42] as BKF is the marker for diesel emissions [8], [43]
whereas the Acy Pery and IP are the tracers of gasoline
emissions [2], [29].

The second factor represents a total variance of
21.14%. The high loading of Ant, BaA, BbF, Chry and NaP
indicates coal combustion as the source [19], [44], [45].

The third factor represents a total variance of
17.76%. The high loading of BaP, Flu and Ret indicates
biomass and wood burning as the source [8], [19], [44], [45].
Various researchers have indicated the marker of biomass and
or wood burning as Ret [46] BaP and Flu [41].

E. Evaluation of health risks

Among the PAHSs studied, BaP is considered as the
most powerful tool as reference chemical/ indicator for
estimating the risk level imposed by all PAHs because of their
well characterized toxicity. A toxic equivalency factor(TEF)
also called as relative potency factor (RPF) was taken for each
compound by multiplying the concentration of each
compound with its corresponding TEF value given in table
below and then summing up the results for BaP equivalent
(BaPg). TEF or RPF from the EPA were taken into account as
reference values in present study.

The mathematical expression for calculation of BaP
equivalent (BaPy,) is defined as 3> Conc,* TEF,

Where,

Conc.,= Concentration of Individual PAH

TEF,= Toxic Equivalency factor
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Table V: PAHSs and their toxic equivalency factor

S.No. PAH Compound TEF- Toxic
Equivalency
factor

1 Acenaphthylene (Acy)  -—---

2  Anthracene(Ant)y -

3 Benzo(a)pyrene (BaP) 1

4 Benzo(a)anthracene (BaA) 0.1

5 Benzo(b)fluoranthene 0.1
(BbF)

6 Benzo(k)fluoranthene 0.01
(BKF)

7 Benzo(g.h,i)perylene 0.01
(BghiP)

8  Chrysene (Chy) 0.001

9 Dibenzo(a,h)anthracene 0.1
(dBahA)

10  Fluoranthene (FIn) 0.001

11 Fluorene (Flu) -
12 Indeno(1,2,3)pyrene (IP) 0.1
13 Napthalene (Nap) ~  -—---
14 Pyrene (Pyr)
15 Perylene (Pery) -
16 Retene(Rety -

In present study, the total Bap., concentration
reported as 2.61 ng/m® was higher than BaP standard of 1
ng/m®. The result indicates that PAHs can impose adverse
impacts on human health in the study area.

IV. Conclusion

In present study, the average mass levels of PM,5
varied from 31 to 91 pg m™ exceeding NAAQ standard of
60ug m* indicating alarming situation of air quality in the
region. The average concentration of TPAHs varied from
5.76 to 75.62 ngm™ during entire study period. The mass
levels of PM, 5 and total PAHs show seasonal variability as
higher in winter than in summer season. The positive
correlation between PM, 5 & total PAHSs suggested similarity
in source and origin. PCA suggested vehicular emissions, coal
combustion, wood and biomass burning as the main source of
PAHs in the study area.
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