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ABSTRACT: Submicron particulates, collected between 2015 and 2018 in an
urban environment over the central Indo-Gangetic Plain, South Asia, were
analyzed. Particulate concentration was typically high during winter (DJF, 115 + S0
ug m~) and post-monsoon seasons (ON, 79 + 52 g m™>). Submicron particulates

constituted a major fraction (69%) of fine particulates (PM,;) without much ~B

seasonal discrepancies. Particulates were metal-enriched (17 + 6%) with signature =~ 1 M, concentration e
of crustal and road dust resuspensions. Metal enrichment was evident specifically I [/ /
for Zn, Co, and Cr. Sulfate was the most robust ion contributing 10% (+4%) of
particulate mass followed by nitrate (6 + 3%) and ammonium (4 + 2%). Overall,
water-soluble ions accounted for one-third of particulate mass mainly comprised
secondary ones. The n-alkane homologues (C;,—Cj;;) showed prevalence of low-
molecular-weight (LMW) alkanes (<C,) with the carbon preference index (CPI)
close to one (1.3 + 0.3) referring predominant contribution of burning of fossil
fuels. Similarly, prevalence of LMW fatty acids (<C,,) with a high CPI (9.9)
indicates emissions from residential cooking. The presence of dicarboxylic acids and phthalates with a vital signature of
anthropogenic emissions was also traced. Strong enrichment of levoglucosan (600 + 388 ng m™>) was noted especially during peak
biomass-burning episodes. Single-particle analysis indicates high abundance of carbonaceous particles (CPs) having both chain-like
soot spherules and amorphous tar balls. These CPs were mostly pure, externally mixed against secondary particles for which the
mixing state varied among the seasons. Source apportionment by an advanced receptor model indicates secondary aerosols and
biomass-burning emissions as the major sources of submicron aerosols (43%), followed by resuspensions of mineral dusts (18%) and
emissions from refuse/waste combustion (18%).
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1. INTRODUCTION Among many particulate size groups, research on atmos-
pheric chemistry and sources of submicron particulates (PM;,
with aerodynamic diameter < 1.0 pm) is limited and
inconsistent. There are growing interests on identifying
number, mass concentration, and chemistry of submicron
particulates with possible health effects. Submicron particulates
constitute the major fraction of total particulate mass and
number concentration'” and essentially regulate atmospheric
chemistry and climate-governing properties of aerosols. These
particulates are typically carbonaceous in nature with fractions
of metallic species and secondary ions; however, constituents
and evolution vary based on its sources, meteorology, and
aging process.'”'* Submicron particulates are a typical product

Exposure to air pollution has been recognized as a major global
environmental threat to human health and has been linked to
many premature mortality and health complications."” In most
of the cases, air pollution-based epidemiological studies
consider exposure to airborne particulate to quantify health
risks which typically varies for different particulate sizes and
associated sources.” Besides health risks, possible association
between airborne particulates and biogeochemistry of
nutrients,* climate change/variability,5’6 cloud modifications,’
thereby its impact on hydrological cycle® especially on Indian
monsoon,” and on food security has also been explored.'”""
Quantifying particulates’ climate feedback pose considerable
uncertainties especially due to the variations in particulate
sources, composition, morphology, and mixing states. While
the evidence of differential implications is far from conclusive,
it is often projected that the size of the particulates and the
kinds of sources such as combustion, crustal, marine, and
biogenic govern the fundamental properties of particulates and
their implications on the receptor site.
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Figure 1. Geographical location of the particulate monitoring station.

of combustion processes which include residential and
commercial biomass/waste-burning, transport, and industrial
emissions and from burning of agriculture residues. However,
gas-to-particle conversion, construction activities, and resus-
pensions of mineral dusts also generate submicron partic-
ulates.'>'>'® There are explicit pieces of evidence that PM,
efficiently travels through the human lungs, inducing
inflammatory responses, causing oxidative damages to living
cells, particularly acinar lung, and activating the immune
system.'” Besides, exposure to PM, is also linked to many
other health complications particularly for cardiovascular,
cerebrovascular, and ischemic heart disease with enhanced
mortality and morbidity.®"

Studies on submicron particulate chemistry and sources are
sparse over South Asia, constrained especially by the limitation
and uncertainty in PM; measurement. Within South Asia, the
Indo-Gangetic Plain (IGP) shares the maximum burden of
particulate pollution;*>*" particulates which are reported to be
highly mixed,”” ** composed primarily of organics and
secondary inorganics'>**~*” with diverse kinds of sources.”**’
Until the submission of the manuscript, very few studies
explored submicron particulate chemistry over the IGP,
focusing mainly over the urban agglomerates with emphasis
on particulate composition and sources,’’ influence of fog
processing,"* and formation of secondary organics.””*" These
studies essentially focus on season- or event-specific aerosol
chemistry with none explicitly considering particulate exposure
data for a longer period. Besides, very few studies explored
submicron particulate morphology and mixing state leaving
considerable uncertainties about their possible climate and
health implications. The mixing state of submicron particulates
can strongly regulate aerosol—radiation interaction and aerosol
potency to serve as cloud condensation nuclei.’”” Considering
the evidence of highly diverse airborne particulates across the
IGP with many aerosol precursors and trace gases, it seems
necessary to address these issues for better climate prediction
and air quality modeling.

Here, we have examined a 3 year-long submicron particulate
monitoring database from an urban background over the
central IGP and characterized particulate-bound elements,
water-soluble ions, and organics constrained by different
seasons. We have explored mechanisms to establish the
contamination factor (CF) and pollution index of heavy
metals, provide insights on ionic balance and neutralization of
submicron aerosol acidity, and include pieces of evidences on
the secondary nature of aerosol organics. Individual particle
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morphology and mixing states have been reported for the first
time over the region with an explanation on their possible
formation pathway and climatic implications. Besides, we have
used an advanced receptor model to apportion the sources of
submicron particulates. Our analysis is novel for considering a
large PM; monitoring database with information on multiple
dimensions of particulate chemistry and mixing state which
may well be useful to relate their possible implications on
human health, regional climate, and ambient air quality.

2. METHODOLOGY

2.1. Monitoring Submicron Particulate. Monitoring of
submicron particulates was performed in a residential area of
Gandhi Nagar, Varanasi (25.28° N, 82.99° E, 81 m above sea
level), located nearby the Banaras Hindu University campus
(Figure 1). Detailed description of the sampling site and
particulate monitoring procedure is mentioned in Singh et al.”’
In brief, ambient size-segregated particulates were collected for
72 h on prebaked quartz fiber filters at a height of 6 m using an
eight-stage cascade impactor (Tisch Environmental TE-20-
800) maintaining a flow rate of 28.3 L min~'. Sampling was
performed once a week continuously for 3 years (October
201S to June 2018) except in monsoon months (July, August,
and September). Among eight individual stages of the cascade
impactor (with 50% collection efficiency), the last three stages
having cutoff diameter <1.1 um were combined and analyzed
for submicron particulate (PM, ;). From each daily aerosol
sample, one-fourth was used for measuring ions and water-
soluble organic carbon (WSOC), one-fourth for elements, and
rest was used for organic extraction. For determining the
microscopic properties of particulates, representative samples
of size-segregated particulates were also collected for 3 to S h
on copper transmission electron microscopy (TEM) grids
(Ted Pella Inc.) and Nuclepore track-etch membranes
(Whatman) depending on the particulate loading.

2.2, Bulk Chemical Analyses. 2.2.1. Solvent-Soluble
Organic Compounds. For analyzing the solvent-soluble
organic compounds, the exposed filter composites were
extracted by ultrasonication with solvent mixtures (v/v)
hexane—dichloromethane (1:1), followed by methanol—
dichloromethane (1:1). Both solvent extracts were pooled
together and filtered through a 0.2 um syringe filter. The
filtered extract was concentrated via a vacuum rotatory
evaporator up to 1 mL and finally reduced to 100 uL with a
nitrogen concentrator.”> The reduced extract was derivatized
with N,O-bis-(trimethylsilyl)-trifluoroacetamide containing 1%
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trimethylchlorosilane, and the final residue was redissolved in 1
mL of gas chromatography (GC)-grade hexane and analyzed
with GC—mass spectrometry (GC—MS, QP2010 Ultra,
Shimadzu, Japan). The GC—MS specifications and temper-
ature program are mentioned in detail in Singh et al.”’ Briefly,
samples were injected in GC—MS at 260 °C injector’s
temperature and column oven temperature program was
begun at 50 °C (2 min isothermal hold), elevated linearly up
to 120 °C for 4 min and next up to 300 °C for 30 min followed
by an isothermal hold of 11 min at 300 °C. Molecular ions
were produced using a 70 eV electron impact ionization
technique and were extensively scanned for m/z ranging from
40 to 650. Compounds were identified on the basis of the mass
fragmentation pattern from NIST library and from the
reference standards. The blank filters were also treated
similarly to the exposed filter samples for quality assurance.

2.2.2. Trace Elements. Analysis of particulate-bound
element species was performed by following US EPA Method
10-3.2.>* The exposed filters were cut into small pieces and
digested with an extracting reagent (mixture of 5.55% HNO,
and 16.67% HCI) for 2 h. Milli-Q water (resistivity: 18.2 MQ
cm) was added to the extraction residue, and the solution was
filtered with Whatman no. 42 filters. The final filtrate was used
for analyzing major metallic species (Na, K, Ca, Mg, Fe, and
Zn) by inductively coupled plasma (ICP) optical emission
spectrometry (iCAP 6300 DUO, Thermo Scientific) and trace
elements (Cr, Mn, Cu, Pb, Ni, Co, and Cd) by ICP-mass
spectrometry (300X NexION, PerkinElmer). The background
contamination was reduced by performing blank correction
and three-point calibration was used for quantification,
prepared by certified reference standards. Standard recovery
tests were performed and recovery efficiencies of all the metals
varied in between 93% (Cu) and 100% (Ni).

2.2.3. Water-Soluble Inorganic Species. Particulate laden
filters were processed for 90 min with Milli-Q water in an
ultrasonicator for extracting water-soluble ions (Microclean-
109, Oscar, India). The extracted solution was filtered through
a 0.2 ym syringe filter and half portion of the filtrate was used
for analyzing water-soluble inorganic species (WSIS). Rest half
of the filter extract was stored and utilized for estimating
WSOC. Water-soluble ions were analyzed using an ion-
exchange chromatograph (ICS 3000, Dionex, USA). Anionic
species (Cl7, SO,*7, and NO;~) were separated using 20 mM
NaOH (50% w/w) as an eluent on the analytical column
(IonPac AS11-HCX250 mm) with a guard column (IonPac
AGI11-HC, 4 X 50 mm) and suppressor (AERS-300, 4 mm).
Cations (NH,*, Na*, K*, Ca**, and Mg’") were separated using
S mM methane sulfonic acid as an eluent on the analytical
column (IonPac CS12A-HC, 4 X 250 mm) with a guard
column (IonPac CG11-HC, 4 X SO mm) and suppressor
(CERS-300, 4 mm). Filter blank values for each ion were
subtracted from sample values to remove any background
contamination.

2.2.4. Water-Soluble Organic Carbon. WSOC was
analyzed using the aqueous extract prepared for WSIS analysis.
The total carbon and inorganic carbon contents of samples and
filter blanks were analyzed using a total organic carbon
analyzer (TOC-1200, Thermo ECN Corp.) following Kirillova
et al”® Total WSOC was estimated by computing the
difference between total carbon and inorganic carbon contents
after blank correction.

2.3. Single-Particle Analyses and Aerosol Mixing
State. Morphology and composition of individual particles
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were analyzed using a scanning electron microscope (JEOL
7100F) coupled with three energy-dispersive X-ray (EDX)
detectors (Bruker X-Flash 6/30). The EDX spectra of particles
were obtained at 15 kV accelerating voltage with a probe
current of 200 pA and an acquisition period of 30 s.
Automated analysis of particles was performed using Link
Esprit software (Bruker), and atomic concentrations were
achieved by PhiRhoZ quantification. Classification of different
particle types was based on the percent weight ratio of the
elements with Z > 11. A particle was classified as X-rich when
the P(X)> 65%, and P(X) of an element (X) was computed
using the following equation

X

P(X) =
) Na, Mg, Ca, Al, Si, S, Cl, K, Fe, Ti

X 100

(1)

To understand the mixing state of submicron particles,
species diversity parameters were initially calculated based on
the mixing entropy concept introduced by Riemer and
West.””*® These parameters were only assessed for winter
(DJF) and pre-monsoon (MAM]), hypothesizing distinct types
of dominant sources and particle mixing state during these two
periods, that is, biomass/waste/refuse burning in winter and
crustal resuspensions in pre-monsoon season.'>>” The concept
and methodology for estimating the particle mixing state may
be found in the works of Riemer and West,>”** while a brief
description is included here. Initially, single-particle diversity
which corresponds with the effective number of chemical
elements within a particle was computed, before being applied
to the entire particle population. The chemical diversity of
entire particle population was then calculated in terms of a
diversity (Da), while the bulk population diversity was
calculated in terms of y diversity (Dy). The Da represents
the average number of chemical elements per particle and Dy
indicates the effective number of elements in the bulk. These
two diversities (Dar and Dy) were used to estimate the mixing
state index (y) for different particle classes which provides
insights on the homogeneity and heterogeneity of submicron
aerosols. The mixing state index (y) is a fractional value
ranging from zero, when all particles are pure, viz.,, composed of
single species, that is, totally externally mixed population, to
one, when all particles possess similar species mass fraction,
that is, totally internally mixed population. The Da and Dy
diversities were computed using element mass fractions per
particle obtained from EDX and the lower atomic number
elements (C, N, and O) were not considered because of their
interference from the substrate or detector.’”

2.4. Source Apportionment of Particulates. For
estimating the contribution of emission sources to submicron
particulates, the positive matrix factorization (PMF 5.0, US
EPA) model was used. PMF is a multivariate factor analysis
based on the weighted least square approach that decomposes
sample data measured at the receptor site into two matrices,
viz,, factor profile (f) and factor contributions (g).”” Each
factor profile represents emission sources to the individual
factor contribution in each sample and can be expressed as

P
x5 =D &ify T ¢
k=1

)

where i denotes the sample in consideration, j is its chemical
p )]

species, p is the number of factors contributing to the sample,

x; denotes the concentrations associated to i by j matrix, and ¢;
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Figure 3. Molecular distribution of (a) n-alkanes, (b) fatty acids and dicarboxylic acids (DCAs), (c) phthalates, and (d) anhydrosugars and WSOC

in submicron particulates.

represents the species residuals. The model input includes the
measured particulate composition and associated uncertainty
data at the receptor site. Uncertainty (U) associated with each
chemical species measured above the method detection limit
(MDL) was computed using the following equation

U= \/ (error fraction X concentration)Z + (0.5 x MDL)2
3)
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Species concentration measured below the MDL was
replaced by half of its MDL value and associated uncertainty
was replaced by 5/6 times of MDL.””* Missing observations
were replaced by the median value of the respective species,
and associated uncertainty was substituted by four times of the
species median value.”” The model was simulated using 112
samples including 58 chemical species with 5% additional
modeling uncertainty. In order to achieve the most

https://doi.org/10.1021/acsearthspacechem.1c00130
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representative source apportionment result, PMF was first
optimized with 3 to 7 factors and the optimum number of
factors was selected on the basis of goodness of fit.

3. RESULTS AND DISCUSSION

3.1. Particulate Mass Concentration. Figure 2a provides
the variations in 72 h mean PM,; mass concentration
monitored in between October 2015 to June 2018 (N: 112)
with descriptive statistics included in Table S1. Annual mean
PM, ; concentration reached 69 (+55) ug m™> (median: 47;
inter quartile range, IQR: 28—106 ug m~>), with a season-
specific high concentration during winter (DJF, N: 38; 115 +
50 ug m~>) followed by post-monsoon (ON, N: 25; 79 + 52
ug m_3). In contrast, mean concentration during pre-monsoon
was relatively low (MAM]J, N: 49; 28 + 12 ug m ™). A season-
specific high concentration during typical winter and post-
monsoon months relates its possible emissions from the
combustion sources, associated to burning of biomass, waste/
refuse incineration, and from residential/commercial emission
sources.'>*® We also note that for 39% of monitoring events,
measured PM| | concentrations were higher than the annual
mean of PM;; (69 ug m™?); all occurring in between October
and February months, whereas for 92% of cases, concentration
reached >100 ug m~>, exclusively during early winter months
(December—January). Measured PM;; was reasonably low
against the concentration in Kanpur (133—160 pg m~3),* an
industrial city in the central IGP; Delhi, the national capital
(87 ug m™);*" and many of the Chinese cities, where
exceptionally high PM,; concentration is reported.*”*’
However, measured PM,; concentration in Varanasi was
significantly high compared to other global cities, for example,
Krakow, Poland (7—17 ug m~>),*" and Edmonton, Canada (17

—3y 16
ug m™>).

Variation in PM, ; against fine particulate mass (PM,, as in
Singh et al.”’) is also included in Figure 2b,c. The PM, ;-to-
PM,, ratio time series slightly declined during pre-monsoon
(0.65 + 0.01) compared to annual mean (0.69 + 0.02), with
the ratio remaining consistently high during winter (0.71 +
0.06) and in post-monsoon months (0.72 + 0.06). Overall,
submicron particulates contribute 69% of fine particulate mass
with very high R* (0.98; Figure 2e) between PM, ; and PM, ,,
depicting resemblance of the sources. The findings were in
accordance to the reported observation over China where the
major fraction of fine particulates consisted of submicron
aerosols and PM;-to-PM, § ratio increases exclusively during
high pollution days."*

3.2. Composition of Particulate Organics. Figure 3
includes variations in particulate-bound homologous series of
n-alkanes (C;,—Cj;), fatty acids (C;,—C,), dicarboxylic acids,
phthalates, and anhydrosugars and their molecular distribu-
tions. Summary of the concentrations of individual molecules
is included in Table S1, and seasonal differences in various
organic groups along with diagnostic ratios are given in Table
S2. The list of abbreviations used for different organic
molecules is included in Table S3. It should be noted that
molecular characterization of PM, ;-bound organic aerosols (in
terms of alkanes, carboxylic and fatty acids, and phthalates) are
being reported for the first time over the IGP, therefore,
remain mostly incomparable.

3.2.1. n-Alkanes. Overall mean (+SD) concentration of 19
homologous solvent-extracted n-alkanes was 0.98 (+0.50) ug
m~>. Concentration varied insignificantly among the seasons
with slight abundance during post-monsoon and winter
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compared to summer months. Molecular distribution of n-
alkanes indicates that in most of the cases, C,, was at C,;.
Besides, concentration of low-molecular-weight (LMW, <C,;)
n-alkanes was 1.7 (+0.8) times higher than that of high-
molecular-weight (HMW) n-alkanes, indicating dominance of
fossil fuel-burning emissions against biogenic emissions
(including both epicuticular wax and biomass burning). A
weak dominance of odd-numbered n-alkanes was also found
both in LMW and HMW alkanes. The carbon preference index
(CPI) remained close to unity (1.3 & 0.3) with insignificant
seasonal variations (1.2—1.4), reaffirming the major source of
contributions from partial combustion of petroleum residues
and fossil fuels.*”** We also note that LMW n-alkanes were
having high CPI (1.5 + 0.4) against the HMW compounds
(1.1 + 0.3).

3.2.2. Fatty Acids. Fatty acids (C,,—Cys) including
unsaturated oleic (C,g,;) and linoleic acid (C,g,) were also
traced in submicron aerosols over the central IGP. Fatty acids
were particularly abundant during winter with a mean
concentration of 0.62 (+0.13) ug m™ against an overall
mean of 0.49 (+0.17) ug m™>. Molecular distribution of fatty
acids indicates prevalence of LMW acids (<C,y) with very
high LMW-to-HMW fatty acid ratio (9.3 = 7.0). In general,
LMW fatty acids are mainly anthropogenic (sources including
vehicular exhausts, residential cooking, and burning of
biomass), while HMW fatty acids are predominately biogenic
(sources such as waxy leaf surface abrasions and wood
smoke).**”” The LMW/HMW ratio remained particularly
high during pre-monsoon months (11.8 & 8.4) mainly due to
the reduced contribution of biogenic sources including wood
smoke emissions. The mean CPI of fatty acids was 9.9 (+5.4),
slightly high during pre-monsoon (11.5 & 6.5) against rest of
the seasons (8.4—9.7). Molecular distribution clearly demon-
strates prevalence of even carbon fatty acids in PM, | with C_,,
at Cyq0 (n-hexadecanoic acids), followed by Cgo (n-
octadecanoic acids). The ratio of Ciq, to Cy4, remained 0.9
(£0.5), exclusively high during winter (1.3 + 0.6) refereeing
emissions predominately from residential cooking and
resuspensions from paved and unpaved road dust.””"® We
also found evidence that part of submicron particulates are
more aged (typically transported aerosols) as the ratio between
Csat [C(18:0+16:0)] and Cunsat [C(18zn+16:1):| fatt}’ acids was hlgh
(2.8 + 3.0) compared to the reported ratio for fine (1.3) and
coarser particulates (1.7) for the same monitoring station.””
However, this was more evident during the pre-monsoon
period (3.7 + 4.1) in contrast to post-monsoon and winter
when relatively fresh aerosols of local origin dominate.

3.2.3. Dicarboxylic Acids. Three PM, ;-bound DCA,
namely, oxalic acid (C,), malonic acid (C;), and succinic
acid (C,) were detected. These are the typical secondary
organic compounds emitted from vehicular/industrial emis-
sions, biomass/waste-burning emissions and from photo-
oxidation of volatile organic compounds (VOCs). Mean
(£SD) DCA concentration was 213 (+82) ng m™ with
characteristic wintertime high and summertime low abun-
dance, primarily contributed by the oxalic and malonic acids.
Overall, oxalic acids contributed 58% of total detected DCA
and 27% by malonic acids with typical high concentrations
during extreme biomass-burning events.

3.2.4. Phthalates. Here, five types of PM, -bound
phthalates, namely, diethyl phthalate (DEP), di-butyl phthalate
(DBP), butyl benzyl phthalate, bis(2-ethylhexylphthalate)
(BEHP), and di-n-octyl phthalate, were traced. Among these,
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BEHP is typically abundant in PM, ;, while traces of DBP and
BEHP are also reported in aerosols with sources including
burning of different plasticizers/waste plastics and tail-pipe
emissions from automobiles and from industrial sources.*’
Phthalate concentrations were normally high during winter
(839 + 326 ng m™*) and post-monsoon seasons (871 + 240
ng m~>) against an annual mean of 625 (+£346) ng m~>. The
presence of phthalates was also identified in fine g)articulates
(PM, ), both in Varanasi (965 + 504 ng m™>)”" and New
Delhi (130—210 ng m™3).*” Among the types, BEHP (283 +
177 ng m™>) was highly enriched in PM, ;, followed by DEP
(123 + 88 ng m™>), predominantly in winter, with possible
sources including poly-vinyl chloride, coatings and varnishes,
and emissions from their combustion.

3.2.5. Anhydrosugars. The presence of anhydrosugars was
also detected in submicron particulates having very high
abundance during winter (935 + 323 ng m™) and post-
monsoon seasons (857 + 368 ng m™>) with an annual mean
concentration of 641 (+421) ng m™>. Levoglucosan, a
universal biomarker of biomass-burning aerosols, chiefly
emits from the combustion of plant-based material such as
cellulose and hemicellulose.”*° Levoglucosan constitutes the
major fraction (92—95%) of traceable anhydrosugars, with an
annual mean concentration of 600 (+388) ng m~> (IQR:
251-932 ng m~>). Measured PM, -bound levoglucosan is
well-comparable to the previous PM,-based observations
across the IGP, for example, in Kanpur (1363—1853 ng
m~?),”' New Delhi (1978 ng m™3),°” Varanasi (PM, : 649 ng
m_3),45 and in other Asian cities, for example, Mt. Tai, China
(391 ng m™®),>* and Beijing, China (590 ng m~>).>" Among
the other isomers, galactosan was traced in PM,,, but
mannosan remained undetected. The mean ratio of levoglu-
cosan to galactosan was 21.9 (£16.7), with IQR varying from
9.8 to 30.1 and all the high values (>10) typically noted during
the peak biomass-burning period (October—February). Such a
high ratio essentially indicates emissions of submicron aerosols
from the burning of crop residues and hardwood which are
conventionally used for residential cooking and heating
purposes.*
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3.2.6. WSOC. WSOC contributed 15% (+7) of PM; ; mass,
slightly high during winter (21 + 6%) compared to summer
months (10 + 5%). Relative concentration of WSOC varied in
between 2.6 and 17.1 ug m™ (IQR) with an annual mean of
12.6 (+14.5) ug m~>, much lower than the reported
abundance in Kanpur (29—-34 pg m™)."> The WSOC is a
well-accepted tracer of secondary organic aerosols. The WSOC
predominately originates through photochemical oxidation of
VOCs and primary organic aerosols by different oxidizing
species, for example, O;, OH, and peroxide.54 However,
WSOC may be also emitted directly from the biomass
burning,55 therefore, considered as a marker of smoke
emissions coming from biomass/fossil fuel burning.”® A very
high atmospheric abundance of PM, ;-bound WSOC was
noted with all the measured high concentrations (>13 ug m™)
particularly between late-October and mid-February, over-
lapping with intense biomass/waste-burning periods over the
IGP."#5¢ A significant correlation between WSOC and other
biomass-burning markers, for example, levoglucosan (r: 0.80);
K* (r: 0.83); NH," (r: 0.80); and oxalic acid (r: 0.73), was also
noted, reaffirming their common sources over the geographical
region.

3.3. PM, ;-Bound Elements and CF. Concentrations of
measured elements in PM; ; mass and their seasonal variations
are shown in Figure 4a, while seasonal differences in PM,;
composition are included in Figure S1 (Supporting Informa-
tion file). Submicron particulates were metal-enriched having
17% (£6%) of particulate mass being composed of element
species with IQR varying from 12 to 20%. Conversely, seasonal
variations in elemental enrichment were negligible ranging
from 16 = 5% (pre-monsoon) to 18 + 7% (winter). Values
were comparable to the reported metallic enrichment in
Kanpur (5—18%)°”°® but high against other global cities such
as in Barcelona®® and Mount Cimone, Italy.”” Clearly, the
species such as Ca, Na, Mg, and Fe with signature of crustal
and road dust resuspensions contributed the major fractions of
particulate mass (12.2%), slightly high during pre-monsoon
months (13.1%). Overall, major crustal species (Ca, Na, Mg,
and Fe) contributed 72% of total quantified metallic
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concentration, while K and Zn contributed the remaining
fractions (27%).

Among the species, Ca (4.9 = 2.3%) and Na (4.6 + 2.6%)
were the most abundant, followed by K (3.4 + 2.1%), while
both Mg (1.7 + 0.8%) and Zn (1.1 + 1.4%) were also
identified in PM, ;. The presence of Ca, Na, Mg, and Fe may
be well-traced with crustal/road-dust origin, while the presence
of Fe and K in the submicron range is frequently associated to
anthropogenic emissions. PM, ;-bound K is a typical indicator
of biomass-burning smoke but have additional sources such as
combustion of residual oil, refuse, and garbage.“s’50 Indis-
criminate burning of biomass and refuse/waste is common
over this part of the IGP and used both for residential and
commercial heating purposes, especially in post-monsoon and
winter.”” Potassium was typically abundant during winter
(4.6% of PM,;, mass; IQR: 2.9—7.1 ug m™) and post-
monsoon (3.9%; IQR: 1.3—4.2 ug m™) compared to pre-
monsoon months (2.3%; IQR: 0.3—0.8 ug m™>). The presence
of Fe in PM,; relates contribution from vehicular sources,
including engine oil, catalyst-equipped petrol car,”' and from
nonexhaust emissions such as tire and brake wear.”®> The
presence of Zn was also traced in ambient PM,, having
possible nonexhaust emission sources such as tire wear,
industries including smelters, metallurgy, and incinerators,
and from burning of waste refuse/ garbage.éz’é“’65 Among the
trace metals, Cr (median: 36 ng m™>), Pb (33 ng m™*), and Cu
(5 ng m™®) contributed <1% of particulate mass without any
seasonal prevalence (overall IQR: 7—43 ng m™). Traces of
other potential carcinogens (Co, Ni, and Cd) were also evident
in PM,;, however, with much less intensity (IQR: 1—4 ng
m™>) compared to the neighboring industrial city Kanpur.

The CF and PLI of individual heavy metals were also
computed and are included in Figure 4b. The CF, a ratio of
measured concentration of a metal to its natural abundance in
ambient air (considering US EPA-based ambient metal

2058

concentration),” indicates the level of enrichment compared
to clean air. Overall, for most of the heavy metals, CFs were <1
(low contamination) except for Zn (8.7), Co (3.1), and Cr
(2.0). A very high level of Zn enrichment particularly during
mid-October to late-February (mean CF: 23.0) indicates its
possible emissions from burning of waste refuse/garbage. In
contrast, increase in CF for Co and Cr was sporadic, more
frequently during pre-monsoon and post-monsoon when
westerlies blowing from the upper IGP possibly contribute to
local enrichment. The PLI, an indicator of heavy metal
contamination of the ambient air, was also computed
considering CF of each heavy metal. Except Zn (PLI: 2.04),
Co (1.62), and Cr (1.50), PLIs of all the heavy metals were <1,
signifying no pollution from these metals to ambient air.

3.4. Water-Soluble Inorganic Species. A significant
amount of WSIS was also traced in submicron particulates with
an annual mean of 19.7 (+14.8) ug m™> (IQR: 7.6—33.8 ug
m™3; Figure 4c). The WSIS overall contributed 29.5% (£9.1%)
of PM, ; mass (IQR: 22.2—35.7%) without much seasonality in
terms of their contribution (28—31%). Clearly, particulates
were enriched in secondary inorganics such as sulfate, nitrate,
and ammonium ions. These secondary ions together
contributed a loading of 13.5 (£10.5) ug m™>, contributing
68% (+10%) of total ionic concentration and 20% (+7%) of
total particulate mass, slightly high during winter (22%)
compared to pre- and post-monsoon seasons (19%). In
comparison, secondary inorganics are reported to contribute
approximately 30 to 35% of PM; mass in Delhi*' and 40% in
Kanpur.”” These secondary inorganics possibly evolved both
through gas- and aqueous-phase photochemical conversion of
many aerosol precursors (especially NO,, SO,, and NH;) and
eventually neutralized by both ammonium and crustal species.

Among the WSIS, sulfate was the most abundant species
(IQR: 2.8—10.9 pug m™>) contributing 10.4% (+4.1%) of
particulate mass, followed by nitrate (IQR: 1.1-7.4 ug m™>)
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Figure 6. SEM images of various types of particles and their corresponding EDX spectra. Note: A small signal of Cu is due to the use of TEM grids.

accounting 6.0% (%3.1%) of PM;;. Ammonium ions
contributed 3.7% (£1.5%) of particulate mass with IQR
varying from 1.0 to 3.8 ug m™>. Intraseasonal variations of
these secondary ions were significant as they were character-
istically high during winter and post-monsoon seasons, owing
to their added emissions from biomass/waste-burning
emissions compared to summer months. The PM, -bound
NO,;7/SO,*” mass ratio, an indicator of relative dominance of
mobile sources against stationary sources,"”*® varied in
between 0.3 and 0.6 (IQR) with a mean value of 0.5 (+0.2).
This ideally refers to the dominance of stationary sources
including biomass/coal/waste/refuse combustion which are
well-reported to be important contributors of regional
aerosols.'”** Besides these secondary WSIS, other ionic
species such as Na*, K, Ca*, and CI” shared a fraction of
PM,, mass (8.6%) without much seasonal variations.
Potassium ions, a universal tracer of biomass-burning
emissions, were enriched in submicron particulate (2.0 +
1.1% of PM, | mass; mean concentration + SD: 1.4 + 1.2 ug
m™*), both during winter (2.1 + 0.7; 2.4 + 1.1 g m™>) and
post-monsoon seasons (2.6 + 1.4; 1.9 + 1.2 ug m™>). The
presence of PM, ;-bound Cl~ was also noted (mean + SD: 1.4
+ 1.3 ug m™), contributing 2.1% (+1.4) of particulate mass,
slightly high during winter compared to the rest of the
monitoring period.

3.5. lonic Balance and Neutralization of Particulate
Acidity. Ionic equivalence (Figure Sa) of total measured
anions against total cations denotes a strong correlation (R’:
0.83) with an overall anion deficiency in submicron
particulates (slope: 1.32). However, unassessed CO;*~ and
HCO,™ ions may also be a factor of overall anion deficiency.””
A strong association between NH," and SO,>” (R?: 0.76) and a
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high NH,*/SO,>” equivalent ratio (0.99) indicate complete
neutralization of SO, by NH," and the formation of
(NH,),SO, and/or NH,HSO,. Here, NH," was insufficient
to neutralize all the acidic species as we note the aerosol
neutralization ratio, defined as the equivalent molar ratio of
NH," against major acidic species (NO;~, SO,*7, and CI),
remained 0.61 + 0.30. This was in contrast to the neighboring
city Kanpur where complete neutralization of aerosol acidity by
ammonium was reported by Chakraborty et al.”*” Consider-
ing nitrate neutralization in combination with sulfate ions
reduce the slope significantly (0.65, Figure Sc), thus, indicating
that metallic cations (such as Ca®*, Mg®', Na*, and K*) also
contributed significantly to the aerosol neutralization process
(Figure Sd—f). Therefore, the formation of nitrate salt of
ammonium and other metallic species may also be a possibility
in submicron aerosols. In all three seasons, the neutralization
factor of NH," (0.6—1.0) was higher than that of Ca** (0.3—
0.4) and Mg** (0.2—0.4), indicating predominate NH,"
neutralization (Table S4). However, major metallic cation of
crustal origin contributed considerably during pre-monsoon
months.

3.6. Morphology and Single-Particle Chemical Char-
acteristics. The single-particle SEM images and the
corresponding EDX spectra of individual particles are shown
in Figure 6. EDX spectra of 5970 individual particles showed
the detection of more than 17 elements with varying extent.
The presence of C and O was detected in all the analyzed
particles, followed by S (81%), Si (59%), K (48%), and Al
(34%), while the rest of the elements were found in less than
20% of the particles. On the basis of elemental composition
and morphology, seven particle types were identified that were
further classified into four major classes (Table S5). All the
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major particle types and relative abundance (weight %) of
individual element in each particle classes are shown in Figure
7a—f.

Carbonaceous particles (CPs), as in Figure 6a,b, composed
primarily of C (element’s weight % as in Figure 7¢; SO to
<100%) and O (10—50%), with minor quantities of S (1—
50%) and K (1—50%), comprised the major fraction (42%) of
the submicron particles with insignificant seasonal variations.
Soot particles with chain-like agglomerated spherules ranging
from small-to-large aggregated clusters were identified (Figure
6a), primarily composed of C with a fraction of O. Significant
association of these particles with S was also noted, suggesting
their origin from fossil fuel combustion.”” Another kind of
particles having a spherical shape and amorphous with a
smooth texture was also spotted that was relatively stable
under electron beam (Figure 6b). These particles were devoid
of any microstructure and did not form any aggregates, like the
typical soot particle does, and were designated as tar balls.”’
Tar balls were present in aged biomass/biofuel-burning
emissions”' and mainly consist of C with minor O and traces
of K.”*> The presence of tar balls symbolizes the contribution of
biomass and biofuel smoke emissions as combustion of fossil
fuels does not typically emit polar organic compounds and
polymerize under an ambient environment. Besides soot and
tar balls, irregular-shaped particles with C and O along with §,
N, and K were also noted and referred to as organic aerosols.

The S- and K-rich particles were grouped as secondary,”
representing 37% of the total analyzed particles with a high
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fraction during winter (41%) compared to summer (33%).
Secondary particles (SPs) were rich in S (2 to <100%), N (5 to
<100%), and K (1—50%) with C (20—50%) and O (20—
100%), having an irregular shape and high sensitivity to
electron beam (Figure 6¢c). Association of C- and O-rich
particles with S and/or N on the surrounding residue that
constituted a liquid coating suggesting more aged aerosols,
possibly due to the adsorption and secondary formation of
sulfate and/or nitrate.”*

Metallic particles (MeP’s) mainly comprised Fe (Figure 6d)
and Zn (Figure 6e), representing 6% of the total particles
without much seasonal variations. Fe-rich particles were
identified by elemental composition of C (20—50%), O (10
to <100%), and Fe (1 to <100%) with a minor amount of Si,
Ti, and Mn, frequently embedded in S- and K-rich particles.
The spheroidal shape of Fe-rich particles suggests their
anthropogenic origin; > thus, they were considered as a tracer
for industrial emissions. Zn-bearing particles were of irregular
spheroidal shape, composed of Zn-rich coating (5—100%) with
other heavy metals.

Particles with the elemental composition of O (30 to
<100%), Al (1-50%), and Si (2 to <100%) along with small
quantities of Na, Mg, S, K, Ca, Ti, and Fe were grouped as
mineral particles (MiP’s).”® The Al—Si-rich particles, however,
predominated (Figure 6f—h). MiP’s were mostly irregular in
shape, with the origin related to the construction activities,
resuspension of road dust, and bare soil surfaces.”” In this
group, fly ash composed of O, Al, and Si was also abundant
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Figure 8. Relative contributions of various emission sources to submicron particulates.

with a spherical shape signifying its possible origin from the
high temperature burning. MiP’s were frequently coated with S
indicating their association with biomass/fuel combustion.®””®
Overall, MiP’s comprised 16% of total particles with greater
abundance (18%) during the pre-monsoon period.

3.7. Mixing State of Submicron Particles. In this study,
the mixing state of submicron particles was computed based on
the mixing entropy concept, defined as the distribution of per-
particle chemical species composition.””*" Initially, chemical
diversity in terms of a and y diversity was computed before
being applied to compute the mixing state index (y). A mixing
state index (y) close to zero indicates an externally mixed
aerosols, that is, rather freshly emitted particles. A mixing state
index close to one refers to internally mixed aerosols, that is,
particles with a longer atmospheric time life and have had time
to mix with each other resulting in a more uniform particle
population.

Here, the lowest average particle diversity (Da: 1.2—1.6;
Figure 7g) was observed for CPs, followed by SPs (Da: 1.7—
2.2), while MiP’s (Da: 2.7—3.4) were highly diverse, followed
by MeP’s (Da: 2.5—2.7). An important variability of oxygen
and sulfur contents in the carbonaceous aerosols explains a
relatively higher bulk diversity Dy compared to Da, leading to
a mixing state index of 0.24—0.28. This indicates that
carbonaceous aerosols, to a certain extent, were externally
mixed and freshly emitted. Similarly, MeP’s had a mixing state
index of 0.24—0.31. This was due to lower average particle
chemical diversity than the bulk chemical diversity, so rather
externally mixed and freshly emitted particles. CPs had both
low particle-specific and bulk diversities, whereas MeP’s had
considerably both high particle and bulk diversities, this results
in a similar range of mixing index. In contrast, SPs were largely
internally mixed (y: 0.58) during pre-monsoon against more
externally mixed (y: 0.22) during winter. The particle-specific
diversity for SPs did not vary significantly among the seasons
(Dlgummert 1.7, D@yineer: 2.2). However, compared to pre-
monsoon (Dy: 2.1), large bulk diversity was observed during
winter (Dy: 6.5) due to fresh emissions from many associated
sources”” which resulted in more externally mixed population
(Figure 6h).>” A similar seasonal discrepancy in mixing state
indices of MiP’s was also observed ()(Pre_monsoon: 0.51, Xuinter:
0.34). Here, bulk diversities were nearly equal (Dymmer -8,
DY inter: 5-9) specifying that seasonal variations in the mixing
state were mainly due to the average particle diversities
(Dasummer: 34} Dawinter: 27)
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3.8. Sources of Submicron Particulates. Possible
sources of submicron particulates and their relative contribu-
tion were assessed (Figure 8) using the PMF model (PMF
5.0), an advanced receptor model based on the weighted least
square method.”””” A total of 13 elements, 8 WSIS including 3
secondary inorganics (s0,*7, NO;7, and NH,*), both
anhydrosugars (levoglucosan and galactosan), 19 n-alkanes
(C;—Css), S phthalates, 3 DCAs (C,, C;, and C,), 12 fatty
acids (C;,—Cy), and WSOC were used as input to estimate
particulate source contribution. Individual source markers, as
noted in Table S6, were selected based on the previous
research works over the central IGP'*>7*5¢%¢7 considering
true representativeness of the individual marker to the specific
source.

3.8.1. Factor 1: Secondary Aerosols and Biomass-Burning
Emissions. Secondary aerosols in combination with biomass-
burning emissions were identified as the principal sources of
submicron particulates over the central IGP. Secondary
aerosols were traced by the presence of secondary inorganics
(37—59%; Figure S2) and WSOC (60%) with a fraction of
DCA (12—30%). Clearly, biomass-burning emissions also
contributed to this factor as marked by the presence of
anhydrosugars (44—65%), CI~ (58%), K* (47%), NH,* (37%),
and WSOC (60%). An increase in factor 1 contribution during
winter (52%) compared to the pre-monsoon (18%) was also
noted compared to annual mean (43%).

3.8.2. Factor 2: Crustal Resuspensions and Road Dust.
Factor 2 was identified as contributions from crustal
resuspensions and road dust based on the presence of Mg>*
(56%), Ca** (51%), Pb (19%), and Zn (24%). Nonexhaust
automobile emission sources contribute a significant fraction of
airborne Zn,**®° while Pb is a typical marker of automobile/
road dust.*>® Together, these sources contributed 18% of the
submicron aerosol mass, slightly high during pre-monsoon
(27%) compared to winter months (21%).

3.8.3. Factor 3: Refuse- and Waste-Burning Emissions.
Factor 3 with signature of all the major phthalates, Zn (36%),
and few HMW n-alkanes indicate possible contribution of
refuse/waste combustion to PM, ;. Burning of solid waste/
refuse is frequently practiced in an unscientific and
unsegregated manner across the IGP, often in combination
with biomass/plant debris in a roadside environment.””*
Overall, these sources were found to contribute 18% of PM, ;
mass.

3.8.4. Factor 4: Industrial Emissions. The presence of high
content of Fe (58%), Cr (46%), Mn (39%), and Co (38%)
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along with few other trace metals (Pb, Cu, and Ni) indicates
industrial emissions, mainly from the small-scale metal
processing and manufacturing industries. Industrial emissions
contributed 9% of airborne PM,; mass, slightly high during
pre-monsoon (17%) compared to the winter period (7%).
Seasonal discrepancy in industrial source contribution was
possibly induced by the variation in the wind direction as both
during summer and winter, westerly prevail over the central
IGP, while during summer, an additional contribution of
easterly and north-easterly wind may also be noted (Figure
S3). Blowing easterly and north-easterly wind during summer
carries particulates of industrial origin especially from the
mining and quarrying, metal processing, and chemical
manufacturing industries, located at Chandauli and Ghazipur
districts and possibly contribute to local enrichment of heavy
metals.

3.8.5. Factor 5: Biogenic and Residential Emissions.
Marked by the presence of fatty acids (42—59%) and HMW
n-alkanes, the factor 5 indicates the possible contribution of
biogenic emissions. However, the presence of few LMW n-
alkanes with 3 DCAs (C,, C;, and C,: 32—38%) was also
noted which relates this also with the emissions from the
residential combustion of biomass. Besides, the presence of n-
HEXDA (49%) and n-OCTDA (59%) is associated to cooking
emissions.”’ Biogenic and residential combustion emissions
were more prominent during summer, possibly due to greater
emissions of VOCs from plants,”" contributing 16% of PM,
mass against an overall contribution of 6%.

3.8.6. Factor 6: Burning of Fossil Fuels. Factor 6 has a clear
signature of emissions from combustion of fossil fuels as
significant proportion of this factor is loaded with LMW n-
alkanes with contribution varying from 54 to 74%. The
presence of HMW n-alkanes, however, was also noted having
characteristic emissions from combustion of fossil fuels
including coal. Part of this factor is associated to emissions
from brick kilns which are most active during summer. Brick
kilns indiscriminately use different fuels including coal, waste
plastic, raw biomass, and wood adding much uncertainties to
the regional aerosol source profile.””””” Burning of fossil fuels
overall contributed 6% of PM, | mass, considerably high during
summer months (13%).

The identified sources of submicron particulate and their
relative contributions in Varanasi matched well with its
neighboring city Kanpur where secondary transformations
(46%) with biomass burning (19%) and mineral dust (20%)
were reported to be the major PM, sources."” This even
matches well with Delhi with secondary aerosols contributing
50—70% of PM, mass."' This concludes with a level of
certainty that secondary aerosols with precursors from
biomass-burning and vehicular/automobile emissions consti-
tute the major fraction of atmospheric submicron particulates
over the central IGP which necessitates coordinated actions to
safeguard public health.

4. CONCLUSIONS

Submicron particulate database in an urban environment over
the central IGP, South Asia, is presented here. The experiment
revealed extremely high loadings of submicron particulate with
winter and post-monsoon specific peak concentrations.
Submicron particulates constituted the major fraction of
airborne fine aerosols and the fraction enhanced particularly
during extreme pollution days. The constituents of particulate-
bound organic aerosols were also assessed. Homologous n-
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alkanes were dominated by the LMW alkanes, with C,, at Cy;.
Fatty acids were also traced with prevalence of LMW fatty
acids having typical anthropogenic sources. High ratios
between Cg [C(is.0+160)] and Cunsae [Clisimsien)] suggest the
presence of aged aerosols only during summer against
relatively fresh aerosols during winter and post-monsoon.
Among the anhydrosugars, levoglucosan were dominant during
the peak biomass-burning period with a high ratio against its
isomer representing emissions from burning of hard wood
including agricultural residues. About one-fifth of particulate
mass was composed of element species, particularly with Ca,
Na, and K. Few trace metals with potential carcinogenicity, for
example, Cr, Pb, Co, and Cu, were also identified with a high
level of enrichment. Secondary inorganic ions with prevalence
of sulfate, nitrate, and ammonium ions constituted 20% of
particulate mass. Neutralization of sulfate acidity was primarily
associated to ammonium ions favoring the bisulfate formation
pathway, while metallic cations also played their part to
neutralize total aerosol acidity.

Single-particle analysis indicates that CPs were mostly pure,
externally mixed to an extent, and possibly freshly emitted with
a coating of sulfur. In contrast, SPs were largely internally
mixed during pre-monsoon against externally mixed in winter.
Overall, secondary aerosols and biomass-burning emissions
were found to be the most important sources of submicron
particulates over the central IGP, followed by resuspensions of
mineral dusts and burning of refuge/waste. However, a
considerable seasonality in the source contributions was also
noted.
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