Environ Sci Pollut Res (2016) 23:20749-20760
DOI 10.1007/511356-016-7313-x

@ CrossMark

RESEARCH ARTICLE

Water-soluble ions and carbon content of size-segregated aerosols
in New Delhi, India: direct and indirect influences

of firework displays

Pawan Kumar' - Rakesh Kumar' - Sudesh Yadav'

Received: 3 May 2016 / Accepted: 21 July 2016 /Published online: 30 July 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract The particle size distribution and water-soluble in-
organic ion (WSII) and carbonaceous species in size-
segregated aerosols, Dp < 0.95, 0.95 < Dp < 1.5,
1.5<Dp<3.0,3.0<Dp<72,and 7.2 < Dp < 10 um, were
investigated during Diwali firework displays in New Delhi,
India. The firework activity had the maximum contribution to
the mass loading of PM, 95 (786 ug/m3) followed by PM 95
15 (216 pg/mB) with all other three fractions accounting to a
total of 214 pg/m>. The percentage contributions of WSII to
the total mass of aerosols were highest in first two size frac-
tions (39 and 40 %, respectively), compared to other fractions.
The firework marker ion (Mg2+, Cl', and K*) mass concen-
tration shows higher values in PM 95 during Diwali compared
to before Diwali period. The mass size distribution of parti-
cles, NH,*, K*, CI", SO,*", Mg**, and NO; ", also showed
changes on the Diwali night compared to previous and after
days. The high C1 /Na* (5.6) and OC/EC (3.4) ratio of PMg o5
can be used as the indicators of firework displays. The lower-
ing of mixing height on Diwali night to 50 m compared to
before (277 mts) and after (269 mts) Diwali period further
concentrated the aerosols in ambient atmosphere. Therefore,
the firework display not only released the gaseous or elemen-
tal constituent but also influenced the temperature profile and
both put together result in high aerosol concentrations, WSII,
OC, and BC contents in ambient atmosphere. The alveolar,
respirable, and inhalable fractions accounted for 64.6, 90.8,
and 97.8 %, respectively, of the total PM, mass. People stay
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exposed to such high pollution level in short span of 6-8 h and
experience adverse health impacts due to high mass concen-
trations and the chemical components of fine aerosols.
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Size-segregated aerosols - Carbonaceous aerosols

Introduction

The firework displays mark all important festivals, new year
celebrations, or other important events such as Olympic
games and commonwealth games (New Year’s Eve celebra-
tions, the Las Fallas in Spain, the Lantern Festival in China,
Bonfire Night in the UK, Tihar in Nepal, Day of Ashura in
Morocco, Skyfest in Ireland, Bastille Day in France) across
the word. India, a “land of festivals,” does have a tradition of
major firework display to celebrate, Diwali, the festival of
lights, every year during October or November that is attended
by millions of people throughout the country. This anthropo-
genic activity taking place at different occasions and spanning
over few hours time (4-6 h) is being widely studied for its
influence on ambient air quality (Sarkar et al. 2010; Ambade
and Ghosh 2013; Ganguly 2015; Kong et al. 2015 and
references therein). Large quantities of firecrackers and spar-
kles are burnt during the festival to show the influence to the
individuals (Tandon et al. 2008). Firecrackers contain
chemicals such as potassium nitrates, potassium chlorate, po-
tassium perchlorate, charcoal, sulfur, manganese, sodium ox-
alate, aluminum and iron dust powders, strontium nitrate, and
barium nitrate for imparting colors, lightening, and energy
source (Attri et al. 2001; Wang et al. 2007). Emissions gener-
ated from firework displays have attracted attention of scien-
tists due to health impacts associated with them (Hirai et al.
2000; Limaye and Salvi 2010; Yang et al. 2014), visibility
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reduction (Wang et al. 2007; Kong et al. 2015), and forma-
tions of secondary pollutants (Attri et al. 2001).

The large amounts of soot, metal oxide particles, and pre-
cursors gases such as SO, and NO, emitted from firework
display in short span of few hours catalyze the atmospheric
reactions and processes for secondary particle formation
(Jaing et al. 2015 and references therein). Attri et al. (2001)
have reported formation of ozone during the firework display
time on the night of Diwali festival in Delhi region. The air-
borne particles and gaseous constituents induced during and
after the firework display have a unique chemistry and differ-
ent compositions from the typical urban aerosols which need
to be investigated. The previous works in India on air quality
during firework displays had remained focused on gaseous
pollutant and PM;, chemistry (Attri et al. 2001; Ravindra
et al. 2003; Sarkar et al. 2010; Perrino et al. 2011; Mandal
et al. 2012; Nishanth et al. 2012; Chatterjee et al. 2013; Deka
and Hoque 2014). The mass loading of size-segregated aero-
sols during firework displays has been studied by Tiwari et al.
(2012) and Nishanth et al. (2012). In the light of the enhanced
capabilities of collection and characterization of size-
segregated aerosols, this work on size-segregated aerosols
(£0.95, 0.95-1.5, 1.5-3.0, 3.0-7.2, and 7.2-10 pm) was
planned to investigate the influence of firework display on
aerosols and soluble ion mass concentrations and carbon
content.

Experiments and methods
Sampling site

The present study was carried out at the roof top of School of
Environmental Sciences (SES), Jawaharlal Nehru University
(JNU), New Delhi which is a residential academic institution
located on the famous Delhi ridge with vast vegetation cover.
Delhi, located in tropical climate zone (28° 35" N; 77° 12" E,
218 m MSL) and the capital city of India, is one of most
polluted city of the India. Yamuna River flows across the city
in the east side and the west is the fringe parts of the Thar
Desert. The winters are characterized by low intensity NW
winds and closed atmospheric conditions with temperature
varying between 0 and 10 °C and relative humidity close to
100 %. Three coal-based thermal power plants (combined
capacity ~1100 MW) and vehicular emissions are the major
sources of air pollution in Delhi. In 2011-2012, the vehicular
population was approximately 7.5 million (Economic Survey
of Delhi 2012, 2013). A recent study by Yadav et al. (2016) in
Delhi has reported contributions of different sources for PM;,
as crustal materials (21 %), industrial and vehicular emissions
(23 %), and wind assisted transport and re-suspension of sur-
face dust (56 %). The sampling site has very minimal emis-
sions of pollutants at its own but acts as a receptor site for
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pollutant from the nearby regions (Tandon et al. 2010; Kumar
etal. 2014).

Sample collection

Size-segregated aerosol samples were collected using mass
flow controlled PM;( high volume air sampler (Model TE-
6070, Tisch Environmental Inc., USA) fitted with Cascade
Impactor, (Model TE-236 of Tisch Environmental Inc.,
USA), which segregates the PM;, in different size ranges.
The aerosol samples were collected before Diwali [BF]
(Nov. 3, 2010-Nov. 4, 2010), during Diwali [DF] (Nov. 5,
2010), and after Diwali [AF] (Nov. 6, 2010—Nov. 7, 2010) to
capture the influence of episodic event of firework display on
the occasion of Diwali festival in north India. The sampling
duration for each sample was 24 h except for the Diwali period
sampling which was six hourly. Each sample set comprised
five aerosol samples in different size fractions. The cutoff
diameters of the different stages of High Volume Cascade
Impactor sampler were stage 1 Dp <0.95 um (backup filter),
stage 2 0.95<Dp>1.5 um, stage 3 1.5 <Dp>3.0 um, stage 4
3.0 <Dp>72 um, and stage 5 7.2 < Dp > 10 um. Aerosol
samples were collected on quartz fiber filters (QFFs); four
slotted/perforated filters (5.7 x 5.7 cm size) were used as im-
paction substrates for the collection of four coarser size frac-
tions and one backup filter (20 x 25 cm size ) for the finest size
fraction (stage 1). The QFFs were combusted at 550 °C for 6 h
before use. The filter papers before and after sampling were
conditioned for 24 h at 20 = 1 °C and 50 £ 5 % relative
humidity before weighing. The instrument was fitted with a
mass flow controller and recorded real-time air volume con-
centration in cubic meter units. Field blank filters were also
collected in each month by exposing filters in the sampler but
not drawing air through them and were used to account for any
artifacts introduced during the sample collection and handling
procedure. The loss of quartz fibers during loading and
unloading of the quartz filter papers of both sizes
(5.5 em x 5.6 cm and 20 cm x 25 cm) was monitored in the
field blank samples and was found to be negligible.

The weight differences in the filter papers after and before
the sampling was divided by the actual amount of air sucked
in cubic meter units to calculate the mass concentrations of
each size fraction of acrosols in g m . An electronic balance
(Mettler Toledo, Model no. AB265-S/FACT) with accuracy of
0.01 mg was used for all weighing purposes throughout the
study.

Extraction and measurement of water-soluble ions

Water-soluble inorganic ion (WSII) species were extracted
from each sample filter paper in 20 ml of ultra-pure Milli Q
water using ultrasonic shaker maintained at room temperature.
All the extraction solutions were filtered using a filter paper
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(pore size 0.2 wm) and stored in high-density polyethylene
(HDPE) bottles in the refrigerator at 4 °C until analysis. The
Metrohm ion chromatograph (IC) model 882 Compact IC plus
1 pro 1 equipped with conductivity channel was used for
analysis of major cations (Ca®*, Mg”*, Na*, K*, and NH,")
and anions (F~, CI', NOs, and SO4*") (Yadav and Kumar
2014).

Carbon content analysis of PM, o5

A 0.5-cm? punch from the filter was analyzed for eight carbon
fractions following the IMPROVE A thermal/optical reflec-
tance (TOR) protocol on a DRI model 2001 carbon analyzer
(Atmoslytic Inc., Calabasas, CA) (Cao et al. 2007; Chow et al.
2007). The analyzer works on preferential oxidation of organ-
ic carbon and elemental carbon at different temperatures. This
produced four organic carbon (OC) fractions (OC1, OC2,
OC3, and OC4 at 140, 280, 480 and 580 °C in a helium
[He] atmosphere), OP (a pyrolyzed carbon fraction), and three
elemental carbon (EC) fractions (EC1, EC2, and EC3 at 580,
740, and 840 °C in a 2 % O, and 98 % He atmosphere),
wherein the corrected EC1 is equal to EC1 minus OP. This
corrected EC1 will be the one referred to as “EC1 fraction” in
this work. The IMPROVE_TOR OC is operationally defined
as OC1 + OC2 + OC3 + OC4 + OP and EC is defined as EC1
+ EC2 + EC3 — OP (Chow et al. 2007). The EC is further
divided into char (EC1 — OP) and soot (EC2 + EC3) (Han
etal. 2009). The instrument performance was checked against
the internal standards after the analyzing every 10 samples.
All the reported concentrations were corrected for laboratory
and field blanks.

Quality assurance and quality control

All the physical measurements, sample extraction and storage,
and WSII analysis on Metrohm IC were carried out at SES,
JNU, New Delhi in a metal free positive pressure clean labo-
ratory having 1000 class air flow in lab and 100 class air flow
in the fume hood. All filter papers handling was done with
high quality plastic forceps.

The efficacy of the water-soluble extraction protocol was
checked by re-extracting ions from the previously used sam-
ple filter papers in the same manner and extraction efficacy (in
% units) which was recorded in the range of 90-100 %. The
average recoveries of ions from quartz filter papers were
found in the range of 92—100 %.

The accuracy and precision were within 5 %, whereas re-
covery was found to be varied between 96 and 100 %. The
instrument performance was checked against the working
standards after every five samples, and if the recovery was
not found within the range, then the instrument was re-cali-
brated. The field blank levels were calculated by following
same procedure, averaged, and subtracted from the sample

measurements The quality assurance and control are discussed
in detail in our previous works (Kumar and Yadav 2013;
Yadav and Kumar 2014).

Meteorological data

The meteorological parameters viz relative humidity, dew
point temperature, wind direction, wind speed, events, and
mixing height for the sampling period were taken from the
automatic weather station installed on the roof top of the
building adjacent to the sampling site in JNU and from Air
Resources Laboratory: National Oceanic and Atmospheric
Administration (ARL-NOAA) (http://www.arl.noaa.gov/)
and are provided in Table 1.

Results and discussions
Mass concentration of size-segregated aerosols

The mean mass concentrations along with standard deviation
(SD) of five different size fractions collected BF, DF, and AF
periods are given in Table 2. The percentage contribution of
each size fractions to their total sum (3’ PM, ) is also provided
in Table 2. The Y PM;, mass concentrations in BF, DF, and AF
periods were observed as 354, 1216, and 399 ug m73,
respectively, and were much higher than that observed by
Chatterjee et al. (2013) at Kolkata (711 pug m >) and
Nirmalkar et al. (2013) at Rajim, Chhattisgarh (556 ug m )
during similar events and exceeded the national ambient air
quality standards value of 60 g m > for 24 h average (CPCB,
New Delhi). At the time of firework display, i.e., DF, the
PM, 95 mass concentration reached as high as 786 g m°
showing an increase of ~4 times compared to BF period
(183 pg/m?), an observation similar to Joly et al. (2010).
Similar size distribution and contribution of PM; have been
observed during Chinese Spring Festival in Lanzhou, north-
western China by Zhao et al. (2014).

The PM, 5 (PMyos + PMg s 15) contribution to the total
PM,, load was found to be 62, 83, and 81 % in BF, DF, and,
AF periods, respectively. The smaller percentage contribution
of PM; 5_19 mass compared to PMy 95 to the PM;, during
firework displays suggested that more of PM o5 is generated
during firework activity. This is clear from Table 2 that the
other fractions have limited contributions to PM;q. This is
attributed to the emissions of finer aerosols (PM;, 5) due to
burning of fire crackers which further got enhanced on ac-
count of calm meteorological conditions (low wind speeds
and low mixing heights) (Table 1). The mass concentrations
of five different size fractions of aerosols collected before,
after, and during Diwali are plotted in Fig. 1.

The particle mass size distribution in BF period follows the
pattern of typical urban aerosols, i.e., bimodal. The finer mode
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Table 1 Meteorological

parameters during the Diwali Before Diwali (BF) During Diwali (DF) After Diwali (AF)
firework period in Delhi
Temperature (°C) 22 19.4 22.7
Dew Point (°C) 13.1 16.2 154
Humidity (%) 59.8 83.1 66.3
Sea level pressure (hPa) 1015 1013 1013.3
Visibility (Km) 1.3 0.5 1.1
PBL (mts)” 227 47 269
Wind direction W, NNW, NE Calm W, WNW
Wind speed (Km/h) 34 Calm 24
Events Fog

“Planet boundary layer (PBL) data is taken from Air Resources Laboratory (ARL) of the National Oceanic and

Atmospheric Administration (NOAA)

is attributed to vehicular (people travel a lot during BF and AF
periods) and local biomass burning as well as to air mass
transport from the biomass burning in adjoining states of
Haryana and Punjab (Singh and Kaskaoutis 2014) during the
month of November, and the coarser mode is attributed to
local fine aerosols and re-suspension activity (Gargava et al.
2014). The particle mass size distribution changes in DF and
AF period due to continuous emissions on DF period, as well
as citywide sweeping (Tandon et al. 2008) and the secondary
aerosol formation mechanisms in AF periods. The firework-
induced particles remain in suspension in air for long periods,
from days to weeks under prevailing meteorological condi-
tions (Kong et al. 2015).

WHSII variations in BF, DF, and AF periods

The data on the concentrations of water-soluble inorganic ions
(WSIIs) in different size fractions of aerosols collected BF,
AF, and DF are given in Table 3. The calculated ratio of total
anions to total cations for the DF period were found to be 1.25,
1.33,1.01, 1.11, and 0.86 for stages 1, 2, 3, 4, and 5 aerosols,
respectively, and indicated a cation deficient condition except
for stage 5. This lack of cations can be explained due to the
abundance of soluble transition metals, such as AI**, Pb>",
Cu?*, Mn**, Sr**, and Zn®*, which are used as additives in
the fireworks (Wang et al. 2007) but were not analyzed in this
work. The stage five (PM7,_;¢) largely contains the crustal

mass and least firework imprints and, therefore, does not show
cation deficiency. The value of 0.86 for stage 5 samples is so
because bicarbonate analysis was not performed, whereas the
crustal material in this region does contain the soluble carbon-
ates and bicarbonates (Kumar and Yadav 2016). The percent-
age contributions of each individual ion to the total sum of all
ions in size fractionated aerosols collected during firework
display in different time periods are given in Fig. 2a—o.

The WSII in PM, 95 of DF period shows the order of abun-
dance as SO, >K*">NO; > Cl > Mg > NH,* > Na* >
Ca®** > F~ (Fig. 2f). The concentrations of all ionic species
during DF periods were higher than those during the BF and
AF periods except for NH;*. Among the ionic species, Mg**
(4.43 pgm ), CI" (19.68 ugm ), and K* (113.40 pg m >) of
PMy 05 sampled in DF periods were considerably higher than
samples of BF and AF periods. The concentrations of Mg>*,
CI', and K* in PMg 95 of DF periods were approximately
147.7, 89.5, and 26.3 times higher, respectively, compared to
that in BF periods (Table 3).

The mass percentage contribution of the marker ions
(Mg?*, CI", and K* ) of firework displays went up to 39 %
in DF (Fig. 2f) compared to 15 % in BF (Fig. 2a). The per-
centage contribution of nitrate concentration did not increase
during firework display which was in agreement with Vecchi
et al. (2008), Drewnick et al. (2006), and Kong et al. (2015).
The other point is that the secondary inorganic aerosols (SIA)
(NH,*, SO,*”, and NO;) showed higher values in AF

Table 2 Aerosol mean mass

concentrations (1g m ) of PMy 95 PMo 0515 PMi 530 PM; 072 PMy75 1o

particles distributed through Dp First stage ~ Second stage ~ Third stage =~ Fourtstage  Fifthstage =~ >PM,,

(um) intervals before, during, and

after Diwali periods Before Diwali (BF) 183 £ 99 37+99 24 +99 73 +£99 36+99 354
% Y PMo 52 10 7 21 10
During Diwali (DF) 786 £93 216 +£45 102 +13 87+ 18 25+ 1 1216
% Yy PM, 65 18 8 7 2
After Diwali (AF) 256 + 83 68 + 68 28+9 28 +16 20+ 6 399
% Y PMjo 64 17 7 7 5
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Fig. 1 Mass size distribution of aerosols collected before Diwali (BF),
during Diwali (DF), and after Diwali (AF) periods. Stages on the X axis
are Ist stage Dp < 0.95 wm, 2nd stage 0.95 < Dp > 1.5 um, 3rd stage
1.5 < Dp > 3.0 um, 4th stage 3.0 < Dp > 7.2 um, and 5th stage
72<Dp=>10 pm

samples compared to DF. This suggested that the effect of
firework activities remained on the chemical composition of
finer fraction of aerosols collected even in AF period. The
reduced fraction of SIA associated in the DF period was due
to the lower amounts of NH," and NO;™ (Yang et al. 2014).
The higher values of ratio (AF/BF) for Mg**, Na*, K*, and C1~
ion are associated to the re-suspension of fine aerosols carry-
ing the imprints of tracer-source-specific elements of fire-
works. Tandon et al. (2008) have reported that nearly 27 %

of ambient aerosols mass on account of citywide sweeping on
the following morning of Diwali festival in Delhi. The contri-
butions on account of wind-assisted re-suspension can be
ruled out as the wind speed was lower (2.4 Km hh during
AF period compared to the BF period (3.4 km h™'; Table 1).
The molar ratio of CI” to Na* (CI /Na*) in aerosols remains
near unity in Delhi during the non-firework display periods
(Kumar and Yadav 2016), but it increased to 5.6 during the DF
periods. The C1/Na* ratio of atmospheric fine particles can be
used as the indicator of firework burning as observed by Tsai
et al. (2012) during Taiwan’s Lantern Festival.

The WSII in PMg 95_1.5 of DF period shows the follow-
ing order of abundance as SO4>~ > K* > CI” > NO; >
NH,* > Mg?* > Ca** > Na* > F~ and constituted 48 % of
the total mass concentration (Fig. 2g). The concentrations
of all ionic species during DF period were higher than AF
periods. Among the ionic species, Mg** (2.06 pg m ),
Cl (12.29 pg m>), and K* (26.34 pug m >) in PMg os_; 5
samples were higher than those observed in BF and AF
samples. The concentrations of Mg?*, CI”, and K* in DF
period were higher by a factor of 34.4, 3.7, and 32.1,
respectively, compared to their concentrations in BF sam-
ples. The percentage contributions of these marker ions
(Mg?*, CI", and K*) of firework displays went up to
40 % in total soluble ions in DF samples (Fig. 2g). The
NO;~ and NH4" concentrations in DF contributed to 11

Table 3  Mass concentrations of water-soluble inorganic ions (ug m™>), distributed through different particle diameter (Dp) aerosols collected before

(BF), after (AF), and during Diwali festival time

F cr NO;~ SO Na*  NH, Ca®*  Mg>™* Ylons PM  %lons  NO; /SO
PMj o5 (first stage )
BF 0.11 0.22 6.63 13.39 0.33 2.18 43 1.38 0.03 28.6 183 16 0.50
DF 1.24 19.68 31.80 172.11 2.28 3.20 113.4 1.46 4.43 349.6 786 44 0.18
AF 0.70 0.82 13.27 35.64 1.07 5.06 13.6 1.24 0.53 71.9 256 28 0.37
PMy 9515 (second stage)
BF 0.04 3.28 423 233 0.14 1.81 0.8 0.52 0.06 13.2 37 36 1.82
DF 0.50 12.29 11.65 45.68 0.46 3.64 26.3 0.57 2.06 103.2 216 48 0.26
AF 0.39 3.45 12.07 11.51 0.13 4.06 49 0.40 0.34 373 68 55 1.05
PM, 5 3 (third stage)
BF 0.03 1.46 1.84 091 0.09 0.67 0.3 0.81 0.05 6.1 24 26 2.02
DF 0.26 4.90 4.02 16.96 0.20 1.31 10.2 0.90 1.06 39.8 102 39 0.24
AF 0.18 1.46 4.20 3.01 0.06 1.44 1.4 0.54 0.16 12.5 28 45 1.39
PM; 4 7, (fourth stage)
BF 0.05 2.28 5.08 1.66 0.27 0.60 0.3 1.99 0.14 12.4 73 17 3.06
DF 0.34 3.29 5.34 9.90 0.25 1.15 5.7 2.19 0.59 28.8 87 33 0.54
AF 0.24 1.53 5.24 1.80 0.13 1.17 0.8 1.37 0.13 12.4 28 45 291
PM;, 0 (fifth stage)
BF 0.03 0.77 1.66 0.61 0.13 0.20 0.1 0.95 0.06 4.6 36 13 2.72
DF 0.18 1.01 1.95 1.81 0.07 0.70 1.1 0.90 0.12 7.8 25 31 1.08
AF 0.17 0.78 2.13 0.64 0.07 0.65 0.2 0.74 0.05 54 20 27 335
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Fig.2 Percentage contribution of a
individual ions to total sum of all
ions aersols collected before
Diwali (left column), during
Diwali (middle column), and after a
Diwali periods (right column). a— 08%

e, fj, k—o represent the first stage F/Mg
Dp <0.95 um, second stage 0.4%0.1%

k

Cl )
11% 1.0% 0.7% 70%

0.95 <Dp > 1.5 um, third stage
1.5 <Dp > 3.0 um, fourth stage
3.0<Dp=>7.2 um, and fifth stage
7.2 <Dp > 10 pum, respectively
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46%
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109% ! %

13%

09% 38%

and 4 % (Fig. 2g) of the total WSII, but it increased up to
32 and 11 %, respectively, during AF (Fig. 21). This indi-
cates the formation of SIA from the emissions of firework
displays after DF period.

The WSII in PM; 5 3 ¢ of DF period followed the order
of abundance as SO,> > K* > CI” > NO; > NH,* >
Mg** > Ca®* > F > Na* and constituted 39 % of the total
mass concentration (Table 3; Fig. 2h). Among the ionic
species, Mg®* (1.06 ug m*), CI” (4.90 ug m ), and K*
(10.18 pug m ) of PM, 5 5 sampled in DF periods were
higher than those observed in BF and AF samples. The
concentrations of Mg?*, CI”, and K* during DF periods
were 21.3, 3.4, and 36.4 times, respectively, which are
higher than BF periods. The mass percentage contribution
of these ions (Mg?*, CI", and K* ) to total WSII rose to
40 % in DF samples (Fig. 2h) compared to 29 and 24 %
in BF and AF periods, respectively (Fig. 2c, m). The
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NO; ™ and NH," concentrations in DF samples constituted
only 10 and 3 % (Fig. 2h) of total WSII, but it increased
up to 33 and 9 % in BF and AF periods, respectively
(Fig. 2¢, m).

The WSII in PM3y 7, of DF period shows the fol-
lowing order of abundance as SO,* > K* > NO; > CI
> Ca’* > NH,* > Mg?* > F > Na* and contributes
33 % of the total mass concentration (Table 3; Fig. 2i),
which is relatively lower than the percentage contribu-
tions of all WSII to mass concentrations of stages 1, 2,
and 3 (Fig. 2f-h). It suggests that WSIIs generated dur-
ing firework are more concentrated in finer fraction of
aerosols and contain more water-soluble ions. The con-
centrations of Mg>*, Cl", and K* in DF periods were
approximately 4.2, 1.4, and 16.8 times, respectively,
higher than BF periods. The mass percentage contribu-
tion of these ions (Mg®*, CI, and K¥) rose to 33 %
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during DF period (Fig. 2i) compared to 29 and 19 %
during BF and AF periods, respectively (Fig. 2d, n).

The WSII in PM,,_;9 of DF period shows the fol-
lowing order of abundance as NO; > SO, > K' >
ClI” > Ca®* > NH,* > F~ > Mg®* > Na* and contributes
31 % of the total mass concentration which is lowest
percentage contribution (Table 3; Fig. 2j) of WSII
among all size fractions (Fig. 2f-i). The mass concen-
tration of PM;, 19 (25 ug m ) in DF period is lower
than that in BF (36 pug m °). This suggests that
firework-induced aerosols dominates only in the particle
size range below 3 pum, and the particles in coarser size
fractions are least affected by firework displays.

Sulfur and nitrogen in the atmosphere originate from
both stationary and mobile sources. Arimoto et al.
(1996) used the mass ratio of [NO; ]/[SO4>] as an
indicator of relative importance of stationary versus mo-
bile sources of sulfur and nitrogen in the atmosphere.

High [NO; ]/[SO4>] mass ratios indicate the predomi-
nance of mobile sources over the stationary source pol-
lutants. In the present study, this ratio was found to be
0.3 for DF, indicating the dominance of stationary
source as firework displays over mobile sources, which
are more active in BF and AF periods. This is also
reflected in the higher values of this ratio in all size
range aerosols of BF and AF samples compared to DF
samples (Table 3). Wang et al. (2007) have also report-
ed the influence of firework activity on NO;~ and SO,>
~ concentrations in aerosols.

Size distribution of major WSII

The size distribution for major water-soluble ions (NH,*, K*,
Cl, SO42_, Mg2+, and NO; ) is shown in Fig. 3 during three
different periods (BF, DF, and AF). All soluble ions showed
highest concentrations in PMg 95 fractions followed by

Fig. 3 Mas size distribution of 2% 65 o
major water-soluble inorganic ——BF —&-IF Cr ——5F -0 N
ions in Diwali time sampling 0 -—-é-- AF o591 6 --¢-- AF
[before Diwali (BF); during S i
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PMy 951 5 fractions, whereas all other fractions have limited
amounts of soluble ions. The CI” and NO5;  showed bimodal
distribution in BF and AF samples, but during DF period, C1™
ions follow a linear decrease from stage 1 to stage 5, and NO3 ™~
ion still follow nearly bimodal with more enrichment in first
stage fraction. This is indicative of single source (firework) for
CIl ions and two sources (firework and crustal dust) for NO;
ions.

In general, it can be arrived at that all ions show
unimodal distribution with highest concentrations in stage
1 (PM 95) aerosols which decrease in linear fashion until
stage 3 and follow flat pattern afterward. The other infor-
mation from Fig. 3 is that all soluble ions showed higher
concentrations in DF followed by AF samples except that
CI' ions show similar concentrations and size distribution
pattern in BF and AF samples. The size distributions for
soluble jons (K* and Mg>*) that are directly emitted by
firework displays follow similar size distribution patterns
compared to the ions (NOj3 , SO427, NH,*) which are
formed in the ambient atmosphere as secondary product.
Variations in Cl size distribution and concentration were
in tune with K* ions and CI” showed strong correlation
with K* for all size fractions in DF samples. Thus, CI™ is
also likely to be of primary origin as K* ions from fire-
work displays.

Carbonaceous materials in PM, o5

Total carbon (TC = EC + OC) component in PM,, 95 aerosols
over Delhi during firework displays was 145.99 ug m . The
TC was dominated by OC (115.75 ug m>) in comparison to
EC (30.24 ug m °) in DF samples and was about 2.6 and 1.8
times higher than that observed in BF and AF samples, re-
spectively (Table 4).

In Delhi, generally OC content dominates over the EC
content in all seasons (Kumar and Yadav 2016). The EC
fraction for DF is higher than BF and AF periods as also
previously observed by Sarkar et al. (2010). This increase
in EC on Diwali day indicates the contributions from fire-
work burnings. Charcoal, used in fireworks, could possi-
bly be a reason for high EC during Diwali day (Wang
et al. 2007). This is further supported by the higher EC1
(char EC 26.66 ug m ) compared to less than 1 pg m >
concentrations of EC2 and EC3 in DF samples. The EC2
and EC3, marked as soot EC, are formed due to high
temperature burning of fossil fuel, and limited vehicular
activity on DF period is a possible reason for that as
people stay at home during the festival night. Soot EC
(EC2 + EC3) was higher (in only relative terms as the
concentrations remained less than 1 pg m ) in DF period
compared to BF and AF periods due to its limited direct
emissions from firework displays as has also been ob-
served by Do et al. (2012).
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Table 4 Organic carbon (OC) and elemental carbon (EC)
concentrations ([g m > units) in PMg.e5 collected during Diwali festival
time in Delhi

Before Diwali (BF) During Diwali (DF) After Diwali (AF)

OC1 0.02 0.25 0.17
0oC2 18.21 24.28 12
0ocC3 13.06 31.28 16.06
OoC4 1.21 5.23 3.87
EC1 13.6 26.66 20.22
EC2 0.36 0.71 0.53
EC3 0.06 0.37 0.19
OP 14.28 332 13.31
oC 47 94 45
EC 14 28 21
TC 61 122 66
PMoos 183 786 256
TCM? 90 181 96
% TCM 49 23 37

#TCM = organic matter (OM) + elemental matter (EM); OM = 1.6 x OC
and EM = 1.1 x EC

Among the OC fractions, OC2 and OC3 were dominant
contributors with limited amounts of OC1 and small
amount of OC4. Therefore, it can be arrived at that fire-
work displays add OC2, OC3, and EC1 to the carbon
fraction in PM 95 in the ambient atmosphere. The before
Diwali sample showed considerable concentrations of OC
and EC, which may be due to high influx of traffic from
neighboring regions into Delhi during this time for festi-
val shopping and biomass burning prevalent in adjoining
states of Punjab and Haryana (Singh and Kaskaoutis
2014). The AF period concentrations of OC and EC are
linked to re-suspension of deposited emissions of firework
displays on preceding night.

High OC/EC ratio value of 3.4 could be used as pos-
sible signature for firework displays. The decrease in OC/
EC ratio in AF period is indicative of the fact that the
direct emission of firework displays has ceased and the
contributions of diesel vehicle exhaust started showing up
as well as photochemistry-based production of secondary
organic aerosols (Feng et al. 2012).

The total carbonaceous material (TCM) was estimated as
follows after Yttri et al. (2007):

TCM = organic matter(OM) + elemental matter(EM)

where OM = 1.6 x OC and EM = 1.1 x EC.

For conversion of OC to OM, a wide range of values (1.2 to
2.1) has been reported (Turpin and Lim 2001), but a value of
1.6 has been used for the urban aerosols (Cao et al. 2003). To
calculate EM from EC, a conversion factor of 1.1 was used
after Kiss et al. (2002). The TCM accounted for 49, 23, and
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37 % in BF, DF, and AF samples, respectively (Table 4). The
high percentage contribution of TCM in AF is associated with
aging mechanism, i.e., formation of secondary organic aero-
sols (Feng et al. 2012). Higher TCM in BF samples are direct-
ly linked to the sources as there are large traffic inflows and
movements across the city as people greet each other and do
shopping, whereas people stay at home for festival celebra-
tions during DF period.

Health risk assessment

The airborne particles enter into the human body through
breathing and finally reach to different body parts based on
their aerodynamic diameter. The distribution of particles and
chemical constituents in three major fractions, alveolar
(<0.95 um), respirable (<3.0 wm), and inhalable (<7.2 pwm)
was calculated according to O’Shaughnessy and Raabe (2003)
and is shown in Fig. 4. The inhalable fraction represents par-
ticles of an aerodynamic diameter that can enter the nose and/
or mouth during breathing. The respirable fraction contains
particles of acrodynamic sizes that can penetrate beyond lar-
ynx and enter into lungs, and the alveolar fraction of aerosol
contains particles of aerodynamic sizes that can penetrate into
the gas exchange regions of the lungs (the alveolar region).
The alveolar, respirable, and inhalable fractions
accounted for 64.6, 90.8, and 97.8 %, respectively, of
the total PM;y mass. The major WSII exhibited significant
abundance in these fractions. It is important to note that
alveolar fraction is more dominant than the other two
fractions and always constituted more than 50 % of the
other two fractions. The results hint that serious health
implications can emerge, more so in case of children,
old age persons, and those already suffering from

160 1

HAlveolar ERespirable OlInhalable

804

mass concentration (ug m-3)

404

Mg*3 Cl NO3 K72 S04/2 PM/5

Fig. 4 Distribution of soluble ions and particulate matter in alveolar
(<0.97 um), respirable (<3.0 um), and inhalable (<7.2 wm) fractions
during firework display at Delhi. The concentrations of K*, SO,*", and
PM;, are divided by a factor of 2, 2, and 5 and Mg?* is multiplied by 3 to
bring the values in scale

breathing or other diseases, even though people are
exposed to such emission for a limited period. Recently,
Ganguly (2015) have reported that firework activity indi-
rectly influences the survival rates of viruses responsible
for viral infections resulting in sudden hike in respiratory
infections during the festival. It is suggested either to re-
duce the firework activity or to wear the mask fitted with
air filter during the firework activity to safe guard the
human health from direct and indirect effects of this
activity.

Discussions

The results of this study indicated that firework displays play
three different roles in the aerosols mass concentrations and
their soluble ion characteristics. First, the firework displays is
a potential source of PMg 95 fraction followed by PMg 95 5
and PM; 5_3 ¢ in the ambient atmosphere. The high concentra-
tions could be on account of direct emissions of particles dur-
ing this activity. Higher Mg** concentrations are due to its use
as metallic fuel in fireworks for color and brightness (Wang
etal. 2007; Chatterjee et al. 2013). The high CI” concentration
was due to the fact that oxidizers used in the firecrackers are
salts of chlorates and per chlorates. Potassium salts such as
nitrates, chlorates, and per chlorates are widely used as oxi-
dizers in fireworks. The chemical equations which explain the
formations of soluble salts of chloride and potassium during
firework displays (Wang et al. 2007) can be written as 2KNO;
=2KNO, + O,, 2KClO;5 = 2KCl + 30,, and KCIO4 = KCI +
20,. These salts of CI", Mg**, and K* are directly emitted in
atmosphere and are water soluble in nature. Many sulfate salts
of calcium and magnesium are used in fireworks to introduce
color and brightness which are eventually responsible for high
SO,, Ca*, and Mg*" ions in aerosols.

Second, the higher aerosol mass and soluble ion con-
centrations are linked not only to their direct emissions
but also to their restricted vertical dispersal after emission.
The light energy released during firework displays chang-
es the meteorological conditions which favors accumula-
tions of particles and gaseous emissions near the surface
and results in higher concentrations. The firework activity
is known to affect the meteorological parameters such as
temperature and relative humidity (Saha et al. 2014).
Devara et al. (2015) have reported warming of
+82 W m 2 in the atmosphere during festival period. In
the present work, it is important to note that the mixing
height on the Diwali night reduced as low as 50 mts com-
pared to before (227 mts) and after (269 mts) Diwali pe-
riod (Table 1). Temperature inversions conditions and
lowering of mixing height are frequent natural phenome-
non in this region but during extreme winters not during
Diwali festival period. Here, we suggest that the lowering
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of mixing height is induced by firework displays. The
light emitted during firework displays in Delhi has been
observed to have wavelength less than 242 nm and was
enough to break molecular oxygen (Attri et al. 2001).
This could lead to the warming of ambient atmosphere
near the surface as has also been reported by Devara
et al. (2015). Since the surface remained cooler and sud-
den increase in temperature near the surface lead to tem-
perature inversion conditions (by definition), the height at
which the temperature increased became the mixing
height as it acted as barrier for air to rise and pollutants
to disperse (Fig. 5). The burning of firecrackers emits
large amount of soot particles and metal oxide in the size
range of less than 1 um (Prakash et al. 2013), which
accumulate in ambient atmosphere under the firework ac-
tivity induced inversion conditions.

Third, the high energy light could lead to formations of
secondary pollutants (Attri et al. 2001; Jiang et al. 2015).
The higher concentrations of NO3 SO427, and NH," are
attributed to the presence of precursor gases such as SO,,
NO,, NH3, light energy, and the humidity. The water mol-
ecules, one of the end products in firework burning, get
concentrated in ambient atmosphere as the water vapor
holding capacity of hot air increases (Ganguly 2015;
Devara et al. 2015). Based on this, we suggest that both
gas phase and aqueous phase photochemical reactions
lead to formation of secondary pollutants. The calcium
and magnesium salts produced SO, which eventually gets
oxidizes to SO, due to photochemical processes. This
transformation is accelerated by Fe content emitted during
firework displays (Chatterjee et al. 2013), not analyzed in
this work. The aqueous phase transformation of SO, into
SO,* is facilitated by H,O,. The hydrogen peroxide is

A Mixing height on After
Diwali day 269 mts

Mixing height on Before
Diwali day 227 mts
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Fig. 5 Demonstrative graph explaining firework-induced temperature
inversion condition in ambient atmosphere (the height of temperature
inversion becomes the mixing height)
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formed by chain terminating steps of OH, radicals. The
possible pathways can be written as follows:

<242 nm
—

O,
0, +0— O3
light ]
03 - 0 D2 + 02
0'D, + H,0—20H
OH + NO,—NO + HO,
H20 + H02—>H202 + 02
H,0, + SO,—H,SO4———— aqueous phase reaction
light+VOCs,CO, CH,
O — N02

NO; + 03—NO; + 02

NO3 + NO—2NO;
NO3 + N02—>N205

The conversion of ammonia to ammonium ions has been
previously reported by Kumar and Yadav (2016) in PM;,
aerosols in this region on account of emissions of ammonia
from livestock, fertilizer applications, vehicular emissions
(during reduction of NOx to molecular N), and the favorable
meteorological conditions. The increments in amounts of
aerosols and the soluble ions concentrations during AF period
are due to the uplifting of the fine aerosols deposited during
the preceding night by large-scale citywide sweeping activity
as discussed before. In addition CaCO;3, CaSQy,, and
Ca(NQOy), are the dominant chemical forms in the desert dust
particles (Radhi et al. 2010), which are abundantly available in
this region (Yadav and Rajamani 2004, 2006) and undergo re-
suspension. The heterogeneous mineral dust mediated reac-
tions of SO, and NOx, emitted directly from firework, such
as replacement of CI” by NO;~, and SO,>", coating of NO;~
and SO4>~ on soot, and formation of secondary organic aero-
sols are the main aging mechanisms of firework induced par-
ticles (Kong et al. 2015) and responsible for high concentra-
tion of SIA after firework display.

Conclusions

The widespread firework displays during Diwali festival is re-
sponsible for higher aerosol’s mass concentrations in the ambi-
ent atmosphere. This activity contributes more aerosols in
PM, 95 fractions and raised the mass concentrations to
786 ug m > compared to 40 pg m > limit for PM, s as per
NAAQS in India. The alveolar, respirable, and inhalable frac-
tions accounted for 64.6, 90.8, and 97.8 %, respectively, of the
total PM, mass. The concentrations of aerosol’s mass and
most of WSII were highest in PM 95 and decreased with in-
crease in particle size during firework displays. The mass con-
centration of Mg2+, CI', and K* (markers for firework) shows
147.7, 89.5, and 26.3 times higher value, respectively, in
PMj 95 during Diwali period compared to before Diwali period.
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The firework contributes more OC compared to EC to the TC,
and among different carbon fractions, OC2, OC3, and EC1 are
dominant contributions. The high CI'/Na* (5.6) and high OC/
EC (3.4) ratios of PM, o5 can be used as the tracers for firework
displays. The firework displays also induce the temperature
inversion conditions and reduced the mixing height as low as
50 mts in comparison 227 and 269 mts during BF and AF
periods, respectively. This phenomenon helps in accumulations
of airborne fine particles and gaseous constituents near the
surface. Firework displays also facilitated the gas phase and
aqueous phase photochemical reactions for the formation of
secondary pollutants. The study indicated that firework dis-
plays directly and indirectly influence the mass concentrations
and soluble ion and carbon contents of ambient size-segregated
aerosols. This activity is expected to have severe health impacts
during the small time of direct exposure. Hence, public opinion
against firework displays during festival seasons must be
evolved to safeguard human health.
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