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Abstract Size-segregated aerosol samples were collected
at Raipur, India, during the period of October 2008 to
September 2009, using eight-stage cascade impactor-type
aerosol sampler at a flow rate of 28.3 I/min. The results
give information about the mass concentrations, seasonal
variations, and sources of water-soluble inorganic species
viz. Na', NH,", K', Mg*", Ca**, CI', NO5", and SO,* in
both PM, 5_1o (coarse) and PM, 5 (fine) fractions. Annual
mean of mass concentrations of PM, s o and PM, s
aerosols were monitored to be 200.7+55.1 and 185.9+
66.9 ng/m’, respectively. The annual mean concentrations
of the inorganic components were monitored to be 5.4+2.4,
6.2+4.7, 5.3+1.8, 3.2+0.46, 40.8+7.9, 9.2+3.8, 21.6£5.5,
and 17.9+4.0 ug/m3 in PM, s 1, aerosols and 4.1+2.1,
13.4+4.2, 7.7+£2.0, 1.7+£0.4, 18.7+£5.4, 9.7+3.1, 13.4+5.7,
and 36.8+10.0 pg/m’, respectively, in PM, 5 aerosols, for
the above ions. The concentration of Na*, Mg>", and Ca*"
were higher in spring and summer. The seasonal variation
of secondary components NH,", NO;", and SO,> were
similar; that means high concentration in winter and low
concentration in fall. The results obtained from factor
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analysis suggested the presence of three main compo-
nents/sources in the coarse and fine modes namely regional
pollution, airborne road dust, and traffic emissions, which
contributed 94.0% and 83.2% of the total variance of the
system respectively for the PM, s 1o and PM, s aerosols
data set.
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Introduction

Tropospheric concentrations of aerosol particles have
increased significantly over the last 150 years and continue
to increase further due to urbanization and industrialization,
particularly in developing countries (Tiwari et al. 2009).
Particulate matter (PM) is currently eliciting strong research
interest due to their ability to alter the climate, the
biochemical cycles, the chemistry of atmosphere, as well
as cause for adverse health effects in humans (Shi et al.
2001; Kocak et al. 2007; Pope et al. 2002). Atmospheric
aerosol particles exhibit wide range of sizes, from nanome-
ter to micrometer range, while chemical composition differs
greatly among the size ranges, and even among individual
particles within a given size interval (Kim et al. 2002;
Rinaldi et al. 2007). The sources, characteristics, and
potential health effects of large coarse particles (>2.5 um
in diameter; PM, s 1¢) are different from that of fine
particles (<2.5 pum in diameter, PM,s), as fine particles
can penetrate deep into the lungs easily and therefore are
likely to increase respiratory and mutagenic diseases (Wang
et al. 2002; Akyuz and Cabuk 2009; Harrison and Yin
2000). However, the scientific understanding of how
different PM, 5 components influence human health is
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still an area of active research (Franklin et al. 2008; Bell
et al. 2009).

PM less than 10 pum, but greater than 2.5 um in diameter
(PM, 5_10; coarse PM) have also been shown to have health
effects in the short-term while long-term effects are yet to
be confirmed (Lin et al. 2005; Bai et al. 2007). Neverthe-
less, PM, 5 particle is one of the criteria pollutants in India
with limit value of 65 pg/m? as 24-h average and 40 pg/m’
as annual average (National Ambient Air Quality Stand-
ards; NAAQS, India; http://www.scorecard.org/env-release/
def/cap naaqs.html). Findings from various studies,
though, showed that the concentrations of PM, 5 exceeded
the NAAQS of India (Tiwari et al. 2009; Kulshrestha et al.
2009). Therefore, knowledge of the chemical composition
of airborne particulate matters and their sources is neces-
sary for scheduling policies to reduce pollution and its
negative effect on human health and monuments. In this
context, the study of air quality and the identification of
pollution emission sources are also equally important (Bem
et al. 2003; Kulmatov and Hojamberdiev 2010).

Water-soluble ions are chemical species which are easily
soluble in water in the lower troposphere under certain
conditions (Kulshrestha et al. 2009). It is known that
aerosol and their associated ions play an important role in
the content of chemical species in atmospheric ecosystem
interfaces (Ruhling and Tyler 2004; Salam et al. 2008). In
many urban and rural areas, water-soluble inorganic ions
(Na*, NH,", K", Mg*", Ca**, CI', NO5", and SO4>) account
for large fractions of atmospheric particle mass and
associated with adverse effect on human health and
acidification (Yao et al. 2002). Sulfate (SO4>), nitrate
(NO3") and ammonium (NH,") are the most common
components of secondary particles in the atmosphere which
are usually formed from the direct emissions of sulfur
dioxide (SO,), nitrogen dioxide (NO,), and ammonia (NH3)
gases in the atmosphere (Wang et al. 2006).

The continued use of wood and coal for cooking are
unavoidable issues in developing countries (Kumar et al.
2007), and India is no exception to it. Several investigators
have studied the chemical composition, mass, and size
distribution of atmospheric aerosols both in India
(Rastogi and Sarin 2005; Parmar et al. 2001) and abroad
(Yao et al. 2002; Sun et al. 2004; Wang et al. 2005). Most
of the earlier studies reported in India are only focused on
the physical characteristics of aerosols (Moorthy et al.
1991; Parmeshwaran et al. 1998; Pilli et al. 2002) except
few studies which have been conducted at urban sites and
industrial location for chemical characterization of aero-
sols (Parmar et al. 2001; Sharma and Maloo 2005; Kumar
et al. 2007; Tiwari et al. 2009).

However, the information on air quality in terms of
water-soluble ionic composition in PM,s o and PM; s
aerosols are inadequate for a rapidly growing industrial city
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Raipur, Chhattisgarh, situated at the eastern central region
of India. In order to address the needs indicated above, size-
segregated acrosol samples were collected between the
period of October 2008 and September 2009 at sampling
site Raipur (Chhattisgarh), India in four different seasons,
winter (October to January), spring (February to March),
summer (April to June), and fall (July to September) to
study the mass concentrations, seasonal variation, and
sources of PM, 5 ;o and PM, 5 aerosols and its important
water-soluble ionic constituents.

Experimental
Sampling location

Figure 1 shows the location of the sampling site selected at
Raipur (21°14°N, 81°38’E, 297 m above sea level), India,
for continuous sampling of aerosols to study the ambient air
quality. Raipur, the study area, has population of 1.2 million
with a huge population growth rate especially after it
became the capital of a new state Chhattisgarh, in India.
With the rapid urbanization and motorization of Raipur, this
is manifested by increasing energy consumption and sharp
increase of motor vehicles, the PM pollution in Raipur
remains at a much higher level than the National Ambient
Air Quality Standards of India (Deshmukh et al. 2010). The
collection of atmospheric aerosols was performed at the
terrace of the building School of Studies in Chemistry,
Pandit Ravishankar Shukla University, at an altitude of
approximately 15 m from the ground level. There is the
National Highway, namely, Great Eastern Road, which
adjoins Kolkata and Mumbai, approximately 400 m away
from the sampling site with frequent heavy vehicular
traffic volume of nearly 25,000 vehicles per day. The
study area is literally sandwiched between two industrial
complexes on its eastern and western outskirts extended
at distances of about 20-30 km, with some big industries
such as Bhilai Steel Plant, Jamul Cement Factory,
Century Cement, Larson and Toubro Cement, Monnet
Sponge Iron and Power Plant, Woolworth Textile Plant,
etc. Apart from this, a large number of fertilizer plants,
oil extraction plants, agro-forest plants, and electrical
goods manufacturing plants are also set within the
circumference of 30 km. A detailed description of the
site is given elsewhere (Deshmukh et al. 2010).

Sample collection

The aerosol samples were collected from October 2008 to
September 2009 using eight-stage cascade impactor-type
aerosol sampler (Model TE 20-800 Tisch Air Pollution
Monitoring Equipment, USA), which separated particles
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Fig. 1 A map of the study area showing location of the sampling site

into eight size fractions between 0.4 and 10.0 um, accord-
ing to the following equivalent aerodynamic cut-off
diameter of stages, 10.0-9.0 (stage 0), 9.0-5.8 (stage 1),
5.8-4.4 (stage 2), 4.4-2.5 (stage 3), 2.5-2.1 (stage 4), 2.1—

1.0 (stage 5); 1.0-0.7 (stage 6), and 0.7-0.4 um (stage 7).
The flow rate was maintained at 28.3 Lmin"' during the
collection of the samples. The sampling frequency was two
samplings per week at fixed-day intervals throughout the
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year covering all four prevailing seasons (winter, spring,
summer, and fall) in this region. Therefore, in total, during
the period of study, 96 samplings (96 x 8 size fractions=768
samples of eight different size fractions) were carried out.
The sum of particles of the upper four stages of the eight-
stage cascade impactor (stage 0 to stage 3) are considered
as coarse particles (2.5<Da<10.0 um). Similarly, the sum
of particles of the lower four stages (stage 4 to stage 7) are
considered as fine particles (Da<2.5 pm; see cut-off
diameter of each stage given above). Thus, after summing
up the above samples, a total of 96 samples each of coarse
and fine particles were analyzed. The sampler was run for
the period of 24 h (started in the morning 6AM) so that
analytical amount of samples could be obtained. A set of
field blank filter was also collected. The samples were
collected on dried and pre-weighed 80 mm Whatman 41
glass filters. The filters were kept in vacuum desiccators for
24 h to remove any moisture content before mounting them
on the air sampler. After sampling, the filters were
immediately transferred to vacuum desiccators to again
de-moisture in the same manner. Before and after sampling,
the filters were weighed using an analytical balance
(Sartorius CP225D) with a reading precision of 10 pg after
stabilizing under a constant temperature (20+5°C) and
humidity (40+2%). The exposed filters and field blanks
were placed into polyethylene bottles and kept frozen at
—20°C during storage and transported to the Public Health
and Research Institute of Kobe City, Japan, for analysis.

Methods

One fourth of the filter samples were extracted into 10 ml
ultrapure water (specific resistance, 18 MCQ cm) by using an
ultrasonic bath (UT-105 S, Sharp, Japan) and a shaker
(EYELA Multi Shaker, Rikakikoi Co., Tokyo, Japan) to
further measure various water-soluble inorganic ions. The
ultrasonic and mechanical agitations were operated for
45 min in each case. The extracted solutions were filtered
through microporous membranes (pore size, 0.45 pm;
diameter, 25 mm). The pH of the filtrate solution was
measured employing a pH meter (Systronic India, model
324). After the pH measurement, the filtered samples were
preserved at 4°C in a refrigerator.

The major anions (CI, NO5, and SO,*) and cations
(Na®, NH,", K*, Mg®" and Ca®") were quantitatively
determined by Ion Chromatograph (Dionex, DX-120,
USA). The determination of anions and cations was
performed using separating columns, lonpac AS 12A and
CS 16A, respectively. Eluents of 2.7 Na,CO5; and 0.3 mM
NaHCOj; (Wako, Japan) were prepared and used for the
detection of anions with a pump flow rate of 1.5 ml min™".
A 2.6-mM methane sulphonic acid (CH3SO3;H) solution
was used as an eluent for cation analysis with a pump flow
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rate of 1 ml min™'. Tons were identified based on their
retention time. The method detection limit (DL) was
calculated for the Na*, NH,", K*, Mg2+, Ca*', CI, NO5,
and SO,* ions. A 1 ppm of the laboratory prepared
calibration standard was used to calculate DL. The obtained
DL were 0.01, 0.03, 0.02, 0.01, 0.01, 0.01, 0.01, and
0.02 pug/m’ for Na, NH,", K", Mg”*, Ca*", CI', NO5, and
SO,*, respectively. Blank concentration was measured
using field blank samples. Blank filters were extracted
and passed through similar procedures as followed for
the extraction and preparation of the regular particulate
sample to analyze with the ion chromatography. The
overall mean concentrations for field blank samples
collected over a year were observed to be 0.05, 0.10,
0.01, 0.00, 0.01, 0.23, 0.00 and 0.21 ug/m3 for Na*,
NH,", K, Mg2+, Ca2+, CI', NO;", and SO42', respectively.
All the reported PM mass and water-soluble ion concen-
trations have been corrected using field blanks.

Meteorology of the sampling location

The meteorological data, including temperature (T, °C),
vapor pressure (VP, kPa), rainfall (RF, mm), relative
humidity (RH, %), wind speed (WS, m/s), and wind
direction (WD, degree) were obtained from the Depart-
ment of Agrometeorology, Indira Gandhi Agricultural
University, Raipur, India, which is located at an aerial
distance of approximately 4 km in north—east direction
from the sampling site. Figure 2 shows monthly
variations in T, RH, RF, VP, WS, and WD during the
study period, where vertical bars indicate standard
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Fig. 2 Variations of monthly averages of meteorological parameters
from October 2008 to September 2009. The curves drawn through
hollow spheres represent parameters in the left axis and through solid
spheres those in right axis
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deviations from their respective mean. December is a
cold winter month with an average temperature of 20.7°C
that rises in summer and attains a maximum 35.3°C in
May, shown in the upper panel of Fig. 2. The annual
mean temperature was found to be about 27.7°C during
the study period. The observed highest vapor pressure
was 3.1 kPa in August and September and the lowest
were 1.2 and 1.3 kPa in April and February, respectively.
The relative humidity, shown in the middle panel of
Fig. 2, varied from 27% (April) to 85% (August), with an
annual mean of 57% during the study period. In Raipur,
fall was relatively wet with monthly average of 127.3,
66.6, and 24.3 mm in July, August, and September,
respectively, while winter was very dry with precipitation
of 2.5, 0.0, 0.0, and 0.0 mm in October, November,
December, and January, respectively. Wind speed and
direction were plotted in the lower panel of Fig. 2. The
prevailing wind were south—west (SW) during the study
period with wind speed varying from 1.9 (December) to
10.8 m/s (July). The annual mean wind speed was found
to be 5.1 m/s during the study period. Wind rose plots
(Fig. 3) were generated by using a WRPLOT View
(Lakes Environmental, Canada). Figure 3 also indicated
that the winter and spring are relatively calm (58.70%
and 48.89%) than summer and fall seasons.

Results and discussion
Mass concentrations of size-segregated aerosols

Table 1 shows a statistical summary of mass concentrations
in the different size ranges in Raipur. As Table 1 shows, the
size distribution of the aerosol mass for atmospheric
particles Da<10 um was bimodal (or monomodal) centered
on stage 3. Overall the 51.9% and 48.1% of the aerosol
mass was distributed in the coarse (stage 0-3) and fine
(stage 4-7) size range, respectively, to the total aerosol
mass. However, stage 3 showed the maximum value and
the minimum value was observed on stage 7. This
difference in mass distribution is apparently dependent on
the aerosol air concentrations and resuspended soil dusts
could be the possible source for the particles Da<10 pm
near the sampling site.

Overall mass concentration and distribution of PM, 5_;,
and PM, s atmospheric aerosol particulate matters

Concentrations of PM, s 19, PM, 5 and ratios of PM, s/
PM, in Raipur from October 2008 to September 2009 are
shown in Table 2. Mass concentrations of PM, s ;, and
PM, s in Raipur were in the range of 101.2-298.4 and

Fig. 3 Wind rose plots for
winter, spring, summer, and fall
seasons for the period of Octo-

ber 2008 to September 2009
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Table 1 The size-segregated

mass concentration (micrograms Stages Size range (1m) Statistics on mass concentration (ug/m3 )

per cubic meter) of aerosol . N . 4

particles in Raipur Min Max Mean SD CV

during October 2008 to

September 2009 Stage 0 10.0-9.0 17.9 57.2 35.7 11.1 0.31
Stage 1 9.0-5.8 18.8 93.5 59.8 253 0.42
Stage 2 5.8-4.4 10.3 449 28.3 10.2 0.36
Stage 3 4425 23.4 131.3 76.9 335 0.44

* Minimum Stage 4 25-2.1 14.8 722 56.6 20.1 0.35

b .

Maximum Stage 5 2.1-1.0 12.5 64.4 46.8 19.2 0.41
¢ Standard deviation Stage 6 1.0-0.7 12.9 65.4 44.6 18.9 0.42
¢ Coefficient of variance Stage 7 0.7-0.4 37.9 12.3 11.5 48.8 0.33

(CV=SD/mean)

104.5-298.6 pg/m>, with a mean and standard deviation of
200.7+55.1 and 185.94£66.9 ug/m’, respectively. Frequen-
cies of 24-h PM, 5 mass concentrations exceeding 65 pg/m?
(National Ambient Air Quality Standards of India,
NAAQS; http://www.scorecard.org/env-releases/def/cap
naags.html) at Raipur were 100% during the study period
with a further distribution of 50%, 19%, 25%, and 6% for
samples more than two, three, four, and five times,
respectively, that of the above prescribed limit. As shown
in Table 2, the average loading of PM,s o and PM, s
showed higher deposition during winter than spring and
summer seasons. However, the lowest concentrations of
PM, 5 190 and PM, s were found in monsoon season. The
data shown in Table 2 indicates clearly that the airborne
particulate pollution is very serious at Raipur, and it is
much worse in winter than in summer. The high concen-
trations of PM,s_ 19 and PM, s during winter season is
expected to be caused by the combined effects of the
elevated emissions from fossil fuel and coal burning and
also due to the prevailing meteorological conditions such as
lower temperature, wind speed, and mixing height. The
lower inversion layer caused by low mixing height limits
the dilution and dispersion of PM, s pollutants during
winter season. The high concentrations of PM, s in the
present study may be due to the contribution from heavy
traffic and other human particle-generating activities in
nearby areas. The low concentration in fall was likely
related to more precipitation in this season.

The ratio of PM,s to PM;q is used to determine the
contribution of fine particulate to the respirable particulate
matter with aerodynamic particle size less than 10 pm.
Table 2 shows the ratio of PM, 5/PM, for different seasons
in Raipur, India. It can be seen that PM, s accounted for
51%, 48%, 44%, and 46% of PM;, in winter, spring,
summer, and fall, respectively. The mean PM, s/PM;, ratio
was found to be 0.48. Evidently, fine particles accounted for
about half of the respirable particles in spring and in winter.
Such high value is expected to be due to the high
concentration of PM, 5 in the atmosphere at Raipur region
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that may be attributed mainly to the combustion of fossil fuel
during winter. As mentioned above, the low level inversion
is one of the important causes responsible for higher
concentration of PM, 5 in winter. Such high proportions of
fine particles implied that the particulate pollution at Raipur
would have a great effect on the health of human being and
possibly on the global environmental change.

Ionic load distribution in PM, 5_;, and PM, 5 aerosols

The observed primary data on water-soluble inorganic ions
in the coarse (10>D,>2.5 um) and in fine (D,<2.5 pum)
fractions of particulate matter are presented in Table 3. The
percentage contribution of fine and coarse fractions to the
concentration of water-soluble ions is shown in Fig. 4.
Overall, the half portion of atmospheric mass is associated
with coarse particles. Crust originated water-soluble ions
(Na*, Mg®", Ca®", and NO5) are extensively found in
coarse particles (50%), as expected on the basis of their
source and formation mechanism. On an average, about
62% of particulate nitrate (NO;") is associated with coarse
particles, strongly indicating that it is chemically combined
mostly with alkaline ion species (Pakkanen et al. 1999).
The most likely formation pathway for particulate nitrate is
the reaction of gaseous nitric acid or some other nitrogen
compounds with sea salt particles and mineral dust
particles. The mass concentration of sulfate is mainly found
in the fine mode (67%). The fine mode also dominates the
ammonium (NH,"), chloride (CI'), and potassium (K")
mass concentrations (68%, 51%, and 59%, respectively).
Regarding sodium (Na*), magnesium (Mg”"), and calcium
(Ca2+), 57%, 65%, and 69%, respectively, of the mass
concentrations are found in the coarse fractions.

Ionic composition of PM, 5_;9 and PM, 5 atmospheric
aerosol particulate matters

Water-soluble ions comprise a large part of aerosol particles
and play an important role in the atmospheric chemistry.
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Table 2 The mean concentration (micrograms per cubic meter) and mass ratios of two size fractions during October 2008 to September 2009

Mass, ratio Winter (n=32) Spring (n=16) Summer (n=24) Fall (n=24) Annual (2=96)
Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD
(min., max.) CV* (min., max.) CV* (min., max.) CV* (min., max.) CV* (min., max.) CV*
PM,5 10 262.8+28.0 210.0+12.1 163.7+33.3 148.8+24.1 200.7+£55.1
(201.1, 292.1) 0.27 (199.8, 231.0) 0.11 (104.4, 194.6) 0.06 (101.2, 176.5) 0.20 (101.2, 298.4) 0.16
PM, 5 268.2+27.0 197.8+18.6 128.3+13.8 126.0+15.4 185.9+66.9
(201.1, 298.6) 0.36 (163.6, 226.6) 0.10 (112.3, 154.2) 0.09 (104.5, 156.7) 0.11 (104.5, 298.6) 0.12
PM, 5/PM;, 0.51£0.05 0.48+0.02 0.44+0.06 0.46+0.06 (0.40, 0.59) 0.12 0.48+0.05

(0.41, 0.60) 0.10 (0.45, 0.51) 0.04

(0.38, 0.56) 0.13

(0.38, 0.60) 0.11

# Coefficient of variance (CV=SD/mean)

The concentration of water-soluble inorganic ions in PM, 5_
10 and PM,, 5 aerosols are presented in Table 3. As shown in
Table 3, the total water-soluble inorganic ions accounted for
46.4% and 52.2% of the total mass of PM, 5_;o and PM, s,
respectively. Of all anions and cations, in the terms of
concentration, SO42' is the dominant component followed
by Ca’" and NO5™ in the PM, 5 particles, while concentra-
tion of SO,> is lower than Ca®>" and NOs™ in PM,s o
particles. For PM; s 1o, the concentration of the most
abundant ionic species followed the order Ca’>" > NO; >
SO;” > CI” > NH{ >Na' > K" > Mg*" while in the
PM, 5 these were SO;~ > Ca’* > NO; > NH; > Cl” >
K" > Nat > Mg**.

The annual mean concentrations, in terms of percentage
of the total mass of the analyzed ionic species, of S0,
Ca2+, and NO;™ were 34.8%, 17.7%, and 12.8%, respec-
tively in PM, 5 and 16.3%, 37.2%, and 19.7%, respectively,
in PM, 5_;0. NO3™ was dominant in coarse mode (10.0% of
total PM, 5_;o mass) resulting from gaseous HNOj5 reaction
involving large particle such as sea salt, as shown in
reaction 1 (Kouyoumdjian and Saliba 2006). Though, the
present study area is closer to anthropogenic emissions, but
still NO5™ was predominantly found in coarse mode. Hence,
in addition to reaction 1, it is also possible that gaseous
HNO; might have reacted with carbonates, such as CaCOs,
on mineral particles to form coarse mode nitrate through
reaction 2 (Kouyoumdjian and Saliba 2006).

NaCl(aq, s) T HNO3<g> — NaNOg(a% s) T HCl(g> (1)

CaC 03(5) +2 HNO3(g) — Ca(NO3)2(S) + H,O + COz(g)
(2)

With respect to cations, Ca®" is the most prominent
component. The Ca”" ratio of PM, s/PM, 5 10 is 0.46. This
value indicated that calcium was higher in PM; 5 g
aerosols than that in PM, 5 aerosols at Raipur. The possible
source of calcium in this region is the soil rich in lime stone
and dust emitting from cement plants that are established in

the surroundings of Raipur. The available lime stone belt in
the earth crust is main reason behind the establishment of
many cement plants in this region.

NH," was the second most prominent cations in both
PM, 519 and PM, 5. Ammonia is an important alkaline gas
in the atmosphere. Ammonia in fine particles could have
been produced from reactions between gaseous ammonia
and acidic species like H,SO4 and HNO; (Zhuang et al.
1999).

Comparison of values reported for other high elevation sites

Table 4 shows a comparison between the average concen-
trations of the chemical species observed in this study with
those at other high elevation sites located in the world to
extract some characteristic features of the aerosol at eastern
central state in India.

It could be seen clearly that the aerosol pollution is more
serious in Raipur. In PM, 5_; acrosol, the species (Ca2+,
NO5", and SO4>) exhibited the highest concentration in
Raipur compared with other sites, which was likely due to
heavy traffic and other local anthropogenic activities
(crustal resuspension from construction works, etc.) in
Raipur. The concentration of SO4* was also higher in
Raipur than the other sites. This suggested that SO4> in
Raipur might have derived from anthropogenic sources.
NH," in Raipur was higher than most of the other sites
except than in Nanjing, China, whose concentration is
two times higher than that at Raipur. The concentration
of Na", K, CI', and Mg2+ were also higher for PM, 5_;( in
Raipur than most of the other cities. In PM, s, all the ions,
except CI™ at Cairo, Egypt, showed high concentration in
Raipur, indicating that fine-particle pollution is more
serious than coarse one. Such high levels of calcium and
secondary pollutants (NH4 ', NO5", and SO42') indicate
that the pollution from construction activities and traffic/
industrial emissions is a critical issue of the air quality in
Raipur. The aerosol collected at the Raipur, India,
exhibited the general property of high concentrations of
water-soluble inorganic ions.
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Fig. 4 Percentage contribution of water-soluble inorganic ions in the
fine and coarse fractions

The acidity of PM, 5_; and PM, 5 aerosols
pH Variation in PM> 5_;9 and PM, 5 aerosols

The pH value ranged from 6.2 to 6.6 for PM; 5 19 and 5.0
to 5.8 for PM, s, respectively. The mean value was 6.4+0.1
for PM, 5 o and 5.6+0.2 for PM, 5, with a blank value of
5.8 as shown in Table 3. The pH of the aerosol filtrate was a
parameter to directly denote the acidity of the aerosol. The
mean value of pH in PM, 5 was less than that in PM, 5_;,
suggesting that the acidity of water-soluble fraction in fine
particle was stronger than that in coarse particle. The mean
value of 5.6 for PM, s, a little lower than the blank value,
indicated the probable acid problem in future. It is well
known that the low pH values result from acidic matters,
such as sulfate, nitrate, and chloride whereas basic water-
soluble matters, such as ammonium, calcium, and magne-
sium result in the increase of pH value. The difference of
pH value between PM, 5s_;o and PM, 5 was probably caused
by the size distribution of these acidic and basic ions.
Compared with the blank value of 5.8, PM, 5 particles
might aggravate the acidic precipitation while PM, 5 g
particles might alleviate the tendency of acidification.

Equivalent concentrations of total cations and anions

The equivalent ion balance, expressed by the ratio of total
cation equivalents to total anion equivalents, was calculated
for each individual samples, and all were found to be larger
than 1.0. Table 5 shows the mean ratios and ranges of ratios
of total cation equivalents to total anion equivalents. The
ion balance expressed by the sum of the equivalent
concentration (microequivalents per cubic liter) ratio of
cation to anion (C/A) was an indicator to study the acidity

of the environment (Wang et al. 2005). The ratio calculated
from all the measured ionic species ranged from 2.49 to
4.03 (mean, 3.11; SD 0.46) and 1.27 to 2.62 (mean, 1.84;
SD 0.49) for the PM, 5_;¢ and PM, 5 aerosols, respectively,
which is larger than unity and indicates that aerosol
particles (PM; 5 19 and PM,5) were alkaline (Sun et al.
2006). The higher value of C/A were most likely due to the
existence of unanalyzed carbonate anion (CO5”"), and these
missing carbonates could be largely responsible for the
deviation from 1.0 (Mkoma et al. 2009). Carbonate is an
important source of mineral dust, in which it is associated
mainly with calcium (Dentener et al. 1996). The local soil
in Raipur contains a lot of limestone; besides, there are
seven large-scale cement plants that are established in the
surroundings of sampling site. The alkaline mineral
components would provide more reactive sites on their
surface for absorbing acidic gases (SO,, NOx, and HCI) in
the atmosphere and hence speed-up their neutralizing and
scavenging processes and alleviate the acidification of the
atmosphere (Wang et al. 2005). The earlier studies from the
Indian region (Kulshrestha et al. 1998; Momin et al. 1999;
Venkataraman et al. 2002) have also reported cation excess
in the ion balance of water extracts, which is largely
attributed to the lack of carbonate measurements. Again,
when the ion balance is recalculated, with Ca®* excluded,
the new mean C/A becomes to be 0.98 for the coarse size
fraction and 1.05 for fine size fraction. These new mean are
all fairly close to 1.0 supporting the assumption that
missing carbonate is largely responsible for the imbalance
of ions in coarse and fine aerosols.

Ratio of water-soluble inorganic species in PM, 5 ¢
and PM2'5

In order to evaluate the contribution of the various sources
(marine, anthropogenic, and natural), usually the mass
ratios C1/Na', SO,>/Na*, and K*/Na" in the samples and
in sea water are compared (Table 5).

It is noted that CI/Na“<1.8 indicates a chlorine
depletion caused by the accumulation of strong acid
anions, such as sulfate, nitrate, and various carboxylic
acid anions, while CI/Na">1.8 suggests anthropogenic
sources for Cl” (e.g., combustion process). The mass ratio
of CI/Na" in the PM,s 1o aerosol (ranges, 1.31-2.20;
mean, 1.76) found is close to that reported for sea water
ratio (1.8; Prodi et al. 2009). However, in an area with a
lot of industrial plants, the major contribution of Na may
be attributed to the coal combustion process instead of its
marine origin. A closer examination of this ratio, as a
function of seasons, reveals mean Cl/Na* ratio of 1.99,
1.48, 1.44, and 1.98, during winter, spring, summer, and
fall, respectively. For the PM, 5 aerosols, the mass ratio of
CI/Na" was very high (ranges, 1.08—7.23; mean, 3.27)

@ Springer
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Table 5 Ratio of water-soluble inorganic species in PM, 5 ;o and PM, s aerosols

C/A*

NO;7/S0,*

K*/Na*

SO,*/Na*

CI'/Na*

Type

Season

Max.

Min. Max. Mean+SD Min. Max Mean+SD Min. Max. Mean+SD Min. Max. Mean+SD Min.

Mean+SD

3.05
1.68

2.78+0.26 2.49

92

1.

0.69
0.16

1.27+0.52
0.39+0.19

70

1.

4.41

0.91

1.26+0.33
2.83+1.06
0.97+0.20

4.44
25.86

2.79

4.00+0.81
15.13+£3.25
3.01+1.22
7.03+3.15
4.13+1.77
5.11+0.81
4.01£0.82
16.74+0.18

1.76 2.20

1.99+0.18
3.88+2.39
1.48+0.14
2.25+0.52
1.44+0.14
1.29+£0.20
1.98+0.10
4.20+1.50

I')1\/12.5410

Winter

1.27

1.46+0.17
3.37+0.19

2.19

9.34

7.23

1
1.38

1.7
1.

PM2_5

S
)
3}

24
46
50

3.

1.16

0.38
0.35
0.97
0.35
1.07
0.29
0.69
0.16

1.27+0.16
0.38+0.04

1.10
1.9

83

0.

87
26
72
66

3.

14
80

2.

1.58
2.

PI\/[Z.SAIO

Spring

2.41
4.03
2.42
2.94
2.62
4.03
2.62

1.94+0.67 1.
3.68+0.30

2.26+0.25
2.79+0.13

0.41

1

1.28
0.57
0.83
1.07
1.84
0.57
0.83

1.59+0.44

0.84+0.32

9.

4.

62

89

PM2_5

3.

54

1.

1.22+0.10
0.36+0.02

1.19
1.30
1.17
4.51

5.

1.95
3.96

3.

1.59

1.

2.

1.31
1.08
1.90
2.55
1.31
1.08

PM2_5410

Summer

1.98
2.70
1.41
2.49
1.27

0.38
1.47
0.40
1.92
0.62

1.14£0.23
1.12£0.05
3.57+£1.49

6.
4.30

49
09

PM, 5

1.22+0.22
0.34+0.05

44

PMZ,S 10

Fall

1.87+£0.66
3.11+0.46

1.84+0.49

1

3.08 9.2
72

1.95
3.08

4.58
2.20
7.23

PM; 5

1.28+0.32
0.42+0.10

1.70
4.51

1.03+£0.28
2.49+1.32

5.
25.86

3.78+1.25
12.52+3.24

1.76+£0.30
3.27£1.69

PMZ.SAI()

Annual

PM 5

*Equivalent concentrations ratio of cations to anions

clearly indicating their anthropogenic sources (Wang and
Shooter 2001).

K'/Na" ratio is higher than that reported for sea water
(0.036; Prodi et al. 2009) for both PM, s ;o and PM, s
fractions. Excess K in this investigation may be attributed
to the combustion of biomass (e.g., wood for domestic
heating) or engine exhaust (lubricant additive). In addition,
K" is a major constituent of fertilizers and is generally
present in windblown soil. Vegetation is another possible
source for K (Prodi et al. 2009).

The mass ratios of SO,>/Na* varied from 1.95 to 5.72
and 3.08 to 25.86, with the mean values of 3.78 and 12.52
for PM, 5_;o and PM, s, respectively, which is much higher
to that reported for sea water ratio (0.25; Prodi et al. 2009).
Therefore, sulfate can be considered as prevalently from
anthropogenic activities (e.g., SO, emissions).

We also calculated the ratio of nitrate to sulfate in the
PM, 5 ;o and PM, s aerosols. The mass ratio of NO5 /SO,
has been used as an indicator of the relative importance of
mobile vs. stationary sources of sulfur and nitrogen in the
atmosphere (Arimato et al. 1996; Yao et al. 2002; Xiao and
Liu 2004). Arimato et al. (1996) ascribed high NO5;/SO4*"
mass ratios to the predominance of mobile source over
stationary sources of pollutants. It ranged from 0.69 to 1.92
(PM, 5_19: mean, 1.24; SD 0.32) for PM, 5 19 and 0.16 to
0.62 (PM, 5: mean, 0.37; SD 0.10), which is higher than the
value in Qingdao (0.35; Hu et al. 2002), Taiwan (0.20; Fang
et al. 2002), and much higher than that in Guiyang (0.13;
Xiao and Liu 2004). The high value is probably related to
both the increase in vehicle and population. The results
indicated that with the recent and rapid modernization and
motorization of Raipur, the pollutants from vehicle emis-
sions (mobile sources) become severe compared with a few
years ago (Deshmukh et al. 2010). However, NO;/SO,*
was lower than 1 in PM, s revealing that stationary
emissions are still the important contributors to fine
atmospheric particles and particles from vehicular emis-
sions were smaller.

Seasonal variation of water-soluble inorganic ions
in PM2_5_10 and PM2_5

The data on seasonal variations of the individual ionic
species are presented in Table 3. Generally, for PM, 5_;0, all
the ions have higher concentrations in winter and spring,
and low concentrations in fall. Coefficient of variance
(CV), defined as the standard deviation (SD) divided by the
average concentration, was used to study the variations of
the major ions among seasons. It indicated that the seasonal
variations were more obvious for Na*, Ca**, and Mg”" than
other ions. It was interesting to see that variations in
concentrations of these ions in PM, 5_;¢ were almost similar
to those in PM, 5 in all seasons.

@ Springer
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As the tracers of soil/dust, Na', Ca**, and Mg>" were
frequently observed of higher concentrations in spring and
summer, as the dry weather in this season was favorable for
the resuspension of soil particles. The concentrations of
these crustal ions were low in fall season for both PM, 5 ;¢
and PM, 5, which could be due to large precipitation in this
season.

The concentration of CI” in PM, 5_;¢ and PM, 5 aerosols
was higher in winter than that in spring and summer, and
lower in fall. The major source of Cl” in Raipur might be
due to coal burning. The seasonal variation of K™ was
similar to CI', indicating that both CI" and K" were
primarily related to the burning activities, which were
enhanced in the winter season. The seasonal variation of
secondary components, i.e., S0,%, NO5, and NH," were
similar (Fig. 5). The high SO4* in winter could be due to
the higher concentration of SO, in this season due to the
larger coal burning. The lower temperature in winter would
favor the shift from the gas phase of nitric acid to the
particle phase of ammonium nitrate (Wang et al. 2000),
which could lead to a high concentration of NO;” in winter.
It is well known that an agricultural activity is an important

15
2] —o—M,;

91 —8—PM

Na*  C.V.(PM25-10)=045
CV. (PM25)=050
2510

X hd

NH  C.V. (PM 2.5-10)=0.76
CV.(PM 2.5 =031

K CV (PM25-10)=033
CV.(PM25)=027

Mg CV.(PM25-10)=014
CV.(PM25)=021

¢ CV. (PM2510)=019
CV. (PM25)=029

Concentration (p.g/m’)

cr C.V. (PM 2.5-10) = 0.41
CV. (PM2.5)=032

2 CV. (PM25-10)=022
CV. (PM25)=028

Oct Nov Dec Jan Feb Mar Apr May June July Aug Sep
2008 2009

Fig. 5 Seasonal variation of major ions in PM; s 1o and PM, 5 (CV:
coefficient of variance)

@ Springer

source of ammonia (Intergovernmental Panel on Climate
Change IPCC 2007). The higher level of NH," in winter is
likely due to the much more extensive agricultural activities
around the sampling site.

A Spearman correlation analysis

The relationship between PM, water-soluble inorganic ions,
and meteorological parameters during the study period were
investigated by Spearman correlation analysis. The corre-
lation coefficients (r) between weekly mean PM, ionic
species, and meteorological parameters are shown in
Table 6. The correlation coefficients were marked in the
table to indicate the significant levels (p<0.01 or p<0.05).
The results showed that the meteorological parameters were
all negatively correlated with PM,s o and PM, s, as
observed in other studies (Deshmukh et al. 2010), indicat-
ing the prevalence of local sources. Resuspended soil dust
under unstable atmospheric conditions (low pressure and
high wind speed) during the study period might explain the
cause of negative correlations between PM concentrations
and vapor pressure (Tsai and Kuo 2005). The relatively low
temperature and wind speed in winter season favor the
formation of the permanent temperature inversion, stable
atmosphere, and low mixed boundary layers, which would
then lead to the accumulation of pollutants. The relative
humidity and wind speed were two most important factors
affecting the concentration of the measured aerosol compo-
nents. The secondary species (NH,, S0,%, and NO3)
showed strong positive correlation with relative humidity
(p<0.01) and negative correlation with wind speed
(»<0.01). Besides, other measured species showed rela-
tively weak negative correlations with temperature, clearly
indicating that higher temperature would be against the
accumulation of pollutants.

Correlation coefficients between water-soluble inorganic
species analyzed in PM, 5_;o and PM, 5 aerosols are shown
in Table 6. For PM,s_jo, significantly strong paired
association were found between species Na'—Mg®", Na'—
Ca*", NH,"—K*, NH,"-CI', NH,-NO;", NH,-S0,*, K'—
NO;, K'—CI', K'-S04*, CI'-SO,*, Mg*—Ca*", and
NO5;-S0,*. However, moderate correlations were ob-
served between pairs of ions such as Na'—NH,", Na'—
NO5", and Ca®’—CI'. Analysis of these highly correlated
species suggests their identical sources of origin. However,
those species, which are not significantly correlated with
each other, suggest their diverse source of origin. As shown
in Table 6, for PM, s, significant high correlation was
observed between species NH, K ', NH,"-NO;", NH, —
S0,>, K'—CI', K'-80,*, Mg*'—Ca*", CI-S0,*, and
NO5;-S0,%*, whereas moderate paired association was
observed between species Na'-NH,", Na*~Mg**, and Ca?
*_NO;". The close relationship among Ca®>" and Mg>*
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Table 6 Spearman correlation analysis for the PM mass, water-soluble ions, and meteorology in the PM, 5 ;o size fraction (lower diagonal
triangle) and in the PM, 5 size fraction (upper diagonal triangle) in Raipur, India, during October 2008 to September 2009

Species PM Na" NH,” K" Mg?  ca*t Cr NO; SO~ T RHP VP° ws?  RF®
PM 0.02 0.63" 048" 062" 0.01 0.60° 074" 082" -061" -066" -057"7 -058" -0.12
Na* 0.01 0368  0.10  0.48  0.09 0.04  0.04 024  0.12 0.05  —0.08 0.02 0.01
NH," 0.38% 0318 0.78"  0.12 0.17 0.11 077" 079" -0.11 0.58" —0.01 —0.54" -0.15
K+ 0392 0.06 0.67" 0.02 0.03 061" 0.4 0.60° —0.01 -0.12 0.16 —0.07 —0.03
Mg>* 0.60" 049"  0.04 0.01 082" —0.12 -0.08 -0.02 0.12 —0.01 —0.14 0.14 0.03
Ca* 073" 067" 0.4 0.06 061" -0.03 0.45¢ 0.0 -0.05 -0.04 -0.02 -0.02 0.01
cr 0.49¢  0.12 059"  0.69"° -0.12 0.35¢ 0.11 0.79' -0.11  -0.01 0.02 -0.13 0.07
NOy 061" 0438 072" 066" -0.13 -0.10 0.09 081" 0.06 0.565  0.07 —0.61"  0.09
SO4? 071" 0.07 076" 0.617 —0.07 0.16 0.69" 077" 0.12 051" —0.02 066"  0.02
T -0.61' 018 -0.17 -0.18 008 -0.02 —0.21 0.11 0.11 -032¢  -037¢ -0.75° -0.11
RH® -0.49"  0.14 061" -0.14 -0.13 -0.18 0.01 0.60°  0.55° —0.32¢ 0.63F 005 -0.10
VP* -0.57"  -0.11  -0.10 0.05 -0.14  —0.09 0.04 013 -0.09 -037¢  0.63" 0498 0.14
ws! -0.40" 009 -0.63" -013 008 -004 —0.14 -056" 059" —075" 0492 049 -0.46"
RF® -0.17 0.11 -0.19 -0.02 0.0l 0.02 0.02  0.07 0.05 —0.11 0.14 0.14 —0.46"

# Temperature

°Relative humidity

€ Vapor pressure

4'Wind speed

¢ Rainfall

fCorrelation is significant at 0.01 level (two-tailed)
€ Correlation is significant at 0.05 level (two-tailed)

showed their origin mainly from crustal resuspension. The
important fact is that the samples were collected at a
location around which there were many cement plants.
Therefore, calcium might be largely from cement plants that
are established in the surroundings of the sampling
location. NO3™ is emitted in enormous concentration by

vehicular emissions. The significant and high correlation
between K and CI" may indicate the similar anthropogenic
origin of these species, which is normally related with coal
burning. A poor correlation between Na" and CI for both
PM, 5 1o and PM, 5 aerosols confirm the origin of Na™ and
CI as from non-sea-salt substances.

Table 7 Varimax-rotated factor matrix and corresponding probable source type for the PM, 5 1 and PM, 5 aerosol data set

Variables PM, 5 ;¢ aerosols PM, 5 aerosols

Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3
Na* 0.832 0.903
NH," 0.873 0.848
K* 0.953 0.897
Mg>* 0.974 0.817
Ca™ 0.971 0.849
Cr 0.956 0.804
NO5” 0.957 0.874
S0.> 0.866 0.902
Initial Eigen value 4.05 2.02 1.44 2.65 2.52 1.46
Variance explained 50.7% 25.3% 18.0% 33.2% 31.6% 18.4%
Cumulative variance explained 50.7% 76.0% 94.0% 33.2% 64.8% 83.2%
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Principal component analysis

In order to study the origin of these aerosols and the
components dominating it, factor analysis was performed.
Factor loading for each variable was calculated by principal
component analysis. In general, factor loading 0.70 are
considered significant in source apportionment studies. The
factor loadings with the variance accounted by the various
factors for Eigen value >1 for PM, 5_;9 and PM, 5 aerosol
data set are presented in Table 7. Only factor loading >0.70
was included in Table 7; smaller loading (<0.70) was
considered to be insignificant.

The variables of chemical species in the coarse fraction may
be explained on the basis of three common factors accounted
for 94.0% of the total variance in the entire set of the data.
Factor 1 has high loading of Na', NH,", K", CI', and SO42'
and explains 50.7% of the total variance. This factor can be
attributed to regional pollution arising from coal-burning-like
activities (Na", K*, CI, SO,*) and agricultural practices
(NH,") in this region. Factor 2 explains 25.3% of the total
variance in the system and can be attributed to airborne road
dust, since it is highly loaded with Mg®" and Ca”". However,
as discussed above, it is most likely that Mg?" and Ca”" are
dominated by resuspension of local materials and influenced
by contaminated soil from the cement production industries at
Raipur. Industrial source of calcium emissions include cement
manufacturing, iron and steel manufacturing, and power
production plants (Deshmukh et al. 2010). Finally, Factor 3
explains an additional 18.0% of the total variance and could
be identified as traffic emissions since it is highly loaded with
NO;". The station was located close to a highway. Although
fuel contains sulfur, sulfate production from SO, takes several
hours and favored only under light conditions. This is the
reason that NO;  was separated from S0,%, as NOj;
production is much faster than SO,

The results of factor analysis for the PM, s mode are also
presented in Table 7. The variables of chemical species in
the fine fraction may be explained on the basis of three
common factors, elucidating 83.2% of the total variance of
the system. Factor 1, consisting of high loading of Na",
NH,", K', SO4*, and CI, explains 33.2% of the total
variance, and it may be attributed to regional pollution.
Factor 2 has high loading of Mg?" and Ca", and accounts
for 31.6% of the total variance of the system and hence may
be attributed to airborne road dust. Finally, factor 3 clarifies
further 18.4% of the total variance. This factor may be
ascribed to traffic emissions as it has high loading for NO5".

Conclusions

This study was sought to measure the concentration and
seasonal variation and to investigate the possible origin of

@ Springer

the inorganic ions like Na", NH,", K7, Mg2+, Ca%, Cr,
NO5", and SO4* in particles collected at Raipur, eastern
central India, during the period of October 2008 to
September 2009. The annual average concentration of
PM, 5 ;0 and PM, 5 were 200.7 and 185.9 ug/m3, respec-
tively. Frequencies of PM, s atmospheric aerosol particulate
matter concentration exceeding 65 pg/m3 for PM, 5 at
Raipur were 100% in all seasons. PM, 5 particles were the
major part of PM; particles, as the ratios of PM, 5/PM;q
were 0.51, 0.48, 0.44, and 0.46 in winter, spring, summer,
and fall, respectively.

Ca®" is the dominant species followed by NOs5™ and
SO,4% in PM, 5 ;0 acrosols. In the PM, s aerosols, SO,* is
the dominant species followed by Ca®" and NO;". As the
tracers of soil/dust, Ca®*" and Mg*" were frequently
observed of higher concentrations in spring and summer,
since the dry weather in this season was favorable for the
resuspension of soil particles. The concentrations of CI” and
K" in PM, s ;o and PM, s aerosols were higher in winter,
indicating their primary relation to heating activities, which
were enhanced in the cold season. The secondary compo-
nents NH, ", NO;, and SO42' show high concentrations in
winter and low concentrations in fall for both PM, 5_;o and
PM, 5 aerosols. For both PM, 5, and PM, 5 acrosols, all
the ions show low concentrations in monsoon due to large
precipitation in this season.

The application of factor analysis gave a clear
indication of the origin of inorganic ions from both
anthropogenic and natural sources such as industrial
process, incomplete combustion of hydrocarbons and
automobile exhaust. Factor analysis has identified three
components/sources in the PM, s ;o and PM, s modes,
namely, regional pollution, airborne dust, and traffic
emissions. Photochemical and traffic sources become
more significant with the motorization in recent year.
The data on mass concentration and ionic composition for
coarse and fine aerosols were higher than those reported in
some selected sites in the world, as in Table 4, due to the
heavy traffic and other local anthropogenic activities
around the sampling site. This indicated that aerosol
pollution is a much serious issue in Raipur, India.
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