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Abstract Atmospheric PM2.5 samples were collected by

using Mini-Vol TAS air sampler. Samples were charac-

terized directly on the collecting substrate using X-ray

diffraction and scanning electron microscopy–energy dis-

persive spectrometer. From the analysis, it was found that

Si dominate over other elements which follows the trend as

Si [ S [ Zn [ Cu [ Na [ Al [ K [ Ca [ P [ Fe [ Mg

[ Ti. Based on the measurements of a population of 840

particles, particle morphology was determined by quanti-

tative image analyzer and value of roundness (R) varies

from 0.23 to 1.0 (mean 0.75) which suggests that particles

vary in shape from nearly irregular to perfectly spherical

shape. The mineral particulate matter identified in the

atmosphere of Pune was made up of: silicates (52 %),

oxides (22 %), sulfates (8 %), phosphates (7 %), carbon-

ates (3 %) and others. A factorial analysis was carried out

to determine the main elements related to the emission

sources such as soil and building material erosion

(*44.6 %); oil combustion (20.6 %) and fuel and biomass

burning (18.3 %). Besides these factors, soot particles are

abundantly present in all studied samples. Mineral particles

such as sulfates aggregated to soot could have produced

localized climatic effect in Pune. The emphasis of the

present study is to give insight and detailed analysis of

morphological and chemical composition of atmospheric

particles at discrete level.

Keywords Elemental composition � Minerals �
Particulate morphology � Soot

Introduction

Particulate matter (PM) suspended in the atmosphere

comprises a complex mixture of different elements and

compounds. A series of epidemiological studies have

shown a clear association between effects on health and

environmental concentrations of PM (Dockery et al. 1993;

Wilson and Suh 1997; Kunzly et al. 2000) especially its

‘‘fine’’ component (B2.5 lm (PM2.5) (Schwartz et al.

1996). The sources, characteristics and potential health

effects of the larger or coarse particles ([2.5 lm in

diameter) and smaller or fine particles (\2.5 lm in diam-

eter) are different; the latter can more readily penetrate into

the lungs and are therefore more likely to increase respi-

ratory and mutagenic diseases (Schwartz et al. 1996). A

typical PM contains various components: sulfate (mostly

ammonium and calcium), nitrates (mostly ammonium),

chlorides (mostly sodium), elemental and organic carbon

(especially traffic-related soot), biological materials, iron

compounds, trace metals, and minerals derived from rocks,

soils and construction.

India being a tropical country, the PM loading is higher

as compared to other latitude and soil is its major con-

tributor. Besides natural, industrial and vehicular emissions

contribute most pollution problem in urban area of India.

Data concerning fine and ultrafine particulate in urban area

show that the atmospheric concentration of these particu-

late fractions can be estimated at 104 and 105 particles/cm3

and can greatly exceed such value during heavy traffic

(Zhu et al. 2002). The large surface areas provided by tiny

average-size airborne minerals result in abundant crystal-

lographic sites for heterogeneous condensation and sub-

sequent reactions of gaseous species (Dentener et al. 1996;

Zhang and Carmichael 1999). They are important as

absorber and scatterer of radiation and may have important
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effects on climate (Andreae 1995; Duce 1995; Li et al.

1996), especially on local and regional scale because of

their relatively localized spatial and temporal distribution.

However, some minerals (like soot) will produce warming

effect and thus could be considered as ‘greenhouse parti-

cles’, whereas others will produce negative forcing (like

sulfate) and thus tend towards cooling considered as ‘ice-

house particles’ (Buseck et al. 2000). They may also rep-

resent a danger for animal and vegetal life and have

important consequences for visibility (Jung and Kim 2006)

and take part in the darkening and damage of historical

buildings or in climate change (Rodriguez et al. 2009).

In general, the abundant group of particles by mass

(*50 %) globally consists of mineral and their study and

environmental impacts have been relatively overlooked.

The assessment of pollutants, identification of their sources

and transportation is a prerequisite for understanding their

effects on human health as well as on climate. In view of

establishing their origin and their potential effects on

human health and on the climate, elemental composition of

individual aerosol particles is sometimes more useful than

their bulk elemental composition. The morphology of

atmospheric particles received significant importance in

recent years due to effect of the particle shape on their

radiative (as climate effect) (Adachi et al. 2010) and

chemical properties (as health effect) (Ghio and Devlin

2001). To determine the elemental composition, size and

shape of PM, scanning electron microscopy (SEM) com-

bined with energy dispersive spectrometer (EDS) provides

all these information. Thus, it is a useful technique in

distinguishing particles originating from different sources

based on their chemical composition and morphological

characteristics. The studies on elemental composition of

atmospheric particles are rather limited (Querol et al. 1999,

2002; Pina et al. 2000, 2002; Shi et al. 2003; Breed et al.

2002; Ekosse et al. 2004; Mathis et al. 2004; Suzuki 2006).

SEM–EDS has been used by researchers for identification

of particulate morphology and elemental composition

(Chabas and Lefevre 2000; Ma et al. 2001; Liu et al. 2005;

Li et al. 2011). In Indian context, very few comprehensive

studies using SEM–EDS have been done (Cong et al. 2010;

Sharma and Srinivas 2009; Srivastava et al. 2009; Pipal

et al. 2011) and in Pune region this type of study has not

been reported so far. Present study was carried out for two

consecutive years of 2010 and 2011 from June to Sep-

tember keeping the following objectives: (1) to investigate

the mineralogy identification by X-ray diffraction (XRD)

of the PM2.5 of Pune city; (2) morphology (by SEM–EDS)

of the particles and (3) to identify the possible sources and

origin based on the chemical composition of the PM2.5, as

different kinds of mineral particles may act not only

additively but also in a synergistic way in their health

effects. Moreover, the obtained information from XRD and

SEM–EDS is preliminary but still it will be useful for

understanding the air quality of city in terms of health and

climate purpose.

Materials and methods

Site description

Pune (18o 320N, 73o 510E) is located 560 m (1,840 ft)

above sea level on the western margin of the Deccan pla-

teau. It is situated on the leeward side of the Sahyadri

mountain range, which form a barrier between the Arabian

Sea. City is surrounded by hills and mountains. Just outside

the city, Sinhagad fort is located at an altitude of 1,300 m.

Pune has a tropical wet and dry climate with average

temperatures ranging between 20 and 33 �C. The monsoon

lasts from June to October, with good rainfall and tem-

peratures ranging from 10 to 28 �C. In the city, most of the

annual rainfall of *722 mm (28.4 inches) falls between

June and September, and July is the wettest month of the

year. Today, Pune has a diverse industrial population. It is

one of India’s most important automotive hubs, with some

domestic and international auto giants manufacturing units.

Pune also has hundreds of large and small IT companies.

Pune has well-established glass, sugar, and forging indus-

tries. Pune is the rapidly growing city in terms of industrial

installations, vehicular population and also urbanization

due to the boom in housing industry, since last few years.

As per the 2010 Census of India estimate, the population of

the Pune urban agglomeration is to be around 5,518,688.

The population of the urban agglomeration was estimated

to be around 4,485,000 in 2005. The migrating population

rose from 43,900 in 2001 to 88,200 in 2005.

The sampling site considered for this study is Depart-

ment of Chemistry, University of Pune. University of Pune

is surrounded by variety of deciduous trees. No industries

are located in the vicinity of the sampling sites. Major

traffic junction (i.e., University circle) and a railway line

are nearly 1 and 3 km from the sampling site. The principal

sources of contamination are traffic, biomass burning and

construction activities in and around the vicinity of sam-

pling site.

Sampling and analysis

Sample collection

Sampling of PM2.5 was carried out at a height of 12 m from

the ground level at terrace of Department of Chemistry,

University of Pune, Pune, between June and September for

two consecutive years (i.e., 2010 and 2011) (Fig. 1). 24-h

PM2.5 samples were collected with (Mini-Vol TAS air
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sampler) particulate sampler which runs at a constant flow

rate of 5 LPM. The particles (PM2.5) were collected on

47-mm diameter PTFE filter papers. PTFE filter has a fiber

structure and good for studying the gravimetric as well as

elemental analysis by XRD. For morphology study, PTFE

filter is causing the positive artifacts and uncertainties

because of its fiber structure. But, still some studies have

been reported SEM–EDS on PTFE (Wheeler et al. 2000;

Xie et al. 2009; Slezakova et al. 2008; Pipal et al. 2011).

Moreover, present study was performed during the mon-

soon season (June–September) when the relative humidity

is very high (80–90 %). In this regard, PTFE is very stable

and absorbing negligible water or gases. It has inherently

low contamination levels.

Fig. 1 Map showing the sampling site
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Gravimetric analysis

PM masses were determined gravimetrically by subtracting

the initial average mass of the blank filter from the final

average mass of sampled filter. Filters were repeatedly

weighed (Shimadzu AUX 220; sensitivity ±0.1 mg) until

three reproducible values were obtained. Filters were

equilibrated in silica gel desiccators for 24 h before

weighing, to eliminate the effect of humidity and also to

obtain accurate PM measurements. Field blank filters were

also collected to reduce gravimetric bias due to filter

handling during and after sampling. Filters were handled

with Teflon tape-coated tweezers to reduce the possibility

of contamination. It is assumed that the particulate

deposited on filter papers were uniformly distributed over

entire area.

Sample analysis

Scanning electron microscopy (SEM)

Scanning electron microscopy coupled with energy dis-

persive X-ray analysis (EDS) (JEOL JSM-6330F, JEOL

Ltd., Akishima, Tokyo, Japan) was used for characteriza-

tion, viz. morphology (shape and size) and chemistry of

airborne particles. SEM is high-resolution surface imaging

method which uses an electron beam. The samples (dry

filter papers) were randomly cut in 1 cm2 size out of the

main filter. A very thin film of platinum (Pt) was deposited

on the surface of the samples to make them electrically

conductive. These samples were mounted on electron

microprobe stubs. The SEM–EDS analyses were carried

out with the help of a computer controlled field emission

SEM equipped with EDS detection system at the Depart-

ment of Physics, University of Pune. In the present

investigation, the SEM was used in its most common mode

i.e., emissive mode. The other parameters are as follows,

Detector: Si (Li), Limit of detection, 500,000; accuracy,

10 %; energy, 20 kV (accelerating voltages, 0.5–30 kV).

Elements with atomic number less than 6 were not deter-

mined. Carbon and fluorine were also not considered in

present discussion due to their presence on the filter

substrate.

X-ray diffraction (XRD)

The identification of the crystalline PM of the samples was

performed using X-ray powder diffraction with a Bruker,

D8-Advance and X-ray diffractometer with Cu-Ka radiation

(40 kV and 40 mA), from 3� to 50�, at a rate of 3� (2h)/min,

and the sampling distance was 0.01� (2h). The filters with

PM2.5 samples were cut into 1 cm2 pieces and placed on

aluminum sample holder for XRD qualitative analysis. The

XRD analysis was performed in the Department of Physics,

University of Pune. Each mineral has its own chemical

composition and special crystal structure, which can be

identified by ensuring ‘d’ value given in XRD-JCPDS

(Committee on powder diffraction standards).

Image analysis

Particle morphology was determined by quantitative image

analyzer (IA) using Image-J software. SEM micrograph

was digitized, image processed and primary feature data

measurements were made; including count, area (A the

total number of detected pixel within the feature), length (L

length of longest feret), breadth (B length of shortest feret)

and perimeter (P the total length of the boundary of the

feature). These data measurements were automatically

obtained using the software. All dimensional parameters

were measured in calibrated units (microns). Particle size

distribution of all parameters was calculated using SPSS

(Version-16). Parameters derived from the primary feature

measurements include aspect ratio (AR ratio of L/B), and

roundness (R, a shape factor which gives a minimum value

of unity for a circle. R is calculated through the following

equation (Eq. 1);

R ¼ ðPerimeterÞ2=4p area ð1Þ

In addition, estimations were also made of equivalent

spherical diameter (ESD), a commonly used parameter for

particle sizing using following equation (Eq. 2)

ESD ¼ 2

ffiffiffiffiffiffiffiffiffiffi

Area

p

r

ð2Þ

(QUARG 1996; Berube et al. 2004). Both particle

surface area (SA, lm2), and volume (lm3) can be derived

by following equations (Eq. 3 and Eq. 4);

SA ¼ 4p� ESDð Þ=2½ �2 ð3Þ

V ¼ 4=3� p� ESDð Þ=2½ �3 ð4Þ

Results and discussion

The average mass concentration of PM2.5 at Pune was

found to be 46.2 ± 2.3 lg m-3. The observed concentra-

tion is 1.6 times higher than the WHO standards

(25 lg m-3) and slightly higher than the NAAQS

(40 lg m-3). Table 1 depicts the average weight percent-

age of all the elements determined by SEM–EDS. As

depicted from the table, oxygen-rich particles dominate

over other elements which follows the trend as Si [ S [
Zn [ Cu [ Na [ Al [ K [ P [ Fe [ Mg [ Ti. Based

on the measurement of a population of 840 individual

particles, the physical characteristics of particles are also
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summarized in Table 1. Particle morphology parameters,

viz. perimeter, area, roundness, ESD and volume, etc., was

determined by quantitative image analyzer (ImageJ). As

depicted in table, value of roundness (R) varies from 0.23

to 1.0 (mean 0.75) which suggests that particles vary in

shape from nearly perfectly spherical to irregular shape.

ESD varies from 0.20 to 3.4 (mean 0.97) shows that all

population are well versed with the aerodynamic cut of the

sampler, i.e., PM2.5. Both can be clearly viewed from the

histogram (Fig. 2a, b) illustrating the distribution of entire

data of roundness and ESD of particles. The surface area

(SA) and volume (V) data include the sum of the values for

840 particles as these are important factors in toxicology

assay.

XRD of deposited particles

The identification of the mineral in particulate matter

(PM2.5) was performed using X-ray diffraction. In XRD,

major peaks were observed in between 10 and 40 (2h) as

shown in Fig. 3. The mineral PM identified in the atmo-

sphere of Pune is made up of silicates, oxides, sulfates,

phosphates, carbonates and others. Figure 4 shows the

average proportion of the grouped minerals present in Pune

during the study period. Silicates are present as quartz,

wollastonite (CaSiO3), vermiculite (MgAlFeSiO7), kaolin-

ite (AlSi2O5(OH)) and calcium aluminum silicates; oxides

as calcium iron oxide, magnetite and wuestite (FeO); sul-

fates as gypsum, koktaite (NH4)2Ca(SO4)2, (NH4)2SO4;

phosphates as magnesium phosphate (Mg2P2O7) and sili-

con phosphates (SiP2O7); carbonate as dolomite

(Ca(Mg(CO3)2); others as iron–zinc (Fe3Zn10), aenigmatite

(Na2Fe5TiSi6O20) and halite (NaCl). From the Fig. 4, it can

be observed that most of abundant minerals in PM2.5 in

sampling site were silicates (52 %) followed by oxides

Fig. 2 Histogram of roundness and ESD of deposited particles

Table 1 Morphological and elemental characteristics of deposited

particles in study area

Count:840 Mean SD Min. Max Sum

Morphological characteristics

A (lm2) 1.12 1.05 0.03 9.17 NA

L (lm) 1.35 0.92 0.28 4.63 NA

B (lm) 0.92 0.55 0.16 3.23 NA

P (lm) 3.73 2.49 0.68 13.30 NA

AR 1.10 0.36 1.00 4.00 NA

R 0.75 0.16 0.23 1.00 NA

ESD (lm) 0.97 0.34 0.20 3.4 NA

SA (lm2) 3.97 1.4 0.13 36.0 957

V (lm3) 1.29 2.3 4.3 9 10-3 20.6 312

% Contribution of each elements in PM2.5

C 48.2 18.8 29.5 75.0 NA

O 14.3 9.3 6.63 31.1 NA

Na 1.68 0.19 0.24 2.13 NA

Al 1.36 0.8 0.41 1.92 NA

Si 3.14 0.32 0.82 4.10 NA

P 0.98 0.10 0.48 1.23 NA

S 2.89 0.23 1.25 3.80 NA

Ti 0.49 0.13 0.14 0.86 NA

Ca 1.24 0.32 0.51 1.49 NA

Mg 0.69 0.52 0.18 0.93 NA

Fe 0.89 0.4 0.28 1.32 NA

Cu 2.12 0.32 1.3 3.89 NA

Zn 2.77 0.48 1.1 4.12 NA

Pb 0.62 0.41 0.32 1.62 NA

As 0.85 0.38 0.21 1.48 NA

K 1.3 0.25 0.28 1.98 NA
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(22 %), sulfates (8 %), phosphates (7 %), carbonates (3 %)

and others.

Morphology of deposited particles

Morphology and chemical composition of particle can help

to know their sources. Micrographs of the different parti-

cles deposited on the filters are shown in Fig. 5 along with

their sizes. From Fig. 5a–i, it can be inferred that the

particles are rectangle, cubes, capsule, rough rectangle and

spherical and an agglomerates types. In general, according

to morphology it can be divided in two categories; particles

of natural origin (soil dust or minerals) and anthropogenic

origin. Morphology of natural origin are solid and having

irregular shapes (Buseck et al. 2000) and mostly dependent

on mineral habits, its composition, lifetime and transpor-

tation in atmosphere. Particles produced from the com-

bustion processes are both solid and liquid particles with

the variable morphologies; in general, particles with

spherical shape are the result of the secondary reactions (Li

and Shao 2009b) while irregular particles in the fine range

result from coagulation processes (Breed et al. 2002). This

type of particles occurs as individual particle as well as in

aggregated form numerously in the current study.
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Fig. 3 X-ray diffraction patterns of PM2.5 from Pune site. Symbols: 1

Kaolinite (12.3), 2 wallostonite (12.5, 8.5, 21.6), 3 Iron–zinc Fe3Zn10

(13.8), 4 Wuestite (15.4, 10.1), 5 Ammonium sulphate (NH4)2SO4

(16.8, 14.1), 6 Dorrite (18.2), 7 Magnetite (18.2, 37.0), 8 Quartz SiO2

(20.9, 21.2), 9 Magnesium phosphate Mg2P4O12 (20.9, 13.7), 10

Silicon phosphate Si(P2O7) (21.3), 11 Koktaite (21.7), 12 Gypsum

(23.7, 24.01, 27.5), 13 Feldspar (13.7), 14 Calcium aluminium silicate

(30.5, 9.3, 13.6), 15 Calcite (31.5), 16 Vermiculite (21.8, 23.5), 17

Calcium iron oxide (18.1), 18 Calcium silicate (18.07), 19 Dolomite

(16.9), 20 Magnesium phosphate Mg2P2O7 (21.1, 21.4), 21 Aenigma-

tite (10.9, 13.8), 22 Halite (31.5), 23 Muscovite (20.6). Values in

parenthesis indicate 2h values
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Micrographs also clearly show some irregularly shaped

particles. These particles are mixed in composition and are

assumed to be the result of chemical reactions between pre-

existing particles, liquid or gaseous phase. Li and Shao

(2009b) have also suggested that alkaline mineral particles

react with gaseous species (such as SO2, NO2 and HNO3)

and form the coating on the pre-existing particles of

minerals.

Source identification and source apportionment of PM

A total of 840 data of individual SEM–EDS analyses of

particles were statistically analyzed using SPSS (ver. 16)

software, with the purpose of determining the correlation

and loading factors of particles observed at Pune station.

Correlation coefficient is the measure of the degree of

linear relationship between two or more variables. Corre-

lation between elements suggested the likely sources of

pollutants and also indicated similar occurrence of element

in the atmosphere. Table 2 shows the correlation coeffi-

cient between different elements analyzed by SEM–EDX.

Si was highly significantly correlated with most of the

elements (Si with Na = 0.73, Al = 0.81, Ca = 0.79,

Fe = 0.86, Cu = 0.93, Zn = 0.72 and K = 0.61) sug-

gesting common origin or occurrence. High correlation

also corroborated the XRD study which shows the presence

of silica in different minerals like wollastonite, vermiculite,

kaolinite and quartz (SiO2) as shown in Figs. 3 and 4.

Another highly significant correlation was observed for Ca

(Ca with Na = 0.63, Al = 0.83, Si = 0.79, Fe = 0.76,

Cu = 0.88, and Zn = 0.77) implying its common sources.

Good correlations between these elements also suggest

occurrence of calcium aluminum silicates, calcites and

calcium iron oxides at the study site (Figs. 3 and 4). These

particles mostly originated from construction, natural soil

and vegetation burning (Shandilya and Kumar 2010).

Positive correlation between transition elements like Fe

and Zn (as Fe3Zn10 in Fig. 3) was also observed (r = 0.82)
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Fig. 5 Micrographs of a different particles deposited on filter paper,

b isolated crystal of halite along with soot particles (EDS: Na, Cl, S,

C; size 1.25 lm), c soot particles (EDS: C, O, S), d capsule shape

along with soot particles (EDS: S, Fe, Cu; size 0.34 lm), e smooth

surface (tar balls, EDS: C, Fe; size: 1.06 lm) and rough surfaces (size

1.2 and 1.37 lm), f twinned crystal aggregates of gypsum (EDS, Ca,

S), g rough spherical (EDS: Si, Al, Ca, size: 1.47 lm), h rod shape

(EDS: Ca, C, O), i aluminosilicate (EDS: Si, Al, O; size: *5 lm)

Table 2 Correlation coefficient of different elements in PM2.5 of study area

C O Na Al Si P S Ca Mg Fe Cu Zn K

C 1

O -0.12 1

Na 0.34 0.26 1

Al 0.84* -0.19 0.70 1

Si 0.69* -0.09 0.73* 0.81** 1

P 0.43 0.80** 0.30 0.24 0.13 1

S -0.36 0.50 0.25 0.12 0.003 -0.65 1

Ca 0.79* -0.38 0.63* 0.83** 0.79** 0.03 0.20 1

Mg 0.51 0.11 0.53 0.66* 0.24 0.48 0.13 0.57 1

Fe 0.56 -0.46 0.34 0.66 0.86** -0.19 -0.05 0.76* -0.06 1

Cu 0.88** -0.04 0.22 0.94** 0.93** 0.35 -0.11 0.88** 0.53 0.75* 1

Zn 0.94** -0.34 0.22 0.77* 0.72* 0.17 -0.31 0.77* 0.25 0.82* 0.83* 1

K 0.08 -0.52 0.52 0.53 0.61* -0.59 0.57 0.59 -0.10 0.69* 0.42 0.27 1

* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)
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suggesting common source. P was highly correlated with O

and Mg which was also observed by XRD analysis and is

present in the Pune atmosphere as a mineral Mg2P4O12

(Fig. 3).

To determine the associations between elements which

correspond to the main elements observed and generated

by diverse emission sources, factor analysis was attempted

on entire data set. Soot particles were not considered in the

factor analysis therefore it has been discussed separately.

Table 3 presents the loading of the main groups of particles

present in Pune site (SPSS, ver. 16). On the basis of the

factors acquired, morphology and composition of PM of

that factor is discussed as under.

Factor 1: soil and building material erosion

Factor 1 represents 44.6 % of the total variance. This

particular category consists of Na, Al, Si, Ca, Mg, K and

Fe. This factor represents the silica (Si, Al, Ca), feldspar

(Si, Al and K), silicates from building materials (Si, Al, Ca,

Fe; Si, Ca, Fe; Si, Ca; Si, Fe, etc.) and Ca and Mg car-

bonates. These results were corroborated with the minerals

analyzed by XRD (Figs. 3 and 4). Thus, first category

belongs to soil and building material erosion.

SiO2 and aluminosilicates are the main types of sili-

con-bearing particles observed in this study as analyzed

from the XRD study (Figs. 3 and 4). They both can be

assigned to natural and anthropogenic origin. Alumino-

silicates with spherical shapes come from anthropogenic

source and they could arise from combustion processes,

in contrast to irregularly shaped particles that are classi-

fied as natural (earth’s crustal matter). Most of these are

seen in agglomerated consisting of the smaller particles

and enriched by the heavy metals as Fe, Cu and Zn. This

type of PM mainly originated from the construction

activities and industries. This is corroborated with the

ongoing construction and industrial activities in the

proximity of sampling site. In the present site, silicate

particles such as quartz are part of natural origin. Fig-

ure 6a shows SEM of the irregular particle with the high

percentage of Si, Al and O suggesting its origin from

geological and building materials, which have undergone

traffic-induced abrasion and re-suspension process. Fig-

ure 6b shows the smooth spherical particles along with its

elemental mapping. This smooth particle could be fly ash.

Fly ash is the byproduct of coal burning containing

mostly aluminosilicates (Chang et al. 1999). Li and Shao

(2009a) also suggest that particles contain Si, O and Al

with minor Ca, Ti, Mn and Fe as spherical fly ash. In

present study, elemental mapping also demonstrate that

particles are highly enriched with Al, Si, Ca along with

the Fe and Ti which implies that it is fly ash. In our

study, silicates contribute *52 % of the total minerals.

Silicate can act as greenhouse particles due to the fact

that the outgoing radiation is in the infrared and have

absorption bands in this wavelength (Rodriguez et al.

2009). High percentage of silicate mineral definitely

affects the climate of the city.

Calcium carbonates particles have also been frequently

observed in airborne PM sample (Ro et al. 2001; Li et al.

2003). In this study, presence of calcite (CaCO3) and

dolomite (Ca Mg (CO3)2) have also been identified by

XRD study (Fig. 3). These alkaline particles can absorb the

acidic gases such as SO2 and NO2 (Li and Shao 2009b) and

help to reduce the acidity of PM. Even though, percentage

contribution of this mineral is relatively very low. SEM

and EDS mapping results are shown in Fig. 7 where

qualitative identification of the elemental composition of

the particles of a selected area of the filter paper showed

the distribution of the Ca, C and O along with some Si

particles implies the presence of CaCO3. The SEM

micrograph in Fig. 7 showed that the particle on the filter

paper tend to form large conglomerates of smaller Ca

particles interspersed with the significant amounts of C and

O. The elemental EDS scan also showed the amount of Si

in very small particles. Presence of these minerals in Pune

City may be due to the site, which is covered with the

rocky hills.

The presence of halite in the PM of Pune can be

explained by the proximity of the sea. Halite and other sea

particles are important light scatterers and efficient con-

densation nuclei and they provide large surface area for

atmospheric reactions.

Table 3 Factor loading of the elements present in the study area

Factor 1 Factor 2 Factor 3

C 0.98 0.20 0.06

O 0.01 0.91 -0.4

Na 0.88 0.14 0.12

Al 0.99 -0.12 0.06

Si 0.84 0.11 0.53

P 0.37 0.78 -0.50

S 0.14 0.97 0.18

Ca 0.72 0.56 0.23

Mg 0.16 0.96 0.15

Fe 0.59 -0.07 0.80

Cu 0.56 0.14 0.84

Zn 0.59 0.08 0.73

K 0.52 -0.47 0.77

Eigen value 5.2 2.9 2.5

% Variance 50.8 26.6 20.6

Attributed

sources

Soil and building

material

Oil

combustion

Biomass

burning

Factor loading above 0.5 are highlighted in bold
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Factor 2: oil combustion

Factor 2 accounted for 20.6 % with high loading of S, P,

Mg, and moderate loading of Ca. This group comes from

the particles probably emitted by the combustion of the

automobile oil. Anthropogenic released particles might

have absorbed on the existing mineral shows congregation

of these elements in this factor.

S-bearing particles are very common in ambient PMs.

They are found in virtually all airborne PM samples (Bu-

seck and Pósfai 1999; Pósfai et al. 2003). S is present in

atmosphere in the form of sulfate. In the present study,

sulfur concentrations were found to be 615 ng m-3

(unpublished ICP data). The majority of sulfate in the

present site is formed from SO2 due to the combustion of

fossil fuels and biomass burning. SO2 may be absorbed on

the mineral particles and form the secondary minerals (Li

and Shao 2009b). Silicate minerals are abundantly present

in Pune (as depicted in Fig. 8) which can act as surrogate

for the sulfurization. However, the calcite or dolomite or

Ca-rich particles can be of importance to absorb the acidic

materials. These particles are predominately in the fine

fraction and therefore round in shape. In recent years,

sulfurization on the surface of particles has also been

reported by Lu Senlin et al. (2006). Figure 8 shows the

particles enriched with Ca and S. Sulfur cluster often with

sharp edges are mainly composed of CaSO4 (gypsum). The

formation of this mineral may arise from the heterogeneous

oxidation of SO2 on the existing mineral particles surface

in the atmosphere. The internal and external mixing/reac-

tion result the aggregated particles of gypsum after the

evaporation of drops (sharp edges of gypsum seen in the

Fig. 8). Type of aggregation of these particles is important

because it affects radiative properties of the aerosols and
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Fig. 6 SEM–EDS image of a natural silicates and b anthropogenic silicate particles
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also it has the ability to act as cloud condensation nuclei

(Rodriguez et al. 2009).

Other minor amount of mineral particles observed in this

study includes phosphorus-bearing particles. These parti-

cles typically exist in the form of Mg2P2O7 and SiP2O7 (as

shown in Fig. 3). Presence of SiP2O7 mineral is shown in

the Fig. 9. Mapping of these particles shows higher con-

centration of Mg, P and O which is present in Pune

atmosphere. Concentration of P is also high in the analyzed

samples (ICP results, unpublished data). Various organic

phosphorus compounds have been used as combustion

chamber deposit modifiers as well as corrosion inhibitor for

motor gasoline and fuels. Thus, there is possibility that

automobile emission may contain toxic phosphorus

compounds.

In the XRD study, koktaite and (NH4)2SO4 have also

been observed. It could be anthropogenic and formed by

the reaction between NH4Cl and H2SO4. NH4 is the main

neutralizer of precipitation acidity. Presence of (NH4)2SO4

in Pune atmosphere have already been reported by the

other authors (Rao et al. 1992; Safai et al. 2005).

Factor 3: fuel and biomass burning

The third factor explaining the 18.3 % of total variance

shows high loading of Fe, Cu, Zn, and K. This factor can be

Fig. 7 SEM image of the particles and their elemental mapping exhibiting the CaCO3 along with Si
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attributed to fuel (i.e., gasoline, natural gas and coal) and

biomass burning. Cu and Zn could be released from wear

and tear of vulcanized vehicle tires and corrosion of gal-

vanized automobile parts as numerous old vehicles are

plying on streets of Pune city. Adriano (2001) also reported

that corrosion of the galvanized steel is a major source of

Zn emission in the surface environment. K may be released

into the atmosphere from vegetation and biomass burning

as vegetation is one of the main sources of K (Penner 1995)

in the University.

Furthermore, besides these three factors, soot particles

are abundantly present in all studied samples. Present

sampling site is about 1 km from the main traffic junction

(University circle). In India, traffic congestion is the

commonest problem. Traffic congestion leads to

incomplete combustion of fossil fuel, thus high concen-

tration of soot particles are perceived in the micrograph

(Fig. 10). Soot is present in agglomerates of many fine

spherical particles with short chain structures (i.e., granu-

lated) (Fig. 10). In general, soot morphology depends on

the different types of fuels, burning condition and atmo-

spheric processes (Yue et al. 2006). Soot particles are

primarily emitted from burning and incomplete combustion

of fossil fuels. Li et al. (2011) found the S-rich soot par-

ticles and suggested that soot particles from vehicular

emissions underwent aging processes during transport. In

the present study, C-rich particles are present in consider-

able percentage (by EDS data) along with the amount of S,

mainly produced from the vehicular traffic as well as from

the biomass burning. Aggregates of soot and S are

Fig. 9 SEM image of particles and their elemental mapping (SiP2O7)
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frequently observed in SEM analysis. This finding is also

consistent with the Paoletti et al. (2003), who suggested

that the S content on soot aggregate is probably the result

from gas-to-particle conversion in the atmosphere. Such

particles are constituted of large number—hundreds of

thousands of aggregates of carbonaceous microspherules

having irregular morphology almost spherical to a long

small chain (Paoletti et al. 2003; Li et al. 2011). In general,

Table 4 Comparison of morphological study of airborne particle and their respective origin

Area Particle groups

identified

Abundance Morphology Source Origin References

Mt.

Qomolangma

(Himalayas)

Soot/tar ball (C

abundant, S

minor)

8/3 % Chain aggregation

of carbonaceous

spherules

Fuels, biomass burning,

incomplete fossil fuel

combustion

Natural and

Anthropogenic

Cong et al.

2010

Aluminosilicates 55 % Irregular shape Soil Natural

Calcium sulfate 16 % Irregular shape Local crustal source Natural ? anthropogenic

Ca/Mg CO3 2 % Irregular shape Soil Natural

Fe/Ti-rich

particles

3 % Irregular shape Soil Natural

Pb-rich particles 1 % Spherules Automobile, mining,

waste incineration

Anthropogenic

Biological

particles

12 % Variable

morphology

Pollen, bacteria,

excrements of insects

Natural

Portugal

(background)

Aluminum

silicates

63 % – Soil Natural Slezakova

et al.

2008Fe oxides and

alloys

18 % – Automobile and traffic Traffic

Sulfates (Na &

K)

15 % – Sea Natural

Ti/Al rich 3 %/0.5 % – Soil Natural

Lead sulfate 0.5 % – Traffic Anthropogenic

Chandigarh,

India

Spherical fly ash – Spherical – Traffic Sharma and

Srinivas

2009
Silica/

aluminosilicates

– Spherical and

nonspherical

Crust Natural ? anthropogenic

Clay, quartz,

calcite and

gypsum

– Irregular Soil Natural ? anthropogenic

Cubical shaped

salt particle

– Cubic Arabian sea Natural

Biological

particles

– Spherical and

nonspherical

Grass pollens, corn smut Natural

Agra, India Aluminosilicates 2.2 % Spherical and

nonspherical

Crustal Natural Pipal et al.

2011

Ca rich (CaCO3) 0.38 % – Construction, agriculture,

natural soil

Natural ? anthropogenic

C-rich particles

(soot and tar

balls)

38.8 % Flaky, chain and

small aggregate of

spherulite

Gasoline and coal burning Anthropogenic

Pune, India Aluminosilicates 52 % Spherical irregular Combustion process

crustal (soil)

Anthropogenic natural Present

study

Carbonates

(CaCO3)

3 % Irregular Erosion of rocks Natural

Halite (NaCl) Cubic Sea Natural

Sulfate 8 % Irregular Biomass burning and

fossil fuel

Anthropogenic

Soot Agglomerates of

fine particles, short

chain

Burning and combustion

of fossil fuel

Anthropogenic
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soot particles are highly absorbing in nature and its pres-

ence in the atmosphere can change the sign of radiative

forcing from negative to positive which leads to the heating

of lower atmosphere (Menon et al. 2002; Tripathi et al.

2007), unlike most aerosols, which reflects light to space

and have a global cooling effects.

Comparison of morphological study of airborne

particles

Table 4 shows the comparison study of morphology of

particles observed at various locations along with the

present study. It is inferred from the Table 4, that alumi-

nosilicate was the most abundant mineral [*52 to 63 % in

all studies except in Agra (*2.2 %)] present with the

irregular and spherical morphology. Irregular morphology

of aluminosilicate has been reported at Mt. Qomolangma,

Himalayas (Cong et al. 2010), and background site of

Portugal (Slezakova et al. 2008) originated from natural

sources as the sites are free from anthropogenic sources.

While both irregular and spherical shaped aluminosilicates

were observed at Agra (Pipal et al. 2011), Chandigarh

(Sharma and Srinivas 2009) and Pune (present site) origi-

nated from natural as well as from anthropogenic sources.

This is possibly due to the semi-urban/urban sites where

mixture of the sources is predominantly present. Compared

with aluminosilicate, the other minerals in PM collected

from different locations showed variations, viz. Ca-rich

particles with irregular morphology was found in all study

samples from all locations but it could not be found in

Portugal. It might be due to the negligible contribution of

soil dust to airborne particles of background site of Por-

tugal (Slezakova et al. 2008). Cubic shaped particles

appeared only in the areas near coast such as in the present

study (Pune) and in Portugal (Slezakova et al. 2008).

Sulfate particles (i.e., gypsum) and CaCO3 with irregular

shape have been observed at Mt. Qomolangma (Cong et al.

2010), Agra (Pipal et al. 2011) and in present study and

originated from natural and anthropogenic sources. Besides

that, C-rich particles (i.e., soot) have also been observed as

agglomerates of fine particles and short chain in Pune

(present study), Agra and Mt. Qomolangma (Table 4).

Conclusion

The SEM–EDS technique is a valuable tool for the char-

acterization of PM especially for individual particles,

whereas XRD technique is for identification of minerals.

Additionally, the identification of the morphology and

chemical composition of these particles provides valuable

information for the determination of their origin and for-

mation processes. The results presented in this paper show

the presence of diversity of particles from natural and

anthropogenic origin. XRD study revealed that PM2.5 is

mostly made up of silicates followed by oxides, sulfates,

phosphates, carbonates and others. The factorial analysis of

the results from SEM–EDS microanalysis determined the

main elements of the different particles groups and related

them to their origin. Factor 1 represents *44.6 % of the

total variance and attributed to soil and building material

erosion. In this factor, silicates are the major minerals

which are both natural and anthropogenic (as fly ash) origin

followed by carbonates (calcite and dolomite) are mainly

natural origin as site is covered with hills. Factor 2 corre-

sponds to oil combustion as the source with 20.6 % of total

variance. In this factor, S, P and Mg along with moderate

Ca are grouped together. S mainly originated from the

burning of fuel and deposited on the existing minerals due

to sulfurization process. This factor represents the sec-

ondary minerals like gypsum (CaSO4), Mg2P2O7 and

SiP2O7 as indicated by the XRD study also. The third

factor explaining the 18.3 % of total variance shows high

loading of Fe, Cu, Zn, and K. This factor can be attributed

to fuel and biomass burning. Besides these, soot particles

are abundantly present in all studied samples. Mineral

particles as sulfates aggregated to soot could have pro-

duced localized climatic effect in Pune. The increase of the

mean temperature and the precipitation in the city since

past few years could be related to the high loading of PM.

A more detailed characterization of individual particles and

a better knowledge of the processes that lead to their for-

mation are needed to obtain more conclusive results.
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