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� Sources and formation processes of
diacids and related compounds in
central India.

� Unique molecular characteristics of
diacids in size-segregated aerosols.

� Bimodal distribution was observed
for measured diacids and related
compounds.

� Substantial contribution of emission
from biomass burning in fine mode.

� Considerable fraction of diacids and
related compounds was found in
coarse mode.
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The size distributions of aerosols can provide evidences for their sources and formation processes in the
atmosphere. Size-segregated aerosols (9-sizes) were collected in urban site (Raipur: 21.2�N and 82.3�E)
in central India during winter of 2012e2013. The samples were analyzed for dicarboxylic acids (C2-C12),
u-oxocarboxylic acids (uC2-uC9), pyruvic acid and a-dicarbonyls (C2-C3) as well as elemental carbon
(EC), organic carbon (OC), water-soluble OC (WSOC) and inorganic ions. Diacids showed a predominance
of oxalic acid (C2) followed by succinic and azelaic acid whereas u-oxoacids exhibited a predominance of
glyoxylic acid and glyoxal was more abundant than methylglyoxal in all the sizes. Diacids, u-oxoacids
and a-dicarbonyls showed bimodal size distribution with peaks in fine and coarse modes. High corre-
lations of fine mode diacids and related compounds with potassium and levoglucosan suggest that they
were presumably due to a substantial contribution of primary emission from biomass burning and
secondary production from biomass burning derived precursors. High correlations of C2 with higher
carbon number diacids (C3-C9) suggest that they have similar sources and C2 may be produced via the
decay of its higher homologous diacids in fine mode. Considerable portions of diacids and related
compounds in coarse mode suggest that they were associated with mineral dust particles by their
adsorption and photooxidation of anthropogenic and biogenic precursors via heterogeneous reaction on
dust surface. This study demonstrates that biomass burning and dust particles are two major factors to
control the size distribution of diacids and related compounds in the urban aerosols from central India.
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1. Introduction

Aerosols influence the global climate directly by scattering or
absorbing solar radiation and indirectly by altering cloud micro-
physics and hydrological cycle (Ramanathan et al., 2007). The direct
and indirect effects are associated with the physical and chemical
properties of atmospheric particles. The knowledge of size distri-
butions of aerosols and their chemical composition is needed to
understand their effect on climate change (Kanakidou et al., 2005),
source identification (Davidson et al., 2005; Pant et al., 2016), and
human health (Tremblay et al., 2007). Homologous series of water-
soluble dicarboxylic acids and related compounds are identified in
aerosols from many regions of the world including the urban
(Kawamura and Yasui, 2005; Ho et al., 2006; Miyazaki et al., 2009;
Agarwal et al., 2010; Wang et al., 2012; Van Pinxteren et al., 2014),
marine (Kawamura and Sakaguchi, 1999; Mochida et al., 2007; Fu
et al., 2013; Zhang et al., 2016a), and polar atmosphere
(Kawamura et al., 1996a, 1996b; Kerminen et al., 1999). They play a
crucial role in the hygroscopic growth of aerosols and the activation
of cloud condensation nuclei (CCN) (Turpin et al., 2000; Prenni
et al., 2003).

The primary sources of diacids and related compounds are fossil
fuel combustion and biomass burning (Chebbi and Carlier, 1996;
Kundu et al., 2010a; Mkoma and Kawamura, 2013). The photooxi-
dation of unsaturated fatty acids (UFAs) and volatile organic com-
pounds (VOCs) of biogenic and anthropogenic origin are their
secondary sources (Kawamura et al., 1996a; Huang et al., 2005; Tsai
and Kuo, 2013). Oxalic acid (C2) is usually the most abundant diacid
in atmospheric aerosols with concentration ranging from a few ng
m�3 in remote locations (Kawamura et al., 1996a) to hundreds or
even up to one thousand ng m�3 in urban regions (Ho et al., 2007).
Laboratory studies and field measurements suggest that C2 is
mostly produced via aqueous-phase oxidation of glyoxal (Gly),
methylglyoxal (MeGly), and longer-chain diacids (C3-C12), which
are oxidation intermediates of various VOCs and UFAs (Ervens et al.,
2004; Carlton et al., 2007; Lim et al., 2005; Enami et al., 2015;
Pavuluri et al., 2015; Kawamura and Bikkina, 2016; Zhang et al.,
2016a).

South Asia is one of the most important source regions for
aerosols on the globe because of the huge emissions from anthro-
pogenic activities, contributing significantly to global climate
change (Ramanathan et al., 2007; Gustafsson et al., 2009). The
emission of aerosols is potentially large in this region due to the
rising economies in India and extensive use of biofuels and biomass
that contributes 85e90% of cooking energy (Chowdhury et al.,
2007). Dumping of solid wastes from urban areas into open land-
fills and regular burning without any emission control is also a
potential source of aerosols in India (Pavuluri et al., 2010;
Kawamura and Pavuluri, 2010). The atmosphere of Raipur in
winter is highly affected from biofuel and biomass burning emis-
sion (Verma et al., 2010; Deshmukh et al., 2013). Coal and wood
combustion is usually used for energy sources in this region. A
National Highway known as Great Eastern Road with high vehic-
ular traffics adds to the emission of particulate pollutants in this
region. There are othermajor sources of aerosols in the surrounding
of Raipur, including an industrial hub, residential burning, burning
of agricultural crop residues in the open fields, and resuspended
soil dust.

The transport of anthropogenic and biomass burning derived
aerosols from the Indo-Gangetic Plain (IGP) also significantly in-
fluences the air quality of Raipur. Nirmalkar et al. (2015) reported
that biomass burning and fossil fuel combustion are the dominant
emission sources for high levels of organic compounds in eastern
central India. With this background Raipur is a unique place to
investigate the atmospheric chemistry and processes of diacids and
related compounds. A few studies on diacids and related com-
pounds in India have been made in bulk aerosols (Miyazaki et al.,
2009; Pavuluri et al., 2010; Hegde and Kawamura, 2012). There is
no study on the size distributions of diacids and related compounds
in the atmosphere of India.

Nine-size fractions of winter aerosols were collected in the ur-
ban atmosphere of Raipur in central India. The samples were
analyzed for homologous series of diacids (C2-C12), u-oxoacids
(uC2-uC9) and a-dicarbonyls (C2-C3) on a molecular level. Organic
carbon (OC) and elemental carbon (EC) as well as water-soluble OC
(WSOC) and inorganic ions were also analyzed. The goals of this
studywere to investigate the size distribution of diacids and related
compounds and evaluate their sources and formation processes.
The potential factors responsible for their size distributions and the
atmospheric implications of the size characteristics are discussed.

2. Materials and method

2.1. Site description and aerosol collection

The collection of size-segregated samples was performed in the
city of Raipur (21.2�N and 82.3�E, elevation of 297 m above the sea
level) in central India. The location of sampling site and its sur-
roundings are shown in Fig. 1. Total area of the city is 226 km2.
Raipur has population of 1.2 million as per the Census of India 2011
(Deshmukh et al., 2013). The use of biomass such as wood-fuel and
crop residues for cooking and heating purpose in Raipur releases a
huge amount of organic compounds to the atmosphere in central
India (Deshmukh et al., 2013). Burning of agricultural residues in
the open field is common after crop harvesting in central India,
which usually begins in December and continues till the end of
January. A significant amount of organic compounds is also released
from different kinds of industrial operation and motor vehicles.
Open burning of domestic and municipal solid waste and re-
suspension of dust particles are another important sources of at-
mospheric particles over central India. Raipur is also a receptor site
of transported aerosols from the IGP areas, which are enriched with
burning products of crop residues and industrial emissions.

Size-segregated samples (n ¼ 13) were collected in winter of
2012e2013 on a rooftop of chemical science building about 15 m
above the ground level at Ravishankar Shukla University campus
using an Andersen sampler model TE 20-800 (USA) with a flow rate
of 28.3 L min�1. Each set of sample comprises of nine filters with
various sizes of Dp < 0.43, 0.43e0.65, 0.65e1.1, 1.1e2.1, 2.1e3.3,
3.3e4.7, 4.7e5.8, 5.8e9.0, and >9.0 mm. The sampler was equipped
with 80 mm quartz fiber filters that were pre-baked at 500 �C for
6 h. The sample collection timewas 96 h to obtain enoughmaterials
for the chemical analysis. The filters were placed in a pre-baked
clean glass vials with a Teflon-lined screw cap and kept frozen in
darkness at �20 �C to avoid the microbial loss of organic com-
pounds. One set of field blank was collected during the study
period.

2.2. Chemical analysis

2.2.1. Dicarboxylic acids and related compounds
The samples were analyzed for water-soluble diacids (C2-C12),

u-oxoacids (uC2-uC9) and a-dicarbonyls (C2-C3) using a capillary
gas chromatography (GC) equipped with a flame ionization de-
tector (FID) (Kawamura and Ikushima, 1993; Kawamura, 1993). A
part of the sample filter was extracted with organic-free ultrapure
water (>18.2 MU cm�1) under ultrasonication. The water extracts
were passed through a glass column packed with quartz wool to
remove filter debris and insoluble particles. The pH of the extracts
was adjusted to 8.5e9.0 using 0.05 M KOH solution prior to dryness



Fig. 1. A map showing the geographical location of Raipur (21.2�N and 82.3�E) in India with its surroundings in Asia.
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to convert carboxylic acids into salt forms for improving the re-
covery of smaller diacids (Hegde and Kawamura, 2012; Wang et al.,
2012). The extracts were concentrated to dryness using a rotary
evaporator under vacuum and derivatized with 14% BF3 in n-
butanol at 100 �C. Acetonitrile and n-hexane was added into the
derivatized sample and washed with organic-free ultrapure water.
The hexane layer containing butyl esters was concentrated and
dried by N2 blow-down and dissolved in a known volume of n-
hexane.

A 2 mL aliquot of the sample was injected into a Hewlett-
Packard HP6890 series GC equipped with a fused silica capillary
column and FID detector. Peak identification was performed by
comparison of the GC retention times with those of authentic
standards. Identification of detected compounds was confirmed by
mass spectral examination using a GC-mass spectrometer. Re-
coveries of diacids performed by spiking authentic standards to a
pre-baked quartz fiber filter were 86e90% for C2 diacid and more
than 92% for C3-C6 diacids. The precision in the triplicate analysis
of the filter sample was 10% for major diacids and related
compounds.
2.2.2. Levoglucosan
Levoglucosan was determined using a Dionex ICS-2500 ion

chromatography (IC) equipped with a pulsed amperometric de-
tector (PAD), GP50 gradient pump coupled to a Teflon injection
valve with 400 mL sample loop, CarboPac MA1 guard column and
anion-exchange analytical column. Dionex ED50 electrochemical
detector was used with a gold working electrode and pH electrode
as reference. 200e600 mM gradient with NaOH was used as an
eluent at a flow rate of 0.4 mL min�1. Dissolution of carbonate into
NaOH may result in poor separation during elution and hence care
was taken to avoid exposure to atmospheric CO2.
2.2.3. Water-soluble organic carbon (WSOC)
A punch of 20mm of each filter was extracted with organic-free

ultrapure water in a 50 mL glass vial under ultrasonication for
15 min. The extracts were passed through a syringe filter (Millex-
GV, Millipore) of pore size 0.22 mm. The extract was acidified with
1.2 M HCl and purged with pure air to remove dissolve inorganic
carbon and volatile organics and thenWSOCwasmeasured using a
Shimadzu total carbon analyzer (TOC-VCSH) (Miyazaki et al., 2011).
External calibration was performed using potassium hydrogen
phthalate. Each sample was measured three times and the average
value was used for the calculation of concentration of WSOC. The
analytical error in the triplicate analysis of the filter sample was
5%.
2.2.4. Organic carbon (OC) and elemental carbon (EC)
OC and EC was determined using a Sunset Lab carbon analyzer

following the Interagency Monitoring of Protected Visual Envi-
ronments (IMPROVE) thermal evolution protocol as described in
Wang et al. (2005). A filter disc of 1.5 cm2 was placed in a quartz
tube inside the thermal desorption chamber of the analyzer and
stepwise heating was applied. Helium (He) gas was used in the first
ramp and switched to mixture of He/O2 in the second ramp. The
evolved CO2 during the oxidation at each temperature step was
measured with non-dispersive infrared detector. The analytical
error in the triplicate analysis of the filter sample was 5% for OC and
EC.
2.2.5. Water-soluble inorganic ions and methanesulfonic acid
A punch of 20 mm of each filter was extracted with organic-free

ultrapure water in an ultrasonic bath and filtered through a disc
filter of pore size 0.22 mm. The resulting solutions were injected to a
Dionex-4500i ion chromatography for the analysis of MSA�, Cl�,
SO4

2�, NO3
�, Naþ, NH4

þ, Kþ, Ca2þ and Mg2þ (Verma et al., 2010). The
anions were measured by AS12 analytical column and AG12 guard
columnwith ASRS-Ultra Auto-suppressor. The separation of cations
was performed using CS12 analytical column and CG12 guard col-
umn with CSRS-Ultra Auto-suppressor. The elution was performed
with 2.7 mM Na2CO3/0.3 mM NaHCO3 for anions and 20 mM
methanesulfonic acid for cations with a flow rate of 1.0 mLmin�1. A
conductivity detector was used for the detection of ions. The pre-
cision in the triplicate analysis of the filter sample was estimated to
be 5%.

Field and laboratory blank samples were extracted and analyzed
like the real samples. The blank levels of organic and inorganic
components were generally 0.1e5% of concentrations of real sam-
ples. Concentrations of all the organic and inorganic species re-
ported here were corrected for the blanks.
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2.3. Meteorology and air mass back trajectory analysis

Raipur has a tropical wet and dry climate. Daily meteorological
data for the sampling period was obtained from the local meteo-
rological station. The ambient air temperature varied from 5.7 to
32.6 �Cwith an average of 20.9 ± 2.7 �C during the sampling period.
The relative humidity ranged from 23 to 98% with an average of
65 ± 6.1%. The total precipitation was found to be 30.1 mm. The
wind speed varied from 1.9 to 8.5 km h�1 with an average of
3.8 ± 1.3 km h�1. Prevailing wind directionwas northeast and north
during the study period.

The air mass backward trajectory was computed using the
Hybrid Single-Particle Legrangian Integrated Trajectory (HYSPLIT)
model 4.0 developed by the National Oceanic and Atmospheric
Administration (NOAA) Air Resources Laboratory (Draxler and
Rolph, 2013). The seven-day air mass back trajectory at the arrival
height of 500 m above ground level for the observation site during
the study period is shown in Fig. 2.
Fig. 3. Average chemical composition (%) of size-segregated aerosols collected in the
urban atmosphere of Raipur in central India during the study period. We defined cutoff
size of 2.1 mm as a split diameter between the fine and coarse mode aerosol. The
abundance of organic matter (OM) was calculated by multiplying the concentrations of
OC with the conversion factor of 1.6 as suggested for urban aerosols by Turpin and Lim
(2001).
3. Results and discussion

3.1. Chemical characteristics of size-segregated aerosols

The average chemical composition of size-segregated aerosols is
shown in Fig. 3. Fine and coarse mode concentrations of inorganic
ions and carbonaceous species are given in Table 1. Sulfate domi-
nated the anionic mass followed by nitrate in all the sizes.
Ammonium and potassium contributed to a large fraction of
cationic mass in fine mode whereas calcium dominated in coarse
mode. High abundances of SO4

2� and NO3
� in size-segregated

aerosols suggest a significant contribution from anthropogenic
sources. The enhanced mass abundances of NH4

þ and Kþ in fine size
fractions indicate a significant contribution from biofuel and
biomass burning. Fine mode Kþ has been considered a key tracer
for biomass burning (Yamasoe et al., 2000; Falkovich et al., 2005).
Levoglucosan (1, 6-anhydro-b-D-glucopyranose) is considered as an
excellent molecular marker for biomass burning (Simoneit et al.,
1999). It is formed by the pyrolysis of cellulose, the main building
material of wood and agricultural crop residues, at temperatures
higher than 300 �C (Wang et al., 2009). Strong correlations of fine
mode Kþ and NH4

þ with levoglucosan (r ¼ 0.90 and 0.85) further
suggest biomass burning as an important source of Raipur aerosols.
Back trajectories at the observation site indicate local sources and
long-range transport of air masses from the IGP areas. Air masses
Fig. 2. NOAA HYSPLIT seven-day backward air mass trajectories at 500 m above
ground level for the observation site in winter of 2012e2013.
from the IGP could deliver anthropogenic and biomass burning
aerosols to the Raipur region during the campaign. The growing
economy and population over the IGP result in a wide range of
biomass burning activities such as wood-fuel and agricultural
waste burning (Niranjan et al., 2006). High abundances of Ca2þ in
coarse size fractions suggest a significant contribution of mineral
dusts.

3.2. Molecular distributions of dicarboxylic acids and related
compounds

Diacids and related compounds measured in Raipur aerosols are
given in Table 1 together with their concentrations in the fine and
coarse modes. Their molecular distributions in 9-size fractions of
aerosols are given in Fig. 4. Oxalic acid (C2) was found as the most
abundant diacid species followed by succinic acid in all the sizes.
The predominance of C2 in size-segregated aerosols is reasonable
because C2 is significantly produced by the gaseous and aqueous
oxidation of various VOCs and UFAs of anthropogenic and biogenic
origin (Kawamura and Sakaguchi, 1999; Huang et al., 2005; Tedetti
et al., 2007), and primarily generated from fossil fuel combustion
and biomass burning (Chebbi and Carlier, 1996; Kundu et al., 2010a;
Kawamura et al., 2013; Cong et al., 2015).

Azelaic acid (C9) was found as the third most abundant diacid in
all the sizes followed by terephthalic acid (tPh) in fine size bins and
phthalic acid (Ph) in coarse size bins. High abundance of C9 shows
its unique source in Raipur aerosols. C9 is a specific oxidation
product of UFAs such as oleic acid (C18:1) (Kawamura and Gagosian,
1987; Huang et al., 2005; Tedetti et al., 2007), which has been
abundantly detected in terrestrial higher plant leaves (Agarwal
et al., 2010; Wang et al., 2012). C9 can also be produced by the
biomass burning because biomass contains UFAs (Kawamura et al.,
2013). It is noted that Hays et al. (2005) found high concentration of
oleic acid in the smoke particles from rice straw burning. High
abundance of C9 in this study indicates an enhanced emission of its
precursors from biomass burning and terrestrial plants followed by
successive photooxidation to C9 in the atmosphere of central India.

Burning of solid wastes containing plasticsmay be the source for
the high abundance of tPh in Raipur aerosols because tPh is a major



Table 1
Concentrations of measured organic compounds and inorganic ions in fine and coarsemode aerosols in the urban atmosphere of central India inwinter fromDecember 2012 to
February 2013.

Compounds Abbreviation Chemical formula Fine mode Coarse mode

Mean S.D.a Min.b Max.c Mean S.D. Min. Max.

Dicarboxylic acidsd

Saturated normal-chain diacids
Oxalic C2 HOOCeCOOH 545 231 248 1041 367 117 231 628
Malonic C3 HOOCeCH2eCOOH 36.2 16.2 20.8 67.4 27.0 8.98 17.8 43.3
Succinic C4 HOOCe(CH2)2eCOOH 113 30.3 77.4 175 82.5 26.0 51.6 134
Glutaric C5 HOOCe(CH2)3eCOOH 23.0 6.76 15.1 36.1 17.4 6.99 8.81 33.9
Adipic C6 HOOCe(CH2)4eCOOH 16.1 5.91 9.88 28.1 11.7 4.01 6.86 19.9
Pimelic C7 HOOCe(CH2)5eCOOH 8.87 3.47 5.38 16.8 5.43 1.97 2.73 8.27
Suberic C8 HOOCe(CH2)6eCOOH 10.2 8.36 0.00 28.5 5.48 5.32 0.00 14.5
Azelaic C9 HOOCe(CH2)7eCOOH 81.3 29.8 38.2 155 79.9 24.5 52.2 132
Decanedioic C10 HOOCe(CH2)8eCOOH 4.94 3.03 1.80 12.5 2.81 1.38 0.92 5.32
Undecanedioic C11 HOOCe(CH2)9eCOOH 8.25 6.16 4.05 27.7 5.53 2.16 2.73 9.37
Dodecanedioic C12 HOOCe(CH2)10eCOOH 0.45 0.46 0.00 1.59 0.11 0.31 0.00 1.11
Branched-chain diacids
Methylmalonic iC4 HOOCeCH(CH3)eCOOH 2.20 0.80 0.97 3.93 2.42 0.74 1.01 4.07
Methylsuccinic iC5 HOOCeCH(CH3)eCOOH 21.5 6.16 12.5 33.0 21.6 5.92 13.0 31.6
2-Methylglutaric iC6 HOOCeCH(CH3)e(CH2)2eCOOH 2.10 0.64 1.15 3.21 2.32 0.85 1.26 4.34
Unsaturated aliphatic diacids
Maleic M HOOCeCH]CHeCOOH e cis 25.7 4.47 15.8 33.3 34.4 5.25 23.5 41.9
Fumaric F HOOCeCH]CHeCOOH e trans 7.13 0.42 6.53 7.74 8.64 0.41 7.75 9.11
Methylmaleic mM HOOCeC(CH3)]CHeCOOH e cis 9.58 3.35 4.71 14.8 10.4 2.47 7.49 14.6
Unsaturated aromatic diacids
Phthalic Ph HOOCe(C6H4)eCOOH e o-isomer 64.6 28.5 22.0 140 70.7 25.8 22.0 129
Isophthalic iPh HOOCe(C6H4)eCOOH e m-isomer 4.44 1.08 2.81 6.35 4.07 1.65 2.10 7.35
Terephthalic tPh HOOCe(C6H4)eCOOH e p-isomer 74.8 58.4 19.5 185 31.9 23.2 10.4 79.4
Multifunctional diacids
Malic hC4 HOOCeCH(OH)eCH2eCOOH 1.45 0.79 0.78 3.82 2.07 1.26 0.41 5.11
Ketomalonic kC3 HOOCeHC(O)eCOOH 6.54 3.44 2.62 14.3 5.01 2.66 2.22 11.0
4-Ketopimelic kC7 HOOCeCH2eCH2eHC(O)(CH2)2eCOOH 5.17 2.97 1.15 9.97 1.62 0.81 0.63 2.95
Total diacids 1072 375 678 1808 800 210 523 1204

u-Oxocarboxylic acidsd

Glyoxylic uC2 OHCeCOOH 31.6 16.4 13.7 64.2 20.4 8.86 11.6 45.1
3-Oxopropanoic uC3 OHCeCH2eCOOH 5.27 2.62 2.30 10.8 3.30 1.65 1.00 7.47
4-Oxobutanoic uC4 OHCe(CH2)2eCOOH 18.8 11.1 4.97 50.4 13.9 11.3 3.76 46.3
5-Oxopentanoic uC5 OHCe(CH2)3eCOOH 3.67 1.44 2.09 5.88 2.74 1.20 1.43 4.53
7-Oxoheptanoic uC7 OHCe(CH2)5eCOOH 7.57 3.95 2.66 14.9 1.95 0.73 1.06 3.14
8-Oxooctanoic uC8 OHCe(CH2)6eCOOH 9.13 5.28 2.84 17.0 1.79 0.63 0.78 2.67
9-Oxononanoic uC9 OHCe(CH2)7eCOOH 1.74 0.78 0.96 3.14 1.43 0.64 0.73 3.12
Total u-oxoacids 77.8 36.9 40.8 160 45.5 22.2 22.8 111

Ketoacidd

Pyruvic Pyr CH3eC(O)eCOOH 13.1 5.26 6.56 24.1 9.78 3.82 5.54 18.5
a-Dicarbonylsd

Glyoxal Gly OHCeCHO 18.5 5.97 10.2 30.8 12.5 3.79 7.19 19.4
Methylglyoxal MeGly CH3eC(O)eCHO 11.7 3.71 6.31 18.6 8.90 2.71 2.86 14.0
Total a-dicarbonyls 30.2 8.81 19.4 46.4 21.4 5.44 12.6 31.1

Anhydrosugare

Levoglucosan Levo 2.18 0.83 1.09 3.62 0.61 0.22 0.29 1.02
Carbonaceous speciese

WSOC 15.3 4.79 8.78 25.8 8.39 2.05 4.08 11.5
OC 22.3 7.32 12.5 39.5 15.1 4.29 8.69 23.6
EC 3.73 3.01 1.15 11.9 1.18 0.92 0.35 3.67
TC 26.0 9.95 14.9 51.3 16.2 4.96 9.68 27.3

Ionic speciese

Naþ 1.38 0.43 0.67 1.96 1.95 0.76 0.87 3.39
NH4

þ 7.39 2.37 5.18 13.3 4.60 1.63 2.45 8.48
Kþ 6.92 1.91 5.15 11.7 3.71 1.39 1.96 7.20
Mg2þ 0.65 0.33 0.26 1.22 1.68 0.56 0.93 3.00
Ca2þ 1.46 0.47 0.85 2.30 11.3 2.56 8.30 17.7
MSA� 1.87 0.72 0.96 3.17 0.65 0.17 0.41 1.02
Cl� 6.50 2.68 2.47 12.0 4.50 1.66 3.68 6.13
NO3

� 8.36 3.47 3.02 13.7 6.78 0.77 5.59 7.90
SO4

2� 15.9 3.52 10.5 23.2 7.79 1.90 5.25 12.9
Total water-soluble ions 50.4 13.6 32.1 79.2 42.9 8.98 34.1 67.8

Fine mode represents aerosol size of Dp < 2.1 mm. Coarse mode represents aerosol size of Dp > 2.1 mm.
a Standard deviation.
b Minimum.
c Maximum.
d Values are in ng m�3.
e Values are in mg m�3.
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Fig. 4. Average molecular distributions of water-soluble dicarboxylic acids and related polar compounds in size-segregated aerosols.
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species of polyester fibers and plastic bags and bottles (Fu et al.,
2010; Kawamura and Pavuluri, 2010). Ph primarily originates
from anthropogenic sources such as coal combustion and second-
arily produced from the photooxidation of naphthalene (NAP) and
other polynuclear aromatic hydrocarbons originated from incom-
plete combustion of fossil fuels (Kawamura and Kaplan, 1985). High
abundance of Ph in size-segregated aerosols indicates a significant
contribution of anthropogenic sources such as coal burning in
Raipur during the campaign. Raipur has a cluster of coal-based
thermal power plant and is known as part of coal belt of India.

u-Oxoacids (uC2-uC9), pyruvic acid and a-dicarbonyls (C2-C3)
are primarily originated from combustion sources and secondarily
produced via atmospheric photooxidation of various organic pre-
cursors originated from anthropogenic and biogenic sources
(Kawamura et al., 1996a; Kawamura and Bikkina, 2016). Glyoxylic
acid (uC2) was found as the most abundant u-oxoacid whereas
glyoxal (Gly) was found more abundant than methylglyoxal
(MeGly) in all the sizes. uC2 is initially produced by oxidation of Gly
and MeGly in aqueous-phase whereas Gly and MeGly are produced
from the gas-phase oxidation of several anthropogenic and
biogenic VOCs and could act as a precursor of C2 via heterogeneous
processes (Volkamer et al., 2001; Lim et al., 2005). The dominance
of uC2 and Gly indicates that they are key precursors of C2 in Raipur
aerosols.

3.3. Size distributions of inorganic ions and methanesulfonic acid

Size distributions of inorganic ions are shown in Fig. 5. The
result of correlation analyses among the measured ions in fine and
coarse modes is given in Table 2. Naþ showed bimodal distribution
with a large peak in coarse mode and a small peak in fine mode
whereas Ca2þ and Mg2þ showed unimodal distributionwith a peak
in coarse mode (Fig. 5aec). Ca2þ and Mg2þ in coarse mode have
frequently been interpreted to be of dust particle origin (Zhuang
et al., 1999; Zhao et al., 2011). The similar size distributions and
strong correlations between coarse mode Ca2þ and Mg2þ (r ¼ 0.97)
suggest their similar sources and origins probably from dust par-
ticles in central India. Good correlation of coarse mode Naþ with
Ca2þ (r¼ 0.70) andMg2þ (r¼ 0.66) indicate the dust contribution to
coarse mode Naþ in Raipur aerosols. It is noteworthy that Naþ

showed a small peak in fine mode. The fine mode peak of Naþ may
suggest another source of Naþ in addition to mineral dust in Raipur
aerosols. The accumulation of Naþ in fine mode may be associated
with anthropogenic sources such as waste incineration (Kaneyasu
et al., 1999).

Kþ showed a bimodal distribution with a major peak in fine
mode and a minor peak in coarse mode (Fig. 5d). It is remarkable
that fresh biomass burning aerosols derived from crop residues and
wood burning had larger mass fraction of Kþ in Dp < 0.43 mm (Sang,
2012). Burning of agricultural residues in open field after crop
harvesting is common in winter in Raipur and the IGP. The fine
mode peak of Kþ in Raipur may be caused by the combination of
biomass burning-derived aerosols with secondary aerosol species.
It is noteworthy that concentrations of secondary inorganic ions
especially SO4

2� and NH4
þ peaked in the same size range of Kþ in fine

mode. A strong correlation of Kþ with SO4
2� (r ¼ 0.85) suggests that

fine mode Kþ may be produced by mixing of biomass burning
aerosols with anthropogenic aerosols containing substantial
amounts of secondary inorganic aerosol precursor such as SO2
resulted from industrial activities in Raipur and the IGP. The small
peak of Kþ in coarse mode shows that there were other sources of
Kþ in addition to biomass burning in Raipur. Coarse mode Kþ may
be derived from soil resuspension and fertilizers as it showed a
strong correlation with Ca2þ (r ¼ 0.93).

NH4
þ and SO4

2� showed bimodal distributions with a major peak
in finemode and aminor peak in coarsemode (Fig. 5e and f). NH4
þ is

secondarily produced via heterogeneous reactions of gaseous NH3
with sulfuric and nitric acids (Seinfeld and Pandis, 1998; Kerminen
et al., 2001). Fine mode peak of NH4

þ may be produced by gas-to-
particle conversion via the reaction with sulfuric and nitric acids.
Fine mode SO4

2� is produced by homogeneous gas-phase oxidation
of SO2 followed by gas-to-particle conversion and oxidation of SO2
in aerosol aqueous-phase whereas coarse mode SO4

2� could be
attributed to a heterogeneous reaction of SO2 on sea salt and dust
particles (Seinfeld and Pandis, 1998). Major peak of SO4

2� in fine
mode indicates that most of SO4

2� is produced by aerosol aqueous-
phase oxidation of SO2. The reaction of NH3 with sulfuric acid or
ammonium bisulfate usually favored over its reaction with nitric
acid because ammonium sulfate is more stable than ammonium
nitrate. Similar size distributions of NH4

þ and SO4
2�, together with a

strong correlation (r ¼ 0.85) between their concentrations in fine
mode, suggest that they are internally mixed in the form of
ammonium sulfate and ammonium bisulfate.

Size distribution of NO3
� is similar to those of NH4

þ and SO4
2�

(Fig. 5g). The sampling site is a congested area with heavy traffic
mainly with diesel trucks and buses as well as cars and double
stroke automobiles. The National Highway is approximately 300 m
away from the sampling site with heavy vehicular traffic condition
of about 25,000 vehicles per day (Deshmukh et al., 2012). These
considerations indicate that the major source of NO3

� in this region
may be from traffic emissions (Deshmukh et al., 2010). Moreover,
we presume that NO3

� can also be produced in fine mode from
biomass burning. It is noteworthy that biomass burning is
commonly occurred in eastern central India during winter
(Nirmalkar et al., 2015). NH4

þ showed a good correlation with NO3
�

(r ¼ 0.67) in fine mode. The fine mode NO3
� can be produced by

homogeneous OH radical oxidation of NOx into nitric acid that re-
acts with NH3 to form ammonium nitrate. Russell et al. (1983)
suggested that formation of ammonium nitrate is significant at
high RH and low temperature. The major fine mode peak of NO3

� in
Raipur aerosols suggests that high RH and low temperature in
winter are favorable for the formation of ammonium nitrate in the
fine mode. The amounts of gas-phase NH3 also influence the pro-
duction of NO3

� in fine and coarse modes. NH4
þ/SO4

2� equivalent
ratio varied from 1.0 to 1.5 with an average of 1.3 in fine mode and
1.1 to 2.0 with an average of 1.6 in coarse mode. These results
suggest that atmospheric NH3 was abundant enough to neutralize
sulfuric acid and hence NH4

þ was present in the form of ammonium
nitrate in addition to ammonium sulfate in fine and coarse modes.

Good correlation of SO4
2� (r¼ 0.65) and NO3

� (r¼ 0.68) with Ca2þ

was found in coarse mode. This result indicates that coarse mode
SO4

2� and NO3
� is associated with soil dust. Partitioning of nitric acid

likely controls the concentration of NO3
� in coarse mode. Substan-

tial amount of NO3
� found in coarse mode is likely due to the for-

mation of Ca(NO3)2 through the reactive adsorption of NO2 or gas-
phase nitric acid onto alkaline dust particles. The coarse mode SO4

2�

and NO3
� is associated with dust and thus coarse mode NH4

þ may be
produced via the heterogeneous reaction of NH3 with SO4

2� and
NO3

� on dust surface.
A bimodal size distributionwas observed for MSA�with a major

peak in fine mode and a minor peak in coarse mode (Fig. 5h). MSA�

is produced by the gas- and liquid-phase oxidation of dimethyl
sulfide (DMS) (Meinardi et al., 2003). Because biomass burning
produces DMS (Meinardi et al., 2003), the peak of MSA in finemode
may be of biomass burning origin. Strong correlations of fine mode
MSA� with Kþ (r ¼ 0.83) and levoglucosan (r ¼ 0.89) suggest that
enhanced emission of DMS from biomass burning followed by the
subsequent oxidation contributed significantly to fine mode MSA�

in Raipur aerosols. Engling et al. (2009) and Cao et al. (2015) sug-
gested that biomass burning could be a significant source of



Fig. 5. Average size distribution of concentrations of measured water-soluble major ions in aerosol particles collected in central India. The error bars represent one standard
deviation.

Table 2
Pearson correlation analysis amongmeasured ionic species and organic compounds in finea and coarseb mode aerosols in the urban atmosphere of central India inwinter from
December 2012 to February 2013.2

Na+ NH4
+ K+ Mg2+ Ca2+ Cl- NO3

- SO4
2- MSA- WSOC OC EC C2 C3 C4 C5 C9 ωC2 ωC3 ωC4 ωC5 ωC9 Gly MeGly Levo

Na+  0.55 0.55 0.57 0.67 0.55 0.21 0.13 0.22 0.47 0.38 0.53 0.63 0.40 0.43 0.58 0.40 0.65 0.60 0.41 0.55 0.22 0.31 0.21 0.53
NH4

+ 0.68  0.98 0.12 0.10 0.78 0.67 0.85 0.83 0.72 0.79 0.80 0.83 0.83 0.81 0.86 0.93 0.80 0.90 0.92 0.86 0.63 0.76 0.58 0.96
K+ 0.69 0.96  0.18 0.22 0.78 0.57 0.85 0.83 0.73 0.80 0.88 0.83 0.82 0.81 0.87 0.93 0.81 0.90 0.92 0.87 0.68 0.86 0.59 0.98

Mg2+ 0.66 0.98 0.98  0.91 0.23 0.51 0.03 0.01 0.51 0.03 0.05 0.36 0.05 0.23 0.07 0.12 0.12 0.52 0.21 0.25 0.18 0.55 0.21 0.09
Ca2+ 0.70 0.93 0.93 0.97  0.35 0.41 0.35 0.36 0.36 0.40 0.48 0.30 0.48 0.13 0.16 0.28 0.11 0.52 0.33 0.27 0.12 0.39 0.11 0.08
Cl- 0.22 0.56 0.59 0.66 0.73  0.53 0.90 0.81 0.52 0.69 0.66 0.53 0.52 0.66 0.61 0.83 0.48 0.63 0.80 0.62 0.11 0.73 0.48 0.88

NO3
- 0.17 0.41 0.42 0.56 0.68 0.72  0.53 0.56 0.52 0.59 0.36 0.43 0.50 0.53 0.57 0.57 0.43 0.69 0.49 0.59 0.08 0.35 0.21 0.58

SO4
2- 0.13 0.66 0.69 0.63 0.65 0.73 0.42  0.91 0.56 0.62 0.60 0.65 0.43 0.69 0.62 0.83 0.50 0.62 0.68 0.67 0.55 0.40 0.81 0.85

MSA- 0.50 0.97 0.96 0.36 0.32 0.51 0.38 0.73 0.42 0.55 0.55 0.57 0.55 0.66 0.70 0.79 0.53 0.66 0.72 0.79 0.16 0.56 0.77 0.89
WSOC 0.17 0.52 0.53 0.48 0.65 0.41 0.62 0.57 0.53  0.96 0.78 0.92 0.73 0.92 0.83 0.72 0.80 0.85 0.70 0.63 0.61 0.52 0.46 0.92

OC 0.41 0.66 0.67 0.58 0.63 0.42 0.52 0.65 0.65 0.90  0.82 0.89 0.80 0.91 0.85 0.83 0.82 0.89 0.78 0.70 0.59 0.52 0.52 0.85
EC 0.69 0.90 0.92 0.55 0.61 0.50 0.18 0.60 0.86 0.46 0.69  0.85 0.73 0.78 0.85 0.82 0.83 0.88 0.87 0.78 0.33 0.66 0.65 0.88
C2 0.28 0.61 0.63 0.59 0.63 0.60 0.69 0.62 0.60 0.83 0.82 0.66  0.80 0.90 0.92 0.80 0.91 0.90 0.72 0.80 0.61 0.65 0.63 0.95
C3 0.38 0.57 0.57 0.46 0.56 0.07 0.60 0.42 0.58 0.77 0.83 0.63 0.70  0.80 0.86 0.81 0.90 0.83 0.56 0.87 0.69 0.76 0.45 0.83
C4 0.18 0.69 0.69 0.63 0.58 0.55 0.62 0.83 0.75 0.65 0.72 0.78 0.81 0.69  0.93 0.80 0.75 0.85 0.82 0.73 0.51 0.61 0.70 0.92
C5 0.30 0.73 0.73 0.68 0.55 0.26 0.63 0.60 0.81 0.53 0.62 0.79 0.63 0.73 0.88  0.80 0.87 0.93 0.78 0.90 0.53 0.72 0.65 0.86
C9 0.15 0.67 0.65 0.63 0.65 0.29 0.66 0.48 0.72 0.55 0.57 0.55 0.37 0.57 0.61 0.71  0.79 0.87 0.83 0.79 0.62 0.55 0.69 0.98
ωC2 0.56 0.87 0.89 0.83 0.79 0.61 0.22 0.80 0.85 0.57 0.69 0.95 0.76 0.63 0.82 0.80 0.53  0.88 0.69 0.87 0.56 0.85 0.53 0.90
ωC3 0.43 0.81 0.83 0.79 0.75 0.59 0.21 0.79 0.81 0.77 0.80 0.85 0.90 0.71 0.85 0.81 0.57 0.93  0.80 0.88 0.45 0.67 0.57 0.82
ωC4 0.32 0.63 0.67 0.69 0.72 0.83 0.42 0.80 0.60 0.59 0.58 0.67 0.81 0.29 0.63 0.43 0.29 0.78 0.83  0.72 0.07 0.46 0.73 0.90
ωC5 0.20 0.77 0.76 0.80 0.71 0.55 0.35 0.60 0.81 0.50 0.43 0.58 0.45 0.33 0.53 0.60 0.80 0.63 0.67 0.60  0.38 0.83 0.67 0.89
ωC9 0.06 0.10 0.08 0.56 0.61 0.23 0.60 0.22 0.12 0.55 0.56 0.02 0.48 0.36 0.32 0.06 0.60 0.07 0.23 0.20 0.21  0.42 0.13 0.80
Gly 0.25 0.70 0.68 0.60 0.63 0.22 0.59 0.59 0.76 0.48 0.65 0.72 0.48 0.69 0.78 0.82 0.87 0.63 0.63 0.31 0.61 0.12 0.63 0.92

MeGly 0.23 0.32 0.32 0.35 0.59 0.38 0.55 0.48 0.41 0.26 0.12 0.32 0.53 0.20 0.63 0.60 0.33 0.43 0.53 0.47 0.49 0.36 0.38  0.60
Levo 0.08 0.38 0.50 0.05 0.02 0.15 0.21 0.39 0.09 0.50 0.62 0.80 0.60 0.52 0.63 0.66 0.63 0.62 0.60 0.58 0.63 0.68 0.55 0.28 

See Table 1 for abbreviation. aSee upper diagonal triangle. bSee lower diagonal triangle. P ≤ 0.01 for the correlation where r is ≥ 0.69. P ≤ 0.05 for the correlation where r is 
0.56 to 0.68.  
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Fig. 6. Average size distribution of concentrations of water-soluble organic carbon
(WSOC), organic carbon (OC), elemental carbon (EC) and levoglucosan in aerosol
particles collected in central India. The error bars represent one standard deviation.
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chloride and chloride-containing compounds in the atmosphere.
Cl� showed a bimodal distribution with a major peak in fine mode
and aminor peak in coarsemode (Fig. 5i). The finemode peak of Cl�

in Raipur aerosols might also be of biomass burning origin. This is
also supported by the fact that Cl� is positively correlated with Kþ

or NH4
þ (r ¼ 0.78) and levoglucosan (r ¼ 0.88) in fine mode. This

result suggests that formation of ammonium and potassium chlo-
ride is important in fine mode particles via the reaction of NH3 and
Kþ with HCl vapor or chloride-containing compounds produced
from combustion sources. It is noteworthy that ammonium chlo-
ride salt is stable under the condition of high relative humidity and
low temperature.

3.4. Size distributions of WSOC, OC and EC

Size distributions of carbonaceous components are shown in
Fig. 6. WSOC showed bimodal distributions with a major peak in
fine mode and a minor peak in coarse mode (Fig. 6a). The possible
sources of fine mode WSOC include primary emission from com-
bustion sources and secondary photochemical sources (Huang
et al., 2006; Ram et al., 2010). WSOC showed a significant posi-
tive correlation with Kþ (r ¼ 0.73) in fine mode. Interestingly, lev-
oglucosan, which is a tracer of biomass burning, is also enriched in
fine mode (Fig. 6b) and showed a strong correlation (r ¼ 0.92) with
WSOC. These results suggest that primary emission from biomass
burning or fast oxidation of biomass burning-derived precursors
contributed to the production of fine mode WSOC. The minor peak
of WSOC was found to be consistent with the same size bin of Ca2þ

on coarse mode. WSOC was moderately correlated with Ca2þ

(r ¼ 0.65) in coarse mode. This result suggests that coarse mode
WSOC is produced via the adsorption of gaseous organics and
oxidation of their anthropogenic and biogenic precursors via het-
erogeneous reaction on the mineral dust surface.

WSOC to OC ratio is a useful parameter to examine the potential
sources and photochemical aging of organic aerosols via gas-to-
particle formation of secondary WSOC (Miyazaki et al., 2010). The
WSOC to OC ratios varied from 0.60 to 0.85 (ave. 0.69 ± 0.07) in fine
mode whereas they varied from 0.45 to 0.65 (0.56 ± 0.07) in coarse
mode. Higher WSOC to OC ratios (0.5e0.8) were reported in aero-
sols originated from biomass burning over Amazonia (Mayol-
Bracero et al., 2002) and the IGP region (Ram et al., 2010). Higher
ratios ofWSOC to OC in finemode suggest that a significant fraction
of WSOC was produced from biomass burning in the urban atmo-
sphere of central India.

OC and EC showed bimodal distributions with a major peak in
fine mode and a minor peak in coarse mode (Fig. 6c and d). OC and
EC that are primarily produced from diesel and gasoline powered
vehicles showed maxima in fine mode at or close to the size bin of
0.12 mmwhereas those fromwood-smoke peaked at 0.12e0.5 mm in
diameter (Kleeman et al., 2000; Jaffrezo et al., 2005). The fine mode
bins of OC and EC in Raipur aerosols are larger than those produced
from diesel and gasoline power vehicles but are comparable or
somewhat larger than those of wood-smoke emission. This com-
parison suggests that fine mode maxima of OC and EC are
contributed from biomass burning. EC is primarily produced from
combustion process whereas OC is a secondary component pro-
duced by photooxidation of VOCs in addition to primary sources.
Strong correlations of fine mode OC and EC with Kþ (r ¼ 0.80 and
0.88, respectively) and levoglucosan (0.85 and 0.88, respectively)
further support biomass burning as a major source of carbonaceous
aerosols in Raipur.

3.5. Size distributions of dicarboxylic acids

The size distributions of selected diacids are shown in Fig. 7. C2
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showed a bimodal distribution with a major peak in fine mode and
a minor peak in coarse mode (Fig. 7a). A shift of malonic acid (C3)
peak was found in fine mode at the size of 0.65e1.1 mm. The
enhanced presence of C3 at the size range 0.65e1.1 mm could be
likely due to the evaporation of C3 from smaller-size particles fol-
lowed by condensation onto larger particles. C2 can be emitted
from primary sources including fossil fuel combustion and biomass
burning (Kawamura and Kaplan, 1985; Kundu et al., 2010a; Cong
Fig. 7. Average size distribution of concentrations of measured dicarboxylic acids in aeroso
et al., 2015). It can also be secondarily produced by gas-phase and
aqueous-phase oxidation of anthropogenic and biogenic VOCs and
UFAs (Hatakeyama et al., 1985; Ervens et al., 2004; Carlton et al.,
2007; Pavuluri et al., 2015; Zhang et al., 2016a). We found strong
correlations of C2 with Kþ (r ¼ 0.83) and levoglucosan (0.95) in fine
mode. This result suggests that primary emission from biomass
burning and secondary production from biomass burning-derived
precursors are prevalent sources of fine mode C2 in Raipur
l particles collected in central India. The error bars represent one standard deviation.



Fig. 8. Box-and-whisker diagrams of ratios of diacids in size-segregated aerosols.
Lower and upper ends of the box show the quartiles at 25% and 75% whereas upper
and lower bars of the whiskers present the quartiles at 10% and 90%. The cross bar in
the box shows the median and round circle shows the average value.
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aerosols. Similar size distributions and strong positive correlations
of other shorter-chain diacids (C3-C5) with Kþ (r ¼ 0.81e0.87) and
levoglucosan (0.83e0.86) in fine mode also indicate biomass
burning as the dominant source.

Biomass burning and fossil fuel combustion not only directly
produce C2 but also emit VOCs and UFAs that can be ultimately
oxidized to C2 in the atmosphere. A significant positive correlation
of C2 with SO4

2� (r ¼ 0.65) in fine mode indicates the secondary
production of C2 in Raipur aerosols. C2 can be produced by the
oxidation of longer-chain diacids (C2-C9) in aqueous-phase
(Legrand et al., 2007; Pavuluri et al., 2015). Interestingly, we
found strong correlations (r ¼ 0.80e0.93) among C2-C9 diacids in
fine mode. This result indicates that they might have similar
sources or C2 may be produced in fine mode via the decay of its
higher homologous, that is, C3-C9 diacids. uC2 is a key intermediate
to produce C2 in aqueous-phase (Lim et al., 2005; Legrand et al.,
2007). A strong correlation of C2 with uC2 (r ¼ 0.91) suggests
that they may have similar sources and formation processes or C2
may be produced by the oxidation of uC2 in fine mode.

C3 to C4 ratio can be used as a parameter to evaluate the
photochemical processing of organic aerosols because C4 tends to
be degraded into C3. Average C3/C4 ratios in size-segregated aero-
sols in Raipur ranged from 0.12 to 0.45 (Fig. 8a). These values are
much lower than those from remote marine aerosols over the
North and equatorial Pacific (ave. 3.9, Kawamura and Sakaguchi,
1999). C3/C4 ratios in Raipur aerosols were even lower than those
of winter aerosols in India (1.5, Pavuluri et al., 2010), China (1.1, Wu
et al., 2015), Hong Kong (1.3, Ho et al., 2006), Gosan Jeju Island (1.2,
Kundu et al., 2010b), and Chichijima Island (1.2, Mochida et al.,
2003), where aerosols were seriously subjected to photochemical
transformation. Lower C3/C4 ratios were usually found in freshly
produced aerosols fromwood burning (0.12, Wu et al., 2015), fossil
fuel combustion (0.35, Kawamura and Kaplan, 1985), and biomass
burning derived aerosols from Mt. Everest (0.51, Cong et al., 2015)
and Brazil (0.66, Kundu et al., 2010a). The lower ratios suggest that
aerosols from Raipur were freshly emitted from biomass burning
and biofuel combustion without serious photooxidation.

Maleic acid (M) is produced by the photooxidation of aromatic
hydrocarbons such as benzene and toluene derived from combus-
tion sources. Kawamura and Sakaguchi (1999) proposed that cis
configuration (M) could be isomerized to trans fumaric acid (F)
under the solar radiation through photochemical processes.
Average F/M ratios in size-segregated aerosols (0.23e0.31) in Rai-
pur (Fig. 8b) are much lower than those from the marine aerosols
from the North Pacific (3.2, Kawamura and Sakaguchi, 1999). This
comparison suggests that photochemical processing in Raipur is
not as significant as in marine aerosols. It is of interest to note that
F/M ratios in Raipur aerosols are comparable to those from the
urban aerosols from India (0.35, Miyazaki et al., 2009), Hong Kong
(0.15, Ho et al., 2006), and biomass burning derived aerosols from
Brazil (0.37, Kundu et al., 2010a). The lower ratios further suggest
that Raipur aerosols were rather fresh originating from biomass
burning and biofuel combustion.

Considerable amount of C2 was detected in coarse mode
(Table 1). The peak of C2 in coarse mode appeared exactly in the
same size fraction with Ca2þ. Coarse mode C2 showed good corre-
lationwith Ca2þ (r¼ 0.63). This result suggests that coarse mode C2
is associated with dust particles. A substantial fraction of C2 in
coarse mode may also be derived from gas-phase oxidation of
organic acids and their precursors in central India. C2 showed a
good correlation with coarse mode NO3

� (r ¼ 0.68), which is pref-
erentially produced in calcium-rich dust particles via the oxidation
of their gaseous precursors on calcium carbonate particles. A good
correlation between C2 and NO3

� suggests that C2 and its precursors
was experiencing similar formation processes with NO3

� in coarse
mode. Coarse mode C2 was likely produced by uptake of gaseous C2
diacid and heterogeneous reaction of C2 precursors onto alkaline
dust particles.

C9 diacid showed bimodal distribution with peaks in fine and
coarse modes. C9 is strongly correlated with Kþ (r ¼ 0.93) in fine
mode. Interestingly, a strong correlationwas also found between C9
and levoglucosan (r ¼ 0.98) in fine mode. This result suggests that
C9 diacid may be directly emitted into the atmosphere from
biomass burning in fine mode. Huang et al. (2005) and Tedetti et al.
(2007) suggested that C9 is also produced via the oxidation of UFAs
such as oleic acid (C18:1) having a double bond at C-9 position. It is
noteworthy that biomass burning can also produce oleic acid
abundantly (Hays et al., 2005). Therefore, the peak of C9 in fine
mode may also be produced by the oxidation of UFAs of biomass
burning origin in Raipur. High correlation of C9 with SO4

2� (r¼ 0.83)
in fine mode also suggests that secondary photochemical
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production contributed significantly to fine mode C9 in Raipur
aerosols. A positive correlation of C9 was found with Ca2þ (r¼ 0.65)
and Mg2þ (r ¼ 0.63) in coarse mode. Coarse mode C9 can be pro-
duced by the heterogeneous oxidation of UFAs possibly on the
surface of dust particles.

Ph or tPh is the second or third most abundant diacids in Raipur
aerosols (Fig. 7g and h). Ph showed a large peak in coarse mode and
a small peak in finemodewhereas tPh showed an opposite trend. It
is noteworthy that Ph and its precursor (naphthalene) usually exist
in the gas-phase (Schauer et al., 1996). A larger peak of Ph in coarse
mode is due to an enhanced adsorption of gaseous Ph as well as
oxidation of its precursors in gas-phase followed by adsorption on
the surface of alkaline dust particles in coarse mode. tPh is mostly
produced by the burning of plastic bags and bottles (Simoneit et al.,
2005; Kawamura and Pavuluri, 2010), and then deposited on the
pre-existing fine particles.

Molecular compositions of diacids can be used as tracer of
source strength of organic aerosols. C6/C9 and Ph/C9 ratios are
useful tracers to evaluate anthropogenic vs. biogenic contributions
to diacids because C6 and Ph are produced by the oxidation of
anthropogenic cyclohexene and aromatic hydrocarbons
(Hatakeyama et al., 1985; Kawamura and Ikushima, 1993), respec-
tively whereas C9 is produced by the oxidation of biogenic UFAs
(Kawamura and Gagosian, 1987; Tedetti et al., 2007). The average
C6/C9 ratios in size-segregated aerosols in Raipur (0.10e0.26) is
much lower than those reported for Gosan Jeju Island (1.4, Kundu
et al., 2010b) and Chichijima Island (3.2, Mochida et al., 2003),
where anthropogenic sources was the major source of organic
acids. Average Ph/C9 ratios in size-segregated aerosols in Raipur
(0.69e0.98) are lower than those reported in India (1.0e2.0,
Pavuluri et al., 2010), China (1.8, Wang et al., 2012), Hong Kong (5.2,
Ho et al., 2006), Mongolia (1.3, Jung et al., 2010), Gosan Jeju Island
(5.6, Kundu et al., 2010b), and Chichi-jima Island (8.9, Mochida
et al., 2003). These comparisons suggest that Raipur aerosols are
more influenced from biogenic UFAs possibly derived from biomass
burning. Biomass burning is usually considered as anthropogenic
sources but the materials are mostly of biogenic origin and thus C9
is produced by the oxidation of biogenic UFAs.

3.6. Size distributions of u-oxoacids and pyruvic acid

Size distributions of u-oxoacids and pyruvic acid are shown in
Fig. 9. uC2 showed a bimodal distribution with a major peak in fine
mode and a minor peak in coarse mode. Fine mode maxima of uC2
suggest that this oxoacid is primarily produced from biofuel and
biomass burning and secondarily produced in the atmosphere via
photooxidation of organic precursors in fine size fractions. This is
further supported by the fact that uC2 was strongly correlated with
Kþ (r ¼ 0.81) and levoglucosan (r ¼ 0.90) in fine mode. Gly and
MeGly are the precursors of uC2 in aerosols via aqueous-phase
processing (Lim et al., 2005; Myriokefalitakis et al., 2011). uC2
was significantly correlated with Gly (r ¼ 0.85) whereas a weak
correlation was found with MeGly (0.53) in fine mode. This result
suggests that Gly is a main precursor of uC2 in fine mode.

The gas-phase and aqueous-phase processing of u-oxoacids
with OH� produces diacids in the atmosphere (Carlton et al., 2007;
Wang et al., 2012; Pavuluri et al., 2015; Zhang et al., 2016b). Strong
correlations (r ¼ 0.82e0.91) of fine mode C2-C5 u-oxoacids with
corresponding diacids (C2-C5) suggest that both u-oxoacids and
diacids are simultaneously produced in fine mode from similar
sources and atmospheric processes possibly via gas- and aqueous-
phase oxidation of their precursors derived from combustion
sources. These high correlations further suggest that diacids are
produced by the oxidation of corresponding u-oxoacids in fine
mode. Coarse mode peak of uC2 in the same size bin of Ca2þ shows
that this oxoacid is associated with mineral dust. A substantial
fraction of uC2 in coarse mode (Table 1) may be produced through
the accumulation of gaseous uC2 originated from combustion
sources and heterogeneous oxidation of their precursors on dust
particles. A positive correlation of uC2 and Gly (r ¼ 0.63) indicates
that gas-phase and aerosol-phase Gly may undergo heterogeneous
oxidation to produce uC2 on coarse mode particles.

9-Oxononanoic acid (uC9) showed a bimodal distribution with
peaks in fine and coarse mode (Fig. 9). uC9 is produced by the
oxidation of UFAs such as oleic acid (C18:1) and further oxidized to
C9 in the atmosphere (Kawamura and Gagosian, 1987; Ziemann,
2005). Positive correlations of uC9 with C9 (r ¼ 0.62) and levoglu-
cosan (0.80) in fine mode suggest that UFAs produced by biomass
burning undergo photooxidation to produce uC9 in fine mode. The
peak of uC9 in coarse mode suggests that oxidation of UFAs prob-
ably occurs via heterogeneous reaction on dust particles. Based on
the above observation together with high abundance of C9 suggests
that photooxidation of UFAs originated from biomass burning could
be a major source of these species in central India. Pyruvic acid
showed bimodal distributions with a major peak in fine mode and
minor peak in coarse mode. Lim et al. (2005) and Carlton et al.
(2006) proposed that anthropogenic and biogenic VOCs form
MeGly in gas-phase that can be hydrated in aqueous-phase to form
pyruvic acid in the atmosphere. The fine mode peak of pyruvic acid
suggests gaseous oxidation of anthropogenic VOCs whereas coarse
mode peak suggests its origin via heterogeneous oxidation of
organic precursors on dust particles.

3.7. Size distributions of a-dicarbonyls

Gly and MeGly are gas-phase oxidation products of VOCs
including benzene and toluene (Legrand et al., 2007), xylene
(Volkamer et al., 2001) as well as ethylene and isoprene
(Zimmermann and Poppe, 1996; Lim et al., 2005). They have
received much attention because their aqueous-phase oxidation is
the global and regional source of SOA including C2 (Warneck, 2003;
Carlton et al., 2007). Gly and MeGly showed bimodal distribution
with nearly equal size of peaks in fine and coarse modes (Fig. 10).
Photooxidation of aromatic hydrocarbons produced from com-
bustion sources has been proposed as a major source of Gly and
MeGly in urban areas (Hays et al., 2002; Fu et al., 2008; Jung et al.,
2010). Fine mode Gly is strongly correlated with Kþ and levoglu-
cosan (r ¼ 0.86 and 0.92, respectively) whereas MeGly showed
moderate correlation (0.59 and 0.60, respectively). These results
suggest that biomass burning is a major source of fine mode Gly in
Raipur aerosols.

Gly and MeGly showed peaks on coarse mode that are compa-
rable to peaks in fine mode. The coarse mode peaks of Gly and
MeGly appeared in the size bin of Ca2þ. Moderate correlations of
Gly (r¼ 0.63) andMeGly (0.59) were also found with Ca2þ in coarse
mode. This result suggests that coarse mode Gly and MeGly are
associated with mineral dust in Raipur. The considerable fraction of
Gly and MeGly in coarse mode provides an evidence of their major
gas-phase precursors in Raipur region. Coarse mode Gly and MeGly
may be produced via the adsorption of gas-phase Gly and MeGly as
well as partitioning of their gaseous precursors on the surface of
mineral dust followed by heterogeneous oxidation.

Gly and MeGly are mostly present in gas-phase and only small
portion is in aerosols (Kawamura et al., 2013). Gly and MeGly are a
crucial SOAaq precursor. They are highly water-soluble and reactive
to OH radical and can diffuse into aerosol where it is converted to
SOA through formation of low volatility products such as organic
acids and oligomers (Warneck, 2003; Carlton et al., 2006). Thus,
considerable fractions of Gly and MeGly in coarse mode aerosols in
Raipur are crucial in terms of heterogeneous oxidation to result in



Fig. 9. Average size distribution of concentrations of measured u-oxocarboxylic acids and pyruvic acid in aerosol particles collected in central India. The error bars represent one
standard deviation.
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uC2 and C2 (Lim et al., 2005; Wang et al., 2012), which have a sig-
nificant influence on chemical and physical properties of urban
aerosols. SOAaq are generally essential components of fine particles.
Their association with coarse mode aerosols via the uptake of
gaseous Gly andMeGly or heterogeneous reaction of anthropogenic
and biogenic precursors on mineral dust surface can alter their
residence time and may suppress the formation of SOAaq in fine
mode due to the decrease in the abundance of precursors. These
processes may thus reduce the contribution of SOAaq to light
scattering and cloud droplet formation because they are sensitive
to the number and mass concentrations of fine particles.

4. Summary and conclusions

Size-segregated aerosols in 9-size fractions were collected in the
urban atmosphere of Raipur, central India in winter of 2012e2013
and analyzed for diacids and related compounds as well as carbo-
naceous components and inorganic ions to investigate their sources



Fig. 10. Average size distribution of concentrations of measured a-dicarbonyls in
aerosol particles collected in central India. The error bars represent one standard
deviation.
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and formation mechanism. Diacids showed a predominance of
oxalic acid (C2) followed by succinic and azelaic (C9) acid whereas
u-oxoacids showed a predominance of glyoxylic acid and glyoxal
was the most abundant a-dicarbonyl in all the sizes. High abun-
dance of C9 demonstrates its unique source of UFAs associated with
the emission from biomass burning and the subsequent oxidation
to C9 in central India.

Diacids, u-oxoacids and a-dicarbonyls showed bimodal distri-
butions with peaks in fine and coarse modes. SO4

2�, NO3
�, NH4

þ and
Kþ showed bimodal distributions with a major peak in fine mode
and minor peak in coarse mode whereas Ca2þ and Mg2þ showed
unimodal distribution with a peak in coarse mode. Strong corre-
lations of diacids and related compounds with Kþ and levoglucosan
in fine mode suggest a significant contribution of primary emission
from biomass burning and secondary production from biomass
burning-derived precursors. Similar size distributions and strong
correlations among normal-chain diacids (C2-C9) in fine mode
suggest their similar sources with a strong link to photochemical
chain reactions to produce C2 by the oxidation of longer-chain di-
acids. Substantial fractions of diacids and related compounds in
coarse mode are likely associated with dust particles via the uptake
of gaseous diacids and related compounds and with the oxidation
of anthropogenic and biogenic precursors via heterogeneous re-
action on alkaline dust particles. This study denoted that biomass
burning and mineral dust particles are largely involved with the
size distributions of diacids and related compounds in the urban
atmosphere over central India.
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