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� Chemical composition of plastic-enriched waste burning aerosols.
� Discusses organics versus metals for a better tracer of waste burning aerosols.
� Suggests that terephthalic acid is a good tracer for such fresh particles.
� Whereas phthalic acid is a tracer for aged particles influenced with waste burning.
� Suggests that tin is a better tracer for plastic-enriched waste burning aerosols.
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a b s t r a c t

To better identify the tracers for open-waste burning (OWB) aerosols, we have conducted aerosol
sampling at 2 landfill sites, i.e., Okhla and Bhalswa in New Delhi. The metals such as, As, Cd, Sb and Sn,
which have been observed almost negligible in remote aerosols, are found abundantly in these OWB
aerosol samples (n¼ 26), i.e., 60± 65, 41± 53, 537± 847 and 1325± 1218 ng m�3, respectively. Samples
(n¼ 20) collected at urban locations in New Delhi, i.e., at Employees' State Insurance (ESI) hospital and
National Physical Laboratory (NPL) also show high abundances of these metals in the particles. Filter
samples are also analyzed for water-soluble dicarboxylic acids (C2eC12) and related compounds (oxo-
carboxylic acids and a-dicarbonyls). Terephthalic acid (tPh) was found to account for more than 77% of
total diacids determined in OWB aerosols. However, such a high abundance of tPh is not observed in
aerosols collected at urban sites. Instead, phthalic acid (Ph) was found as the third/fourth most abundant
diacid (~3%) following C2 (>70%) and C4 (>12%) in these waste burning influenced urban aerosols. A
possible secondary formation pathway of Ph by photo-degradation of phthalate ester (di-2-ethylhexyl
phthalate) in plastic-waste burning aerosol is suggested. Ionic composition of OWB aerosols showed
that Cl� is the most abundant ion (40± 8% of total ions determined). The correlation studies of the
potential metals with the organic tracers of garbage burning, i.e., phthalic, isophthalic and terephthalic
acids show that especially Sn can be used as marker for tracing the plastic-enriched waste burning
aerosols.

© 2015 Published by Elsevier Ltd.
1. Introduction

Identification of aerosol sources is a priority for air quality
strategy, aerosol health impact and climate change study. However,
it is a difficult task as aerosols have several sources and involved in
complex atmospheric processing, degradation and removal
arwal).
processes. Several approaches have been used for this task, e.g.,
models, which are based on the input of chemical species (Amato
et al., 2011; Li et al., 2012; Pant and Harrison, 2012), stable- and
radioisotope compositions of certain species (Aggarwal et al.,
2013a; Aggarwal and Kawamura, 2008; Kirillova et al., 2014;
Wang et al., 2012), chemical markers (Simoneit et al., 1999), in
which trace metals are the better options because they persist in
the atmosphere throughout the life of a particle.

Open-waste burning (OWB) practices are commonly reported in
several parts on the globe including India, China, Mexico, Tanzania,
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Mongolia, etc. (Christian et al., 2010; Fu et al., 2010; Jung et al.,
2010; Kassim, 2006; Kawamura and Pavuluri, 2010; Li et al., 2012;
Mkoma and Kawamura, 2013; Wang et al., 2012). OWB is accom-
panied with smoke rich emission, which comprises greenhouse
gases, toxic gases and particle-bound chemicals (Wiedinmyer et al.,
2014). Instead most garbage burning occurs in proximity close to
residential areas or public places. In several megacities, garbage is
generally burned to minimize the waste. The dumped municipal
solid waste (MSW) at landfill sites is often burned (Christian et al.,
2010; Kawamura and Pavuluri, 2010; Pavuluri et al., 2010). Garbage
burning in the backyard by the locals is also common in several
countries (Lemieux et al., 2000). In developing world, these prac-
tices are even more common, where waste is burned at street sites,
nearby houses, apartments and local markets (Wiedinmyer et al.,
2014).

Christian et al. (2010) estimated that about 2000 Tg year�1 of
garbage is generated globally and about the half is burned in open
fire or incinerators. For an example, in Tanzania alone, dumping of
MSW (containing large amounts of plastic) into open landfills is
very common, and ~60% of daily domestic solid waste are disposed
and subjected to open burning (Kassim, 2006). Therefore, garbage
burning is one of the important sources of aerosols, which is largely
overlooked (Wiedinmyer et al., 2014). In most of the reports such
burnings are clubbed with biomass burning aerosols (Akagi et al.,
2011), or fuel burning aerosols (Lei et al., 2013).

OWB has been reported to be a prominent source of particulate
chloride in the urban and suburban areas (Christian et al., 2010). In
Mexico City, the contribution of open-waste burning to PM2.5 par-
ticulate chloride ismore than 60% of the totalmeasured chloride. An
estimate suggests that HCl generated by these sources is as high as
6e9 Tg year�1 globally. OWB in Mexico contributes to 3e30% of the
PM2.5mass (Li et al., 2012). On the other hand, the emissions of PM10
from OWB in China have been estimated to 22% of China's total re-
ported anthropogenic PM10 emissions (Wiedinmyer et al., 2014).
Also in China, MSW landfills have been recognized to contribute to
the increasing concentration of mercury in the ambient air. Annual
estimate of mercury emissions from 5 landfills in China has been
obtained to range from 17 to 3300 g year�1 (Li et al., 2010).

These recent studies pointed out the requirement of better
understanding the emissions from OWB and hence a need to
perform more studies (on different parts of the world) to quantify
the emissions. New Delhi the capital of India is situated within the
metropolis of Delhi National Capital Territory (NCT) which is one of
the largest metropolises by area (~1500 km2) and the second
largest by population (~17 million, 2011) in India (http://ncrpb.nic.
in/). Several fold high aerosol mass loading is observed in New
Delhi than that defined in National Ambient Air Quality Standards
(NAAQS) (Aggarwal et al., 2013b), especially in winter season
(Miyazaki et al., 2009). In New Delhi, open burning of garbage at
road sides, residential campuses and local markets is a common
practice. Sometimes it is just to dispose of the waste, but in the
severewinter, it is one of the easily available refuges to get over cold
for many people in the megacity. Common materials in these
trashes are plastic bags, bottles and packing materials apart from
paper waste, clothes, etc. Such waste material is mainly dumped at
three working landfill sites in Delhi.

Our research objective is to find a better tracer for OWB aerosols.
Unlike the organic tracers that tend to undergo physicochemical
transformation during atmospheric transport from source to the
receptor, we focus here on the metals that can be quantified
without any ambiguity as long as particles remain suspended. For
this purpose, we performed aerosol sampling at the source of OWB,
nearby source at an urban site and a well-mixed urban represen-
tative site. The samples were analyzed using ICP-HRMS for specific
metals, which could be used as potential source tracer. In addition,
few samples were also analyzed for organic acids, which are known
as organic tracer for waste burning aerosols. We study the relation
of these organic tracers with the metal tracers. In this paper, we
discuss the possibility of tin (Sn) as a source tracer for plastic-
enriched waste burning aerosols.

2. Materials and methods

2.1. Site description and sampling details

Aerosol sampling was performed in New Delhi at the OWB sites
(Okhla and Bhalswa landfills), nearby source at an urban site
(rooftop of Employees' State Insurance (ESI) hospital building) and
at a well-mixed urban representative source site (rooftop of NPL
building) as shown in Fig. 1. The information about landfill sites has
been given in Chakraborty et al. (2011). Waste composition at
Delhi's MSW landfills consists of 55± 20% compostable material
with rest of the fraction as non-compostable material. Out of the
non-compostable materials, recyclable materials (mainly poly-
thene/plastic materials, foam, paper, packing and packaging ma-
terials, clothes, etc.) contribute to 20e30%, while rest are inert
materials like construction and demolition waste, excavated soil,
silt, etc. (Chakraborty et al., 2011). Compostable material also con-
sists of biomass (including garden waste), and food materials from
kitchen waste. Based on the annual estimation, about 1200 and
1500 tons day�1 of waste is dumped in Okhla and Bhalswa landfills,
respectively. About 7500 tons year�1 of CH4 emission is estimated
from Okhla landfill alone (Chakraborty et al., 2011).

Nearby Okhla landfill site, a government building, i.e., ESI hos-
pital is situated at the foothills (Okhla landfill height is approxi-
mately 40 m above the ground level). This building is located
nearby small shops and apartments with a sided busy road. NPL site
is located in central Delhi, which is about half km away from the
busy road, and is surrounded by institutional and residential areas,
and protected ridge vegetation (Fig. 1). Sampling at NPL and ESI
hospital sites was carried out on the rooftop (~15 m height above
the ground level), on quartz filters (prebaked at 450 �C) using a
high-volume air sampler (Vayubodhan Upkaran Pvt. Ltd.), which
was operated at a flow rate of 1100 L per minute (lpm). Most of the
samplings at the landfills were carried out using low-volume handy
sampler (Envirotech Instruments Pvt. Ltd., APM 821), which was
placed in downwind direction to fire break location. Handy sampler
was placed at a height of ~2.5 m above the ground level (agl) and
operated at a flow rate of 2 lpm. Samples were also collected using a
high-volume air sampler at the landfill sites ~1 m agl, and~ 30 m
away from the fire break location.

It is important to note that the chemical compositions deter-
mined in handy sampler samples (collected at ~2.5 m agl with 2
lpm flow rate) and high-volume samples (collected at ~1 m agl with
1100 lpm flow rate) were found to be similar. This comparison
suggests that the chances of contamination of ground dust with
smoke particles in high-volume samples were insignificant.
Moreover for landfill sites, most of the samples considered in this
study are low-volume handy sampler samples. Sampling details are
summarized in Table 1. Total 38 samples and 8 field blank samples
from different sites were considered in this study. Filter samples
were conditioned before and after sampling in a desiccator for
gravimetric mass determination, and packed in a glass bottle.
Samples were stored in a refrigerator until analysis.

2.2. Analyses

For the determination of metals, filter samples were acid
digested using a microwave digestion system (Berghof MSW3þ). A
piece of filter was taken in cleaned Teflon digestion vessel and 5 ml
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Fig. 1. Image map of the sampling sites in Delhi, India (Google Earth imagery), and sampling photographs of landfill site.
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HNO3 (Merck, Suprapur®) and 2 ml H2O2 (Merck, Suprapur®) were
added, and digested (Gerboles et al., 2011). Digested samples were
transferred into the processed plastic bottles. Solution was finally
filtered, weighed and diluted gravimetrically as per the require-
ment of the instrumental analysis. The samples were analyzed for
some specific metals (arsenic, cadmium, antimony and tin) using
inductively coupled plasma e high resolution mass spectrometer
(ICP-HRMS, Attom, Nu Instruments Ltd.). NIST SRM 1648 (urban
aerosol dust) was also digested to check the recoveries of As, Cd and
Sb, which are found to 95.0± 2.9, 88.7± 3.0, 104.3± 1.9%, respec-
tively. Standard solutions (including NIST SRM 1643e), which are
traceable to SI were used for the analytical work.

Some samples were also analyzed for organic and ionic species.
Water-soluble diacids, oxoacids and a-dicarbonyls were deter-
mined using the method reported elsewhere (Kawamura, 1993;
Kawamura and Ikushima, 1993). Briefly, a piece of filter was
extracted with Milli-Q water. These water extracts were then
reacted with 14% BF3/n-butanol. The derivatives were then deter-
mined using a capillary gas chromatography (GC) with a FID (flame
ionization detector). Identifications of the compounds were per-
formed by GC retention times and GC/mass spectrometry (MS)
analyses. Similarly, filteredwater extract samples were analyzed for
Table 1
Sample/sampling details.

Sampling site Latitude and longitude Sampling instruments

NPL 28�38013.2500N 77�10077.1000E HVS
ESI 28�30053.0400N 77�16057.1000E HVS
Bhalswa 28�44026.3900N 77�09029.9000E Handy sampler
Okhla 28�30044.9200N 77�17004.1700E HVS and Handy sampl

HVS¼High-volume sampler.
cations and anions using a Metrohm-761 ion chromatograph (IC)
coupled with an auto-sampler (Agarwal et al., 2010). For the
determination of water-soluble organic carbon (WSOC) and water-
soluble total nitrogen (WSTN), total organic analyzer (Shimadzu,
TOC-VSCH) was used. A filtered and acidified (with HCl) aliquot of
water extracts was purged with ultrapure air, and injected into the
system (Miyazaki et al., 2014). Organic carbon (OC) and elemental
carbon (EC) were determined by a thermal-optical method. Typi-
cally, a 1.4 cm diameter punch of the filter was placed in a quartz
tube inside the chamber of the semi-continuous carbon analyzer
(Sunset Laboratory Inc., Model 4L). We followed the Interagency
Monitoring of Protected Visual Environments (IMPROVE) thermal
protocol for the analysis, and assumed that carbonate carbon in the
sample is negligible (Agarwal et al., 2010).

3. Results and discussion

3.1. Characteristics of wastes and related landfill emissions in
context of potential metal tracers

There are several reports from different parts on the globe
suggesting that plastic materials are one of the major components
No. of samples Sampling dates

14 19e31 December 2011
6 5e9 December 2011
5 27 November 2011

er 21 15, 17 November and 5, 17 December 2011
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of urban waste (Nakashima et al., 2012). Recently there are some
studies which present the characteristic of waste materials and
emission from the waste dumping/landfill sites (Christian et al.,
2010; Krupp et al., 2010; Li et al., 2012, 2010; Wiedinmyer et al.,
2014; Zhang et al., 2009).

To identify specific tracer species generated during such waste
burnings, Simoneit et al. (2005) analyzed extracts of both plastic
materials and their smoke particles produced while burning. Major
compounds in smoke which have been determined were the n-
alkanes, terephthalic acid (tPh), benzoic acid, phthalates, organic
phosphate and triphenyl benzene. Further, phthalates, tPh and Ph
have been found in significant amounts in atmospheric samples
where domestic wastes were burned in open fire (Agarwal et al.,
2010; Fu et al., 2010; Jung et al., 2010; Kawamura and Pavuluri,
2010; Mkoma and Kawamura, 2013; Pavuluri et al., 2010). This
suggests that waste composition is largely composite of plastic
material, and such waste burning can be traced using the charac-
teristic species detected in the smoke of plastics and refuse burn-
ings. A significant contribution of garbage burning emission of
chloride in fine particulate matter is also reported in few studies
(Christian et al., 2010; Li et al., 2012). This has been attributed to the
burning of polyvinyl chloride (PVC, one of the widely used plastics)
in the garbage, yielding large amounts of HCl.

Apart from organic tracers and chloride, metals are also found in
waste and the emission from waste dumping sites. For example,
mixed plastic-waste from electrical and electronic equipments
contains significant amount of heavy metals (As, Cd, Cr, Hg, Pb, Sb,
Sn, etc.) and also flame retardants (Gullett et al., 2007; W€ager et al.,
2011). In Japan, earthquake and tsunami generated waste have also
been characterized, and the results show elevated levels of metals/
metalloids (e.g., As, Cr, Hg, Pb, Sb, etc.) (Shibata et al., 2012).
Nakashima et al. (2012) performed the leaching experiments on the
macroplastic waste samples collected ashore on Ookushi Beach,
Japan. They detected toxic metals, e.g., Cr, Cd, Sn, Sb, and Pb in the
samples.

High concentration of metals, which include As, Cd, Sb, Sn, etc.
were also reported in urban aerosols from Barcelona, Spain, where
the sampling site is mostly influenced by the emission from traffic,
different type of industries, power plants, and city waste in-
cinerators (Amato et al., 2011; Moreno et al., 2011). Li et al. (2010)
reported high emission of Hg in landfill gas measured at 5 landfill
sites in China. Hodzic et al. (2012) found high emission factor for Sb
from trash burning, and this element is used to estimate the
contribution of trash burning in air quality of Mexico City. Krupp
et al. (2010) reported several novel volatile organotins in munic-
ipal waste deposits and their release via landfill gas. It is important
to note that methyl tin mercaptide compounds are commonly used
in plastic material manufacturing process as additives (heat stabi-
lizers) (Simoneit et al., 2005).

Considering these results, we determined As, Cd, Sb and Sn in
waste burning aerosol and urban aerosol collected in New Delhi to
better evaluate a metal as tracer for these aerosols. Analytical re-
sults of aerosol samples collected at 4 sites in New Delhi are
summarized in Table 2. Average concentrations of As, Cd, Sb and Sn
Table 2
Analysis results of metals in aerosol samples at 4 sites in Delhi.

Metals
(ng/m3)

ESI hospital
(urban)

NPL
(urban)

Okhla
(OWB)

Bhalswa
(OWB)

As 12± 4 14± 8 63± 70 49± 48
Cd 8± 5 25± 21 46± 57 19± 11
Sb 21± 13 70± 49 643± 912 89± 105
Sn 55± 71 454± 373 1522± 1272 486± 310

OWB ¼ open-waste burning.
are several folds higher at landfill sites (Okhla þ Bhalswa), i.e.,
60± 65, 41± 53, 537± 847 and 1325± 1218 ng m�3 compared to
that of at urban sites (ESI hospital þ NPL), i.e., 14± 7, 20± 19,
56± 48 and 336± 363 ng m�3, respectively. However, these values
are highly variable from sample-to-sample as can be realized by
standard deviation values given with concentration values. Fig. 2
presents the box plot with outlier to better understand the con-
centration level of these elements at 4 sites of New Delhi during the
sampling period. This figure suggests that even after ignoring
highly variable values (outliers), still these metals remain several
folds higher at the landfill site than that of urban aerosols (collected
at ESI hospital and NPL). Nevertheless, these metals are in a
considerable concentration in the ESI hospital and NPL aerosol
samples, suggesting that these urban aerosols are under the in-
fluence of such waste burning emissions.

Generally open-waste burning occurs in daytime because it is a
human-initiated burning. Therefore, to see this possible influence,
we performed sampling in day- and nighttime periods at NPL (ur-
ban site). Fig. 3 shows that average mass concentration of aerosols
remains almost consistent in day- and nighttime. However, a slight
variation in day- and nighttime concentration of elements, e.g., Sb
and Cd was observed with higher concentrations in nighttime than
Fig. 2. Box plots with outliers of As, Cd, Sb and Sn concentration determined in aerosol
samples collected at 4 sites.



Fig. 3. Average day- and nighttime mass concentration and metal concentrations
determined in aerosol samples collected at NPL site.

Table 3
Concentration (ng m�3) of diacids and related compounds determined in urban and
open-waste burning (OWB) aerosols.

ESI hospital and NPL (n¼ 4) Okhla (n¼ 4)

Dicarboxylic acids
Oxalic acid, C2 4827± 251 3732± 1096
Malonic acid, C3 176± 73 152± 34
Succinic acid, C4 810± 30 2331± 1163
Glutaric acid, C5 134± 16 523± 269
Adipic acid, C6 62± 20 1335± 442
Pimelic, C7 31± 15 230± 45
Suberic, C8 2± 3 9± 3
Azelaic acid, C9 114± 19 2710± 737
Sebacic, C10 15± 4 421± 126
Undecanedioic, C11 26± 11 1005± 991
Dodecanedioic, C12 5± 3 134± 92
Methylmalonic, iC4 13± 2 51± 12
Methylsuccinic, iC5 95± 2 892± 503
Methylglutaric, iC6 15± 2 625± 399
Maleic acid, M 18± 7 50± 17
Fumaric acid, F 11± 7 73± 47
Methylmaleic, mM 33± 17 187± 94
Phthalic, Ph 174± 42 1537± 581
Iso-phthalic, iPh 24± 2 513± 128
Tere-phthalic, tPh 19± 4 53274± 14752
Malic, hC4 2± 3 7± 4
Oxomalonic, kC3 13± 3 70± 5
4-Oxoheptanedioic, kC7 14± 1 49± 25
Total diacids 6632± 41 69910± 21577
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in daytime. On the other hand, Sn concentration difference be-
tween day- and nighttime samples is more with higher values in
daytime, being opposite to Sb and Cd. This suggests that (i) sources
of Sb and Cd may be different from Sn, (ii) may have some common
and additional sources depending on the emission rate of these
elements from a particular source, (iii) importantly, Sn concentra-
tion may be more influenced by daytime activities, such as open-
waste burning.
Ketocarboxylic acids
Pyruvic, Pyr 50± 14 170± 120
Glyoxylic, uC2 178± 70 718± 366
3-Oxopropanoic, uC3 20± 1 300± 264
4-Oxobutanoic, uC4 61± 40 774± 427
5-Oxopentanoic, uC5 7± 1 53± 23
7-Oxoheptanoic, uC7 16± 4 58± 11
8-Oxooctanoic, uC8 33± 0 46± 12
9-Oxononanoic, uC9 7± 4 89± 99
Total u-oxoacids 372± 28 2208± 1202
a-dicarbonyls
Glyoxal, Gly 41± 26 386± 511
Methylglyoxal, mGly 59± 58 516± 359
Total dicarbonyls 100± 84 903± 870

Fig. 4. The distribution pattern of diacids concentration determined in this study in
urban aerosols (i.e., at ESI hospital þ NPL sites).
3.2. Dicarboxylic acids, oxocarboxylic acids and a-dicarbonyls in
waste burning aerosols

Dicarboxylic acids (diacids), such as Ph and tPh have been re-
ported in high abundances in aerosols that are influenced by
plastic-waste burnings (Fu et al., 2010; Jung et al., 2010; Kawamura
and Pavuluri, 2010; Mkoma and Kawamura, 2013; Pavuluri et al.,
2010; Wang et al., 2012). In this study, we have also analyzed
some aerosol samples collected at open-waste burning site (Okhla
landfill) and urban locations (ESI hospital and NPL) for diacids and
related compounds. In our best knowledge, this is the first report on
the diacids (and other related compounds) distribution in waste
burning aerosols collected at source (landfill site).

In the Okhla OWB aerosols, we detected homologous series of
a,u-dicarboxylic acids (C2eC12), branched-chain diacids (iC4-iC6),
unsaturated diacids (maleic, fumaric and methylmaleic), aromatic
diacids (phthalic, isophthalic and terephthalic) and hydroxy diacid
(malic) as well as diacids with keto-group (ketomalonic and 4-
ketopimelic) as shown in Table 3. Their total concentration (aver-
aged, n¼ 4) at Okhla site is 69910± 21577 ng m�3, which is (being
as source aerosols) found to be significantly higher (~10 folds) than
that of other locations of New Delhi, i.e., at ESI hospital
(6604 ng m�3) and NPL (6661 ng m�3). Similarly, total oxocarbox-
ylic acids and a-dicarbonyls are found 2208± 1202 and
903± 870 ng m�3, respectively at Okhla OWB site, which are fairly
higher than those found at ESI hospital (401 and 159 ng m�3) and
NPL (342 and 40 ng m�3, respectively) sites. Nevertheless, these
values at ESI hospital and NPL sites are much higher than other
urban sites of Asia, but are consistent with the previous values
reported in NewDelhi byMiyazaki et al. (2009). They analyzed total
suspended particulate samples collected at NPL during September
2006eApril 2007, and found that the total concentration of diacids,
ketocarboxylic acids (ketoacids) and a-dicarbonyls were ranged
between 835e6030, 31e642 and 8e250 ng m�3. Further in Fig. 4,
the distribution pattern of diacids concentration determined in this
study in the ESI hospital and NPL aerosols is consistent with that of
Miyazaki et al. (2009). In general, oxalic acid (C2) was found as the
most abundant diacid species followed by malonic (C3) and/or
succinic (C4) acids in several other studies on continental aerosols
(Aggarwal and Kawamura, 2008; Hegde and Kawamura, 2012;
Kundu et al., 2010b).

In contrast to this, in the Okhla OWB aerosols, we found that tPh
is the most abundant diacid whose concentration is many fold
higher than that of C2 (14.3± 0.3 times), C3 (349± 18 times) and C4
(24.3± 5.8 times) diacids. Fig. 5 shows the molecular distribution
pattern of diacids in the Okhla OWB aerosols with the predomi-
nance of tPh. In fact tPh comprises of 77± 3% in total diacids. In the
OWB aerosols, after tPh, the relative abundances of other acids in
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total diacids are found to be in the following order: C2
(5.4± 0.1%) > C9 (3.9± 0.2%) > C4 (3.2± 0.7%) > Ph (2.2± 0.2%) > C6
(1.9± 0.05%). Abundances of other individual diacids are about or
less than 1% in total diacids.

The Okhla aerosols were collected at waste burning source, so
they are very fresh and therefore this distribution (Fig. 5) can be
referred as representative distribution of diacids in smoke aerosols
from plastic-enriched waste burning. This distribution suggests
that tPh can be used as a good tracer for fresh aerosols from OWB
practices. However, in the aerosols collected at foothill site of the
Okhla landfill site, i.e., at ESI hospital and also at NPL site (both are
urban locations), tPh was not found at such a high abundance. In
contrast, Ph contribution in total diacids in the ESI hospital and NPL
aerosols is found more or almost similar to the Okhla aerosols. The
relative abundances of individual diacids in total diacids in aerosols
collected at ESI hospital are C2 (70%) > C4 (12%) > C3 (3.4%) > Ph
(3.1%) > C5 (2.2%) > C9 (1.9%) > iC5 (1.5%) > C6 (1.2%), and at NPL are
C2 (75%) > C4 (13%) > Ph (2.2%) > C3 (1.9%), C5 (1.9%) > C9 (1.5%) > iC5
(1.4%). Individual contribution of other diacids (including tPh) is
found to be less than 1% to total diacids concentration.

Further, it is important to note that Ph, which is also detected in
fresh plastic-waste burning aerosols has been found 7 times higher
in summer than that of winter aerosols in Nainital (Hegde and
Kawamura, 2012). These were the aged aerosols transported from
Indo-Gangetic Plain (IGP) which is known as hub of huge anthro-
pogenic activities including OWB practices. These discussions
suggest that especially for aged plastic-waste burning aerosols, Ph
may be a better tracer (than tPh), a point to be discussed in
following section.
3.3. Major inorganic ions, carbonaceous and nitrogen containing
components in waste burning aerosols

Here we report for the first time the concentrations of inorganic
ions with other bulk components, i.e., OC, EC, WSOC, WSTN in
aerosols collected from Okhla landfill site during low-temperature
open burning practices of municipal solid waste (containing large
amounts of plastic). OWB aerosols are dominated by Cl� (40± 8% of
total ions) followed by Mg2þ (15± 1%), SO4

2� (14± 2%), NH4
þ

(11± 3%) and NO3
� (11± 6%). The ionic composition of urban aero-

sols differs significantly from OWB aerosols as the former is
dominated by SO4

2� (29± 3%), NO3
� (22± 3%), Cl� (21± 3%), Mg2þ

(18± 2%), NH4
þ (5± 1%), etc. The predominance of chloride in waste

burning aerosols has also been reported by Christian et al. (2010).
Assuming that all Naþ is present as NaCl then it is estimated that
more than 83% of Cl� remains unaccounted in the Okhla OWB
aerosols. This suggests that a large fraction of Cl� is emitted as HCl
Fig. 5. The distribution pattern of diacids concentration determined in the Okhla OWB
aerosols.
from the burning of polyvinyl chloride (PVC) plastic (Christian et al.,
2010; Li et al., 2012). Interestingly, about 83e84% Cl� is found to be
non-Naþ in urban aerosols, suggesting a possible influence of
plastic-waste burning emission in the sampling sites.

Total ions determined by ion-chromatography accounted for
~8% of OWB aerosols (by gravimetric mass), whereas urban aerosols
comprised for more than 30%, Fig. 6. Average ratios of cation
equivalents (Naþ, NH4

þ, Kþ, Ca2þ, Mg2þ) to anion equivalents (F�,
MSA�, Cl�, Br�, NO2

�, NO3
�, PO4

2�, SO4
2�) for OWB and urban aerosols

are ~1.3 and 1.2, respectively, indicating an anion deficiency. This is
probably due to non-availability of CO3

2�, HCO3
�, Hþ data and

omission of organic anions in the calculations. These aerosols are
dominated by organics (especially OWB aerosols) and thus the
omission of organic anions gives large aberration from the unity.
Urban sites are also likely to be influenced by OWB and biomass
burning emissions (Li et al., 2014).

Aerosol OC and EC ratios are used to interpret its sources. In the
combustion aerosols, high concentration of EC is related with
flaming conditions, whereas elevated concentration of OC is asso-
ciated with smoldering or oxygen deficient conditions, which
produce large amount of smoke. OC/EC ratios in biomass burning
aerosols are usually higher than that of fossil fuel combustion
aerosols and urban aerosols. In fossil fuel combustion aerosols,
these ratios have been generally reported below 2.5 (Zeng and
Wang, 2011). For urban aerosols, the ratios have been observed to
vary between 2 and 4 in general, whereas for biomass burning
aerosols, ratios range from 4 to ~30 (Jaffe et al., 2008; Zeng and
Wang, 2011).
Fig. 6. Pie charts of chemical composition of the aerosols collected at Okhla OWB, and
urban (ESI hospital þ NPL) sites.
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In this study, average concentrations of OC and EC in the Okhla
OWB aerosols are 3090± 1205 and 71± 24 mg m�3, whereas in
urban aerosols (at ESI hospital þ NPL) they are 106± 1 and
23± 4 mg m�3, respectively. OC/EC ratios for the OWB aerosols are
calculated to be 43± 2, which are significantly higher than those
in New Delhi urban sites (5± 1). Tiwari et al. (2013) reported
similar OC/EC values (5± 2) for New Delhi winter PM2.5 aerosol
samples collected in 2010e2011. Also in a previous study of
aerosols from NPL site, this ratio has been found to be 8.7± 3.7 (Li
et al., 2014). Slightly high OC/EC ratios in New Delhi aerosols have
been interpreted as an influence of biomass, waste burning
emission influences. On the other hand, OC/EC values in the Okhla
OWB aerosols found in this study are higher than that of the
values (2e28) reported for garbage burning in Christian et al.
(2010). The high values obtained for OWB aerosols suggest that
Okhla landfill waste burns largely by smoldering mode of fire (i.e.,
low temperature fire). In the OWB aerosols, OC comprised ~63% of
aerosol mass, which makes up ~75% in terms of organic matter
(OM ¼ OC� 1.2).

The organic matter to organic carbon mass ratios (OM:OC)
depend on the oxygenated organic species in the aerosols (Zhang
et al., 2005). Also, WSOC/OC ratio has been used as an indicator
for atmospheric photochemical processing of aerosols. This ratio
increases with aerosol photochemical aging (Aggarwal and
Kawamura, 2009). In this study, average WSOC and WSTN con-
centrations are found to be higher in Okhla OWB aerosols
(437± 221and 107± 55 mg m�3) than those of urban aerosols
(36± 1 and 39± 15 mg m�3), respectively. Although WSOC com-
prises ~9 and 7% of OWB and urban aerosols, theWSOC/OC ratios in
these two aerosol types are 14 and 34%, respectively. Consistent
with these results, higher WSOC/OC ratios were also reported in
New Delhi urban aerosols by Miyazaki et al. (2009). This suggests
that OWB aerosols are fresh particles, whereas urban aerosols are
relatively aged (photochemically processed) aerosols. Zhang et al.
(2005) suggested a factor of 1.2 as OM:OC ratio for fresh combus-
tion aerosols, and higher ratios for photochemically aged urban
aerosols. Thus in this study for OWB aerosols, we have adopted 1.2
as a factor to convert OC mass to OM mass. Further, diacids-C/OC
and diacids-C/WSOC values for OWB aerosols are found to be 1.3
and 8.9%, respectively, whereas these ratios for urban aerosols are
2.0 and 5.9%, respectively.

Water-soluble organic nitrogen [WSON ¼ WSTN e (NO3
�-N) e

(NH4
þ-N)] is calculated to understand the origin of nitrogen con-

taining compounds in the aerosols (Miyazaki et al., 2014). WSON
in the OWB aerosols and urban aerosols are 67± 47 and
24± 8 mg m�3, respectively. Although WSON/WSTN ratios for
OWB and urban aerosols are ~0.6, WSON makes up for 1.4% of
OWB aerosols and 4.4% of urban aerosols. Also, WSTN fractions in
OWB and urban aerosols are 2.2 and 7.2%, respectively. This shows
that there are some additional sources (including secondary for-
mation, traffic, biomass burning, etc.) of WSON and WSTN in
urban sites.

Fig. 6 shows that chemical composition of aerosols at OWB and
urban sites is very distinct. OWB aerosols comprise more than 75%
OM (i.e., OC� 1.2). Total ions detected by IC constitute about 8% of
aerosol mass. EC and 4 metals along with iron (will be reported
elsewhere) constitutes 1.4 and about 1% of bulk aerosols, respec-
tively. More than 14% of OWB aerosol mass was unknown. In
contrast, in the urban aerosol mass, OM (i.e., OC� 1.6), ions, EC,
metals and undermined mass contributed 31, 31, 4.1, 1.6 and 32%,
respectively, while total diacids fraction in the OM is ~2% and ~4% in
OWB and urban aerosols, respectively. It is important to note that
OM to OC mass ratio for urban winter aerosols from Chinese cities
have been found to be 1.59 (Xing et al., 2013), and for Mumbai
urban aerosols it has been taken as 1.6 (Aggarwal et al., 2013a). Thus
for the New Delhi urban aerosols, we have taken 1.6 as a factor to
convert OC mass to OM mass.

3.4. Organic acids versus metal tracers for waste burning aerosols

Phthalates, isophthalic and terephthalic acids are the important
industrial materials used for making different type of plastics.
Terephthalic acid (tPh) has been reported at elevated levels in
smoke particles derived from low-temperature, open burning of
plastic bags, roadside litter and landfill trashes (Simoneit et al.,
2005). Similarly, predominance of tPh (19% of total organic acids
detected) has been reported in aerosols influenced from plastic
bottles and bags burning emission sources which are located
nearby the sampling site (Jung et al., 2010). High abundances of
phthalic acid (Ph) and tPh have also been reported in ambient
aerosols because of plastic-waste burnings and other anthropo-
genic emissions (Fu et al., 2010; Mkoma and Kawamura, 2013).

Sources of Ph reported in atmospheric particles are the waste
burning emissions and fossil fuel combustion (primary source), and
also the secondary formation by oxidation of precursor species
(aromatic/poly-aromatic compounds such as naphthalene) emitted
during anthropogenic activities. Referring to previous studies (Fu
et al., 2010; Jung et al., 2010), and especially in this study, we
found that high concentration and predominance of tPh in plastic-
enriched waste burning aerosols collected at OWB site, however
such a feature of tPh was not observed in aerosols collected at far
urban locations. Instead, Ph contribution in total diacids in urban
sites is similar or more than that of plastic-waste burning aerosols
collected at OWB site.WSOC/OC and diacids-C/OC (or diacids-C/OC)
ratios are higher in urban aerosols. This suggests that urban aero-
sols are more photochemically processed, which supports the
secondary pathways for possible formation of Ph.

Here we suggest a possible secondary formation pathway of Ph
from photochemical oxidation of phthalate esters (e.g., di-2-
ethylhexyl phthalate) emitted from plastic-waste burnings
(Fig. 7). Fu et al. (2010) characterized urban aerosols from Chennai
by the high abundance of plasticizers (phthalate esters), which
constitute about 33 and 25% of total quantified organics and about 5
and 3% of the total OC in summer- and wintertime, respectively.
Plasticizers were the second or third most abundant compound
class of the 16 organic classes described. Di-2-ethylhexyl phthalate
(DEHP) has been shown to constitute 69% and 56% of the total
plasticizer class found in the Chennai aerosols in summer and
wintertime, respectively. Simoneit et al. (2005) also determined
DEHP as most abundant plasticizer in plastic materials.

We propose the formation of Ph by photo-degradation of DEHP
in plastic-waste burning smoke particles. It can be seen in the
scheme, Fig. 7 (Hankett et al., 2013) that the phthalates, tPh, and
metal species undergo atmospheric processing/dispersion, where
phthalates are subjected to hydrolysis to result in Ph. Therefore, Ph
becomes relatively abundant than that of tPh in aged aerosol par-
ticles far away from the plastic-waste burning sites. On the other
hand, tPh concentration decreases as it disperses off the sources or
because of the atmospheric dilution and degradation processes. In
addition, the half-lives of the DEHP and Ph are estimated using
AOPWIN software (US EPA. 2014. AOPWIN®, v 1.92. United States
Environmental Protection Agency, Washington, DC, USA; http://
www.epa.gov/opptintr/exposure/pubs/episuitedl.htm), which are
0.49 days (12-h day; 1.5E6 OH/cm3) or 5.85 h and 8.65 days (12-hr
day; 1.5E6 OH/cm3) or 103.8 h, respectively. Shorter half-life of
DEHP (plasticizers) suggests that it remains in the atmosphere for
very short period of time.

Other precursors for the secondary formation of Ph in atmo-
spheric particles are also important. For example, from the photo-
oxidation of naphthalene and its methyl analogs have also been

http://www.epa.gov/opptintr/exposure/pubs/episuitedl.htm
http://www.epa.gov/opptintr/exposure/pubs/episuitedl.htm


Fig. 7. A secondary atmospheric pathway for formation of phthalic acid in plastic-waste burning smoke particles from photo-degradation of phthalate esters (di-2-ethylhexyl
phthalate, DEPH) (Hankett et al., 2013).
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reported by Kleindienst et al. (2012) in a chamber study with the
atmospheric relevant concentrations. Further, both naphthalene
and DEHP were found in gas- and particle-phase inside and outside
of plastic waste recycling granulation plants in Xingtan town, South
China (Huang et al., 2013). However, in both the plants the con-
centration of naphthalene was found to be several folds lower than
that of DEHP.

Further, it has also been reported that longer-chain diacids break
into shorter-chain diacids during photochemical oxidation pro-
cesses (Aggarwal and Kawamura, 2008; Kawamura et al., 1996). In
contrast, particle-bound metals remain largely intact during at-
mospheric processing throughout the life of aerosol particles.
Therefore metals may be a better option for tracing the sources of
particles. On the other hand, a metal in particles poses multiple
sources, therefore it is a challenging task to find a metal that is
originated by a unique source in aerosol particles.

Commonly As, Cd, Sb and Sn have been found in plastic-waste
leachates, landfill emissions and waste incinerator emissions.
Also, these metals have very rare (other) sources in urban aerosols.
Therefore, we have determined these metals in OWB aerosols and
urban aerosols. Correlation values of these metals with tPh and Ph
acids in OWB aerosols and urban aerosols are summarized in
Table 4. Sn shows strongest correlations with tPh and Ph acids in
both OWB and urban aerosols. Waste composition constitutes
biomass and other combustibles along with plastic materials which
on burning emit diacids in low concentrations (Kundu et al., 2010a).
Therefore possibly Sn also presents similar correlations with other
diacids, i.e., C6e C10. In addition, apart from some industrial sources
(Moreno et al., 2011) and a weak source from brake-ware usage in
road vehicles (Bukowiecki et al., 2009), no other sources of Sn have
been recognized in aerosols. Our study suggests that Sn may be a
better tracer for urban aerosols influenced by plastic-enriched
waste burning.
Table 4
Correlation coefficients (r2) of As, Cd, Sb and Sn metals with major dicarboxylic acids (sh

r2 C2 C3 C4 C5 C6 C7 C9

As 0.74 0.03 0.00 0.02 0.10 0.18 0.12
Cd 0.38 0.26 0.08 0.12 0.20 0.28 0.21
Sb 0.06 0.00 0.85 0.80 0.59 0.47 0.54
Sn 0.38 0.17 0.67 0.69 0.89 0.91 0.92
4. Conclusions

Emission from open-waste burning practices becomes one of
the significant sources of aerosols in many cities recently. For
quantifying the contribution from this source in urban aerosol load,
beside the information of detailed chemical composition, a specific
tracer or multiple tracers is also needed. In this study, we have
collected waste burning aerosol particles at two landfill sites and
also at two urban locations (which are also influenced by waste
burning emissions) in Delhi. We determined some potential metals
(As, Cd, Sb, Sn) in these aerosols. Some samples were also analyzed
for detailed chemical compositions such as ions, OC and EC, WSOC,
diacids and related compounds. Plastic material are the major
component in the municipal waste, and terephthalic and phthalic
acids both have been found in significant concentration in such
waste burning aerosols. Therefore these diacids have been
considered as tracers in previous studies. However because of at-
mospheric processing of organics in aerosols, diacid concentration
changes with time. By studying the concentration of terephthalic
and phthalic acids in fresh waste burning aerosols and in waste
burning influenced urban aerosols, we propose first time a sec-
ondary formation pathway of phthalic acid in waste burning
aerosols. This study suggests that terephthalic acid is a good tracer
for fresh smoke waste burning particles, whereas phthalic acid is a
tracer for aged particles influenced with waste burning. Also, the
correlation studies of the potential metals (As, Cd, Sb, Sn) with the
organic tracers (phthalic and terephthalic acids) of garbage burning
suggest that Sn can be used as tracer for urban aerosols influenced
by plastic-enriched waste burning practices. These findings are
based on the limited number of samples (n ¼ 46) from one city,
therefore different sites from different countries can be considered
in future for more detailed investigations on the atmospheric
chemistry and emission of waste burning aerosols.
aded values represent r2 > 0.85).

C10 C11 C12 iC4 Ph iPh tPh

0.11 0.00 0.01 0.08 0.07 0.12 0.12
0.20 0.06 0.11 0.15 0.18 0.21 0.20
0.56 0.92 0.82 0.59 0.65 0.54 0.53
0.91 0.53 0.69 0.92 0.85 0.92 0.92
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