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ABSTRACT: Unit mass resolution mass spectral profiles of nonrefractory
submicron aerosol were retrieved from undersampled atmospheric emission
sources common to South Asia using a “mini” aerosol mass spectrometer.
Emission sources including wood- and dung-fueled cookstoves, agricultural residue guar’:;ge
burning, garbage burning, engine exhaust, and coal-fired brick kilns were sampled

during the 2015 Nepal Ambient Monitoring and Source Testing Experiment 1 Biomass
(NAMaSTE) campaign. High-resolution peak fitting estimates of the mass spectra Bangl‘:»‘

were used to characterize ions found within each source profile and help identify tl\-ﬂ'
mass spectral signatures unique to aerosol emissions from the investigated source 7
types. The first aerosol mass spectral profiles of dung burning, charcoal burning,
garbage burning, and brick kilns are provided in this work. The online aerosol
mass spectra show that organics were generally the dominant component of the
nonrefractory aerosol. However, inorganic aerosol components including
ammonium and chloride were significant in dung- and charcoal-fired cookstove
emissions and sulfate compounds were major components of the coal-fired brick kiln emissions. Organic mass spectra from both the
charcoal burning and zigzag brick kiln were dominated by nitrogen-containing ions thought to be from the electron ionization of
amines and amides contained in the emissions. The mixed garbage burning emissions profiles were dominated by plastic combustion
with very low fractions of organic markers associated with biomass burning. The plastic burning emissions were associated with
enhanced organic signal at mass-to-charge (m/z) 104 and m/z 166, which could be useful fragment ion indicators for garbage
burning in ambient aerosol profiles. Finally, a framework for the identification of emission sources using the unit mass resolution
organic mass fractions at m/z S5 (fss), m/z 57 (fs7), and m/z 60 (fy,) is proposed in this work. Plotting the ratio of fss to f;; versus
fso is found to be effective for the identification of emissions by the fuel type and even useful in separating emissions of similar source
types. Although the sample size was limited, these results give further context to the aerosol and gas-phase emission factors presented
in other NAMaSTE works and provide a critical reference for future aerosol composition measurements in South Asia.
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1. INTRODUCTION phase pollution in Asia that has been rapidly increasing,"> ™"
Because both the chemical characteristics and amount of
primary aerosol emissions from solid biofuel and fossil fuel
combustion in South Asia are poorly understood, there is
uncertainty in the relative contribution of the two emission
sources, which has led to differences in emission inventories as
well as contradictory results from top-down and bottom-up
regional emission estimates.”'® The uncertainties in the
aerosol emission inventories of South Asia indicate that there
is a need for improved source apportionment in the region.

Aerosol emissions from prevalent but poorly understood
combustion sources in South Asia impact public health,’
influence local and regional air quality,” > and have uncertain
direct and indirect climate forcing impacts.” Additionally,
aerosol pollutants from South Asia are effectively transported
into the lower stratosphere via the Asian Summer Monsoon
anticyclone mechanism.” Solid fuels in the form of biomass or
coal are commonly used throughout South Asia in the
industrial sector® '’ and are predominant for residential
cooking and heating in the region.'"'” Because solid fuel
combustion is a strong emitter of gaseous and particle phase Received:  June 8, 2022
pollution, residential solid fuel use has been ranked the primary Revised:  September 28, 2022
risk factor for disease in South Asia'® and it is a major source Accepted:  October 6, 2022

of emissions for the region.'* In addition to solid fuel Published: November 3, 2022
combustion, the combustion of petroleum-based fuels by light

and heavy-duty vehicles is a major source of aerosol and gas-
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Additionally, the limited source apportionment studies that
have been conducted reveal that variability in the chemical
profiles of aerosol emissions and volatile organic compounds
from South Asian combustion sources have led to additional
uncertainties in apportionment models."”™*°

To expand the current understanding of atmospheric
pollution in South Asia, field research was conducted as part
of the Nepal Ambient Monitoring and Source Testing
Experiment (NAMaSTE) in Nepal in 2015. NAMaSTE had
two major components: (1) ambient monitoring in the
Kathmandu Valley to investigate ambient air quality and for
source apportionment modeling and (2) to characterize
aerosol and gas-phase emissions from important and under-
characterized emission sources in South Asia. Sources included
brick-making kilns, agricultural residue burning, traditional and
improved cookstoves operated with a variety of fuels, open
garbage burning, diesel-powered ground water pumps used for
crop irrigation, and idling motorcycles. Detailed descriptions of
the investigated emission sources can be found in Stockwell et
al.”” Here, we used on-line aerosol measurements to
characterize the chemical composition of submicron aerosol
(PM,) from the investigated emission sources and to evaluate
marker ions. Aerosol mass spectrometry was used to
characterize the mass spectra of nonrefractory PM; and is
completed in tandem with Part 1 of the study, which quantified
speciated PM, emission factors using on-line aerosol and gas-
phase instrumentation.”® Other NAMaSTE papers involved
with the source testing aspect of the campaign include
Stockwell et al., who reported gas-phase emission factors and
aerosol optical properties, and Jayarathne et al,,>” who reported
off-line filter-based emission factors of fine aerosol (PM,zs),
organic carbon, elemental carbon, inorganic ions, organic
molecular markers, trace metals, and PAHs. This work links
the NAMaSTE source testing with ambient source apportion-
ment work by Werden et al’® that took place in the
Kathmandu Valley in Nepal in 2015 and more recently. The
AMS mass spectral profiles reported in this work are the first
available for major undersampled sources in South Asia and
important as such, but additional measurements could improve
the representativeness or specificity available in the future.

2. METHODOLOGY

2.1. Source Sampling. The NAMaSTE source sampling
took place in April 2015 in several regions of Nepal including
the Kathmandu Valley, Central Nepal, and the Tarai region
that is part of the Indo-Gangetic Plain bordering India. Engine
exhaust sources included two diesel-powered ground water
pumps that are used for crop irrigation and four idling four-
stroke motorcycles sampled directly after servicing. We
sampled two brick kilns, which included a traditional batch-
style clamp kiln and a more advanced continuous firing forced
draft zigzag kiln.*' Both kilns were fueled with coal, but the
clamp kiln was also cofired with hardwood, and bagasse was
used as a starter fuel at the zigzag kiln. Several types of open
garbage burning were sampled including two mixed refuse
piles, segregated plastics, which were primarily composed of
plastic films, and segregated metalized plastic or foil “chip
bags”. The refuse mixes were composed of unmeasured
quantities of paper, cardboard, plastics, food waste, yard
waste, and other common household garbage. Biomass burning
sources included crop residue burning and cooking stoves. The
agricultural residue included a mix of wheat straw, lentils,
mustard, and grasses. Other segregated burns included wheat
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straw, mustard, and locally sourced grasses. Cooking stoves
were sampled in the field at residences in the Tarai region and
in a lab setting at the Nepal Renewable Energy Test Station
(RETS). The field-tested samples included two single-pot
traditional mudstoves fueled with either hardwood sticks
(mostly Baikano) and twigs (mostly Shorea robusta), or dung
logs, and one two-pot traditional mudstove cofired with
hardwood and dung logs. None of the field-tested stoves had a
chimney, and all tests, but the single-pot dung burning test,
were conducted during either the morning or evening cook
cycles. The cooking typically consisted of rice, lentils, and
curry. Meat cooking or deep frying was not sampled during
these tests, which suggests that the food cooking likely had a
little impact on the organic aerosol emissions compared to the
fuel. It should be noted that an attempt was made to sample
well-mixed emissions from the field-tested cookstoves similar
to what a resident would typically be exposed to during a cook
cycle. The lab-tested traditional cookstoves included a single-
pot mudstove and a three-stone cooking fire. Each traditional
stove was fueled with fuelwood, dung, or a mix of the two. The
lab-tested improved cookstoves included a mudstove with a
chimney fueled with hardwood and dung, an Envirotech
natural draught stove fueled with hardwood and dung, a forced
draft stove fueled with hardwood, a bio-briquette charcoal
stove, a Bhuse Chulo fueled with sawdust and hardwood, and a
biogas stove (see Table S2 of Jayarathne et al. for photographs
and additional descriptions of these stoves). Details on
sampling durations and sampling methods at each emission
source can be found in Part 1 of this study,”® whereas details
on the operation and fuels of each source can be found in
Stockwell et al. It should be noted that no unexpected or
unusually high safety hazards were encountered while sampling
the above listed emission sources. On average, 123 aerosol
mass spectra of emissions samples were collected per source.
This provided about 20 min of emissions data per source,
which varied depending on inlet location with respect to the
wind direction, equipment and instrument performance,
duration of the background and filter sampling periods, and
burn or run time of each experiment. The on-line sampling was
conducted with a dilution system to simulate ambient state
particle-to-gas partitioning of semivolatile organic compounds
contained in a cooled and dilute emission plume. The diluted
flow system was comprised of a Dekati Ltd. axial diluter
(DAD-100) that provided ~16 SLPM HEPA filtered air to the
sample flow. Dilution factors ranged from ~20:1 to 1:1 with an
average of 10:1 and were chosen based on plume proximity
and source strength. Average dilute organic aerosol mass
concentrations ranged from about 20 to 160 ug/ m> with an
average of 80 ug/ m? for the entire study. More on the dilution
and sampling system used during NAMaSTE can be found in
the methods section of Goetz et al.”® A table of the
investigated emission sources and corresponding fuel type
can be found in Table S1 of the Supporting Information.
2.2. Instrumentation. Aerosol mass spectral profiles were
retrieved using an Aerodyne Inc. “mini” aerosol mass
spectrometer (mAMS). The mAMS is functionally similar to
a compact time-of-flight aerosol mass spectrometer (c-TOF-
AMS),” but with a smaller vacaum chamber and time-of-flight
mass spectrometer. Additionally, the body, the split-cell turbo
vacuum pump, and electronics are similar to an Aerodyne Inc.
time-of-flight aerosol chemical speciation monitor (TOF-
ACSM),” but the mAMS contains a chopper system for
particle time-of-flight sizing and aerosol signal control in

https://doi.org/10.1021/acsearthspacechem.2c00173
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Figure 1. Average mass spectra of nonrefractory submicron aerosol emissions as a function of average total mass from the field-tested emission
sources measured with the mAMS. Sample number is 1 unless otherwise indicated.

addition to a more advanced data acquisition card. The mAMS
was operated in mass spectrum mode, and all mass spectra
were averaged to an effective sampling rate of 0.1 Hz. All mass
spectra were collected at a mass-to-charge (m/z) range of 10—
295 (upper limit for instrument) at unit mass resolution
(UMR). The standard tungsten vaporizer was operated at 600
°C. All data processing and analysis was done in Igor Pro 6.3
(Wavemetrics, Lake Oswego, OR) using standard TOF-AMS
analysis software SQUIRREL v1.571 and PIKA v1.16L
Although data from the mAMS is generally presented in unit
mass resolution (UMR), the data was processed using high-
resolution peak fitting in the PIKA module. The module was
used to reduce errors related to large and dynamic aerosol
loadings that cannot be efliciently resolved using the static
fragmentation table associated with SQUIRREL and employed
to separate aerosol mass spectral signal from gas-phase signal
(ie, CO, O, N, etc).”* High-resolution treatment of
moderate resolution mass spectral data has previously been
performed by other researchers using the TOF-ACSM.*
Coincident carbon dioxide (CO,) measurements using a
Picarro Inc. cavity ring down spectrometer (CRDS) were used
for time-dependent subtraction of gas-phase loading at m/z 44
as described in Collier and Zhang®” and is standard
postprocessing for Aerodyne mass spectrometer sampling
within dynamic CO, environments. The gas-phase CO, and
aerosol-only m/z 44 difference mass spectral signal were
typically within a factor of 2 in NAMaSTE because of the
aerodynamic lens, chopper, and differential pumping system,
which effectively removes most of the air signal. Details on the
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Picarro Inc. CRDS operation and CO, calibration can be
found in Goetz et al. (section 2.2.4).*"

3. RESULTS AND DISCUSSION

3.1. Mass Spectral Signatures. The average UMR mass
spectral profiles of organics, sulfate, nitrate, chloride, and
ammonium of the field-tested emissions can be found in Figure
1 as fractions of total nonrefractory submicron aerosol (NR-
PM,;) mass. The mass spectral profile for a charcoal-fueled
cookstove sampled at RETS is included in Figure 1 because
charcoal burning was not sampled in the field and it provides
unique results. Generally, organic aerosol comprised the largest
fraction of the nonrefractory emissions with the exception of
sulfate at the coalfired zigzag kiln (Figure 1p). The organic
only average mass spectra normalized to total organic mass and
1o variability from each field-tested emission source can be
found in the Supporting Information. Inorganic chloride and
ammonium were found to make up a large fraction of NR-PM,
emissions from the traditional biomass burning sources (e.g.,
crop residue burning and biomass-fueled cookstoves) and the
clamp kiln. Open garbage burning was also observed to have a
significant fraction of chloride, and the engine exhaust sources
were observed to have negligible fractions of inorganic aerosol.
It should be noted that inorganic nitrate aerosol mass fractions
were low in all of the sampled emission sources with an average
of 0.22 & 0.24% of the total nonrefractory aerosol observed by
the mAMS. This is in agreement with the low inorganic nitrate
aerosol mass observed with filter sampling by Jayarathne et
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al.* A discussion of the mass spectral profiles for each source
type can be found below.

3.1.1. Wood-Fueled Cookstoves. The average organic
aerosol fragmentation for the field-tested wood-fueled cook-
stoves (Figure lab and Figure S1) followed what has
previously been observed with wood burning®*™** containing
organic mass spectral peaks at m/z 29 (C,Hs* and CHO"), m/
z 55 (C,H,* and C;H;0%), m/z 57 (C,Hy" and C;H,0), m/z
60 (C,H,0,%), m/z 69 (CHy* and C,H.O"), m/z 73
(C3H;0,%), m/z 91 (benzyl ion, C,H,"), m/z 115 (CoH,"
and CgH;0") and m/z 137 (likely CgH,0,"). Levoglucosan, a
by-product from the pyrolysis of cellulose, has been shown to
produce the organic ion fragments at m/z 29, 60, and 73 and is
a well-documented marker for biomass burning.’**”*’ The ion
fragments at m/z S5S and 69 make up part of the UMR ion
series C,H,,_,* and C,H,,_,CO", and m/z 29 and 57 make
up part of the ion series C,H,,,,* and C,,H,,,,;CO™. These ion
series are typically produced from electron ionization (EI) of
saturated hydrocarbon compounds including alkanes, alkenes,
and cycloalkanes.41 Ions found at m/z 91, m/z 115, and m/z
137 are thought to be produced from the combustion of lignin,
a fibrous compound that is found in plants, and have
previously been observed with an aerosolized lignin powder
mass spectrum retrieved from the AMS mass spectral
database.*>*

Average organic mass spectra for the individual wood-
burning only cookstove experiments in NAMaSTE, RETS lab
sampling included, can be found in Figure S2 of the
Supporting Information. The organic profiles from the two
field-tested single-pot mudstoves indicate that there was
excellent correlation in the relative organic fractions between
the stick and twig-fueled emissions and the hardwood log-
fueled emissions (Pearson’s r 0.99). Although well
correlated, a slightly larger organic fraction was found at m/z
values above 200 from stick burning compared to hardwood
burning (3.6% greater), which has previously been associated
with signal from high-molecular-weight polycyclic aromatic
hydrocarbons (PAH).** A list of PAHs observed from the
NAMaSTE sampled cookstove emissions and their fuel-based
emission factors can be found in Jayarathne et al.*’

Comparisons of the hardwood-fueled traditional and
improved cookstoves at RETS to the field-tested hardwood-
fueled stove indicate that there is good correlation between the
tests with Pearson’s r values ranging from 0.87 to 0.93 (Figure
S$2). Additionally, the regressions with slopes >1.16 indicate
that some differences existed between the emission sources.
One major difference between the field and lab mass spectra
was the enhanced organic m/z 29 fraction observed with the
lab-tested stoves. The field-tested stove produced an average
fo (fraction of organic signal at m/z 29 to total organic mass)
of 0.023, and m/z 43 was the dominant organic peak in the
mass spectrum. The lab-test stove emissions, however, were
observed to have the largest organic peak at m/z 29, and the
average f,o ranged from 0.067 to 0.087 for the improved
cookstoves and was 0.082 for the three-stone traditional stove.
In addition to differences in individual organic peaks, the lab-
tested cookstoves were observed to have a reduced fraction of
organics at m/z values greater than 100. The percentage of
organic mass above m/z 100 ranged from 13 to 18% with the
lowest percentages observed from the three-stone fire and the
forced-draft improved stove compared to the >22% observed
from the field-tested stoves. The lab-tested stoves were
observed to have more efficient burn conditions with average
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modified combustion efficiency (MCE) values ranging from
0.955 to 0.984.”7 Therefore, the lower fraction of high-
molecular-weight ion fragments combined with the larger f,o
values observed from the lab-tested stoves suggests more easily
fragmented organic functional groups were contained in the
lab-tested aerosol emissions compared to the field-tested stove,
which was likely due to the increased efficiency of the lab-
tested stoves. Similar results were observed in a comparison
between the organic profiles of the field-tested stoves and lab
tests of Puerto Rican hardwood burning and average
observations of biomass burning organic aerosol’’ (Figure
S2), both of which were retrieved from the AMS mass spectral
database.””** Additionally, the hardwood-fired lab-tested
stoves were observed to have a ~30% greater elemental
carbon-to-organic carbon ratio compared to the field-tested
stoves.”” This reveals that the field-tested stoves likely had
more smoldering phase emission that produced unique mass
spectral characteristics compared to lab-based wood burning.
The larger emissions of low burn efliciency-related organic
functional groups by traditional mudstoves, and possibly
increased emissions of PAHs, should therefore be considered
in indoor exposure modeling and in source apportionment
studies.

3.1.2. Dung-Fueled Cookstoves. The dung burning
emissions observed in NAMaSTE are characterized as
containing large fractions of inorganic ammonium and chloride
(Figure lc,d, Figure S3). The chloride content ranged from 9
to 23% of the total NR-PM, mass with an average of 15%. The
ammonium ion content ranged from 7 to 20% of total NR-PM,
mass with an average of 12%. Similar inorganic aerosol mass
fractions were observed from these emission sources by the
NAMaSTE offline filter-based sampling.” In comparison, the
field-tested hardwood-fueled stove emissions were observed to
contain 1.5% ammonium and 4.3% chloride, and lower
fractions were observed from the RETS hardwood-fueled
stoves. The observed inorganic fraction from the dung-fueled
and dung-cofired stoves appeared to be independent of the
sampling location, stove type, and dung content of the fuel. In
addition to containing large fractions of chloride, the chloride
itself was composed of >80% HCI" ion (m/z 36 and the
isotope at m/z 38) indicating the possibility of the some
amount of phase partitioning of gaseous HCI emissions. Size
distribution data presented in the companion paper reveals
that the chloride aerosol was found at similar sizes to the
ammonium aerosol indicating that the components were likely
internally mixed and the chloride was neutralized to some
extent by the ammonium cations.”®

The organic aerosol profiles from dung-fueled emissions
were found to have similar patterns to wood burning emissions
but with some key differences. Based on the six dung burning
samples, two with pure dung and four cofired with hardwood,
from both the field and lab, organic aerosol mass spectra had
major peaks associated with the ion series C,H,,_;,
C,H,,_,CO*, C,H,,,,*, and C,H,,,,CO" (Figure S3). The
dung burning samples also had notable peaks from ions at m/z
60, m/z 73, m/z 91, and m/z 115, which had previously been
observed with the wood burning, and an isolated peak at m/z
165. Generally, the organic profiles had similar patterns and all
of the samples were well correlated to the field-tested dung-
fueled cookstove with Pearson’s r values ranging from 0.95 to
0.98 (Figure S3). The best correlation was observed between
organic emission from the two field-tested samples indicating
that dung was the primary emitter from the two-pot stove and
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wood burning had little influence on the cofired organic
profile. Additionally, the levoglucosan markers emitted from
the pure and cofired dung burning (m/z 60 and 73) were
observed to comprise a smaller fraction of the total organic
mass compared to hardwood burning. For example, f, from
the dung burning samples had an average of 0.012, compared
to an fg of 0.026 from the hardwood-fueled stove emissions
observed in the field. f,; was observed at an average of 0.009
from dung burning compared to the field-tested hardwood
burning, which had an f,; of 0.13. Since the levoglucosan ions
are used as markers for traditional biomass burning and to
understand the photochemical aging of biomass burning
aerosol,” the low fractions observed from pure and cofired
dung burning could complicate ambient observations when
dung burning is part of a source profile. It should be noted
that, aside from the low fraction of biomass burning markers,
there are few other distinctions between organic aerosol of the
field-tested wood burning samples and the pure dung burning
samples (Pearson’s r = 0.95). The similarities between the
organic mass spectra of wood burning and dung burning
suggest that differences in inorganic mass fractions (ie.,
ammonium and chloride) or other measurement techniques
like off-line gas chromatograph mass spectrometry (GC—MS)
may be needed to distinguish dung burning emissions from
wood burning emissions in ambient datasets collected with
UMR AMS. For example, trace organic compounds including
fecal sterols and stanols have been identified as molecular
markers from filter-based off-line GC—MS analysis of dung
burning emissions.””*°

3.1.3. Improved Cookstoves with Other Fuel. Emissions
from other improved cookstoves including a biogas stove and a
biobriquette stove were sampled at RETS. The biogas stove
was fueled with locally produced cow dung biogas (likely
primarily composed of methane), and it is important to note
that NR-PM, mass was not observed to increase above the
background level while the biogas stove was operational.
Therefore, we cannot comment on the mass spectral profile
from biogas burning, but we can confirm it is a “cleaner” fuel
similar to LPG. The biobriquette stove was fueled with
charcoal briquettes.

The NR-PM, emissions from the charcoal biobriquette stove
produced unique mass spectra compared to the other
NAMaSTE tested cookstoves, and to our knowledge, this
work is the first to characterize the mass spectral profile of
biobriquette charcoal combustion emissions. Generally, the
charcoal emissions were observed to have high inorganic
fractions and the average nonrefractory mass was comprised of
42.3% organic, 27.5% chloride, 25.9% ammonium, 3.9%
sulfate, and 0.3% nitrate (Figure 1n). The observed chloride
and ammonium fractions were the largest of any of the
combustion sources investigated in this work. In addition to
containing a unique inorganic fraction, the average organic
spectrum was observed to have distinct mass spectral signals.
Major organic peaks included ion fragments common with
biomass burning (m/z 29, 57, 60, etc.), but also included
characteristics peaks at m/z 44, m/z 64, m/z 86, and a
grouping of peaks centered at m/z 136 (Figure 1n). Many of
these organic peaks, and others not listed but observed with
charcoal emissions, were not observed to the same extent from
hardwood burning. Additionally, some organic ions found at
m/z values greater than 200, which have been associated with
PAHs,** were observed at a higher fraction from charcoal
burning than wood burning. Based on the high-resolution peak
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fitting estimates of the raw mass spectral data, the organic ions
at m/z 44, m/z 64, and m/z 86 correspond to nitrogen-
containing organics C,H,N*, C,H,N*, and C;H,N*, respec-
tively. An example of the peak fitting estimates at m/z 44 can
be found in Figure 2. The figure shows that CO,*, C,H,0O",
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Figure 2. High-resolution peak fitting of average raw mass spectral
signal at m/z 44 for charcoal combustion from a biobriquette stove.

and C,HN* produce a good fit to the raw UMR difference
signal at m/z 44, which indicates that C,H;N™ is likely a major
component of the organic signal at that position. Similar results
were observed at m/z 64 and m/z 86, and the listed ions have
previously been attributed to nitrogen-containing organic
compounds in ambient datasets.””*® Additionally, electron
ionization of aliphatic primary amides has been observed to
generate peaks at m/z 44 and m/z 86.* We could not
positively identify nitrogen-containing organic ions at m/z 136
because of the larger peak width and more numerous potential
ions compared to the lower m/z peaks, and the peak has not
been observed with nitrogen-containing organics spectra in the
literature. The grouping of organic ions centered at m/z 136
remains unidentified, but they are possibly due to chloride-
containing organic fragment ions with the formula C,H;Cl,
based on an isotopic pattern (see the Supporting Information,
Figure S8). More sampling of charcoal emissions is needed to
understand if the mass spectral characteristics of biobriquette
charcoal combustion observed in this study are ubiquitous with
other types of charcoals and under different burn conditions.

3.1.4. Agricultural Residue Burning. The average NR-PM,
mass spectra for the agricultural residue burning samples can
be found in Figure le—h and Figure S4. The crop residue
samples were observed to have mass spectra similar to the
wood burning samples with moderate fractions of inorganic
compounds and organic fragmentation that features peaks
associated with cellulose and lignin combustion. The largest
inorganic mass fraction was observed from grass burning, and
the emissions were likely well neutralized with an average
ammonium fraction of 0.08, an average chloride fraction of
0.04, and nominal fractions of sulfate and nitrate. Neutralized
inorganic aerosol was also observed from the mixed crop
residue and wheat residue burns. Mixed residue NR-PM,;
emissions were composed of 2.7% ammonium and 1.7%
chloride. Wheat residue emissions were composed of 6.0%
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ammonium and 1.7% chloride. Mustard residue emissions were
less neutralized and were observed to have inorganic fractions
<0.01. The organic aerosol emissions from the crop residue
burning samples were observed to have relatively similar mass
spectral patterns. Comparisons of organic spectra from the
segregated residue burns to the mixed residue burn reveal that
the Pearson’s r correlation between the samples are >0.9 with
0.94 for mustard residue, 0.99 for wheat residue, and 1.00 for
grass residue. The lower correlation associated with the
mustard residue and mixed residue was due to the lower
fraction of organic ions associated with levoglucosan and the
10% greater fraction of organic ions found at m/z peaks above
100.

3.1.5. Open Garbage Burning. The open garbage burning
samples were characterized as having low inorganic aerosol
fractions and organic aerosol with major mass spectral patterns
that follow the saturated hydrocarbon ion series (Figure 1i—k).
The mixed garbage samples were visually observed to contain
biomass materials like paper and yard waste, but the mixes
were found to produce small fractions of levoglucosan and
lignin organic ion fragments that have been discussed with the
biomass burning samples. Based on high-resolution peak
fitting, the mass spectral data of the garbage burning samples
had larger fractions of C,H,,,,;* and C,H,,_,* ions compared
to their oxygenated ion series counter parts, which were
observed at almost equal fractions to the alkyl ions in the
biomass burning samples. Consequently, other materials
contained in the mixes (e.g, plastics) likely had a large
influence on the organic aerosol composition from open
garbage burning. The two garbage mixes were found to have
differences in aerosol emission factors, which were thought to
be due to differences in fuel composition and water
content.”””” Nonetheless, the organic mass spectra for the
two mixes were well correlated (Pearson’s r = 0.95). The two
segregated plastic burns, which included metalized plastic “chip
bags” and mixed plastics, were found to have organic mass
spectra that were well correlated to the combined mixed
garbage samples. The Pearson’s r value between the garbage
mix and metalized plastic was 0.99, and the mix was found to
be slightly less correlated to the plastic burn with a value of
0.96. The strong correlation between the plastic emissions and
mixed garbage combined with the low fractions of organic ions
related to biomass burning indicates that plastic burning
aerosol dominated the mass spectral emission profile from the
sampled garbage mixes. These are the first field-measured AMS
mass spectral profiles of open garbage burning, and they
provide a valuable start for studies of aerosol in South Asia and
other parts of the world where refuse burning is prevalent.*’

Two notable, relatively high-molecular weight organic ions
were observed with the open garbage burning samples that
were not seen with other tested emission sources, and each was
attributed to burning of different types of plastics. A prominent
ion signal at m/z 104 was observed with the mixed plastic
burning emissions (Figure 1)) An organic peak at m/z 166 was
observed with metalized plastic burning (Figure 1k). Because
both peaks are greater than 100 amu and have large peak
widths, with many potential ion contributions, high-resolution
fitting estimates based on the UMR data could not be used to
obtain more information about these organic ions. However,
inferences can be made based on existing literature. The large
fraction of m/z 104 associated with mixed plastic burning is
thought to be due to the styrene ion (CgHg") based on
comparisons to NIST EI mass spectra.”’ The styrene ions are
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fragments from larger molecular species likely from aerosols
produced from the combustion of polystyrene, acrylonitrile-
butadiene-styrene (ABS),*" or similar plastics as observed with
plastic no. 6, burning by Mohr et al.*' As expected, styrene
ions were not observed from metalized chip bag burning as
that plastic is typically composed of layers of low-density
polyethylene (LDPE), aluminum, and vapor barrier polymers
that do not contain styrene compounds.”” The origin of
organic ion peak at m/z 166 observed with chip bag
combustion is uncertain but is possibly from an ion fragment
consistent with the structure of fluorene.”’ These unique
garbage burning ions could be good candidates as UMR and
high-resolution indicators of open garbage burning in South
Asia and complimentary garbage burning aerosol tracers, which
prior to this work included 1,3,5-triphenylbenzene (TPB),””**
elemental antimony (Sb),*” and phthalates.>***

3.1.6. Engine Exhaust. Two ground water irrigation pumps
and four idling motorcycles were the only liquid-fuel emission
sources sampled by the mAMS during NAMaSTE. Organic
aerosol was the dominant fraction of the NR-PM, emissions of
both source types, and most inorganic aerosol components
were below detection limits (Figure 1). The irrigation pumps
were ~SkVA diesel powered and had different operational
lifetimes. One pump was a Kirloskar (model unknown) that
was in operation for ~3 years (Pump 1), and the other was a
Field Marshall model R170a (Pump 2) that had been recently
purchased. Although the newer pump was observed to have a
lower organic aerosol emission factor compared to the older
pump,”® the bulk organic mass spectra of the emissions were
very well correlated (Pearson’s r = >0.99). The average mass
spectra from the two pumps had major ion peaks associated
with the saturated hydrocarbon series C,H,,,," and C,H,, ",
and the largest organic fractions were at m/z 41 (C;Hg+), m/z
43 (C;H,"), m/z 55 (CsH,"), and m/z 57 (C,Hy") with the
dominant ions being C;H,* and C,Hy* (Figure 1m). These
major ion peaks coincide with previous UMR measurements of
diesel vehicle emissions and engine lubricating oil.*"*°
Additionally, the organic mass spectra from the combined
pump emissions were also well correlated to the average HOA
spectrum of Ng et al.”* with a Pearson’s r of 0.97.

The four gasoline-powered idling 4-stroke motorcycles did
not produce inorganic fractions above detection limits, and
based on the average organic mass spectra, the emissions
produced spectral patterns almost identical to the diesel
sources (Figure 11). The average organic mass spectrum was
dominated by ions associated with the ion series C,H,,,," and
C,H,,_,". Based on estimated high-resolution peak fitting,
C,H," found at m/z 57 was the most abundant organic ion.
The time-resolved data indicates f57 had a narrower mass
fraction range compared to the irrigation pumps with a 10th
percentile of 0.088 and a 90th percentile of 0.10, with a median
at 0.099. Overall, the average organic mass spectrum from the
motorcycle emissions was well correlated to the average diesel
irrigation pump profile with a Pearson’s r of 0.98. Furthermore,
the average idling motorcycle profile was found to have a
similar percentage of ions above m/z 100 (~15%) compared
to the irrigation pump profile. The results indicate that, from
the observed compositional perspective, the liquid-fueled
engines investigated in NAMaSTE produced similar organic
aerosol.

3.1.7. Brick Kilns. Emissions from a low efficiency batch-
style clamp brick kiln that was fired with coal and hardwood
were sampled in NAMaSTE. The average mass spectral profile
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Figure 3. Average open, closed, and difference high-resolution peak fitting estimates of major UMR peaks associated with zigzag brick kiln
emissions.

from the kiln emissions shows that inorganic aerosol was a within the C,H,,,," ions were observed to comprise a larger
major component of the total NR-PM,; mass at approximately fraction of the organic mass compared to their C,H,, ;"
50% (Figure 1p). Ammonium and sulfate were the primary counterpart (Figure 1n). Similar alkyl fragmentation has
inorganic components at ~24.0 and 21.0% of the total mass, previously been observed with aerosolized diesel fuel®® and
respectively, followed by chloride (4.3%), and nitrate (<1%) further suggests the use of motor oil in the kiln fuel. The low
(Figure 1p). Similar results in the aerosol fraction were fractions of oxygenated ions at m/z 43, m/z S5, and other ions
observed in the NAMaSTE filter-based measurements, but in the saturated hydrocarbon ion series suggests that the wood

with sulfate mass ~30% greater than ammonium based on the
average emission factors.”” Based on the large ammonium
fraction reported by the mAMS, the ammonium mass is in
excess of what is needed for full neutralization of sulfate,
chloride, and nitrate indicating likely other anions are present
(e.g, organic acids) and neutralized by ammonium. The
average organic aerosol profile contained patterns that were
similar to HOA and engine exhaust with large fractions
observed with the C,H,,_,* and C,H,,,," ion series from alkyl
fragments. The similarity to HOA may be due to the use of
used motor oil, which can be added to brick kiln fuel as a
coloring agent, and was discussed in Stockwell et al. as a

fuel emissions were limited compared to coal since oxygenated
ions in the series are common with the NAMaSTE sampled
wood-burning emissions and with BBOA.?” Further evidence
for the low fraction and/or relatively efficient combustion of
wood fuel is demonstrated by the low fraction of levoglucosan
ions (average fgo = 0.0007) observed in the clamp kiln
emissions. There have been limited measurements of coal
burning aerosol with AMS instrumentation, and to our
knowledge, this work is the first to characterize direct
emissions. One study that deconvolved ambient measurements
in China to produce PMF spectra for coal combustion found

possible source of the abundant gas-phase alkanes observed in characteris‘fic organic peaks at m/z 128 (ion fra§ment
the clamp kiln emissions. Based on peak fitting estimates, very corresporidlng to naphthalene), m/ z 152 (C;HeNO;" and
low fractions of the C,H,,,;CO* and C,H,,_;CO* were CoH,,0,%), and m/z 178 (Cy4H,o).”" Based on the average

observed. The average f,; was 0.12, and the average f;; was organic mass spectrum from the clamp kiln emissions, fi,3 was
0.10. Also, like engine exhaust emissions, significant fractions 0.0035, fis, was 0.0026, and f;5 was 0.002, and none of the
of C,H,,_;" ions were observed and specifically m/z 67, 71, listed m/z stood out as prominent peaks. The results indicate
and 81 (Figure 1q). Large fractions of C,H,,_;* have that factors like the coal type and quality in addition to plume
previously been attributed to EI of cycloalkanes.”” Unlike aging may influence the relative contribution of the tracer ions
engine exhaust, however, the alkyl fragment series at C5 and Cq observed by Hu et al>?
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retrieved from Mohr et al.

Emissions from the more efficient coal-fired zigzag brick kiln
were observed to have inorganic profiles most similar to the
clamp kiln emissions. Large inorganic fractions were observed
in the NR-PM, mass spectra with sulfate contributing to the
majority of mass at 57% of the total (Figure lo). Other
inorganic components contributed significantly less mass with
ammonium at 24%, and nitrate and chloride contributing to
<1% of the total. The fraction of ammonium for this kiln
indicated that sulfate associated with zigzag kiln emissions was
only about 30% neutralized. Similar results were observed by
Jayarathne et al.”’ and suggested that the majority of the
emitted sulfate was in the form of nonneutralized sulfuric acid
and ammonium bisulfate. The larger fraction of sulfate
detected from the zigzag kiln compared to the clamp kiln
was possibly due to the sulfur content of the fuel as elemental
analysis of both coals conducted by Stockwell et al.”” showed
that the zigzag kiln coal contained 1.28% sulfur by weight
about twice as much sulfur compared to the coal used in the
clamp kiln. Further investigation of brick kilns is needed to
assess the impact of the coal quality and fuel type on aerosol
emissions. Additionally, based on the substantial fraction of
inorganic aerosol emissions from the brick kilns, large
inorganic mass loadings, in particular sulfate, found in ambient
datasets with nearby brick kilns should be considered as
markers for coal-fired brickmaking.

Based on the mass spectral data, the organic aerosol
emissions from the zigzag brick kiln were some of the most
unique of the investigated emission sources in NAMaSTE
because of large fractions of nitrogen-containing organic
compounds. Dominant organic peaks included m/z 30, m/z
42, m/z 44, m/z 45, m/z 58, and m/z 86 (Figure lo). High-
resolution peak fitting estimates indicate that the peaks are
associated with the ion series C,H,,N* and C,H,, N
Figure 3 gives the chopper open, chopper closed (background
signal), and difference signal (used to calculate aerosol mass)
peak fitting estimates for some major m/z peaks detected from
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the zigzag emissions. The peak fits indicate that the majority of
difference signal at m/z 30 is due to the organic ion CH,N"*
and not the NO"as is commonly observed with the detection
of inorganic nitrate. (Figure 3). Following the remaining
C,H,,..,N* series, the peak fits indicate that the major ions
detected at m/z 44 was C,HN*, m/z 58 was C;HgN", and 86
was CsH,N* (Figure 3). Nonnitrogen-containing ions were
also estimated to make up a fraction of the listed UMR peaks
but always at lower values. Some of the nitrogen-containing
organic peaks were also observed with charcoal burning but at
much lower fractions, and the peaks were attributed to
aliphatic primary amides or similar compounds. The
mechanism responsible for the formation of amine species or
other nitrogen-containing compounds from coal and charcoal
burning is unknown. Additionally, why the compounds were
observed with the zigzag kiln emissions and not clamp kiln
emissions, both of which were from coal combustion, is
unknown. One potential explanation is the addition of cofired
fuels while sampling took place. For example, bagasse, or sugar
cane residue, was known to be used as a starter fuel with the
zigzag kiln. Ambient volatile or§anic compound (VOC)
sampling in the Kathmandu Valley5 and within the Northwest
Indo-Gangetic Plain®” has attributed observations of isocyanic
acid, formamide, and acetamide to the photochemical
oxidation of alkyl amides and amines emitted from biomass
burning. The connection with amides and amines suggest that
the cofiring of biomass was the likely source of nitrogen-
containing organic peaks from the zigzag kiln and additional
evidence can be found in Sarkar et al.>* who estimated that
6.9% of the ambient formamide and 7.5% of the ambient
acetamide observed within the wintertime Kathmandu Valley
could be sourced to cofired brick-making kilns. Further
characterization of coal-fired and cofired brick kilns is needed
to understand if emissions of nitrogen-containing organics are
pervasive with brick making emissions the potential role of
cofired biomass. If amine and amide aerosol ions are common
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with brick kilns, they could be useful marker ions for coal-fired
brick making depending on their atmospheric stability.

3.2. Source Identification with UMR Mapping. The
relative ratios between UMR organic ion fractions retrieved
from AMS mass spectra are established tools for evaluating the
chemical characteristics of ambient aerosol. One example used
by the AMS community to identify the photochemical age of
ambient aerosol is the ratio of f,, to f,; or a measure of
oxygenation of organic aerosol.”’ Another commonly used tool
is the relationship between f,, and f5 to evaluate the
photochemical age of biomass burning aerosol.*> Here, we
propose the use of the ratio of organic ion fraction fss to fs;
versus fy to plot and identify the emission sources of primary
organic ambient aerosol found in South Asia and globally as
seen in Figure 4.

One basis for this type of analysis is the concept that fy, a
marker for levoglucosan-containing aerosol, is an indicator of
biomass burning and therefore a method to differentiate
biomass sources from nonbiomass sources. Figure 4a, for
example, demonstrates that mass spectral profiles from biomass
burning sources in this study, including wood- and dung-fired
cooking stoves, and agricultural residue burning yield f4
mostly >0.005 with an average value of 0.022. Fossil fuel
emission sources including the liquid-fueled sources (i.e.,
motorcycles and irrigation pumps) and coal-fired brick kilns
yielded fy, values <0.005 and often with values at or below
detection limits for organics at m/z 60 (Figure 4a). The
garbage burning emissions were found to have a similar range
to the fossil fuel emissions from plastic burning, with some 0.1
Hz profiles yielding f, similar biomass burning sources, likely
due to biomass (e.g,, paper, cardboard, etc.) contained in the
mixed refuse. Thus, using fs to identify biomass versus
nonbiomass aerosol emissions from unknown sources with
UMR mass spectral profiles is trivial, but tools are needed for
further discrimination of nonbiomass sources like garbage
burning and liquid fuels.

To better separate and identify nonbiomass source emission
types using UMR spectra alone, the ratio between f;5 and f;;
(fssifs7) can be used. As discussed with the high-resolution
peak fitting estimates in the above sections, the ion series
associated with the electron ionization of saturated hydro-
carbons (ie, C,H,,.;" and C,H,, ;%) is the dominant ion
series found in nonbiomass burning mass spectra contributing
in sum to greater than 50% of the organic mass, with the
exception of the zigzag brick kiln where nitrogen-containing
organics were prevalent (Figure 1). The ions from these two
saturated hydrocarbon series with the largest overall fraction
were always C,H,"*, found at m/z 55, and C,H,", found at m/z
57, and because of their high signal-to-noise, the ions are ideal
candidates to represent the discussed ion series. Based on the
observations from this study, it is clear that, of the nonbiomass
emission sources, garbage burning was found to have a larger
fraction of C,H," compared to C,H," and the opposite was
found for the liquid and other solid fossil fuel emissions (i.e.,
brick kilns, motorcycles, irrigation pumps). As seen in Figure
4a, fss:fs, for coal burning generally ranged from 0.5 to 0.8 and
for liquid fuel burning ranged from 0.7 to 0.9. Alternatively,
garbage burning emissions were found to have f:fs; > 1.0 and
ranged to 2.0 (Figure 4a). These relative values demonstrate
that fresh emissions from the studied nonbiomass fuel sources
can be broadly differentiated with f;s:fs;. The fraction ratio has
been used in a similar application by Robinson et al,’" who
used fssifs; > 1.6 to identify cooking-like organic aerosol
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emissions in ambient mobile sampling conducted in the
United States.

fssifs; and fg from the average mass spectra for the tested
emission sources can be found in Figure 4b. The figure
highlights trends already uncovered with the fuel-based
analysis, but also shows the relative variability between
emission sources of a similar fuel type. Among the garbage
burning samples, mixed plastic burning was found to have the
largest fss:fs; at 1.8 followed by chip bag burning (fis:fs; =
1.27) and mixed garbage burning (fss:fs; = 1.21). The range in
garbage burning is likely due to compositional differences in
the refuse, for example, the percentage of polyvinyl chloride,
polystyrene, or polyethylene plastics, or the relative amount of
nonplastics, may play a role. The location of the open garbage
emissions in fss:fs; Vs fso space is consistent with average mass
spectra from lab-based high-density polyethylene (HDPE), or
plastic number 2, burning emissions from Mohr et al.*' (Figure
4b). Looking at the fossil fuel emission sources, the coal-fired
brick kilns were found to have the lowest average fss:fs; with
values <0.65, followed by the diesel-fueled irrigation pumps
(fssifs7 = 0.73), then finally with motorcycle emission with a
fssifs7 of 0.87. Vehicle emission mass spectra from Mohr et al.*’
show that gasoline-powered cars and diesel-powered trucks
have similar fss:fs; vs f5o compared to the liquid-fueled emission
sources in this study (Figure 4b). However, the position is
reversed compared to our study, pointing to combustion
efficiency, variability in fuel composition, or percentage of
uncombusted fuel in the exhaust as possible factors in fss:fs;
values for any given fuel type. Some evidence for the influence
of uncombusted fuel in fs:fs; values comes from Canagaratna
et al.’® who found fs:fs, close to 1 from diesel bus emission
mass spectra and decreasing values from uncombusted
aerosolized lubricating oil and diesel fuel.

Turning to the biomass burning emission sources, the
sources have an average f,, greater than 0.008, but with the
largest fy, generally observed with agricultural residue burning
(f60 =~ 0.045) and followed by wood-fueled cookstoves (fz, =~
0.030). These values are consistent with average paper burning
mass spectra retrieved from Mohr et al,,*" which gives an fy,
value of 0.060, and should produce the most levoglucosan of
any source since paper is primarily composed of cellulose. The
lowest f5, among the biomass sources was observed with dung
burning, charcoal biobriquette burning, and mustard residue
burning (fs & 0.010) (Figure 4b). The low f, from mustard
residue burning was unexpected as it is an outlier from the
other crop burning samples. However, the mustard residue was
the only agricultural residue burning in NAMaSTE to exhibit
levels of gas-phase glycolaldehyde, a product of cellulose
pyrolysis, below detection limits.”” The low f, and gas-phase
glycolaldehyde observed with mustard residue burning
suggests the crop fuel was low in cellulose or was mixed
with nonbiomass fuel. Similarly, the lower f, observed with
charcoal and dung burning is likely explained by the low
cellulose content in those fuels compared to wood and paper
burning.

Although the fis:fs; vs f5o plotting presented in this study
provides a framework for identifying unknown emission
sources in ambient datasets, there are some limitations. This
study was not an exhaustive investigation of all organic aerosol
sources in South Asia, and the mass spectra from other
industrial, commercial, or domestic activities in South Asia are
not known. One source that was not sampled in this study, but
included in Figure 4b, is meat cooking. Meat cooking
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emissions are known to be responsible for large fs values, and
organics at m/z 55 have previously been used as a molecular
marker for these emissions with ambient measurements in
Barcelona.”” In Figure 4b, the average mass spectra from lab-
based chicken and lean burger cooking fall into a similar space
(fssifs7 = 1.7; feo = 0.01) as the plastic burning average. The
intersection of meat cooking and garbage burning emissions in
fssifs7 Vs feo space could cause misidentification of aerosol
emission sources in some ambient datasets; however, meat
cooking emissions are expected to be minor compared to
garbage burning emission in South Asia and other developing
regions of the world due to diets and the pervasiveness of
garbage burning.>’ Additionally, to prevent the confounding of
these emission sources, it is recommended that previously
discussed markers are used to corroborate any ambient mass
spectra as garbage burning. For example, enhanced organic
aerosol signal at m/z 104 or m/z 166 would be useful
identifiers. The presence of enhanced chloride in UMR AMS
mass spectra and HCI in high-resolution mass spectra would
further validate the suspected identification of garbage burning
emissions. If offline filter-based aerosol sampling is available,
the garbage burning tracers TPB and Sb could be used. Finally,
there is no perfect tool for the identification of aerosol
emission sources with UMR mass spectra alone. The proposed
UMR mapping, however, is a convenient tool with the
potential to broadly categorize the mass spectra of ambient air
retrieved with UMR aerosol mass spectrometers.

4. CONCLUSIONS

Mini AMS aerosol mass spectra were retrieved from the
emissions of combustion sources common to South Asia.
Historically, the chemical makeup of these submicron aerosol
emissions are not well characterized because of limited field
measurements, and because many of the investigated sources
have not previously been studied with online aerosol mass
spectrometry. Here, we present the nonrefractory UMR
profiles, which can be used as a basis for future AMS ambient
or emission measurements in South Asia and throughout the
developing world where activities like garbage burning, brick
making, or dung-fueled cooking are prevalent, to name a few.
For example, the UMR profiles give new evidence of tracer
ions for garbage burning associated with plastics combustion
that may be useful in ambient source apportionment. Profiles
from other sources like the wood burning cookstoves and
agricultural residue burning show commonality to previous lab
and field-based measurements of biomass burning demonstrat-
ing that biomass source profiles from outside of South Asia
may be useful in understanding South Asian air quality. The
proposed UMR organic ion mapping using fss, fs, and fy gives
additional basis for characterizing the contribution of various
emission types to ambient aerosol datasets retrieved with
aerosol mass spectrometers and could be complimentary to
source identification by positive matrix factorization or other
source apportionment tools. High-resolution treatment of the
UMR profiles from the investigated sources provides a
foundation for similar signal processing when high-resolution
mass spectral measurements are not available. Evidence of
significant fractions of nitrogen-containing organic aerosol
from the high-resolution fits of profiles from the charcoal-
fueled cookstove and one of the coal-fired brick kilns is
noteworthy because of the uncertain influence of these species
in the ambient environment. However, it is uncertain if these
organic compounds are ubiquitous with charcoal burning and
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brick making or what processes control their emissions. The
evidence of nitrogen-containing organics, therefore, provides
motivation for additional measurements of these emission
sources.
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