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Fine-particle emissions from solid biofuel combustion studied
with single-particle mass spectrometry: Identification of markers
for organics, soot, and ash components
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Markus E. Gilli,®> and Deborah S. Gross®
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[11 The effects of combustion phase and fuel on smoke particle emissions from a wood stove
operated with three different wood fuels and from a corn stove were investigated. A single-
particle mass spectrometer (aerosol time of flight mass spectrometer (ATOFMS)) was used
for time- and size-resolved chemical signatures and a scanning mobility particle sizer (SMPS)
was used for online mobility size distributions. Markers of particle phase organics and
elemental carbon, PM; 5, and CO emissions were strongly reduced for the corn stove
compared to the wood stove. This is because the more controlled fuel and air supply in the
corn stove result in more complete combustion. NO, emissions and particle phase phosphates
showed the opposite trend. Marker ions and particle types associated with soot and alkali salts
such as potassium chloride and potassium sulfates dominated during flaming combustion and
were correlated with increased exhaust temperatures and reduced CO emissions. Marker ions
of hydrocarbons and oxidized organics as well as a particle cluster type with a strong organic
signature were associated with reduced combustion temperature and increased CO levels,
observed during start up from cold stove, addition of fuel, and combustion with reduced air
supply. Two different particle types were identified in corn experiments when particles were

classified according to mobility before they were measured with the ATOFMS. “Less
massive” particles contained mostly ash and soot and had vacuum aerodynamic diameters
that were nearly independent of mobility diameter. “More massive” particles had
aerodynamic diameters that increased linearly with mobility diameter, indicating
approximately spherical shapes, and were hypothesized to consist of organics.

Citation: Pagels, J., D. D. Dutcher, M. R. Stolzenburg, P. H. McMurry, M. E. Gilli, and D. S. Gross (2013), Fine-
particle emissions from solid biofuel combustion studied with single-particle mass spectrometry: Identification of markers
for organics, soot, and ash components, J. Geophys. Res. Atmos., 118, 859-870, doi:10.1029/2012JD018389.

1. Introduction

[2] Replacement of fossil fuels by biofuels in residential
heating can decrease the net emissions of greenhouse gases
such as CO, to the atmosphere. Biofuels that have been used
include wood logs and wood pellets as well as novel crop
fuels such as corn. At the same time, smoke emissions from
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such fuels can lead to air pollution (e.g., PM, 5 and PM, ) that
adversely affects human health [Naeher et al., 2007; Bolling
et al., 2009; Sehlstedt et al., 2010]. Particles from solid bio-
mass combustion can be a major contributor to PM2.5 even
in larger cities in the winter time [Favez et al., 2009; Caseiro
et al., 2009]. Airborne particles also affect global climate
[Intergovernmental Panel on Climate Change, 2007]. Small-
scale combustion systems used for residential heating range
from conventional fireplaces and stoves to small residential
boilers for single-family houses (smaller than 20 kW).

[3] Particle emission factors from woody biofuels can be
relatively high in comparison to other fuels used for energy
production [Bolling et al., 2009]. Previous research has
focused on particle number and mass emission factors
[Johansson et al., 2004] and the particle chemical composi-
tion [Boman et al., 2004; Lillieblad et al., 2004; Wierzbicka
et al., 2005; Tissari et al., 2008a] averaged over a full com-
bustion cycle. In these studies impactor or filter samplers
were used and particle mass and chemical composition was
analyzed off-line. Other studies have focused on the organic
composition [Fine et al., 2004] or the speciation of inorganic
ash compounds [Wiinikka et al., 2007].

859



PAGELS ET AL.: CHEMISTRY OF BIOMASS COMBUSTION AEROSOLS

[4] These studies have shown that the particle emissions
from wood combustion systems/appliances during less opti-
mized combustion in small-scale wood combustion are most
often dominated by products of incomplete combustion, i.e.,
organic and elemental carbon (OC and EC). In contrast,
during optimized combustion in modern domestic wood
pellet combustion systems, the aerosol is often dominated
by ash compounds, especially KCl, K,SO, and K,CO;
formed via evaporation-condensation and heterogeneous
reactions in the gas phase [Christensen et al., 1998; Pagels
et al., 2003] and the total carbon contribution can be lower
than 1% [Londahl et al., 2008]. The volatilization of ash
components during combustion resulting in ash particle
emissions increases with increasing combustion temperature
[Wiinikka et al., 2007], therefore combustion in a state-of-
the-art burner may dramatically decrease the emissions of
OC and EC but potentially increase the emissions of ash com-
ponents. Crop fuels have higher ash content than conventional
wood fuels [Tissari, et al., 2008b, Wolnik et al., 1985] due to
a high concentration of nutrients such as potassium, sulfur,
chloride, nitrogen and phosphorus in the fuel. This influences
the emission levels, the particle size distribution, and the
composition of the particle emissions.

[5] Knowledge about variations in the particle size distri-
bution during the combustion cycle has increased over the
last few years [Tissari et al., 2008a]. However, little research
has been carried out to study the variations in physical and
chemical properties of particles emitted through the combus-
tion cycle. Rissler et al. [2005] combined highly time-
resolved particle size and gas analysis with off-line OC/EC
analysis and found a correlation between short-lived CO
concentration peaks, increased particle concentrations in
the 150-500 nm size range, and increased EC concentra-
tions. However, the detailed time-resolved mixing between
ash, organic carbon and elemental carbon remains poorly
understood. Tissari et al. [2009] divided the combustion
cycle into three different phases where separate filter sam-
ples were collected and found that the organic emissions
increased during the firing phase (start-up). Thus, better
knowledge of time-dependent aerosol chemical properties
may potentially lead to emission reductions by identifying
processes associated with increased emissions of certain
chemical components, which can then be addressed.

[6] Over the last 10—15 years, acrosol mass spectrometers
(AMS) have been developed for highly time-resolved in situ
measurements of the particle chemical composition. Weimer
et al. [2008] applied a quadrupole aerosol mass spectrometer
(Q-AMS; Aerodyne Research) to study the composition of
particle emissions from a conventional wood stove. They
found an increased concentration of organic carbon (for
example, markers of levoglucosan) during the start-up phase
of the combustion cycle. With the conventional AMS, only
materials that volatilize at 600 °C can be analyzed. Thus, soot
and low-volatility ash components such as K,SO, are not
detected. Grieshop et al. [2009] and Heringa et al. [2011] also
used AMS techniques to characterize the composition of
wood stove emissions, although their studies focused on atmo-
spheric processing of the emissions rather than variations of
primary emissions over the combustion cycle. AMS measure-
ments of ambient air have linked concentrations of certain
classes of organics to biomass combustion emissions [Alfarra
et al., 2007].

[7] Although aerosol MS techniques involving laser desorp-
tion and ionization [Gard et al., 1997] do not allow quantita-
tive measurements of mass concentrations due to the matrix
effects and laser inhomogeneities inherent in the ionization
process, they provide chemical signatures on a single-particle
level for the major particulate emissions types formed
during solid biofuel combustion (ash, OC, and EC), and
ion intensities and ratios have been shown to scale with
off-line techniques in numerous studies [ Pratt and Prather,
2012]. Silva et al. [1999] used an aerosol time of flight mass
spectrometer (ATOFMS) to investigate smoke emissions
from combustion of wood species commonly found in
California. They identified strong peaks from potassium,
chloride and sulfate and several organic markers potentially
unique to biomass combustion. Several field studies have
used ATOFMS to identify particle types that can be associ-
ated with emissions from biomass combustion [Qin and
Prather, 2006; Moffet et al., 2008; Healy et al., 2010;
McGuire et al., 2011]. The mass spectra of the biomass
particle type has in general been consistent with the source
spectra determined by Silva et al. [1999], but with overlaid
signatures of atmospheric processing. However, to our
knowledge there are no single-particle mass spectrometry
data that have systematically investigated relationships
between variations in particle composition for different fuels
and in the combustion phase/efficiency.

[8] In this work, we combined single-particle mass spec-
trometry with time-resolved measurements of the mobility
particle size distribution and particle mass concentration to
investigate chemical signatures and emissions from three
wood log fuels (oak, pine and birch) and corn, burned in
residential wood- and corn-burning stoves. The aim was to
investigate the influence of combustion phase and fuel on
the emission levels and the particle composition.

2. Methods

2.1.

[¢] Two different stoves were used for the combustion of
the log wood fuels and the corn fuel, respectively. A wood
stove (model Lopi “Answer”, Travis Industries, WA, USA)
with a rated maximum heat output of 20 kW was operated
with jack pine, oak and birch logs. All these fuels were
locally grown in Minnesota and were dried for at least
6 months prior to the experiments. Each wood combustion
experiment involved start-up from a cold stove with a full
load of fuel. Fuel was then added once or twice and experi-
ments were conducted until only glowing embers remained.
The wood stove was normally operated with the vent for air
supply fully open. In this stove type, secondary air is added
at the end of the combustion chamber to improve combus-
tion efficiency.

[10] To investigate relationships between combustion con-
ditions and emission characteristics, each wood stove experi-
ment was divided into combustion phases based on the CO
and O, measurements in the flue gas. Briefly, each combustion
cycle started with either “start-up” from a cold stove or “added
fuel” on glowing embers. This was followed by a “flaming”
phase and each cycle ended with a “burnout” phase. The
flaming phase was subdivided into “flaming effective”;
“flaming high CO”; and “choked” depending on the CO
emission level and setting of the air supply valve. A more

Combustion Appliances
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comprehensive description of the combustion experiments
and the division of the combustion cycle into different com-
bustion phases is given in the supporting information.

[11] Dried corn kernels were combusted in a corn stove
(model “Auburn”, St Croix Pellet and Corn Stoves, NE,
USA). This corn stove is top fed and the dried corn kernels
are added to the combustion region at a controlled rate, sim-
ilar to modern wood pellet stoves. This allows a significantly
enhanced control of the fuel supply compared to batch-wise
combustion of wood logs. The corn stove was started using
wood pellets, and the fuel was manually switched to corn
upon a successful start-up procedure as indicated by CO
concentrations below 1000 ppm. The corn stove was oper-
ated under essentially steady state combustion conditions
at 50% of the 12 kW maximum capacity.

2.2. Sampling and Dilution

[12] Separate sampling probes were used for particle and
gas analysis. These were taken from the middle of the flue
gas duct at a distance of about 50 cm above the wood stove
outlet (flue gas temperatures in this position varied over the
combustion cycle in the range of 100-400 °C). In the corn
stove, the measurement point was at a position 30 cm down-
stream of the stove outlet (flue gas temperature ~170 °C).

[13] A schematic of the sampling system is given in
Figure 1. The sample was diluted by a factor of 15 with dried
particle-free air at ambient temperature after which it flowed
through a 2 s residence time chamber. Two additional dilution
stages were used to allow ATOFMS measurements at an
optimal counting rate. Additional details of the dilution system
for particle measurement, and the instrumentation used, are
provided in the supporting information.

2.3. Aerosol Characterization

[14] Particles were characterized using an aerosol time-of-
flight mass spectrometer (ATOFMS; TSI Inc.) [Gard et al.,
1997] equipped with an aerodynamic lens (50-500nm)
[Dutcher et al., 2011], for single-particle chemical composi-
tion analysis. Further descriptions of the ATOFMS operating
parameters and data reductions techniques are given in the
supporting information. In a few corn emission experiments,
a differential mobility analyzer (Long column DMA, TSI
Inc.) was used upstream of the ATOFMS for composition
and effective density measurements of mobility classified

Bipolar P
To Charger

Vacuum

ATOFMS

Figure 1.
dilution stages.

particles [Park et al., 2008]. In these cases the ATOFMS
measured the vacuum aerodynamic diameter and composition
of DMA classified particles of six mobility sizes between 100
and 325nm. A scanning mobility particle sizer (SMPS) was
used to determine the particle size distribution (16—750 nm).
The SMPS sampled downstream of the second dilution stage
(after the first laminar flow diluter). Each size distribution
(5 min resolution) is the average of one up scan and one down
scan. A tapered element oscillating microbalance (TEOM,
Thermo Scientific) was used to determine the total particulate
mass concentration. The upper size cut (1.5 um) was deter-
mined by the cyclone in the sampling system. The instrument
was operated at a temperature of 50 °C with a sampling flow
rate of 1 L/min.

[15] A flue gas analyzer (CA-Calc 7315, TSI Inc.) sampling
undiluted exhaust through a separate sampling line was used
to determine the concentration of CO, O,, NO, NO,, and the
flue gas temperature. A second flue gas analyzer (model AC,
ECOM) sampled downstream of the primary dilution stage
and allowed online determination of the primary dilution ratio
from NO measurements with the two analyzers. Particle and
gas emission factors (in units of mg/MJ) were calculated from
the measured concentrations according to a mass balance pro-
cedure [van Loo and Koppejan, 2008]. This used inputs in the
form of measured O, CO and water vapor (from RH and T
measurements after primary dilution) concentration in the flue
gas and tabulated values of wood log and corn kernel fuel
elemental composition and heating values. This procedure
also yielded the CO, concentration in the flue gas as output.

3. Results and Discussion

3.1. Emission Factors and Particle Size Distributions

[16] The emission factors of PM; 5, CO, and NO, varied
strongly between corn and wood combustion. For corn, the
average PM;, 5, CO, and NO, emission factors were 30, 130
and 270 mg/MJ, respectively. For wood combustion, the
average CO values over full cycles were 1500, 1600 and
2600 mg/M]J for oak, birch and pine respectively. PM; 5 was
measured over a full cycle for the pine fuel (90 mg/MJ) and
NO, was measured for the birch fuel (90 mg/MJ).

[17] The low CO and PM, 5 emissions for the corn stove
are similar to those observed from modern wood pellet
burners [Bolling et al., 2009]. This is due to the controlled

n

2 s residence

Filtered air at
ambient
temperature

PM;5 time chamber
Cyclone —l
To
Vacuum
ECOM

TEOM
Corn or Wood

Stove

Gas Analyzer

CA-Calc
Gas Analyzer

Schematic of the experimental setup, showing the various sampling devices attached to the
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fuel supply and mixing of air and fuel, resulting in more
complete combustion which reduces emissions of products
of incomplete combustion such as organics, elemental
carbon and CO. In the wood stove, on the other hand, there
will unavoidably be fuel-rich time periods and regions in the
combustion zone, resulting in higher PM and CO emissions.

[18] The emission factors from the wood stove are within
the lower end of those from conventional wood stoves and
within the range of those for modern wood stoves [Bolling
et al., 2009; Pettersson et al., 2011]. The lower emission
factors, compared to conventional wood stoves, are partly
a result of the fact that secondary air is supplied later in
the combustion process which combusts a significant portion
of the products of incomplete combustion, thus significantly
reducing CO and PM emissions. The largest differences in
CO emissions between the wood fuels occurred during the
flaming phase. The CO emissions of the hard wood fuels
(birch and oak) were more than three times lower than that
of the soft wood fuel (pine).

[19] The NO, emissions showed a reverse trend, with
significantly higher emissions for the corn stove. Tissari
et al., 2008b showed that two crop fuels (oat and rape seeds)
generated 4-10 times higher NO emissions compared to
wood pellets used in the same burner. The increased NOy
emissions were attributed to higher nitrogen content in the
fuel; this is likely the explanation for these observations with
corn fuel as well.

[20] Average mobility particle size distributions for emis-
sions from the four fuels are shown in Figure 2. There are
rather small differences between the three wood fuels, except
below about 30 nm (lower emissions from pine) and above
200nm (lower emissions for oak). The corn emissions have
significantly lower concentration of particles above 100 nm,
consistent with the low PM, 5 mass emission factor for corn
combustion. There is evidence that the number distribution
for corn emissions increases above 300nm. The average
total number concentrations for the different fuels ranged
from 2 to 3 x 108cm™, which is within the higher end
compared to previously reported values [Pettersson et al.,
2011, Tissari et al., 2008a].

10’ 4
T2 10" 3
2 3
2 ]
a 474
5 1073
=) E
= 3
2 4]
g 1073
2 7
‘5’ -
2 ]
5 7 —@— Pine AA A
£ ,q |~ Bicn Aaak
Z 103 o Oak

E A~ Com
10? N T T T T TT°T T T T T T TTT
T 2 3 4 5 6 789 T 2 3 4 5 6 789 T
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Mobility Diameter D, (nm)

Figure 2. Mobility size distribution averaged over the
combustion cycle for each of the fuels. Error bars (£1 standard
deviation) based on replicate measurements are shown only
for pine and corn for ease of visualization.

[21] Figure 3 shows the mobility size distribution as a
function of combustion phase for the wood stove experi-
ments. It can be seen that both the start-up phase and addi-
tion of more wood logs generate a higher concentration of
particles larger than 100 nm compared to the average of the
full cycles. On the other hand, during the flaming effective
combustion phase (flaming combustion with a CO concen-
tration below 1000 ppm), significantly more sub-30nm
particles and less particles above about 70 nm are emitted,
producing a size distribution with similarities to the distribu-
tion observed from the corn stove.

[22] The mobility size distribution could in many cases be
described as bimodal with a nucleation mode below 70 nm
and a larger accumulation mode. The experiments in this
paper focus on the chemistry of particles above about
80-100nm due to the low detection efficiency of the
ATOFMS for smaller sizes. Thus the focus is on the accumu-
lation mode that may dominate the mass concentration but
contributes relatively little to the number concentration.

3.2. Influence of Fuel on Marker Ions in Single-Particle
Mass Spectra

[23] The mass spectra of particles emitted from the wood
and the corn stoves averaged over the full combustion cycle
are given in Figure S1. Selected marker ions that varied
between fuels are shown in Figure 4. In general, the mass
spectra of emissions from the three wood fuels show strong
similarities. Major identified peaks associated with inorganic
species that were Vaporized in the combustion process
include *°K*, #Na*, '*K,CI" and *'*K;SO} in the positive
spectra and 3¢r, #9503, 7HS0; and 'KCI; in the nega-
tive spectra (and associated isotope peaks). This is expected
since potassium chloride and potassium sulfate are well
known constituents of emissions from wood combustion
[Pagels et al., 2003].

[24] The markers for EC: C; (e.g., 24C'2, 36C;, and 48C;;)
are pronounced in the average mass spectra. There are also
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Figure 3. Influence of combustion phase on mobility size

distribution. Averages of the three wood fuels for start-up,
added fuel, and flaming effective (only oak and birch) are
compared to the whole-cycle average. Error bars (31 standard
deviation) based on replicate measurements are shown only
for flaming effective and start-up for ease of visualization.
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Figure 4. Trends in the average relative peak intensity of (top) markers for oxidized organics, EC, and
PAHs, (middle) phosphates, potassium chloride, and potassium sulfate, and (bottom) hydrocarbons,
compounds containing both nitrogen and organics, and methoxyphenols as a function of fuel type in
ATOFMS mass spectra averaged over the full combustion cycle for each fuel. Error bars represent 41

standard deviation of replicate measurements.

markers for hsydrocarbons (e.g., ?7C,H3) and oxidized
organics (e.g., > C,H;05). The peak m/z=-59 is commonly
used as a tracer of biomass combustion particles in ambient
ATOFMS data, as it is a signature of monosaccharaides
such as levoglucosan formed by the pyrolysis of cellulose
[Silva et al., 1999].

[25] We found high molecular weight peaks in both the
positive and negative spectra. Peaks between m/z=190
and 300 in the positive spectra were approximated to be
due to polycyclic aromatic hydrocarbons (PAHs). The
strongest peaks at higher m/z in the negative spectra for
the wood fuels were m/z=-136, -137, -138 and m/z=-162,
-163, -164. In this study, the relative peak areas of these
six peaks were summed and used as an indicator of methoxy
phenol fragments. In a previous study, -137 and -163 were
assigned to deprotonated methyl guaiacol and eugenol frag-
ments [Qin and Prather, 2006]. Methoxyphenols originate
as pyrolysis products of lignin present in the wood fuels.

[26] A few differences between the mass spectra from the
three wood fuels should be noted. The pine experiments
show stronger peaks for sodium and high mass positive ions
including PAHs, while markers of compounds containing
both nitrogen and organics (*°*CN", *CNO") and nitrates
(**NO3, °NO3) are enhanced for oak and birch compared
to pine. The highest contribution from methoxyphenols
was found for oak.

[27] A much larger difference was found between the wood
fuels and the corn fuel, as seen in Figure 4. Markers for inor-
ganic ash comPonents were si§niﬁcantly more pronounced
for com (e.g., BK,CI" and 2! K5SO%). However, the most
striking difference was the strong signature of phosphates
(®*PO5 and "’PO3). These peaks were of very low intensity

for the three wood fuels. The signatures for EC, oxidized
organics (e.g., m/z=-59), PAHs and methoxyphenols were
weaker for the corn stove compared to the wood stove.
Markers for hydrocarbons (e.g., m/z=27) and fragments
containing both carbon and nitrogen (e.g., “*CNO") were
comparable in the wood and corn combustion spectra.

[28] Little published information exists about the composi-
tion of particle emissions from domestic combustion of corn
kernels. However, Tissari et al. [2008b] studied emissions
from other crop fuels which have some common features
with corn. They showed that about 7% of the PM; emissions
consisted of phosphate ions when rapeseed was combusted
in a wood pellet burner; no phosphates were detected when
operating the same pellet burner with wood fuels. The concen-
tration of phosphorus is higher in corn compared to typical
wood fuels [Tao et al., 2012]. Additionally, on a relative basis,
the Ca content is substantially lower in corn compared to the
wood fuels. Ca has been shown to form calcium phosphates,
which effectively traps P in the bottom ash [Bostrom et al.,
2012] for most wood fuels. The lower Ca concentration
in the corn fuel may allow the formation of Potassium Phos-
phates that are eventually emitted as fine particles.

3.3. Influence of Combustion Phase on Marker Ions in
Single-Particle Mass Spectra

[29] The suite of online techniques used in these experi-
ments allowed us to investigate variations in emission
characteristics and levels over the combustion cycles for
the inherently transient combustion in the wood stove.
Figure 5 shows an example of time-resolved data for the
birch combustion experiment. It is clear that adverse com-
bustion conditions identified by elevated CO emissions and
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reduced flue gas temperatures lead to strongly increased inten-
sity of markers of particle phase hydrocarbons (*’C,H3)
and increased particle mass emission factors. Adverse com-
bustion conditions were identified during start-up from cold
stove, choked combustion with reduced air supply, and fol-
lowing the addition of fuel before efficient combustion was
reestablished. During the burnout phase of each cycle, the
CO emissions were increased while the influence on the parti-
cle emissions was less pronounced.

gzo] Markers of volatilized ash compounds (such as
"SK,CI") showed the opposite trend, typically increasing
in relative intensity with increasing combustion tempera-
ture, for example, during flaming effective combustion.
This is expected as the release of ash compounds from the
fuel increases with increasing temperature, but is also
caused by a decrease in the proportion of organics in the
garticles. The ratio of marker fragments for EC (sum of
405, %C5, *8Cy) divided by the sum of the intensities of
three marker fragments for OC (41C2HO', “2CNO’, and
*°C,H;05) also increased strongly with increasing tempera-
ture. The absolute intensity of the EC markers was strong
(not shown) during flaming effective wood combustion at
the lowest CO levels in this study (<200 ppm at 15% O,,
Figure 5). This shows that this type of wood stove is

expected to emit EC during all combustion phases, in
contrast to modern wood pellet burners which can emit
below 1% of the particle mass as OC plus EC during opti-
mized burn [Londahl et al., 2008]. The vacuum aerody-
namic size distribution as a function of time and phase in
this experiment is given in Figure S3.

[31] TEOM data was only available for the first 45 min of
the experiment reported in Figure 5, but generally the PM; 5
mass concentration from the TEOM correlated well with the
volume weighted (effective volume) SMPS concentration.
The TEOM/SMPS concentration ratio increased by a factor
of 2 during lower combustion temperatures, for example, the
period with reduced air supply (choked) shown in Figure Sa.
The EC to OC peak ratio was decreased during these periods
of combustion at lower temperatures. We interpret this
dependence on the combustion conditions to mean that
most particles detected with the ATOFMS consist of a soot
core throughout the experiment, but that the increased mass
emissions during lower combustion temperatures are mainly
caused by organic compounds which condense onto the soot
agglomerates.

[32] Condensation of organics onto soot agglomerates
causes an increased effective density and more compact
particles [Pagels et al., 2009]. The ratio of TEOM mass
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Figure 6. Relationship between the geometric mean diameter
of the vacuum acrodynamic size distribution detected with
ATOFMS and the ratio of major marker ions for organic and
elemental carbon. Symbols indicate the combustion phase,
and the intensity of gray indicates fuel, as shown in the legend.
Corn combustion was omitted from the fit. The OC/EC peak
ratio was determined using the sum of the intensities of three
marker fragments for OC (*'C,HO", **CNO", and **C,H;05)
divided by the sum of three marker fragments for EC( **C5,
36C3, and 48C21).

concentration to SMPS volume concentration can be viewed
as a volume weighted average effective density, although
differences in the sampled size range between the two instru-
ments makes quantitative comparison with effective densi-
ties for soot sources given in the literature uncertain.

[33] We also found that the geometric mean diameter
(GMD) of the vacuum aerodynamic (D,,) size distribution
increases with increasing OC/EC marker ratio as shown in
Figure 6. The smallest GMDs were found for flaming effec-
tive combustion (150-175 nm), for which the OC/EC ratio
was very low. The low-temperature combustion phases that
were associated with a higher OC/EC ratio (addition of fuel,
start-up, and choked combustion) resulted in larger GMD
(up to 260nm). The increased coating thickness with

increasing OC/EC is consistent with increased effective den-
sity and D, .

[34] Average mass spectra for three different combustion
phases/conditions are given in Figure S2. Trends in
marker ions observed during start-up from cold stove,
choked, and flaming effective combustion for the birch
fuel are shown in Figure 7. Generally, hydrocarbon frag-
ments, PAH fragments and fragments representing oxi-
dized organics show the largest enhancements during
start-up from a cold stove, while fragments containing
both nitrogen and carbon show a stronger enhancement
during choked combustion compared to start-up. It should
be pointed out that many organic compounds (except
PAHs) have low ionization efficiencies in the ATOFMS
and may contribute significantly to the particle mass dur-
ing these periods even though the relative intensity of
these peaks is rather weak [Gross et al., 2006].

[35] The organic signatures during start-up (Figure S2)
show similarities to that of pure levoglucosan [Silva et al.,
1999], including strong peaks at m/z=-41, -59, -71, +27,
+31 and +37). In the positive spectra there are also bands
of organic markers at, for example, m/z=48-51 and 60-63
that appear at start-up and to a lesser extent at choked com-
bustion. Weimer et al. [2008] concluded that levoglucosan
and related compounds were mainly emitted during the
start-up phase, while strongly oxidized organics dominated
during the burnout phase.

[36] PAHs show strong enhancements during start-up,
while flaming effective shows stronger relative PAH inten-
sity than choked. This suggests that PAHs show a different
dependence on the combustion parameters than the marker
fragments of hydrocarbon and oxidized organics. This is
expected since PAHs have a much higher thermal stability
than most other organic particle phase compounds. The
dominant PAH peaks shift from markers of four-ring PAHs
(m/z=200-204, MW=202) during start-up to markers of
five-ring PAHs (m/z=250-255, MW =252) during flaming
effective combustion. The results for the start-up phase are
similar to ATOFMS results of combustion of ecugenol
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[Baeza-Romero et al., 2010], a common pyrolysis product of
lignin which was associated with four-ring PAHs (with
MW=202) such as fluoranthene and pyrene.

[37] The anticorrelation between markers of efficient com-
bustion (e.g., K,C1") and the oxidized organic fragments
(e.g., m/z=-41, -59) has implications for source-receptor
methods that are based on either levoglucosan or potas-
sium tracer techniques. These techniques will be sensitive
to different aspects of biomass combustion emissions,
with potassium being more sensitive to high-temperature
complete combustion and levoglucosan being more sensi-
tive to low-temperature smoldering combustion. Recently,

Harrison et al. [2012] showed a strong variability of the
levoglucosan to potassium ratio in measurements in several
locations in the UK.

3.4. Single-Particle Mass Spectral Trends Based on
Particle Composition

[38] In addition to analysis of marker ions, spectra were
clustered using the k-means algorithm in Enchilada [Gross
et al., 2010] to investigate temporal trends in the types of
single-particle mass spectra observed in different combustion
phases of each fuel, as described in the supporting

Table 1. Description of Particle Types From k-Means Clustering (k=6) of Particles Emitted From Pine, Oak, Birch, and Corn

Combustion®

Fraction of Particles Tons in Cluster Center

Wood Corn Elemental Sulfate KCl,
ClusterName Fuel Fuel Hydrocarbon ~ Carbon ~ PAHs (°’HSO;) Phosphate (x=1,2;y=1,2) Other Significant Ions
Ash, soot, nitrate 0.327 0.441 - + - - + 2°CN/C,H3, *C3HgO5
Ash, soot 0.584 0.009 + + - + 25CN/C,H;
Hydrocarbon (HC)  0.054 0.156 + + + - — - SNH;
Ash, HC, nitrate 0.024 0.023 + — + — +
Ash, phosphate 0.001 0.371 + - - +
PAH 0.011 0.000 - + - + 25 H(NO;);

*The polarity of an ion is indicated if the ion is observed in a cluster center. All cluster centers contain ** K* and “’NO5 ions. See Figure S4 for spectra of
the cluster centers. The fraction of particles is calculated over the whole experiment, including all combustion phases, from startup to burnout.
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Figure 8. Temporal variation of the fraction of particles in each cluster center for selected periods within
the (a) birch and (b) corn experiments. Only clusters containing more than 5% of the particles in any 5 min
time bin are shown. Flaming effective time periods are highlighted in gray.
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information. Trends in the complete mass spectra, in contrast
to marker ions alone, make it possible to generalize from the
data obtained in controlled studies like these to particle types
which might be observed during ambient measurements. The
fraction of the total observed particles assigned to each cluster,
and the most abundant ions in the clusters, are summarized in
Table 1. Temporal profiles of the significant clusters observed
in birch and corn combustion experiments are shown in Fig-
ure 8; birch temporal profiles are similar to those observed
for the pine and oak fuels, as well. Cluster center spectra,
which represent an average spectrum of all particles assigned
to the cluster are shown in Figure S4. The most populous clus-
ter from the three wood fuels (“ash, soot”) has a mass spec-
trum containing potassium chloride, elemental carbon, nitrate,
and sulfate ions. Very few hydrocarbon ions and no PAHs are
observed in this cluster. This particle type constitutes less than
0.1% of the particles observed during corn combustion, and
thus this particle type can be seen as indicative of wood
combustion.

[39] The second most populous cluster (“ash, soot, nitrates™)
showed a similar cluster center but with stronger nitrate and
PAH signals. The temporal profile shows that the summed
fraction of these two clusters decreases during start-up, when
fuel is added, and during the choked combustion, consistent
with a significantly different particle type present under these
conditions.

[40] In experiments with each of the fuels (wood and corn),
a “hydrocarbon” cluster that contains hydrocarbon ions as well
as signatures from nitrates, sulfates, PAHs, and EC is present
at times when combustion is inefficient. This cluster has the
same temporal profile as CO, the SMPS volume concentra-
tion, the TEOM mass concentration, and the ATOFMS hydro-
carbon marker ion *’C,H3 shown in Figure 5a. Essentially
no particles of this type are observed during flaming effec-
tive wood combustion, suggesting that this particle type is
a reliable marker for inefficient low-temperature combus-
tion of biofuels.

[41] During corn combustion, the predominant particle
types emitted differ from those seen during wood combustion
(Figure 8), consistent with the results obtained by examining
marker ions. Throughout the majority of the continuous
flaming effective combustion in the corn experiment, 75 %
of'the particles observed were assigned to the “ash, phosphate”
cluster center. During wood combustion this type of particle
never made up more than 1.3% of the particles observed in
any 5min time period. This particle type is dominated by
phosphate ions in the negative spectrum (consistent with the
average relative ion intensity obtained from the corn combus-
tion shown in Figure 4). It contains potassium and potassium
chloride in the positive spectrum and sulfate and EC markers
in the negative spectra. It does not contain PAHs and the
hydrocarbon fragments are weak.

3.5. Size-Resolved Analysis of Marker Ions in Single-
Particle Mass Spectra

[42] Figure 9a shows the vacuum aerodynamic size distribu-
tion of the full combustion cycle for birch and for the choked
and flaming effective combustion phases. The GMD was
153 nm for flaming effective and 248 nm for choked combus-
tion. The distribution of the full combustion cycle (including
the period with choked combustion) has an intermediate
GMD (197 nm) and is substantially wider.
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Figure 9. Size-resolved ratios of fragments observed in the
mass spectra representing alkali salts (''*K,CI"), oxidized
organics (59C2H3O§), and hydrocarbons (27C2H§) compared
to EC (sum of *C5, *°C3, and **C3). (a) Data are compared
to the vacuum aerodynamic size distribution of particles for
choked; flaming effective; and the full combustion cycle for
the birch fuel, and data are reported for (b) birch combustion
over the whole combustion cycle, (c) birch combustion
during periods in the flaming phase with the vent fully open
(flaming effective) and vent 50% closed (choked), and (d)
flaming effective combustion for corn fuel. The '"*K,CI"/
EC ratio has been multiplied by a factor of 5 in Figures 9b
and 9c to ease visualization.

[43] Figure 9b shows size-resolved ratios between selected
marker fragments representing potassium chloride ('"*K,CI"),
oxidized organics (*’C,H;05) and hydrocarbons (*’C,H3)
compared to elemental carbon (sum of s, ¥, 48C21) for
the full cycle in birch combustion. It was found that the rela-
tive intensity of these markers varies strongly as a function
of D,,,. The relative intensity of the potassium chloride frag-
ment decreases relative to soot fragments with increasing
D.,,. An opposite and even stronger trend is found for marker
fragments of both hydrocarbons and oxidized organics. As de-
scribed above, a similar shift in composition arises when com-
paring the size integrated signatures of periods of effective
burn with periods representing start-up and choked
combustion.

[44] The size-dependent composition was also investigated
separately for flaming effective and choked birch combustion
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(Figure 9c). The size-dependent variations in signatures were
much weaker in this case. This shows that the strongly size-
dependent signatures found when averaging over the full com-
bustion cycle were largely caused by significant differences in
composition and size distributions between different combus-
tion conditions/phases. In the signatures from the full cycle,
the smaller particles emitted during flaming effective combus-
tion give the main contribution below 200 nm and the larger
particles emitted during start-up and choked combustion dom-
inates above 200 nm.

[45] The stable flaming effective conditions during corn
combustion, on the other hand, showed variations in chemical
signatures as a function of particle size (Figure 9d). With in-
creasing D,,,, markers for oxidized organics and hydrocarbons
showed strong increases in relative intensity compared to
markers of EC, while for alkali salts the increase compared
to EC was weaker. This is consistent with agglomerated soot
particles predominantly being present in smaller aerodynamic
sizes, due to their low effective density [Park et al., 2008]. As
combustion products cool, alkali salts begin to condense first
on the soot agglomerates, while the organics condense later
at lower temperature. The fraction of corn emission particles
sized by the ATOFMS, but which did not generate mass
spectra, increased strongly with increasing D,,; such trends
were much weaker for the wood fuels.

3.6. Measurements of Individual Mobility-Classified
Particles

[46] In a few experiments with the corn stove, a differential
mobility analyzer was used upstream of the ATOFMS. The
aerodynamic sizes and chemical signatures of individual
mobility classified particles were then determined with the
ATOFMS. This enabled the separation of different particle
types at a given mobility size (D,,.) by effective density (p.p),
as defined from measurements of D,,,, and D, [DeCarlo et al.,
2004]. The effective density defined in this way is given in
equation (1), where p, is the density of water.
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Figure 10. Vacuum aerodynamic size distribution for hit
and total particles measured with the ATOFMS from the corn
stove. The ATOFMS sampled 200nm mobility-classified
particles. The data show evidence of an external mixture.
Normal Gaussian distributions were fit to the data.
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Figure 11. Relationship between mobility diameter (D,,.)

and vacuum aerodynamic diameter (D,,) for the different
particle classes shown in Figure 10 for the corn particle emis-
sions. The particles generated mass spectra from approxi-
mately 50% and 5% of the less and more massive particles,
respectively. For multiply-charged more massive particles,
D,,. is plotted at the larger mobility size the particle would
have if it was singly charged.

[47] Particle vacuum aerodynamic size distributions were
typically bimodal or trimodal for mobility-classified parti-
cles with mobility diameters of 100, 150, 175, 200, 225
and 325 nm. This is illustrated for the 200 nm mobility size
particles in Figure 10. Less massive particles of D,,~210
nm (GMD), which generated mass spectra ~50% of the
time, made up one mode. These particles were dominated
by the ash-related compounds overlaid on distinct EC signa-
tures. An effective density of about 1g/cm® was found at
D,,.,=200nm (equation (1)). This is substantially higher
than for diesel soot [Park et al., 2003] but is consistent with
soot agglomerates with a substantial coating of inorganic ash
material (such as potassium phosphate, potassium sulfate
and potassium chloride) and organics [Pagels et al., 2009].

[48] It is important to note that these particles had a vac-
uum aerodynamic size essentially independent of mobility
size, shown in Figure 11, as has been found previously for
other types of soot agglomerates [Slowik et al., 2004; Park
et al., 2008; Schneider et al., 2006]. That these less massive
soot particles have a vacuum aerodynamic size distribution
in the range 150-250 nm is consistent with the ATOFMS
measurements on polydisperse corn emissions in Figure 9d,
where markers for elemental carbon are enriched in the size
range <300 nm.

[49] When comparing with the D, size distribution of par-
ticles that generated valid mass spectra for the corn emis-
sions without mobility classification upstream the
ATOFMS, one finds that the GMD is similar (220 nm).
Further, the geometric standard deviation (GSD) of the D,,
distribution is also similar when selecting one mobility
diameter and when selecting the full size distribution
(~1.25 in both cases). This is an expected result from
Figure 11, as soot agglomerates of a wide range of mobility
sizes all have essentially the same D,,,.

[s0] In contrast, the more massive particle mode showed
linearly increasing D,, with increasing D,,., as seen in
Figure 11. At the smaller mobility sizes a peak at even larger
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D, was found, which consisted of multiply charged parti-
cles transmitted by the DMA at each DMA voltage. Experi-
mental data for both singly and multiply charged particles
agrees well with a linear fit to the D,, versus D,,, relation-
ship. The fit suggests that these particles are near spherical
with an effective density of 1.8 +0.1 g/cm?®, independent of
size over the mobility size range 150-325 nm.

[51] Very few (~5%) of these more massive particles pro-
duced valid mass spectra. The few detected mass spectra
showed the presence of alkali containing compounds, which
are typically easy to ionize in the ATOFMS. It could be that
the alkali components are hidden inside an organic coating
which would decrease the ionization probability. It could
also be that the few particles which did generate a mass
spectrum may not have been representative of all of the
larger particles generated in these experiments.

[52] Organic particles (for example, formed by smolder-
ing corn kernels at lower temperature some distance away
from the main combustion zone) may have a low ionization
probability but most oxidized organic compounds have a
density slightly lower (in the range of 1.3-1.7 g/cm?) than
that detected in these experiments. For example, pure levo-
glucosan has a density of 1.69g/cm®. Several organic
markers from corn also contained nitrogen (m/z=-26, -42)
and thus nitrogen-containing organics may be an important
class of compounds emitted during corn combustion. The
exact nature and density of these compounds is not known.

[53] There was much weaker size dependence for the
probability of generating mass spectra in the wood stove
experiments, indicating that the class of difficult-to-ionize
particles was specific for the corn stove. The polydisperse
wood stove emissions also showed very narrow D,, size
distributions (Figure 9a) with GSD=~1.1 for choked
combustion and ~1.2 for flaming effective combustion. This
is consistent with a similar relationship between D, and D,,,,
for the wood combustion emissions as that for the less mas-
sive corn emission particles at each well-defined combustion
phase. However, over the full combustion cycle the GSD
was significantly larger (~1.4).

4. Summary and Conclusions

[s4] We have investigated the variations in chemical sig-
natures of single particles as a function of combustion phase,
fuel and vacuum aerodynamic size in emissions from a mod-
ern wood stove and a corn stove. The strongest variations
were found for organic marker ions when comparing differ-
ent combustion phases. The organic marker ions, which to
some extent resembled that of pure levoglucosan particles,
were correlated with increased PM and CO emission factors,
decreased flue gas temperatures, and the prevalence of a
single-particle type with strong organic marker fragments.
This indicates that a large fraction of the increase in mass
emission factor during start-up from cold stove, addition of
fuel, and reduced air supply is due to organic components.

[s5] During flaming combustion at low CO emissions in
both the wood stove and the corn stove, the organic signa-
tures were strongly reduced and the mass spectra were
dominated by potassium, chloride, sulfate and nitrate frag-
ments overlaid on distinct soot patterns. Major differences
between corn and wood stove emissions were the presence
of strong phosphate fragments and a smaller fraction of

markers of oxidized organics for the corn emissions. For
the wood stove, the chemical signatures of the emissions
varied strongly over size when averaging over the full
combustion cycle, while they were essentially independent
of size for well-defined combustion phases. Thus, the varia-
tion in size-dependent composition over a full batch is a
result of changes in both size distribution and chemistry
between combustion phases.

[s6] Vacuum aerodynamic size distributions and ion frag-
ments of mobility-classified corn emissions were consistent
with particles being composed of soot agglomerates with
condensed organic and ash species (such as potassium chlo-
ride, sulfates and phosphates). A second particle type, consis-
tent with near spherical particles, was identified. This particle
type had a low ionization probability in the ATOFMS and was
hypothesized to consist of organics. Distinctly different parti-
cle types dominated for wood and corn stove emissions, which
can be used to apportion particles in ambient air to emissions
from wood stove and crop fuel combustion.

[57] To reduce smoke emissions from wood stoves, extended
low-temperature combustion such as choked combustion
with reduced air supply should be avoided. This strongly
reduces the emissions of most organics with exceptions of
thermally stable organic compounds such as polycyclic
aromatic hydrocarbons (PAHs) for which the emission
situation is more complex and requires further study.

[s8] Smoke emissions can also be reduced by replacing
modern wood stoves with pellet stoves that allow more
controlled air and fuel supply and mixing, and thus a more
complete combustion. Examples are wood pellet stoves
and corn stoves of the type described here.
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