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Keywords: Biomass burning events produce significant amounts of particulate matter which influence global
Biomass emissions radiative forcing, decrease air quality and visibility, and have negative health impacts. The
Aerosol

quantity, size distribution, and volatility of biomass burning aerosol emissions are influenced by

;yr‘;lystfs the combustion mode and ensuing dilution process of the emissions mixing into ambient air. This
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Agglomeration work examined the emissions from lignocellulosic biomass and its major constituents under
Dilution laboratory pyrolysis conditions to understand biomass composition and dilution temperature

influences on aerosol formation. The major constituents of lignocellulosic biomass, hemicellulose
(xylan), cellulose and lignin, were pyrolyzed and the resultant aerosol emissions were charac-
terized in terms of size-resolved number and mass emission factors under variable dilution
temperatures. The aerosol emissions formed from biomass constituents were then compared to
those of pine and corn stover, and a summative model for predicting characteristics of biomass
burning emissions from the behavior of individual constituents was assessed. Results showed a
significant influence of dilution temperature on particle size, number, and distribution, with the
nucleation mode of particle formation dominating. The summative model performed well in
predicting particle number formation from lignocellulosic biomass, but highlighted the effect of
uncertainty on predicting particle mass formation.

1. Introduction

Biomass burning (BB) is a multi-step process that includes heating, drying, devolatilization, and oxidation of the volatiles and char
(Fang et al., 2014). BB events, such as wildland fires and prescribed fires, are significant sources of soot and organic aerosol particulate
matter which affect local air quality and climate, influence global radiative forcing, and have negative health effects (Andreae &
Merlet, 2001; Bond et al., 2004; Chen et al., 2017; Kuniyal & Guleria, 2019; Lokshin & Radyakin, 2012; Reid et al., 2005). Biomass
burning emits about 38 Tg of PMy s yr " that affects local and global scales (Calvo et al., 2013), and biomass burning emissions
contribute about 75% of global combustion primary organic aerosols (POA) (Bond et al., 2004). Despite anthropogenic attempts to
prevent and suppress wildland fire, records suggest that the number of global fires occurring each year has increased in recent years
(Cattau et al., 2020), and other studies suggest that the area burned by fires has increased in certain regions in recent decades (Gillett
etal., 2004; Mouillot & Field, 2005; Westerling et al., 2006). Specifically in the Western United States (US), forests had a sharp increase
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in fire frequency starting in the mid-1980s with a higher frequency of large wildfires, longer wildfire durations, and longer wildfire
seasons (Westerling et al., 2006). Furthermore, the climate is generally recognized as the primary fire driver, and models predict an
increase in fire activity and fire impacts due to changes in the climate in future decades (Keane et al., 2015, 2004; Loehman et al., 2017,
2011; Seidl et al., 2011).

Prescribed burns are controlled biomass burning events which, like wildland fires, produce significant amounts of particulate
emissions (Kobziar et al., 2015; Lee et al., 2005). Prescribed burns are the deliberate application of fire to fuels under specific con-
ditions for the accomplishment of well-defined goals (Fernandes & Botelho, 2016), such as the reduction of fuel in a forest. Although
predominantly used in the southern US, prescribed burning is used throughout the US as a land management tool (Kobziar et al., 2015)
and is regulated by the Clean Air Act of 1970, as the emissions from prescribed fire can travel long distances, up to several thousand
kilometers (Lee et al., 2005), influencing many communities. Nevertheless, as climate change and other anthropogenic causes increase
fire frequency and severity, many have advocated for increased use of prescribed fire to manage fuel loads (Moritz et al., 2014; North
et al., 2015; Schoennagel et al., 2017; Smith et al., 2016; Stephens et al., 2013).

The aerosols produced from such burning events scatter and absorb incident solar radiation, and many combustion products that
are emitted to the atmosphere are reactants in atmospheric chemistry (Crutzen et al., 1985; Lobert et al., 1990; Tasoglou et al., 2017).
For example, black carbon absorbs incident sunlight and heats its surroundings, thereby contributing to global warming, while other
aerosols scatter incident sunlight and have a cooling effect on the earth (Engling et al., 2013; Menon et al., 2002). Besides the climate
interactions, aerosols formed from biomass burning can have significant negative health effects (Chen et al., 2017; Dockery, 1994,
Fowler, 2003; Lin et al., 1955; Vedal, 1997). Forest fire smoke, for example, contains a range of pollutants that can be inhaled, ingested
and absorbed, and can cause a wide range of adverse effects ranging from mild eye, nose and throat irritations to persistent cardio-
pulmonary conditions and even premature death (Fowler, 2003). Furthermore, polyaromatic hydrocarbons (PAHs), a product of
incomplete biomass burning (Chen et al., 2017), can be in the form of volatile, semi-volatile, and particle-phase (Allen et al., 1996;
Finlayson-Pitts & Pitts, 1997; Piazzalunga et al., 2013) and are carcinogenic (Kim et al., 2013; Leiter, 1942).

Biomass burning events produce significant quantities of organic aerosols (OA) (Bond et al., 2004; Hays et al., 2002) and naturally
have unpredictable fire characteristics and resulting emissions, which causes significant uncertainty and difficulty in predicting and
modeling the formation of POA emissions and their climate change and health impacts (Cao et al., 2019; Jolleys et al., 2014). The
physical and chemical formation and evolution of biomass burning-derived OA in the atmosphere after emission is poorly understood,
in part because OA exist as a metastable intermediate in the atmosphere (Chakraborty et al., 2017; Donahue et al., 2013). Because OA
is composed of thousands of species with a range of temperature-dependent saturation vapor pressures, the amount of OA present in
the particle form will vary with dilution, atmospheric temperature and local chemical atmosphere (May et al., 2013, 2015; Tasoglou
et al., 2017; Trompetter et al., 2010). For example, studies have shown that OA produced from BB is highly volatile compared to OA
derived from other sources (Cao et al., 2019; Chakraborty et al., 2017) and OA in BB plumes can increase, decrease, or remain roughly
constant with time after emission depending on local conditions (Akagi et al., 2012; Capes et al., 2008; DeCarlo et al., 2008; Yokelson
et al., 2009). Further complicating the prediction and modeling of OA emissions, variability within the emissions close to the source,
where measurements are difficult to make, can exceed changes occurring downstream of the burning event and may represent a
determining factor for biomass burning OA emissions (Jolleys et al., 2012). For example, nucleation mode particles are often present
and numerous close to a biomass burning event, and nucleation mode particles transfer to accumulation mode particles as the smoke
plume evolves (Engling et al., 2013; Janhall et al., 2010; Obaidullah et al., 2018; Sippula, 2010). Furthermore, significant and dynamic
transitions in the combustion phase or combustion efficiency in biomass fires correspond with changes in associated emissions profiles
(Chen etal., 2007; Lee et al., 2010). The initial stages of burning significantly affect overall combustion efficiency, and the initial stages
of burning can be studied via pyrolysis (Fang et al., 2014). Products of pyrolysis include permanent gases, aromatic tars, light hy-
drocarbons, and char, and the production of each is influenced by the ambient temperature, pressure, heating rate and biomass
composition (Fang et al., 2014), where the major constituents of lignocellulosic biomass (hemicellulose, cellulose, and lignin) and the
ratio of each in biomass is understood to affect tar formation and subsequent pollutant emissions during devolatilization (Chen et al.,
1998).

Due to the aforementioned complexities of biomass burning and the associated uncertainty in predicting and modeling biomass
burning OA emissions, several research needs have been identified that will be addressed in this work. Particle size distributions and
emission factors, particularly in terms of number emissions, have been identified as important elements in developing quantitive
assessments of fire emissions because these quantities offer more granular information regarding particle dynamics and transport than
overall mass-based emission factors, yet these quantities are currently seldom measured (Janhall et al., 2010; Wardoyo et al., 2006).
Additionally, the study of a broader range of fuel types, under both laboratory and ambient conditions, has been identified as necessary
to more accurately ascertain the influence of fuel type and combustion process in fire emissions, specifically OA emissions (Chakra-
borty et al., 2017; Jolleys et al., 2014). Lastly, influential to the design of this study, there is a need for emissions experiments and
inventories to report not only emission factors, but also OA concentration, temperature, and mixing state at which the emission factor
was measured in order to account for and better understand gas/particle partitioning (Cao et al., 2019).

In this study, the influence of fuel composition and dilution temperature on resulting aerosol size distributions, number emission
factors, and mass emission factors was characterized for the pyrolysis of the major constituents of biomass (hemicellulose, cellulose,
and lignin) and lignocellulosic biomass in a laboratory setting. A thermodenuder was used to assess the volatility of these emissions.
Fuel pyrolysis and emissions analysis were performed in a controlled laboratory setting to obtain new insights into the mechanisms of
POA formation in naturally occurring biomass burning events. The aerosols formed from the individual constituents during pyrolysis
were then compared to aerosols formed from two lignocellulosic biomasses to assess a proposed summative model to predict ligno-
cellulosic biomass emissions from measurement of constituent-derived aerosols and the mass fraction of each constituent in the
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lignocellulosic biomass.
2. Methods
2.1. Pyrolysis and aerosol sampling

Fig. 1 is a schematic of the pyrolysis and aerosol sampling facility used in this study. The biomass constituents and lignocellulosic
biomasses were pyrolyzed using a TA Instruments Q500 Thermogravimetric Analyzer (TGA) fitted with an evolved gas analysis (EGA)
furnace and 100 pL alumina sample pans. The EGA furnace is quartz-lined and thus inert to devolatilization products of the sample in
order to enable accurate analysis of those products. Purge and balance gases were both ultra-high purity nitrogen (N3, 99.999%) and
were introduced to the EGA at flow rates of 90 mL/min and 10 mL/min, respectively. Temperature measurement within the EGA
furnace was achieved via a K-type thermocouple adjacent to the biomass sample and was calibrated using a Curie point calibration.

Each biomass and biomass constituent sample was heated to 100 °C in N5 and held isothermal for 10 min to dry the sample. Next,
the sample was pyrolyzed by heating to 600 °C at 20 °C/min and held isothermal for approximately 60 min until sample mass loss and
aerosol formation ceased. Starting sample sizes were approximately 0.5 mg to keep aerosol concentrations within the measurement
range of the impactor and prevent saturation of the impactor electrometers. During pyrolysis, all products from the EGA furnace,
emitted at a flow rate of 0.1 SLPM, were rapidly mixed with preheated air at temperatures of 22, 45, 100, and 120 °C. Dilution tests
were performed with air and N3 to compare the effect of each dilution gas on the resulting aerosol numbers and distributions, and no
difference was observed between the two gases so air was used for convenience. The dilution air had a fixed flow rate of 6.7 & 0.2
SLPM, which resulted in a dilution ratio of 1:67 + 2. Although higher dilution ratios are expected to occur in the atmosphere, variation
of the dilution ratio was not the focus of this study and this dilution ratio was selected to represent near-burning event conditions. The
diluted aerosol stream was then drawn by a vacuum pump through a 1.5 m sample line heated to the dilution air temperature, giving
the samples an approximately 1.1 s residence time over all dilution temperatures, to a Dekati High-Temperature Electrical Low-
Pressure Impactor (HT-ELPI) for real-time aerosol size and number measurements. The heated sample line and particle impactor
were maintained at the dilution temperature during each test to prevent further cooling of the sample after dilution and to allow for
investigation of the effects of dilution temperature on primary aerosol formation. Three replicates were performed for each sample at
each dilution temperature and uncertainty was assessed using the Student’s t-test with a 95% confidence interval.

Several verifications were performed to ensure that the aerosols detected during experiments were not artifacts of the experimental
technique, and included zero-air checks, blank sample runs, and HEPA filter tests. A zero air pump located within the HT-ELPI was used
to pump filtered air through the instrument to adjust the measured current for the electrometers’ bias current and zero the system
before performing aerosol sampling experiments. Additionally, a blank sample was run by exposing an empty TGA sample pan to the
same heating conditions as in pyrolysis experiments to quantify the contribution of background particles to the sample signals prior to
running pyrolysis experiments, and these contributions were found to be negligible. To verify that measured emissions were formed
upstream of the HT-ELPI and were not an artifact of the charges present in the HT-ELPI, tests were conducted with a HEPA capsule filter
with a filter efficiency of 99.99% at 0.1 pm added into the aerosol sampling line downstream of the dilution location and upstream of
the heated line and impactor. The pyrolysis test matrix was repeated with the HEPA filter in place and results confirmed that all
particles measured without the HEPA filter in place were removed.

Following the quantification of aerosol number, number size distribution and emission factors from pyrolysis of biomass and
biomass constituents, the volatile fractions of measured aerosols were assessed using a thermodenuder to determine if any refractory
carbon was present. A Dekati Thermodenuder TD3 was added into the aerosol sampling line downstream of the dilution location and
heated line and upstream of the impactor. The pyrolysis test matrix was repeated with the thermodenuder in place for each biomass
and biomass constituent and each dilution temperature, with the thermodenuder operating at 300 °C.

2.2. Biomass and constituent samples and preparation

Avicel (Sigma Aldrich, PH-101), xylan (Sigma Aldrich, from Beechwood), and kraft lignin (Storaenso, from Pine and Nordic Spruce)

{ Inlet Line -
R NEaES i lmetine | Particle Impactor

Thermogravimetric
Analyzer Sample Emissions

_—— >0

Dilution Air
22°C, 45°C, 100°C, 120°C
Fig. 1. Schematic of pyrolysis and aerosol sampling facility, including a TA Instruments Q500 Thermogravimetric Analyzer (TGA) coupled to a

Dekati HT-ELPI particle impactor for aerosol characterization. Sample emissions from the TGA are mixed with dilution air at 22, 45, 100 or 120 °C.
The inlet line to the particle impactor is a heated line or thermodenuder, depending on the investigation.
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with a 97% dry lignin content were tested in this study as representatives of cellulose, hemicellulose, and lignin, respectively.
Lodgepole pinewood collected from the Medicine Bow National Forest near Centennial, WY and corn stover collected from a farm near
Scottsbluff, NE were chosen as lignocellulosic biomasses. Lignocellulosic biomasses were ground and sieved to a particle diameter
range of 75-106 pm and dried for 24 h at 100 °C following sieving and prior to use in experiments. Each biomass constituent and
lignocellulosic biomass sample were characterized via a modified ASTM D7582 proximate analysis method, also known as the KAR
procedure (Lopez-Garcia et al., 2013), to determine the volatile, fixed carbon and ash contents (VC, FC, and AC, respectively) of the
samples investigated in this work. The dry basis proximate analysis results, including uncertainty derived from three replicates, are
shown in Table 1. The lignocellulosic biomass samples were also analyzed for constituent composition by the National Renewable
Energy Lab (NREL) in Golden, CO to determine the hemicellulose, cellulose, and lignin contents of the lignocellulosic biomasses, and
the results are also shown in Table 1. Galactan, arabinan, and mannan constituents of each biomass were added to the hemicellulose
mass fractions of each biomass. Other constituents not included under hemicellulose, cellulose and lignin included inorganic content,
which is not expected to be aerosol producing, as well as small quantities of proteins and extractives.

2.3. Size distributions and emission factors

As particles pass through the cascade impactor of the HT-ELPI, the charge carried by the particles is directly measured as a signal in
femto-amperes and related to real-time measurement of particle number concentration. The measured particle number concentration
is then related to a number emission factor, EFy,, , which is the number of particles collected by an individual impactor stage over a
given time period and normalized by the fuel starting mass. The number emission factor of an individual stage and combined stages are
defined as

. " Cy, V- At
EFy, =Y EFy, =Y ——= e})
i=1

P Mfiel

where Cy;, is the time-weighted number concentration collected by stage i over time period At, V is the volumetric flow rate of the
impactor, my, is the starting fuel sample mass and n is the total number of stages in the HT-ELPI. The mass emission factor of each stage
and combined stages are readily determined from the corresponding number emission factors and aerodynamic diameters as

EFy, =Y EFy, =Y p-Vi-EFy, 2)
i=1 i=1

where p is the particle density (assumed to be 1 g-cm™> because the aerodynamic diameter is used to determine mass) and V; is the
particle volume corresponding to the aerodynamic diameter D; of the particle. The size-resolved and total number and mass emission
factors reported in this work were measured over the duration of each pyrolysis experiment.

Next, simulated pyrolysis emission factors were deduced from measured emission factors using a summative model in which the
size-resolved and total emissions from each biomass constituent during pyrolysis were combined using superposition along with the
corresponding mass fractions of each constituent in the biomass type to be modeled. The simulated size-resolved and total number and
mass emission factors for the duration of a pyrolysis experiment were determined by

EFy,, = EFy, Y, + EFy Y. + EFy,Y, 3)

EFy

sim

=EFypYy + EFy Y. + EFy,Y, (©)]

where EFyy, EFy., EFy;, EFyy, EFy., and EFyy; are the size-resolved or total number and mass emission factors determined for hemi-
cellulose, cellulose, and lignin over the duration of the constituent pyrolysis tests. Yy, Y., and Y; are the mass fractions of hemicellulose,
cellulose, and lignin, respectively, determined for each biomass investigated in this study (Table 1).

2.4. Uncertainty analysis

Signal noise arising in instrument measurements causes uncertainty in the measurement and can propagate through ensuing
calculations. Here, the relative error induced in calculated emission factors from biomass pyrolysis experiments due to signal noise in

Table 1
Proximate and constituent analyses of the lignocellulosic biomass samples and major biomass constituents on a dry basis. Constituent analysis was
performed by NREL.

VC (wt%) FC (wt%) AC (Wt%) Lignin (wt%) Cellulose (wt%) Hemicellulose (wt%)
Lodgepole pine 85.58 +£1.14 11.10 + 1.08 3.32 £ 0.26 28.30 35.76 20.73
Corn stover 73.56 + 3.12 9.79 +£1.33 16.65 + 2.19 12.81 28.54 22.29
Cellulose 94.80 + 0.24 4.46 + 0.32 0.74 + 0.08 n/a 100.0 n/a
Hemicellulose 77.44 £ 0.43 19.32 + 0.14 3.24 £ 0.30 n/a n/a 100.0
Lignin 64.66 + 0.70 33.70 £1.22 1.64 + 0.53 100.0 n/a n/a
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cascade impactor stages was determined, and the signal uncertainty was combined with the uncertainty associated with trial-to-trial

deviations. The uncertainty in the number emission factor due to signal noise was determined by propagation of uncertainty applied to
Eqn. (1) as

0EFy,, 2 /OEFy, 2 0EFy,, *  [OEFy, 2
Ugr,, = iy E—— A y, U, 5
EFy,, \/< 0Ca, CA") Jr( ov V> - ( 0At m) - (W,r‘uel f“”) ®

where U, , the uncertainty in the number concentration of stage i due to signal noise measured over At, was the only uncertainty that

significantly contributed to the uncertainty in the number emission factor. The uncertainty in the number concentration due to signal
noise was determined by

Cyy,
Uc,, = ( SA) Us,, )
t

where Sy, is the mean signal of stage i and Uy, is the corresponding standard deviation of the signal, determined over the time At.
Similarly, the uncertainty in the mass emission factor due to signal noise was determined by

2
OEFy,, OEFy,, > JOEFy, \’
— i ir il
Usry,, ( OEFy, UEEVA,i> +< P17 Jv,) +< % Jﬂ) )

where the uncertainty in the number emission factor due to signal noise was the only uncertainty that significantly contributed to the
uncertainty in the mass emission factor. Next, the relative uncertainties in the number and mass emission factors of each stage due to
signal noise were determined from the peak aerosol formation event, which corresponded with the time in the test having the largest
signal uncertainty, as

EF;VA,l Fuy,

%100 = ——= %100 8)
EFy,, EFy,,

%UAr, =

To assess the error induced by the signal noise of each stage on the total emission factors, the contribution of each stage’s signal
noise to the total number and mass emission factor errors for an entire pyrolysis test were determined as
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Fig. 2. Size-resolved number emission factors for a) hemicellulose, b) cellulose, and c) lignin at dilution temperatures of 22, 45, 100 and 120 °C.
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%100 (10)

Stages with signal noise contributing greater than 15% error to the total number and mass emission factor errors were removed
from analysis to eliminate data with excessive uncertainty, and eliminated stages are clearly identified and discussed in the presented
results. The 15% error criterion was selected with the aid of visual inspection of impactor collection plates and raw impactor signals
following experimentation. Channels that exhibited errors averaging 15% or greater were not observed to contain any particle artifacts
on the corresponding collection plate nor sensical impactor signal data, so this was deemed the critical cut-off for this study. The full
data sets, including size-resolved and total number and mass emission factors for all samples, have been tabulated and are available in
the Supplemental Material. Trial-to-trial uncertainty of each stage was determined using a Student’s t-test with a 95% confidence
interval, and signal and trial-to-trial uncertainty were combined to obtain the total uncertainty in the emission factors measured for
each stage and over the entire pyrolysis test.

3. Results and discussion
3.1. Lignocellulosic biomass constituent aerosol emission factors

Size-resolved number emission factors resulting from pyrolysis of lignocellulosic biomass constituents were determined at dilution
temperatures of 22, 45, 100 and 120 °C and results are shown in Fig. 2. The highest number emission factor was observed in the
smallest aerodynamic diameter bin for each sample at each dilution temperature, suggesting the majority of formed aerosols were in
the nucleation mode (Janhall et al., 2010; Obaidullah et al., 2018; Sippula, 2010). These small particles are formed by rapid quenching
upon dilution of the pyrolysis emissions, inducing a gas-to-particle transition. The ensuing sample residence time in the heated line,
prior to the impactor, then allows for agglomeration and growth of the volatile and semi-volatile aerosols (Janhall et al., 2010;
Obaidullah et al., 2018; Sippula, 2010). The largest number emission factor associated with each sample, except for lignin, occurred at
a dilution temperature of 22 °C, with the associated aerodynamic bin size being the smallest bin size at 10 nm. The largest number
emission factor was expected to occur at a dilution temperature of 22 °C because the corresponding low saturation pressure, the partial
pressure beyond which condensation occurs at a temperature, was expected to induce a greater gas-to-particle transition of pyrolysis
products compared to the higher saturation pressures at higher dilution temperatures. The largest number emission factor for lignin
occurred in the smallest aerodynamic bin size at a dilution temperature of 45 °C; however, the number emission factor remained
statistically constant at each dilution temperature, suggesting that the lignin pyrolysis products had achieved a maximum
gas-to-particle conversion at each temperature in the temperature range of 22-120 °C. The number of particles found in the Aitken
mode and accumulation mode (Rissler et al., 2006) decreased with increased dilution temperature for each constituent sample, and the
result is attributed to less favorable particle growth at elevated temperatures, particularly exemplified by lignin (Fig. 2¢) and decreased
numbers of nucleation mode particles available for agglomeration and growth at elevated dilution temperatures.

Fig. 3 shows the total number emission factors of each biomass constituent sample as a function of dilution temperature, which
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Fig. 3. Total number emission factors as a function of dilution temperature for hemicellulose, cellulose and lignin at dilution temperatures of 22, 45,
100 and 120 °C. Error bars represent instrument uncertainty and repeatability and are on average 33% of the measured value.
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corresponds to the summation of the size-resolved number emission factors for each sample at each dilution temperature. Hemicel-
lulose and cellulose total number emission factors decreased with increased dilution temperature, whereas lignin total number
emission factor remained approximately constant with dilution temperature. The constant total number emission factor exhibited by
lignin again suggests that the gas-to-particle partitioning of lignin pyrolysis products is insensitive to temperature between 22 and
120 °C because the total number of particles formed by lignin during pyrolysis is dominated by the nucleation mode particles at each
dilution temperature and it is understood that the nucleation mode particles are created during a gas-to-particle transition (Sippula,
2010). Among the biomass constituent samples, cellulose and lignin produced the greatest number of particles at each dilution
temperature, up to an order of 10'® per mg of fuel, while hemicellulose produced significantly fewer emissions, up to an order of 10
per mg of fuel. The lower aerosol emissions of hemicellulose as well as the temperature dependence of the emissions is attributed to the
pyrolysis products of hemicellulose being more prominent in the gas phase and the hemicellulose pyrolysis products having lower
molecular weights and boiling points compared to the pyrolysis products of cellulose and lignin.

Figs. 4 and 5 show size-resolved mass emission factor distributions and total mass emission factors, respectively, resulting from
pyrolysis of lignocellulosic biomass constituents and the aforementioned dilution temperatures. Particle size bins greater than 480 nm,
1240 nm and 480 nm for hemicellulose, cellulose, and lignin, respectively, were not included in the results of Figs. 4 and 5 because
their signal uncertainty contributed excessive uncertainty to the total mass emission factor per the criteria set in this study. The
significant uncertainty in mass emission factors at large particle sizes elucidates the cubic effect of uncertainty propagation when
translating from number to mass emission factors.

Size-resolved mass emission factor distributions (Fig. 4) show that peak mass emission factors occurred in aerodynamic bin sizes of
22 nm, 200 nm, and 72 nm for hemicellulose, cellulose, and lignin, respectively. The mass emission factor distribution is observed to be
markedly different than the number emission factor distribution for each constituent sample, respectively, highlighting the dominating
effect larger particles have on the mass distribution of emissions and the relatively low mass representation of nucleation mode
particles, despite nucleation mode particles dominating the number emission factor.

The total mass emission factors (Fig. 5) were largest at a dilution temperature of 22 °C for each constituent sample, and the total
mass emission factors decreased with increased dilution temperature for each constituent sample. Among the constituents, lignin
produced the largest total mass emission factor at each dilution temperature and had a maximum mass emission factor of nearly 0.65
mg/mgr,e at a dilution temperature of 22 °C. Cellulose also produced a significant amount of emissions, producing an emission factor
of nearly 0.40 mg/mgs,) at a dilution temperature of 22 °C. Hemicellulose, however, produced near negligible mass emission factors at
each dilution temperature and is therefore expected to contribute relatively little to the aerosol mass formation from pyrolysis of native
lignocellulosic biomasses. It should be noted that the particle mass emission factors determined in the biomass constituents are large
compared to those reported for typical biomass burning, such as emission factors by Hays et al. for the Pinaceae family burning
(11.2-33.5 g/kg) (Hays et al., 2002) and by Janhall et al. for burning forests (9.6 + 4.6 g/kg), savannas (6.3 + 3.0 g/kg) and grass lands
(4.7 £ 2.1 g/kg) (Janhall et al., 2010). Such a discrepancy arises due to the nature of the pyrolysis experiments performed herein where
particle precursor species are not oxidized prior to particle formation, and the concentration of pyrolysis products having the same
saturation pressure is far greater for a pure lignocellulose biomass constituent than those measured from a lignocellulosic biomass,
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Fig. 4. Size-resolved mass emission factors for a) hemicellulose, b) cellulose, and c) lignin at dilution temperatures of 22, 45, 100 and 120 °C.
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causing a greater conversion from gas to particle. Furthermore, the concentration of pyrolysis products was relatively large in these
experiments compared to dilution of emissions into the atmosphere or large environments and it is understood that a higher con-
centration of particle precursor gases results in a larger gas to particle conversion (May et al., 2013).

3.2. Measured and simulated lignocellulosic biomass aerosol emission factors

Following analysis of biomass constituent emissions, pine and corn stover emissions were analyzed at variable dilution temper-
atures and the summative emissions model developed in this work was evaluated. Simulated pine and corn stover aerosol emissions
were predicted using individual constituent data for hemicellulose, cellulose, and lignin (Figs. 2-5), along with the constituent analysis
performed by NREL (Table 1). Fig. 6 shows the total number emission factor comparison between measured and simulated pine
(Fig. 6a) and measured and simulated corn stover (Fig. 6b), each as a function of dilution temperature. The total number emission
factors for pine decreased with increased dilution temperature, and the measured and simulated emissions showed very good quan-
titative agreement with an average deviation of 17% at each dilution temperature. Similarly, the total number emission factors for corn
stover decreased with increased dilution temperature, and an average deviation of 176% between measured observations and
simulated emissions was observed at each dilution temperature.

Pine produced a greater total number emission factor at each dilution temperature when compared to corn stover. Based upon the
individual constituent number emissions (Figs. 2 and 3), the larger number emission factor of the pine compared to the corn stover is
partly attributed to the pine and corn stover having approximately similar amounts of cellulose, but the pine having a greater quantity
of lignin compared to the corn stover (Table 1). Cellulose and lignin were found in this work to produce the highest number emissions
per unit mass among the lignocellulosic biomass constituents, making them major contributors to early-stage pyrolysis aerosol
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Fig. 6. Comparison of a) measured and simulated pine total number emission factors, and b) measured and simulated corn stover total number
emission factors, each as functions of dilution temperature.
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formation.

Figs. 7 and 8 show particle size distributions for the total number emission factors presented in Fig. 6 for pine (Fig. 7) and corn
stover (Fig. 8). Again, reasonable agreement was observed between the simulated and measured biomass results in each aerodynamic
size bin at each dilution temperature for both biomass samples, with average deviations of up to one order of magnitude between
simulated and measured emissions for both pine and corn stover.

Fig. 9 shows the total mass emission factors of measured and simulated pine and corn stover as functions of dilution temperature.
Bin sizes greater than 1240 nm were removed from the total mass emission factor analysis due to excessive uncertainty at these larger
bin sizes. Similar to the number emission factors, the simulated and measured total mass emission factors of pine and corn stover
decreased with increased dilution temperature, and the quantities of the measured and simulated emissions agreed within an average
deviation of 153% and 807% at each dilution temperature for pine and corn stover, respectively. Larger discrepancies between
measured and simulated total mass emission factors were observed as compared with measured and simulated total number emission
factors (Fig. 6), again highlighting the cubic effect of uncertainty propagation when translating from number to mass emission factors.
These observations further strengthen the need for inclusion of number emissions data in atmospheric climate models (Andreae &
Rosenfeld, 2008; Fuzzi et al., 2011; Lohmann et al., 2007). Comparing the two native biomasses, pine produced a larger total mass
emission factor at each dilution temperature compared to corn stover. Similar to the total number emission factor, the increased
aerosol mass formed from pine pyrolysis is attributed, in part, to its additional lignin content compared to corn stover. These results
align with the hypothesis that forest fire particles are on average larger than particles formed by savanna and grass fires (Janhall et al.,
2010); despite the experiments here having been performed on a much smaller scale with fewer factors influencing emissions, the
production of more nucleation mode particles from pine measured in this study would lead to the larger particles measured in field
studies due to the associated increased agglomeration also observed in this study.

Figs. 10 and 11 give size-resolved distribution details of the discrepancies between the simulated and measured mass emissions for
pine (Fig. 10) and corn stover (Fig. 11). The disagreement between measured and simulated results was most pronounced at the two
lowest dilution temperatures for pine, where the simulated mass emissions exceeded measurements by an order of magnitude at both
22 °C and 45 °C. Simulated corn stover emissions exceeded measured values by up to two orders of magnitude at each dilution
temperature; however, agreement within one order of magnitude or better in many size bins was observed. Results suggest that the
agglomeration mechanism is more pronounced for the individual constituents than for the native biomass samples, as observed by the
overprediction of mass in the simulated pine and corn stover bins >70 nm when compared to the native pine and corn stover,
respectively. The discrepancy between the experiments and summative model suggests that there is enhanced interaction between the
individual constituent pyrolysis products during the nucleation and agglomeration processes following pyrolysis and emissions
dilution, which may be due to higher concentrations of the volatile and semi-volatile species emitted from pure constituents (May
et al., 2013).

Overall, the summative model predicted well the trend and size distributions of aerosol emissions formed from lignocellulosic
biomass pyrolysis and the impacts of dilution temperature. The size-resolved number emission factors were overpredicted by the
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Fig. 9. Comparison of a) measured and simulated pine total mass emission factors and b) measured and simulated corn stover total mass emission
factor, each as functions of dilution temperature.

summative model at larger particle sizes due to enhanced agglomeration observed for constituent pyrolysis, which was not as pro-
nounced in the measured biomass emissions. This discrepancy did not significantly impact total number emission factors, however,
due to the significantly higher number of nucleation mode particles. The total and size-resolved mass emissions were less successfully
captured as compared to number emissions, however, due to the significant aerosol mass associated with the larger, agglomeration-
mode particles. Thus, the enhanced agglomeration, apparent in the discrepancies between the summative model and measured total
mass emission factors (Fig. 9), is not apparent in the summative model-derived total number emissions factors (Fig. 6). The summative
model results, as well as the significant uncertainty in mass emission factors at large particle sizes, further highlight the cubic effect of
uncertainty propagation when translating from number to mass emission factors.

In assessing the success of the model, it should also be recognized that the lignocellulosic biomass constituent representatives used
in this work had somewhat different structures than those in native biomass (Qu et al., 2011). Cellulose composition and pyrolysis
products are consistent among various crystalline celluloses extracted from different biomass sources; however, compositions and
pyrolysis products are understood to vary for hemicellulose and lignin extracted from different biomasses (Buranov & Mazza, 2008; Qu
et al., 2011). Moreover, lignin pyrolysis product distributions are understood to vary greatly from species to species and even within
the same biomass family, such as softwoods, hardwoods and grasses (Buranov & Mazza, 2008; Wang et al., 2009). Here, the simulated
and measured pine number emission factors agreed well while simulated corn stover number emission factors overpredicted the
emissions for the native corn stover. This discrepancy is likely contributed to by the lignin constituent used in this work, which was
sourced from pine wood, not corn stover, as lignin of herbaceous crops is understood to vary structurally compared to softwoods and
hardwoods (Buranov & Mazza, 2008). Specifically, lignin derived from woody biomasses contain mainly guaiacyl and syringyl units,
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whereas the lignin derived from herbaceous plants contain guaiacyl, syringyl, and p-hydroxyphenyl units in significant amounts with
different ratios (Billa et al., 1998; Buranov & Mazza, 2008).

3.3. Volatility investigation

The volatility of aerosol emissions formed from pyrolysis of biomass constituents and native biomasses was assessed using a
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thermodenuder, and aerosols were found to be completely removed from the sample stream when the thermodenuder was operated at
300 °C. While a more granular assessment of aerosol volatility (Grieshop et al., 2009; Saleh et al., 2012) was outside the scope of this
work, this finding indicates that all of the aerosols produced during pyrolysis in this study were semi-volatile and volatile (Grieshop
et al., 2009; Huffman et al., 2009; Liang et al., 1998; May et al., 2013). Specifically, this indicates an absence of refractory carbon and
other high molecular weight compounds in the aerosol emissions. This result, in addition to the sensitivity of the number and size of
emissions to dilution temperature, reflects the sensitivity of biomass pyrolysis aerosol formation to ambient conditions and provides
insights into the dynamic gas/particle partitioning process of biomass pyrolysis aerosols following the pyrolysis event.

4. Conclusions

The major constituents of lignocellulosic biomass (hemicellulose, cellulose and lignin) were pyrolyzed and the resultant aerosol
emissions were characterized in terms of particle size and quantity under variable dilution temperatures and at a fixed dilution ratio
and rate. The aerosol emissions formed from the biomass constituents were compared to those of native biomasses, specifically pine
and corn stover, and a summative model for predicting characteristics of biomass pyrolysis emissions from biomass composition and
measured emissions from individual biomass constituents was assessed. Results showed a significant influence of dilution temperature
on particle size, number, and distribution, with the nucleation mode of particle formation dominating at each dilution temperature
investigated here, and number and mass emissions were observed to increase with decreasing dilution temperature. The summative
model performed well in predicting the trend of both number and mass emissions with dilution temperature, and also performed well
in quantitatively predicting the total number formation from lignocellulosic biomass, particularly pine. The effect of uncertainty on
quantitative prediction of particle mass formation, however, was highlighted. The importance of selecting proper biomass constituent
representatives was also identified for a summative model approach. The findings of this work provide a building block towards a
fundamental approach to prediction of aerosol emissions from biomass pyrolysis and burning.
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