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ABSTRACT: The presence of atmospheric brown carbon (BrC)
has been the focus of many recent studies. These particles,
predominantly emitted from smoldering biomass burning, absorb
light in the near-ultraviolet and short visible wavelengths and offset
the radiative cooling effects associated with organic aerosols.
Particle density dictates their transport properties and is an
important parameter in climate models and aerosol instrumenta-
tion algorithms, but our knowledge of this particle property is
limited, especially as functions of combustion temperature and fuel
type. We measured the effective density (p.;) and optical
properties of primary BrC aerosol emitted from smoldering
combustion of Boreal peatlands. Energy transfer into the fuel was
controlled by selectively altering the combustion ignition temper-

Perr (g cm3)

Ignition Temperature (°C)

ature, and we find that the particle p.4 ranged from 0.85 to 1.19 g cm™ corresponding to ignition temperatures from 180 to 360
°C. BrC particles exhibited spherical morphology and a constant 3.0 mass—mobility exponent, indicating no internal
microstructure or void spaces. Upon partial thermal volatilization, p of the remaining particle mass was confined to a narrow
range between 0.9 and 1.1 g cm™>. These findings lead us to conclude that primary BrC aerosols from biomass burning have
homogeneous internal composition, and their p 4 is in fact their actual density.

1. INTRODUCTION

The density of a particle is an important physical property for
understanding and parametrizing its transport properties in the
atmosphere and the human respiratory system.' It also
influences the particle optical properties, since the indices of
refraction tend to increase with increasing density.” The first
determinations of density were made for homogeneous
spherical particles from measurements of their mass (11,) and
electrical mobility diameters (d,,) using a Millikan cell.’ In the
case where the particles deviate from spherical morphology and
homogeneous composition, the dynamic shape factor must be
included when relating the aerodynamic and mobility
diameters. This dimensionless parameter accounts for the
effect of nonsphericity on the particle drag force. It is difficult to
accurately measure the dynamic shape factor for single particles,
so an alternative particle property, the effective density (p.q),
has been adopted by the atmospheric aerosol community,
primarily due to the recent advancement in aerosol
instrumentation technologies for measuring this parameter.**
The p.g of a particle is defined as™’

6mP
Pg = 3
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The relationship between d,, and m, can also be formulated
as a power law expression:'""'

p— Dm
m, = Cd,; @)

where D, is the mass-mobility exponent and C is a prefactor.
Combining eqgs 1 and 2, the expression for p.g becomes'”

6Cdon D3
Pg = - = Kdy"

7d> 3)

where K (K = 6C/x) is a constant.”’” For a homogeneous
spherical particle with D, & 3, its p.¢ will be constant per eq 3.
However, in cases where a particle is not spherical or has
internal void spaces, p.s will decrease with increasing size.
McMurry et al. utilized eq 3 to calculate the actual density of
spherical liquid particles using a combination of an electrostatic
classifier and an aerosol particle mass analyzer.'” Olfert and
Collings introduced the centrifugal particle mass analyzer
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(CPMA) to measure single particle mass,'* and used this
instrument to determine the p.g of soot particles emitted from
various sources.” ' ¥

Primary BrC particles are a major component of emissions
from the low-temperature, flameless smoldering phase of
combustion of solid biomass fuels, such as peatland and
duff.'>'” Peat constitutes the organic soil in wetlands made of
partially decayed plant remains, and carbon accumulation in
this ground-layer biomass has been occurring over hundreds to
thousands of years."*'” Smoldering combustion of this ground-
layer biomass during the past several decades in the boreal and
Arctic regions has received attention in recent times for
contributing to rapid global climate change.”"”**

Brown carbon (BrC) aerosols have been recently identified
as a major component of light absorbing carbonaceous matter
in the atmosphere.”*~*’ These particles derive their name from
their strong absorption of solar radiation in the ultraviolet to
near visible spectrum which imparts a brownish appear-
ance 3033

Humic-like substances (HULIS), produced from oligomeri-
zation of water-soluble organics and multiphase chemistry of
organic constituents emitted from anthropogenic and natural
sources such as biomass burning and vehicle exhaust, have been
identified as an important constituent of BrC aerosols.”* These
particles occur in distinctive spherical shapes and are
amorphous in composition with no internal microstructure,
such as graphene-like layers found in soot.'”*> When observed
under vacuum conditions by an electron microscope, loss of
volatile matter is rarely observed from these particles.”> This
can be attributed to low-volatility, high molecular weight
compounds constituting the bulk composition of these
aerosols.”*

Very little research has been done on the p of primary BrC
aerosols. Previous investigations have primarily focused on
estimating the density of highly oxygenated HULIS extracts
from atmospheric aerosols. Dinar et al. measured the p.s of
HULIS isolated from atmospheric aerosols, as well as fulvic acid
(FA) and humic acid (HA) samples from aquatic and terrestrial
sources.’® They aerosolized the extract solutions and calculated
Peir Of the aerosols by comparing the d, and vacuum
aerodynamic diameters and reported a range of p.s between
1.47 and 1.72 g cm™>. Hoffer et al. measured the p g of HULIS
extracted from smoke and pollution aerosol particles sampled
as part of the Large Scale Biosphere Atmosphere Experiment in
Amazonia—Smoke Aerosols, Clouds, Rainfall, and Climate
(LBA-SMOCC) experiment in 2002.”” They reported p.q
values in the range of 1.50—1.57 g cm™3, consistent with
Dinar et al.

In this study, we performed laboratory-scale smoldering
experiments on Alaskan peat samples to generate primary BrC
aerosols and measured their pg4 as a function of varying
combustion conditions. Our approach differs from previous
studies that reaerosolized solvent extracts of the original
aerosol. Our method analyzes the original aerosol, and is fully
inclusive of all chemical components. We also investigated the
variation in p.g upon partial thermal volatilization of the organic
matter constituting these particles. We anticipate results from
this study to find use in chemical transport models®”**** and
the data analysis algorithms associated with contemporary
aerosol instruments such as aerosol mass spectrometers and
electrical low pressure impactors.”®***' Additionally, we
obtained in situ real-time, contact-free measurements of the
aerosol light absorption and light scattering coefficients to
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contribute to the growing knowledge base of BrC optical
properties. Since the chemical speciation of BrC is highly
variable, so are its optical properties.”* Constraining the
effective complex refractive index (m = n + ik) has been a
challenge for the atmospheric aerosol community, and such
research is useful for climate modeling and satellite retrieval
algorithms.

2. MATERIALS AND METHODS

2.1. Aerosol Generation. Figure 1 shows the schematic
diagram of our experimental set up in this study. BrC particles

i Chamber Exhaust !

Burn
Chamber

Nascent Particles

\\ ,I

Figure 1. Schematic diagram of the experimental setup. Dashed-line
bounding boxes indicate the separate sets of experiments. The green
box indicates the setup for measurements of nascent brown carbon
(BrC) particles, and the orange box indicates the setup for volatilized
particles.

were generated from smoldering combustion of Alaskan peat
soil samples at ignition temperatures of 180, 220, 240, 260, 300,
and 360 °C. The peat was dried in a laboratory room with 50%
relative humidity, and samples were combusted in a sealed 21
m® stainless steel chamber equipped with a computer-
controlled sample heater and recirculation fan. The chamber
is grounded and electrically neutral, mitigating the effects of
electrostatic wall losses. The large volume of the chamber
mitigates some diffusional losses. Thin layers of 5—10 g of peat
were evenly distributed on a rectangular stainless steel plate and
heated to the desired temperature by a ring heater with a
thermocouple to monitor the ignition temperature and close
the control loop. It is important to note that the temperatures
we report are not the actual combustion temperature, but rather
the temperature of the heating element. Biomass smoldering is
a highly exothermic process and the actual combustion
temperature is much higher. Peat usually burns in stratified
layers, and the temperature of the hot plate is a proxy for the
temperature of an adjacent fuel layer, and a measure of energy
transfer into the fuel.””

Prior to p.s measurements, we measured the size
distributions of BrC aerosols using a scanning mobility particle
sizer (SMPS; TSI Inc, Model 3938) to track the temporal
evolution of particle number size distributions. We determined
that the distributions reached their steady-state conditions
typically about 20 min after the start of a burn, with the
majority of particles released within S min of initial smoke. We
allowed the smoke to mix and began p . measurements 30 min
after ignition.

2.2. Effective Density, Optical Properties, And
Elemental Composition of Nascent Particles. The p 4 of
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nascent BrC particles was measured using a differential mobility
analyzer (DMA; TSI Inc.,, model 3082), a CPMA (Cambustion
Ltd.), and a condensation particle counter (CPC; TSI Inc.,
model 3787) in series, as shown in Figure 1. The particles were
sampled through a diffusion dryer situated between the biomass
burning chamber and the DMA to reduce the water vapor
content in the flow stream to less than 15%.” The DMA
selected monodisperse particles based on their d,, and the
particles were classified by the CPMA as a function of mp.14
The p.g and mass-mobility relationship were calculated by using
egs 1 and 2.

To measure BrC absorption and scattering coefficients (S,
and f,,, respectively), we used four integrated photoacoustic-
nephelometer (IPN) spectrometers operating at wavelengths
(A) of 375, 405, 532, and 1047 nm."® These instruments are of
our own design and construction and are discussed in the
Supporting Information (SI). PyMieScatt, a highly visual, open-
source Lorenz-Mie theory inversion package was used to
calculate the effective complex refractive indices (m = n + ik)
from the scatterin§ and absorption coefficients and number size
distribution data.”* Size distributions were corrected by total
number concentration, since the usual SMPS units of dN/
dlogd, introduce significant errors in the retrievals. Due to
scattering measurement miscalibrations, only the absorption
data was available to infer m. However, using PyMieScatt’s
visual inversion algorithms along with literature data, we were
able to constrain the possible values of both the real (n) and
imaginary (k) parts of m by using previously reported values of
n to identify a narrow range of k values.

The elemental composition of BrC aerosols was analyzed
using X-ray photoelectron spectroscopy (XPS; Physical
Electronics Inc., model S000 VersaProbe II Scanning ESCA)
to compare the composition of our laboratory aerosols with
those observed in field studies.

2.3. Effective Density of Partially Volatilized Particles.
Partially volatilized BrC particles were analyzed for their p
using a volatility tandem differential mobility analyzer (V-
TDMA), which consists of two DMAs (TSI Inc., model 3081)
separated by a heating section, shown in Figure 1.*** In the V-
TDMA, the first DMA selected 200 nm monodisperse BrC
aerosols, which were subsequently volatilized in the heating
section. The second DMA scanned the resulting size
distribution and then selected the d,, corresponding to the
peak number concentration after volatilization. The average
residence time in the heating section was 9.7 s, and particles
sampled from the burn chamber were volatilized at internal
temperatures of 60, 120, and 250 °C by the V-TDMA. These
temperatures were chosen based on the results of our
preliminary study (SI Figure S1). After leaving the heating
section, particles cooled to ambient temperature (~23 °C)
before classification by DMA 2. The m, for the volatilized
particles was measured using the CPMA and CPC, and the p
was calculated as described above.

3. RESULTS AND DISCUSSION

3.1. Optical Properties, Chemical Composition, And
Size Distributions of Nascent BrC. Figure 2 shows the time-
averaged f,,,, measured by the IPN systems for particles emitted
at smoldering ignition temperatures of 220 and 300 °C. We
observed strong absorption at the near-ultraviolet wavelengths
compared to absorption at 532 and 1047 nm, an indicator of
BrC.'**"** From these measurements, we used PyMieScatt to
infer the effective complex refractive index m = n + ik. Figure 3

3984

1200

1000

800

600

B,ps (MmY)

-©- 220 °C smoldering ignition
400

-8-300 °C smoldering ignition

200

600 700 800
Wavelength (nm)

300 400 500 900 1000 1100

Figure 2. Light absorption coefficient (f,,,) of brown carbon (BrC)
aerosols measured by the integrated photoacoustic-nephelometer
spectrometers at four wavelengths. The strong absorption in the
near-UV wavelengths is a defining characteristic for BrC aerosols.
Error bars represent one standard deviation.
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Figure 3. Complex refractive indices at 4 = 405 nm for peat BrC
aerosol generated from combustion ignition temperatures of 180, 240,
300, and 360 °C. The blue contour represents absorption measure-
ments from this study, and the red line is an assumed real part of 1.57
based on previous studies. The intersection represents the effective
complex m, and from this intersection we can infer the imaginary part
k (green line). Errors in the retrievals are given in Table 1.

shows our inference of 405 nm m using absorption measure-
ments from this study and an assumed real part of 1.57 from
previous studies that used similar BrC generation meth-
0ds.””* Since polydisperse distributions generally do not
exhibit multiple solutions to their Lorenz-Mie inversions,” we
are confident in the validity of the retrievals. Values of all
retrievals are given in Table 1, along with absorption Angstrom
exponents (AAE) calculated from the two-wavelength formula:
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Table 1. Retrieved Approximate Imaginary Refractive Indices (k) and Absorption Angstrom Exponents Across A = 375, 405,
532, 1047 nm from BrC Aerosol Emitted from Peat Ignited at 180, 240, 300, and 360 °C*

wavelength, assumed n

180 °C

240 °C

300 °C

360 °C

k from different ignition temperatures

375 nm, n = 1.59—1.68 0.07 + 0.02—0.08 + 0.01 041 + 0.19 0.05 + 0.01-0.06 + 0.01 0.09*%%,— 0.10*9%

405 nm, n = 1.57 0.04 + 0.00 0.08 + 0.01 0.03 + 0.00 0.03 + 0.01

532 nm, n = 1.46—1.52 0.02 + 0.00 0.03 + 0.00 0.01 + 0.00 0.01 + 0.00

1047 nm, n = 1.54—1.59 0.03 + 0.00 0.06 + 0.01 0.03 + 0.01 0.03 + 0.01

wavelength range absorption Angstrﬁm exponents

375—405 nm 7.36754% 7.367135 7417558, 6.40 + 3.34
405—532 nm 3.98 + 0.03 4.09 + 0.02 441795 447 £ 027
532—1047 nm 0.501%1% 0.22791¢ 0.24 + 0.01 0.62 + 0.33

“Where applicable for k, a range is reported. For these retrievals, the real refractive index n was assumed using literature data from similar
experiments.”** The assumed value or range is denoted under the wavelength in the left column. Errors are from propagation of standard deviations

in B, through the calculations.
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Figure 4. Number size distributions of BrC aerosols and their evolution at smoldering ignition temperatures of A: 180 °C; B: 240 °C; C: 300 °C;

and D: 360 °C.
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Visualization of all retrievals are included in the SI. Across all
ignition temperatures, the trend in k decreases with increasing
wavelength. As functions of temperature, we observe that k
trends slightly higher for BrC generated at 240 °C ignition.
XPS analysis of these particles shows an average carbon to
oxygen (C:0) atomic ratio of 12:1 (SI Figure S2), which is on
the higher side of the range observed for atmospheric tar balls, a
specific type of BrC.”" > Possible reasons for this discrepancy
could be the use of a different technique, viz. electron dispersive
spectroscopy (EDS) for measuring the C:O ratio, or that XPS
analysis shows only the elemental composition of the particle
surface, not the bulk.
Figure 4 shows SMPS measurements of the temporal

evolution of the number size distributions of BrC aerosol
particles emitted from smoldering ignition temperatures of 180,

AAE(/llr /12) = -
(4)
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240, 300, and 360 °C. The number concentrations correspond-
ing to 300 °C were generally around five times higher than at
180 °C, indicating that more rapid energy transfer into the fuel
layer creates combustion products, while lower energy transfer
rates may favor volatization products. As expected for a closed
system, the number concentrations decreased and geometric
mean d,, increased with increasing particle residence time in the
chamber. These rates were driven by diffusional losses and are
subject to the particle concentration, which varied with ignition
temperature. For example, the peak number concentrations of
particles from the ignition temperature of 180 °C decreased
slowly from approximately 1.2 X 10° to 8.0 X 10* cm™ in a
span of 60 min (a 33% reduction), while those corresponding
to temperatures of over 240 °C showed a rapid decrease from
approximately 1.0 X 10° to 3.0 X 10° cm™ (a 70% reduction).
The mean diameter values for particles corresponding to the
four smoldering temperatures were initially 40—70 nm, and
then increased to between 70 and 160 nm within 60 min in the
burn chamber.
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For combustion ignition temperatures between 300 and 360
°C, the number size distributions showed a distinct bimodal
behavior with nucleation and accumulation modes.”**>® The
nucleation mode distribution tapered off at approximately 40
nm, and its peak decreased with time as smaller particles diffuse
more rapidly than larger particles, which scavenge smaller ones
more efficiently. The accumulation mode consisted of particles
ranging between 50 and 500 nm in d,,. Even though the
number size distributions for the BrC aerosols generated at
over 240 °C simultaneously showed both the nucleation and
accumulation modes, we size-selected only accumulation mode
particles larger than d, = 50 nm for our p. measurements.

3.2. Effective Density and Mass-Mobility Relationship
of Nascent Aerosol. Figure S shows the p. of nascent BrC
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Figure 5. Effective densities (pq) of nascent BrC aerosols, emitted at
ignition temperatures of 180, 240, 300, and 360 °C, as a function of
their mobility diameter (d,,). Values are averages from three replicate
experiments and error bars represent one standard deviation.

aerosols emitted from smoldering combustion at different
temperatures, plotted as a function of their d,. For non-
spherical particles, the p. tends to decrease with increasing
dy.””"°7% However, the magnitude of p.; measured in our
study was nearly constant for all d, but it varied with ignition
temperatures. This suggests that with higher rates of energy
transfer into the fuel bed, emitted particles will contain denser
constituents. This is consistent with the observation above that
a higher ignition temperature will preferentially emit smolder-
ing products rather than lightweight volatilization products.
This observation agrees with previous findings that place the
onset of peat pzrolysis at ignition temperatures between 250
and 300 °C."”*” We find that the average p.q of 0.85 + 0.03
and 0.97 + 0.05 g cm™ for the particles generated at 180 and
240 °C smoldering temperatures were clearly lower than those
of 1.19 + 0.04 and 1.18 + 0.04 g cm™ for the particles
generated at 300 and 360 °C. The average p.¢ of BrC generated
at over 300 °C is smaller than the reported p.¢ values of 1.47—
1.72 g cm™ for HULIS, FA, and HA.**"’

Figure 6 shows the mass-mobility exponent D, of BrC
aerosol at various combustion ignition temperatures, calculated
as the slope of the linear regression of mP(dm) in log—log space.
The D,, values for these experiments is a constant value of 3.0
regardless of ignition temperature, indicating that the particles
are homogeneous and free of internal voids. Indeed, electron
microscopy of particles gathered during this study show a
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Figure 6. Calculation of the mass-mobility exponents D, of nascent
BrC aerosols. D, is the slope of the linear regression in log—log space,
and for all ignition temperatures the value was 3.0. Values are averages
from three replicate experiments and error bars represent one standard
deviation.

nearly spherical, homogeneous morphology (see SI Figure S3).
It is therefore likely that these particles belong to the tar ball
subset of BrC aerosols.'””> High carbon—oxygen molar ratios
of these particles as measured by XPS analysis further
corroborates this hypothesis. The spherical morphology,
along with the constant D, of 3.0, leads us to conclude that
the pg of these particles is in fact their true density.

3.3. Effective Density and Mass Fraction Remaining of
Thermally Volatilized Aerosol. Figure 7 shows the average
Per and mass fractions remaining (MFR) of BrC aerosols after
partial volatilization by the V-TDMA. Table 2 summarizes the
average values and standard deviations of measured p. as a
function of temperature inside the heating section of the V-
TDMA. When heated in the V-TDMA, the particle mass
remaining after thermal volatilization showed a higher average
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Figure 7. Average effective densities (p4) and average mass fractions
remaining (MFR) of BrC aerosols as a function of heating temperature
in the volatility tandem differential mobility analyzer (V-TDMA). The
circles and triangles correspond to combustion ignition temperatures
of 220 and 260 °C, respectively. Dashed lines connect the MFR values,
while the solid lines connect the measured p.s of the devolatilized
particle mass. Values are averages from five replicate experiments (four
for 249 °C) and error bars represent one standard deviation.
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Table 2. Average p.; and MFR of Volatilized BrC Aerosols
As a Function of Heating Temperature in the Volatility
Tandem Differential Mobility Analyzer (V-TDMA).” 220
and 260 °C are the Combustion Ignition Temperatures

220 °C 260 °C

heating temperature inside

V-TDMA pei (g cm™)  MFR  pyg (g cm™) MFR
23 °C (room temperature) ~ 0.85 + 0.00 100  1.10 + 001  1.00
60 °C 0.89 + 0.00 0.65 1.12 + 0.01 0.79
120 °C 1.02 + 0.01 0.07 1.15 + 0.01 0.30
250 °C 0.85 + 0.01 0.02 0.99 + 0.03 0.07
average 0.90 + 0.00 1.10 + 0.02

“The values reported for p,; also include the standard deviation.

Pee value for particles emitted at 260 °C smoldering
temperature compared to those from 220 °C smoke. There
was an increasing trend in p g observed for particles emitted at
smoldering temperatures of both 220 and 260 °C until a V-
TDMA volatilization temperature of 120 °C. Higher than this
V-TDMA volatilization temperature, the average p. appeared
to slightly decrease. The absence of data points between 60 and
250 °C makes it difficult to determine the maximum of the
curve. This curve could imply some nonuniformity in the
distribution of mass within the particles, or that the thermal
volatilization process at higher temperatures is altering the
chemical constituents. Nevertheless, the average p.s values
observed for the volatilization range were remarkably uniform.

In Figure 7, the MFR curve corresponding to particles
emitted from 220 °C ignition decreases faster than those from
260 °C. At 120 °C volatilization temperature, particles emitted
from 220 °C ignition had an MFR approaching 7%, while
around 30% MFR was observed for particles emitted from 260
°C ignition. The initial diameters for both sets of particles were
the same, approximately 200 nm. From this observation, we can
qualitatively conclude that the organic materials constituting
the nascent particles emitted at 220 °C ignition temperatures
are more volatile in comparison to those emitted at 260 °C.

In conclusion, we show that the p ¢ of BrC primary aerosols
emitted from smoldering peat combustion are remarkably
uniform as a function of particle size and volatile fraction
removed. This constant value implies homogeneous internal
composition for these particles and the absence of any core—
shell type of internal structures, or if such a structure exists, that
the core and shell materials have equal densities. This is the
case even though condensing material is contributing to particle
mass at the time of sampling, suggesting that condensing
material is similar in density to the original particle material.
The mass-mobility exponent of these particles was a constant
3.0, suggesting the morphology of these particles to be
spherical, an observation consistent with previous work on
spheres and tar balls from smoldering biomass burning both in
laboratory settings and field studies. Future studies need to be
conducted to investigate the effects of atmospheric processing
on pg of these particles.
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