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ABSTRACT: We report the first mass-specific absorption and
extinction cross sections for size- and mass-selected laboratory-
generated soot aerosol. Measurement biases associated with aerosols
possessing multiple charges were eliminated using mass selection to
isolate singly charged particles for a specified electrical mobility
diameter. Aerosol absorption and extinction coeflicients were

Effect of soot morphology

W= V<P

Absorption Scattering

measured using photoacoustic and cavity ring-down spectroscopy

techniques, respectively, for lacey and compacted soot morphologies. The measurements show that the mass-specific absorption
cross sections are proportional to particle mass and independent of morphology, with values between 5.7 and 6 m* g”. Mass-
specific extinction cross sections were morphology dependent and ranged between 12 and 16 m* g™* for the lacey and compact
morphologies, respectively. The resulting single-scattering albedos ranged from 0.5 to 0.6. Results are also compared to
theoretical calculations of light absorption and scattering from simulated particle agglomerates. The observed absorption is
relatively well modeled, with minimum differences between the calculated and measured mass absorption cross sections ranging
from ~5% (lacey soot) to 14% (compact soot). The model, however, was unable to satisfactorily reproduce the measured
extinction, underestimating the single-scattering albedo for both particle morphologies. These discrepancies between calculations
and measurements underscore the need for validation and refinement of existing models of light scattering and absorption by

soot agglomerates.

B INTRODUCTION

Many optical measurements of size selected aerosols using a
differential mobility analyzer are biased by the presence of
multiply charged, larger particles possessing an eqluivalent
electrical mobility diameter to the particle of interest.' > The
recent publication of a method to eliminate multiply charged
particles by mass-based separation both reduces uncertainty
through elimination of the above bias and allows the aerosol
electrical mobility diameter and mass to be known.® These
optical measurements can be directly tied to global climate
models that require the combination of aerosol mass specific
absorption cross section (MAC, m? g_l), mass specific
scattering cross section (MSC), mass specific extinction cross
section (MEC), and single scattering albedo (w,) as inputs.
Given that extinction is the sum of absorption and scattering,
and albedo is the ratio of scattering to extinction, then

_ MSC _ MSC
MAC + MSC ~ MEC

®o
(1)
Here MAC represents the mass specific absorption cross
section

a, C
MAC = abs abs

mP-N m,

)
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where N and m,
the particles, respectively, and C,, (m?) is the particle
absorption cross section. The term @, (m™) is the absorption
coefficient, which is the fractional loss in light intensity per-
unit-propagation distance and is equal to the product N-C,.
Analogous equations for MSC (scattering) and MEC
(extinction) can be defined by replacing the pair (g Cabs)
in eq 2, with (¢, C,,) and (@ Cey), respectively. In this
study, we apply the above-described technique to measure in
situ the optical morphology dependence of soot, where
isolation of singly charged particles has proven challenging,
potentially compromising previous measurements.

The optical properties of black carbon (BC) and soot
aerosols are of significant importance as these species have been
recognized as the greatest anthropogenic aerosol contributors
to global warming.”~® Both species exhibit brief atmospheric
lifetimes, and their reduction offers a potential strategy for rapid
mitigation of global warming caused by long-lived gas-phase
species.7

are the number density, and average mass of
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Various nomenclatures exist to describe atmospheric aerosols
that strongly absorb light. For consistency and clarity, we use
the following definitions proposed in Buseck et al. (2012)° to
distinguish between BC and soot. Black carbon is composed
primarily of elemental carbon (EC) with a graphitic structure
and exhibits strong light absorption with near ™' power law
dependence,” low chemical reactivity and high thermal
stability,''" whereas soot is more generally a mixture of EC
and organic carbon (OC) having an amorphous graphitic
structure with small amounts of hydrogen and oxygen present
as phenolic and carboxylic groups.'®'* Soot can contain both a
strongly absorbing EC component and a weakly absorbing OC
component, and the ratio of EC to OC in soot affects its light
absorption and scattering properties.'>'*

This investigation focuses on soot, which is a byproduct of
the incomplete combustion of hydrocarbons that condense to
form monomers with diameters between 10 and 100 nm that
have an inner core surrounded by an outer shell.® The core can
be hollow'® or consist of several smaller particles that are a few
nm in diameter'” that can be coated with OC.* Absorption and
scattering by a soot monomer can vary by more than an order
of magnitude; both are a function of monomer diameter and
molecular composition. Soon after formation the monomers
form aggregates. Multiple aggregates then assemble into a
single particle with an open, lacey morphology.

The morphology of soot can change through water
adsorption and/or evaporation, reaction with trace gases, or
agglomeration with other particles to result in compacted,
spherical particles. Several modeling studies have predicted that
the optical properties of soot are highly deIpendent on
morphology; albeit with inconstant results.’™° However,
experimental measurements have yet to confirm the morpho-
logical dependence of bare soot.

The structure of soot is well described by

2R, D
Noon = ko D

®3)
where N, is the number of primary monomers, k; is the
fractal prefactor, R, is the radius of gyration, D, is the
diameter of a monomer, and Dy is the fractal dimension. Particle
morphology is a function of D; with values ranging between 3
for spherical particles and unity for a linear chain. A fractal
dimension of 1.8 is commonly assumed for fresh soot.” Particle
packing density and aspect ratio are functions of ko.>*
The morphology of soot can also be quantified using a mass-
mobility power-law relationship.>> For a particle of mass m,, and
electrical mobility diameter, D, we use the expression

16,20

Dfm
mo=m | P
P 0
Dino )
where m,,, corresponds to the particle mass for an arbitrarily

chosen mobility diameter D,,, and Dg, is the mass versus
mobility diameter scaling exponent where the exponent is a
surrogate for fractal dimension;**** however, D; and Dy, are
not directly interchangeable.”> A similar relationship between
aggregate sphere equivalent volume and monomer diameter has
also been presented.! Using a tandem differential mobility
analyzer (DMA), aerosol particle mass analyzer (APM) and
condensation particle counter (CPC), D,, and the correspond-
ing m,, can be measured allowing for calculation of m,, 4 and Dy,
from a log—log fit.**
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In the remainder of this Article, we investigate if the
measured mass specific absorption and extinction cross sections
of bare soot depend on particle morphology. We used a well-
characterized diffusion flame burner to prepare freshly emitted
soot with a lacey morphology. We also tune the soot
morphology from the lacey to a compacted state using H,O
uptake and rapid removal, as previously described.*® Using
electrical mobility and mass selection, the mass specific
absorption and extinction cross sections were measured in
manner similar to previously described.® These measured data
are then compared to values calculated using the superposition
T-matrix method to determine if the model is capable of
reproducing the measured mass specific cross sections and
trends.

B MATERIALS AND METHODS

Experimental Configuration. The reported measure-
ments of lacey and compact soot aggregates involved three
main steps as indicated in Figure 1. These include (1) aerosol
generation and conditioning, (2) size and mass selection, and
(3) in situ particle analysis.

Soot Generator I

-Dl Growth Tube |

| HEPA Filter [«

Aerosol
Generation
&

I
I
I
I
I
I Conditioning
I

Size & Mass
Selection

Analysis

Figure 1. Schematic diagram of the system used to generate soot
aerosol, tune its morphology, size, and mass select particles and
measure absorption or extinction and number density. HEPA filter was
included to collect background optical measurements. Dashed lines
indicate optional flows.

In the first step, soot was generated usin% a Santoro-style
diffusion burner operating using ethylene fuel.”*” The soot was
aspirated into a dry, HEPA filtered carrier air stream via a
sampling tube located 13 cm above the centerline of the burner.
The freshly emitted sample was agglomerated in a 5 L aging
chamber for ~30 s. For the case of compact soot discussed
below, the soot was passed through a growth tube containing
water vapor. The growth tube consisted of a condenser at 10
°C and a hydrator at 45 °C that yielded soot particles
embedded within water droplets.”® The lacey soot particles
were then collapsed into a more compact form by removing the
water with a pair of diffusion dryers and a tube furnace at 150
°C.* Alternatively, the soot could be directed to and removed
by a HEPA filter for measurement of particle-free optical
background signals.

In the second step, soot size and mass were selected using a
tandem differential mobility analyzer (DMA) and aerosol
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particle mass analyzer (APM), respectively, as described
prev10usly * Finally, the soot absorption coefficients (o)
and extinction coefficients (a,,) were measured at A = 405 nm
using a photoacoustic spectrometer (PA) and a cavity ring-
down spectrometer (CRD), respectively, followed by a
condensation particle counter (CPC) to yield soot particle
number density (N). The reader is directed to reviews by
Atkinson® on cavity ring-down spectroscopy and Haisch® on
photoacoustic spectroscopy for descriptions of how these
techniques are used to measure aerosol optical cross sections.
This suite of measurements enabled us to determine the mass-
specific extinction and absorption cross sections for both
aggregate morphologies. Experimental details can also be found
in Radney et al. with specific instrumental details located in the
Supporting Information.®

Electron microscopy was performed on soot samples using
size selected soot that was electrostatically precipitated (TSI
3089, Nanometer aerosol sampler)®’ onto 200-mesh copper
TEM grids coated with lacey carbon film at —8 kV collection
voltage and a flow of 1.5 L/min. TEM images were collected at
an acceleration voltage of 100 kV.

Elemental carbon analysis was performed on lacey soot. Soot
particles exiting the agglomeration chamber were collected on
quartz fiber filters for 15 s. The elemental carbon to organic
carbon (EC/OC) ratio was then measured using an EC/OC
analyzer (Sunset Laboratory Dual-Optics Thermal Carbon
Analyzer),” following the procedure outlined in Conny et al.**

DMA-APM Determination of Dg,. The use of a tandem
DMA-APM-CPC for measuring particle mass as a function of
mobility diameter is well documented and the reader is directed
to Ehara et al.>* or Tajima et al.** for a detailed description of
this technique. To determine Dy, sets of number density and
extinction mass distributions were collected as a function of
mobility diameter for both lacey and compact soot. This
combination of number concentration and extinction allowed
for calculation of the distribution of C, with m,. From this
distribution, the singly charged particles of 1nterest were
deconvolved from others present; for particles with a D, of 200
nm or smaller, an additional DMA was required for sufficient
resolution. Each distribution was fit using a Gaussian function
over the range where only the singly charged particles of
interest were present.® Additional information on this method
is available in the Supporting Information. For each value of
D,,, we assigned m,, to be the mass value that corresponded to
the average mass calculated from these fits. Repeating these
measurements over a range of D, enabled the calculation of
Dy, from eq 4.

Measurement Uncertainty. The reported uncertainties
will use our worst-case scenario values of 10% and 5% for cross
section and mass, respectively, as determined from multiple
measurements spanning several days (see Supporting Informa-
tion).

Modeling Soot Optical Properties. The optical proper-
ties of soot were modeled using the superposition T-matrix
method.>*~>” The monomer diameters and mean masses were
determined from TEM images and APM measurements,
respectively. These data enabled us to approximate the number
of monomers in each ag;regate assuming a monomer mass
density of 1.8 g cm™>.>*"*" Representative particle mo fholo-
gies were calculated using cluster cluster aggregation™ and
diffusion-limited aggregation** models for lacey and compact
soot, respectively. The D; and k factors were chosen such that
the resulting particle morphologies and packing densities
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agreed well with measured values given below. Using these
representative morphologies, a 405 nm wavelength and treating
the refractive index as a floating parameter, aggregate
absorption and extinction were calculated.

B RESULTS AND DISCUSSION

Soot Physical Properties. The measured EC and OC
content of freshly generated soot was 68% + 2% and 31% +
2%, respectively. For comparison, the OC here is 10% hlgher
than the soot produced in Ferge et al. using a diffusion flame.**
A representative TEM image of the lacey soot is shown in
Figure 2A, revealing the characteristic fractal morphology

Figure 2. TEM images of lacey (A) and compact (B) soot with a
mobility diameter of 150 nm.

observed in previous investigations.*** The size distribution of
lacey soot was measured and fit to a log-normal distribution
and the geometric mean mobility diameter was 116.7 nm with a
geometric standard deviation of 1.66. TEM images showed that
the soot monomers were 17 + 2 nm.

A representative TEM image of soot after water uptake and
removal is shown in Figure 2B. The structure has collapsed into
a nearly spherical shape, with a concomitant reduction in the
geometric mean mobility diameter to 106.1 nm and geometric
standard deviation to 1.47. Monomer size was unaffected by
aggregate collapse.

Mass Scaling Exponent for Lacey and Compact Soot.
The mass—mobility relationship described by eq 4 was
investigated for the lacey and compact soot. The corresponding
myo and Dy, factors are given in Table 1; a summary of data

Table 1. Mass-Mobility Scaling Fitted Parameters and
Uncertainties for Lacey and Compact Soot

morphology myo (g) u(myo) (g) Dy, #(Dg)
lacey 3.7 x 107'¢ 0.4 x 1077 1.76 0.08
compact 3.8 x 10716 6x 1077 291 0.10

reduction and analysis can be found in the Supporting
Information. A representative set of mobility diameters as a
function of mass for both the lacey and compact morphologies
were calculated using the mass-mobility scaling relationship and
are shown in Table 2. The number of monomers, N, ., was
calculated using the measured monomer diameter of D, = 17
nm and an assumed mass density of p = 1.8 g cm™>**"*' The
particle packing density (6) was calculated from the ratio of the
spherical volume using the selected mobility diameter and the
total volume occupied by the soot via

N_D

m T mon

0= D3

©)

For values of m, ranging from S X 107 to 6 X 1071 g
compact soot displays an almost constant packing density near
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Table 2. Representative Mass, Number of Primary
Monomers (D,,,, = 17 nm, p = 1.8 g cm™>), Mobility
Diameters, and Packing Densities of the Lacey and Compact
Soot Calculated from the Mass—Mobility Relationship in
Table 1

D,, (nm) packing density (6)
m, (x107" g) Nion lacey compact lacey compact
0.5 108 129 113 0.25 0.37
1 216 186 142 0.16 0.37
2 432 269 180 0.11 0.37
3 648 334 206 0.09 0.36
4 864 390 227 0.07 0.36
N 1080 439 24§ 0.06 0.36

0.36 (peg ~ 0.65 g cm™>), while the packing density of the lacey
soot decreases from 0.25 to 0.06 (p.; ~ 0.38—0.11 g cm™,
respectively) as m,, increases. Previous work using propane fuel
and H,S0O,/H,0 to induce collapse formed soot with a larger
packing density and higher p.* In Bueno et al,' soot
generated using ethylene fuel collapsed with dibutyl phthalate
demonstrated smaller changes in p.¢ than were observed here.
These findings indicate that soot collapse may also be affected
by the chemical and/or physical properties of the coating
material.

Optical Cross Sections for Lacey and Compact Soot.
The mass-specific absorption and extinction cross sections for
both lacey and compact soot were determined from optical
cross sections as a function of mass as shown in Figure 3;

100
“e | Extinction
'TD
* 50
-
Oﬁ Absorption
0 1 I I | 1
1.0
g %ﬁiié@i 86223
L&
1 ® Lacey
® Compact
0 T T T | T
0 2 4 6
Mass (x10"° g) |

Figure 3. Plot of extinction and absorption cross sections versus mass
(top) and SSA (w,, bottom) for lacey and compact soot. Relative
uncertainties (206) are 10% and $% in cross-section and mass,
respectively. SSA errors calculated from propagation of cross-section
and mass error.

corresponding MAC and MEC values are shown in Table 3.
For comparison to MAC values of other lacey soot measure-
ments, Cross et al.,> Zhang et al,* and Slowik et al.*® obtained
10.0 +3.5m* g ' at 405 nm, 8.7 m’ g ' at $32 nm (114 m* g~
at 405 nm, A~' dependence), and 6.2 m* g”' at 870 nm (13.3
m? g~' at 405 nm, 2~ dependence), respectively. Bueno et al.'
estimated a MAC of 10.9 m* g™' at 405 nm based upon the
work of Zhu et al.¥” The MAC of the soot produced in this
study (5.69 + 0.83 m” g™') is lower than all of the above-noted
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Table 3. Fit Coeflicients and Uncertainties for Lacey and
Compact Soot during Extinction and Absorption
Measurements

MAC/MEC p (m>  intercept (lg’15
measurement morphology (m*g™") ) (107" m?) m?)
extinction lacey 122 14 2.89 2.12
compact 158.7 1.9 —0.845 2.6
absorption lacey 5.69 0.83 222 1.3
compact 5.97 0.73 0.50 14

values. This partially arises from the elimination of larger,
multiply charged particles presently. Multiply charged particles
have larger C,,, and relative mass at a given mobility diameter.
Failure to completely remove these contributions results in a
larger observed MAC. To illustrate this effect, we repeated the
above measurements with the inclusion of multiply charged
particles (achieved by not using mass selection) and the
measured MAC increased to 8.39 + 128 m®> g ' (see
Supporting Information), in good agreement with the
published work of Bueno et al. using an ethylene fuel source
and identical burner design."

The absorption and extinction cross sections vary linearly
with 1par‘cicle mass for both the measured morphologies; Bueno
et al.” observed a similar relationship between absorption cross
sections and aggregate volume (and hence mass) for lacey
aggregates. The MAC (slope of C,, versus mp) does not exhibit
a statistically significant difference for the two morphology
cases (p < 0.01). This implies that absorption of soot generated
in this study correlates primarily with particle mass and is nearly
independent of the spatial arrangement of the monomers. We
draw this conclusion based upon the additional observations
that, within measurement uncertainty, the 150 °C furnace
temperature does not alter the amount of EC and OC present
in the particle nor the measured optical cross sections (see
Supporting Information).

The independence of MAC on morphology observed here
can also be rationalized based on the relationship*®

_ 4nk
Qaps bulk — —,

A (6)
where @y is the absorption coefficient of the bulk material
and k represents the imaginary component of the refractive
index; that is, n = m + ik. From the Beer—Lambert law (I =
Ipe ™k where x is distance), the 1/e penetration depth of
light intensity is A/4mk. Assuming volume mixing of imaginary
components of the refractive indices; that is,

kg = Z xk; (7)

and that the imaginary component of the refractive index is 0.8
(see below for the determination of this value) the penetration
depth of the compact soot (0.34% soot, 64% air) is ~110 nm.
For the compact particles investigated here, the penetration
depth is comparable to the particle radii. Increasing the packing
density concomitantly decreases the penetration depth. At
maximum random jammed packing (packing density = 64%)
the penetration depth decreases to 63 nm and we would expect
the observed MAC to be dependent on the particle
morphology at the mobility diameters measured.

The experimental findings here are contrary with some
modeling results demonstrating a dependence of soot optical
properties on morphology; albeit with inconsistent results
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within the literature. Liu et al.'” calculated higher absorption for
compact aggregates while Kahnert and Devasthale'® and
Scarnato'® calculated lower absorption for compact aggregates.
However, as noted by Scarnato et al,’ monomer diameter
relative to the wavelength of light affects modeled MAC
morphology dependence; smaller monomers exhibit a cross-
over between morphology dependence and independence at
shorter wavelengths. In lieu of these observations, we posit the
following: in Liu et al,'” the modeled packing densities for
compact particles (D; = 2.75 and 3.0) approached the limit of
random jammed packing (0.64) and hexagonal close packing
(0.74), respectively. The compact soot measured here exhibited
a packing density of 0.36, well below those used in the model
parameters. Further, the measured monomer diameter (17 nm)
is smaller than those used in the above-mentioned studies
—30 nm and 50 nm, 50 nm, and 20 nm, respectively, implying
that for the soot produced in these experiments at A = 405 nm,
a morphology dependence of absorption may not be observed.
Lastly, we do not discount the possibility that these results
demonstrate a small morphology dependence that is masked by
experimental uncertainty.

Unlike the absorption cross section results, the extinction
measurements exhibit a statistically significant dependence on
particle morphology (p < 0.01) consistent with the fact that
light scattering (which contributes to extinction) depends
strongly on particle shape. Specifically, we find that compact
soot has a higher mass-specific extinction cross section (MEC =
15.7 + 1.9 m? g_l) than the lacey soot (MEC =122 + 14 m?
g™ "), although both morphologies exhibit a linear relationship
between mass and C,,, within experimental uncertainty. The
observed change in MEC is attributed to the morphological
change. Particle compaction with a concomitant increase in Dy
and a decrease in the radius of gyration (Rg) is expected to
result in a 53% increase in MSC for an aggregate with
monomers in the Rayleigh regime'¢ (see Supporting
Information), a value that is nearly identical to the 49%
increase in MSC observed for compact soot. Further, it is
unlikely that water uptake and removal affects the chemical and
optical properties of soot, as we detected no measurable
changes in EC/OC below 200 °C and C,, below and 500 °C
(see Supporting Information).

The observed variation in extinction cross section leads to a
single-scattering albedo @, that depends on soot morphology.
We find that @, = 0.50 + 0.03 and 0.58 =+ 0.06 for the lacey and
compact soot, respectively, which possess a statistically
significant difference (p < 0.01). The @, value is significantly
higher than the widely referenced BC @, of 0.2 at 550 nm’
(~0.34 at 405 nm assuming A~' and A7"** dependence of
absorption and extinction, respectively).” The findings are
attributed to the relatively high organic content of our soot
(31% + 2%). It is well-known that the MAC and w, values of
soot tend to decrease and increase, respectively, with increasing
organic content because strongly absorbing aromatic constitu-
ents correlate with soot EC/OC ratio."?

The results demonstrate better agreement when compared to
previously published values of soot with comparable organic
content. In Schnaiter et al.'* an @, of 0.43 + 0.02 at 450 nm
was obtained for propane generated soot with 30.2% + 4.5%
OC (see Table 1 in ref 14). Extrapolating @, to 40S nm and
assuming the same wavelength dependence as above, a value of
0.53 is obtained. From their data (C/O = 0.40), the MAC and
MEC at 405 nm can be estimated as 6 and 11 m” g~!, which
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exhibit excellent agreement with the values measured for lacey
soot in this study.

Modeling Optical Cross Sections for Lacey and
Compact Soot. The optical cross sections of simulated lacey
and compact soot aggregates were calculated using the T-matrix
method. The number of monomers in an aggregate was
calculated using the measured aggregate mass and an assumed
density of 1.8 g cm™ as previously reported.®® *" Data
describing the spatial coordinates of the component monomers
were generated using CCA and DLA algorithms for the lacey
and compact soot using (Dy ky) of (1.8, 1.6) and (3.0, 0.6),
respectively, as described in the Supporting Information. These
values were input into the superposition T-matrix method
(evaluated assuming A = 405 nm) with the refractive index
treated as a floating parameter.

Ideally, we would have treated the refractive index as a fitted
parameter; however this approach would have been computa-
tionally prohibitive. Alternatively, we considered the following
small set of refractive indices guided by literature values and
reasonable physical constraints: 1.75 + 0.5, 2+ 2.1+ 0.9
2.2 + 0.8i, 2.3 + 0.8i, 2.4 + 0.8i, and 2.4 + 0.7i. The first two
values, which are representative of literature values for BC,
provided good estimates of absorption, but significantly
underpredicted the observed extinction. We chose the
remaining refractive indices as we do not expect the imaginary
component of the refractive index to deviate substantially from
previous literature values.” Over the values considered, the
MAC was relatively insensitive to the choice of complex
refractive index, whereas the MEC value was sensitive to the
real portion of the refractive index. We found that 2.3 + 0.8i
gave the best agreement of MAC and MEC for both
morphologies.

Calculated (dashed black line) absorption and extinction
cross sections and single scattering albedo as a function of mass
using the T-matrix method versus measured values (solid red
line with shaded uncertainties as propagated from the linear fits
in Table 3) are shown in Figure 4 for lacey soot (left) and
compact soot (right). The modeled values were calculated for
particles with N ., = 200, 350, 500, 650, and 950.

Figure 4 shows that the T-matrix method captures the linear
dependence of absorption (panels A and D) and extinction
(panels B and E) cross sections on soot mass for both the lacey
and compact morphologies investigated here, respectively. We
note that all of the tested refractive indices exhibited a linear
dependence of C,, and C,, on mass with the parameter set
used. In the case of absorption, the best agreement between
model and measurements occurs for the lacey soot (Figure 4A),
where average relative deviations in Cabs(mp) of 5% are
obtained, with little evidence of systematic deviation. However
for the compact soot (Figure 4D), the model systematically
overpredicts Cy,(m,) by an average of 14%.

There is qualitative agreement between measured and
modeled extinction cross sections which, however, show larger
deviations than for particle absorption. Specifically, the
calculations predict the extinction cross section to be
proportional to soot mass, and yield smaller extinction cross
sections for the lacey soot (Figure 4B) than for compact soot
(Figure 4E) which is consistent with our observations.
However, the calculated extinction cross sections are system-
atically smaller than the measured values, with average relative
deviations of 41.4% and 25.5% for the lacey and compact
morphologies, respectively. These deviations indicate that the
calculations underestimate the scattering cross sections using
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Figure 4. Plot of modeled (dashed black line) versus linear fits to
measured (solid red line with shaded uncertainties) absorption cross
sections, extinction cross sections and single scattering albedo for lacey
(A, B, C) and compact soot (D, E, F), respectively versus mass.

the T-matrix method which leads to calculated @, values
significantly smaller than the corresponding measured values
for both morphology cases (Figures 4C and 4F). Further, @, of
the modeled soot displays a stronger mass dependence than the
measured soot that arises because the extrapolated intercept for
MAC and MEC is nonzero for both the model and
measurements, but significantly larger in the model; that is,
Cis and Cy # 0 when m, = 0. The failure to accurately
calculate the measured single-scattering albedo may be caused
by oversimplification in the model, such as the assumption of
fixed-size, primary particles and uniform soot properties
throughout the aggregate.

These results are based upon the assumptions that the soot
monomers comprise homogeneous 17 nm diameter soot
monomers that can be described by a single refractive index.
It is possible that the soot monomers possessed a thin organic
surface coating that evaporated during TEM imaging. However,
from the EC/OC thermograms (see Supporting Information)
the soot produced in this study loses less than 1% OC at 200
°C, a temperature above that used to remove water for soot
collapse. Assuming all organics were lost during TEM imaging
(30% by mass) and have a density of 1 g cm™, results in a 3.5
nm increase in monomer diameter. In the limit of a single
monomer, this coating affects the observed cross-section by less
than 0.5% if the core is assumed to have a refractive index of 2
+ i and the coating has the refractive index of ammonium
sulfate (1.53); the refractive index of ammonium sulfate was
chosen as it is assumed to be higher than that of any organic
that may have been present. In the aggregate limit, if we
evaluate C,;, and C,,, versus mass at a refractive index of 2 + i,
increasing the monomer diameter from 17 to 25 nm increases
these values by 2% and 6%, respectively, while retaining the
linear dependence. In running the model using monomer
diameters of 34 and 50 nm, the linear dependence of C,, and
C,bs on mass is lost because of saturation effects. So, while we
are omitting potential organic coatings from our model, we do
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not expect it to significantly alter the observations presented
herein.

Although the measured and modeled absorption cross
sections discussed here are in good agreement, the results
may be improved by incorporation of better physical
constraints on any or all of the T-matrix, CCA and DLA
input parameters, many of which are interrelated and
correlated. Errors in the monomer diameter directly affect the
calculated cross sections, but also require modification of N,
and potentially Dy and k, for a fixed mass. Similarly, errors in
mass density affect N,,,, and potentially Dy ky, and the soot
refractive index. A full assessment of small variations within
these different parameters to optimize agreement with our
measured data is computationally prohibitive and outside the
scope of this study.

In conclusion, the mass-specific absorption and extinction
coeflicients of laboratory-generated soot with lacey and
compact morphologies were presented. This study is to our
knowledge the first direct comparison of mass-resolved
absorption and extinction cross sections with theoretical
calculations based on the superposition T-matrix method of
light scattering and absorption. The observed mass-specific
absorption cross sections were nominally independent of
particle morphology (5.69 + 0.83 and 5.97 + 0.73 m* g~' for
the lacey and compact soot, respectively) and low when
compared to the commonly cited BC value of 7.5 + 1.2 m* g™
at 1 = 550 nm (102 + 1.63 m* g~' at 405 nm, A7
dependence).” When compared to soot aerosol with similar
OC content'* or when neglecting the contribution of multiply
charged particles,” better MAC agreement was obtained. The
corresponding extinction cross sections were much more
sensitive to morphology (12.2 + 1.4 and 157 + 1.9 m*> g™
for the lacey and compact soot, respectively) and also agree
well with soot aerosol with comparable OC content."* The
measurements are contrary to recent modeling studies where
both MAC and MEC displayed morphology dependence;
however, these other modeling studies used soot with larger
monomer diameters and higher effective densities than those
measured in this study.'”~"® The model predictions qual-
itatively demonstrate the measured morphology independence
of absorption and dependence of extinction. Better numerical
agreement between measurements and calculations could be
obtained by constraining the physical parameters describing the
system better or using a model that can treat soot monomers as
having a heterogeneous composition and size distribution.
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B SYMBOLS

Qs absorption coefficient, m™

Q.. extinction coefficient, m™

@, scattering coefficient, m™'

Cps absorption cross section, m’

Csa  scattering cross section, m”

C. extinction cross section, m’

Dy fractal dimension

Dy,  mass-mobility scaling exponent

D,  electrical mobility diameter, nm

D,,o initial mobility diameter in mass-mobility scaling
relationship, nm

Do monomer diameter, nm

ko fractal prefactor

k imaginary refractive index

A wavelength, nm

m,  particle mass, g

Myo  initial mass in mass-mobility scaling relationship, g
mass specific absorption cross section, m* g~!

MEC mass specific extinction cross section, m* g~*

MSC mass specific scattering cross section, m? g_1

N number density, m™>

N,_,, number of monomers

0 packing density

R, radius of gyration, nm

®,  single scattering albedo
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