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Light absorption by carbon soot increases when the particles are internally mixed with nonabsorbing materials,
leading to increased radiative forcing, but the magnitude of this enhancement is a subject of great uncertainty.
We have performed laboratory experiments of the optical properties of fresh and internally mixed carbon
soot aerosols with a known particle size, morphology, and the mixing state. Flame-generated soot aerosol is
size-selected with a double-differential mobility analyzer (DMA) setup to eliminate multiply charged particle
modes and then exposed to gaseous sulfuric acid (10°—10'° molecule cm™>) and water vapor (5—80% relative
humidity, RH). Light extinction and scattering by fresh and internally mixed soot aerosol are measured at
532 nm wavelength using a cavity ring-down spectrometer and an integrating nephelometer, respectively,
and the absorption is derived as the difference between extinction and scattering. The optical properties of
fresh soot are independent of RH, whereas soot internally mixed with sulfuric acid exhibits significant
enhancement in light absorption and scattering, increasing with the mass fraction of sulfuric acid coating and
relative humidity. For soot particles with an initial mobility diameter of 320 nm and a 40% H,SO, mass
coating fraction, absorption and scattering are increased by 1.4- and 13-fold at 80% RH, respectively. Also,
the single scattering albedo of soot aerosol increases from 0.1 to 0.5 after coating and humidification. Additional
measurements with soot particles that are first coated with sulfuric acid and then heated to remove the coating
show that both scattering and absorption are enhanced by irreversible restructuring of soot aggregates to
more compact globules. Depending on the initial size and density of soot aggregates, restructuring acts to
increase or decrease the absorption cross-section, but the combination of restructuring and encapsulation
always results in an increased absorption for internally mixed soot. Mass absorption cross-sections (MAC)
for fresh soot aggregates are size dependent, increasing from 6.7 + 0.7 m? g~! for 155 nm particles to 8.7 +
0.1 m? g~! for 320 nm particles. After exposure of soot to sulfuric acid, MAC is as high as 12.6 m? g~! for
320 nm particles at 80% RH. Our results imply that optical properties of soot are significantly altered within
its atmospheric lifetime, leading to greater impact on visibility, local air quality, and radiative climate forcing.

1. Introduction

Atmospheric aerosols perturb the radiation balance of the
Earth and affect the regional and global climate, directly through
scattering and absorption of solar radiation or indirectly by
acting as cloud condensation nuclei (CCN). The changes in
radiative fluxes induced by aerosols, referred to as the aerosol
direct radiative forcing, is an important component of climate
forcing.! Aerosol particles not only reflect solar light back to
space, cooling the Earth’s surface, but also absorb the solar
energy, heating the atmosphere. Absorption of visible radiation
by airborne particles is primarily due to soot and mineral dust.
Hence, the optical properties of soot-containing aerosols directly
impact the atmospheric visibility as well as local and global
climate. A recent study reveals that in the areas identified as
aerosol hotspots, which include 13 megacities, atmospheric solar
heating caused by soot-containing aerosols is roughly compa-
rable with the heating due to greenhouse gases.” In addition,
light absorption by soot-containing aerosols reduces photolysis
at the surface level, impacting photochemistry,’ and inhibits
cloud formation and precipitation.*
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The variation in the reported mass absorption cross-sections
(MAC) of soot represents one of the major factors leading to
large uncertainties in the evaluation of the atmospheric optical
effects.’ The discrepancies in MAC are likely caused by
variations in soot morphology and complex refractive index and
by inaccurate or inconsistent material density.®’ Moreover,
freshly emitted soot is subjected to several aging processes in
the atmosphere that may affect its optical properties, particularly
in polluted regions. These processes include adsorption and
condensation of gaseous species on the soot surface,®’ coagula-
tion of soot with other pre-existing aerosol constituents,'® and
oxidation of soot by various atmospheric species.!! Internally
mixed soot aerosol is also produced from burning sulfur-
containing fuels.'?

Field measurements indicate that during transport from the
sources, fresh soot becomes internally mixed with sulfates and
organics, leading to enhancement in light absorption by about
30%.'3!% These observations confirm the results of modeling
calculations that an internal mixture of soot with other aerosol
components is significantly more absorptive than the external
mixture.®'> The fractal-like structure of soot aggregates under-
goes a significant restructuring during internal mixing, resulting
in compact cores. A range of theoretical approaches have been
used to treat the optical properties of carbon soot aggregates
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Figure 1. Schematic diagram of the experimental setup for measurements of light extinction and scattering by soot particles.

and their mixtures with dielectric coatings.*!!7 However, the
complex variation in morphology of soot agglomerates that
occurs during atmospheric processing and undoubtedly con-
tributes to changes in the optical properties of aged soot is
difficult to be accounted for in theoretical calculations. Com-
monly used representation of aged soot particles as an ideal
mixture of the absorbing and transparent materials (effective
medium theories) is rather unphysical and can lead to unrealisti-
cally high absorption. Radiative transfer models assuming
externally mixed configuration for atmospheric soot overestimate
the aerosol cooling effect, whereas models using well-mixed
assumption underestimate the cooling effect.'®

Despite the ample field and modeling studies on the variable
optical properties of soot particles during atmospheric aging,
there exist only a few laboratory measurements where the effect
of internal mixing on soot optical properties has been
investigated.'®~?° These previous studies focused on the change
in morphology and optical properties of fresh soot mixed with
organic materials represented by ozonolysis products of
a-pinene,'® glutaric acid,' and carnauba wax.?’ Furthermore,
despite the abundance of observational evidence of soot aerosols
internally mixed with sulfuric acid whose spectroscopic proper-
ties have been extensively studied experimentally,”??> no
laboratory study is currently available on the optical properties
of soot particles exposed to gaseous sulfuric acid in a controlled
manner.

In this paper, we present the laboratory measurements of
optical properties of fresh soot and soot exposed to gaseous
sulfuric acid and water vapor to mimic atmospheric processing.
The morphology, mixing state, and hygroscopic properties of
these particles, studied in great detail, are reported elsewhere.?>?*
Ongoing work in our group also includes investigation of effects
of soot aging due to exposure to organic compounds, which
are produced when volatile organic compounds are oxidized in
the atmosphere.?

2. Experimental Section

A diagram of the experimental setup used to measure the
optical properties of soot-containing aerosols is shown in Figure
1. The main components include an aerosol generation system,
two differential mobility analyzers (DMA1 and DMAZ2) to
produce mobility-classified, singly charged aerosol particles, an
aerosol coating and humidification system to simulate atmo-
spheric processing, an integrating nephelometer and a cavity

ring-down spectrometer (CRDS) to measure the scattering and
extinction of light by aerosol, and a condensation particle counter
(CPC) to measure the aerosol particle number density.

2.1. Aerosol Generation and Processing. The aerosol
generation and processing procedures are reported in more detail
by Khalizov et al.,® and only a brief description is provided
here. Carbon soot aerosol is generated by incomplete combustion
of propane in a laminar diffusion burner®® and sampled using a
pinhole diluter.?” The diffusion flame produces stable aerosol
concentration, and the particles contain essentially no organic
carbon.®® A flame equivalence ratio of about 0.5 is used
throughout this study (the actual fuel to oxygen ratio divided
by the fuel to oxygen ratio under stoichiometric conditions) to
maintain a constant size distribution with a geometric mean
diameter of 130 nm and geometric standard deviation of 1.8.
Polystyrene latex spheres (PSL, Duke Scientific Inc., USA),
ammonium sulfate (ACS grade, Mallinckrodt Baker, Inc.), and
sodium chloride (ACS grade, EMD Chemicals, Inc.) aerosols
are generated from corresponding solutions in deionized water
(17 MQ) using a constant output atomizer (3076, TSI Inc.).
Particles from both sources, the flame and the atomizer, are
diluted with a dry nitrogen flow and passed through a silica gel
diffusion drier, a Nafion multitube drier (PD-070-18T-12SS,
Perma Pure Inc.), and a bipolar charger (>'°Po, 400 uCi) prior
to entering DMA1. Particles from DMAI1 are recharged in the
second diffusion charger and size-selected by DMAZ2. The sheath
and sample flow rates in both DMAs are maintained at 6.5 and
1.0 L min~!, respectively.

Singly charged, mobility-classified aerosol particles produced
by the DMA—DMA setup are admitted to an aerosol processing
unit, which consists of a H,SO, condensation chamber, a Nafion
humidifier, a Nafion drier, and a heater. The flow rate through
the aerosol processing unit is equal to the DMA sample flow
rate, 1.0 L min~'. The condensation chamber %% is used to
expose aerosol particles to sulfuric acid vapor. It consists of a
50 cm long, 3 cm inner diameter horizontal Pyrex container
filled to about half with aqueous sulfuric acid solution. The
residence time of aerosol in the chamber is about 12 s, and the
temperature is maintained at 26 4+ 1 °C. The concentration of
H,SO, vapor in the coating chamber is measured using ion
drift—chemical ionization mass spectrometry (ID-CIMS),?*~3!
in the range of 1.4 x 10'° (high) and 2.5 x 10° (low) molecule
cm™3. To stabilize sulfuric acid against evaporation on the coated
particles, the aerosol flow is humidified to RH 5% downstream
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Figure 2. A TDMA scan showing the presence of multiply charged
particles in the mobility-classified fresh (uncoated) soot aerosol
produced by DMA1. The DMAI voltage is set to transmit particles
with mobility diameter 100 nm while the DMA2 voltage is scanned.
An additional Po-210 diffusion charger is placed in front of DMA2.
Major recharging processes are indicated above the corresponding
modes, e.g. “2—1" stands for doubly charged particles which become
singly charged after passing through the second diffusion charger. The
location for the “1—1" peak at 105 nm is due to a minor mismatch
between DMA1 and DMA?2 flows and voltages.

the condensation chamber. The heater is operated at 200 °C to
remove condensed volatile material.*

2.2. Multiply Charged Particles in Soot Aerosol. A dual
DMA system is employed in this study to generate monodisperse
aerosol for the optical measurements because a single DMA,
in addition to selected particles, transmits larger multiply charged
particles. In a DMA, the particles are sized according to their
electrical mobility, Z,, which is related to the particle mobility
diameter, D, particle charge, ¢, and Cunningham slip correction,
C(Dy)

o xC(D,)

3 Dp

When particles with mobility diameter D, and charge ¢ = 1
are selected, larger particles with charges ¢ = 2, 3,... n that
satisfy the condition given by eq 1 are also transmitted. The
number of observed modes (n) and their relative intensities
depend on the shape of the polydisperse distribution and selected
D,. For instance, in the case of polydisperse ammonium sulfate
aerosol, doubly and triply charged particles with mobility
diameters of ~1.5 x D, and ~1.7 x D, pass through the DMA
along with singly charged particles. Multiply charged particles,
because of their larger effective size, scatter and absorb light
more efficiently than singly charged particles of the same
electrical mobility. Since light absorption and scattering vary
nonlinearly with the particle size, even a small fraction of these
larger particles in aerosol can lead to significant overestimation
of the measured optical cross-sections.

The presence of multiply charged particles in the mobility-
classified aerosol can be revealed by using an additional charger
and a second DMA in series with DMA1. As shown in Figure
2, four distinct modes are distinguished in the propane soot
aerosol when DMAL voltage is set to transmit particles with
D, = 100 nm while DMAZ2 voltage is scanned. The most intense
mode at about 100 nm corresponds to singly charged particles.
A mode at ~70 nm is produced when some of these 100 nm
particles become doubly charged after passing through the
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TABLE 1: Mobility Diameter Settings for DMA1 and
DMA2 Used To Generate Monodisperse Aerosol and
Corresponding Effective Densities of Fresh Soot Particles

Dy, nm
DMALI DMA2 Effective density “, g cm™3
100 155 0.26
155 245 0.17
195 320 0.12

“ Interpolated from effective densities of fresh soot measured
under identical experimental conditions.?*

second diffusion charger. The modes at 155 and 200 nm
correspond to the particles that emerge from DMAI1 with two
and three charges, respectively, but become singly charged after
passing through the second diffusion charger. We find that the
mode at 155 nm (or about 1.5 x D, for any arbitrary D)
produces the best agreement between experimentally measured
and calculated (Mie) scattering coefficient for crystalline am-
monium sulfate aerosol. This mode contains the smallest fraction
of multiply charged particles and hence is used to study the
effect of processing on the optical properties of soot. Aerosol
from DMAI1, which is adjusted to transmit particles with
mobility diameter D), passes through the diffusion charger and
then through DMA2, which transmits only particles with
mobility diameter of about 1.5 x D,. Table 1 presents the
mobility diameters for DMA?2 determined experimentally from
TDMA scans of soot aerosol at three different values of D,,.

Addition of the second DMA significantly narrows the size
distributions but does not completely eliminate the contribution
from multiply charged particle modes. Experimentally measured
scattering cross-sections for crystalline ammonium sulfate
aerosol classified using the dual DMA system are 17—47%
higher than the values calculated with Mie theory (larger error
for smaller particles). In a similar test with PSL spheres, the
measured scattering cross-sections are 2—12% higher than the
calculated values (larger error for smaller particles). Also, we
find little difference between the measurements where PSL
aerosol is mobility-classified using a single DMA or the dual
DMA system because commercial polystyrene latex spheres
have very narrow particle size distribution and the probability
of having multiply charged particles satisfying eq 1 is negligible.
The remaining discrepancy, decreasing with increasing particle
size, can be caused by the residue of surfactant left on the PSL
surface after evaporation of the aerosol droplet. Finally, we
estimate that the bias in the optical measurements due to
remaining multiply charged particles is significantly smaller for
soot aerosol than for ammonium sulfate. The effective density
of soot particles decreases with mobility size (Table 1) and so
does the contribution to scattering and absorption cross-sections
from multiply charged particles.

2.3. Measurements of Aerosol Optical Properties. Optical
properties of aerosol particles at 532 nm wavelength are
measured using a combination of a CRDS and a nephelometer
interfaced to the DMA—DMA system (Figure 1).

Aerosol extinction is measured by the CRDS.?? A light pulse
(532 nm, pulse energy 100 uJ, pulse duration 11 ns) produced
by a Q-switched pulsed laser (CrystaLaser QG-532-500) is
injected into a cavity formed by two high-reflectivity dielectric
mirrors (540 nm center wavelength, 99.9985% reflectivity, 6 m
radius of curvature, 0.8 in. diameter, Los Gatos Research, Inc.)
and a stainless steel cell equipped with aerosol inlet and outlet.
The distance between mirrors and the sample length are 72 and
43 cm, respectively. To prevent the mirrors from contamination
by aerosol, the mirror region is purged with a small flow of dry
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nitrogen (2—4% of the aerosol sample flow). Light exiting the
cavity is detected with a Hamamatsu H6780-02 photomultiplier.
The output of the photomultiplier is digitized by a 100 MHz,
16-bit resolution CompuScope 12100 card (GaGe Applied
Technologies, LLC) operated by LabVIEW software. Typically,
300 ring-down traces are averaged at 20 Hz repetition rate, and
the decay time is calculated by nonlinear fitting of the averaged
decay data. The light extinction coefficient, by, is calculated
using the decay times of the cavity with and without the aerosol
sample at the same relative humidity according to eq 2

R
b= [t 7] @
c\t 1,

where Ry is the ratio of optical cavity length to sample length,
c is the speed of light, 7 is the ring-down time with sample
present, and 7, is the ring-down time in the absence of sample.

Aerosol total scattering is measured by a commercial three-
color integrating nephelometer (TSI 3563). The nephelometer
is periodically calibrated according to the manufacturer’s manual
using carbon dioxide and nitrogen as high- and low-span gases.
The systematic errors due to the nephelometer nonidealities
(scattering angular truncation and deviation of the illumination
intensity from cosine-weighted distribution) are corrected ac-
cording to previously established procedures.’ The scattering
coefficient at 532 nm is calculated from a power law fit to the
scattering coefficients at the three nephelometer wavelengths
(450, 550, and 700 nm).

During optical measurements, an aerosol flow from the
DMA—DMA system is directed through or bypasses the sulfuric
acid condensation chamber, humidifier, and heater before being
introduced consecutively through the nephelometer, CRDS, and
CPC (TSI 3760A). The absorption coefficient is calculated from
the difference between the extinction and scattering coefficients.
The particle number density measured by CPC is used together
with extinction, scattering, and absorption coefficients to
calculate the corresponding cross-sections

c=2 3)

where C is the cross-section and N is the particle number density.
Typically, aerosol number density was adjusted between 500
and 3000 particles cm™> (higher concentration for smaller
particles) to maintain the extinction and scattering coefficients
in the range 1—50 Mm™!. Mass absorption cross-sections of
soot, O, are calculated using effective densities of soot
particles, p, measured by DMA—APM (aerosol particle mass)
analyzer under conditions identical to those used in our previous
experiments,?*

6C 1
Oabs = —a3 (4)
pXmxD,

For the mobility size range studied, particle losses inside the
CRDS cell are negligible. To account for particle losses caused
by diffusion and electrostatic precipitation in the nephelometer,
size-dependent transmission coefficients are applied to particle
concentrations measured by CPC. The transmission coefficients
are in the range 0.7—0.9 for 155—360 nm particles (higher
transmission for larger particles). Validity of this approach is
confirmed by a close agreement between extinction and scat-
tering coefficients for nonabsorbing PSL spheres measured with
nephelometer and CRDS.

Light extinction and scattering by hygroscopic aerosol is a
strong function of relative humidity. To eliminate the effect of
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Figure 3. Changes in the extinction, scattering, and absorption cross-
sections of soot aerosol (A = 532 nm) after exposure to the high
concentration of sulfuric acid vapor (1.4 x 10'° molecule cm™3). The
initial (uncoated) particle mobility diameter is 245 nm and relative
humidity is 50%. The initial increase in the absorption cross-section
after sulfuric acid exposure is an artifact caused by the difference in
averaging times of CRDS and the integrating nephelometer.

dry mirror cleansing flow, the aerosol flow in the CRDS cell is
directed from the center toward the mirrors and the cell is placed
after the nephelometer (Figure 1). Maintaining a constant
temperature throughout the entire system is also crucial for
accurate measurements of aerosol optical properties. To provide
a better temperature control, the nephelometer is modified by
removing the insulating jacket from the sample chamber and
installing two fans with adjustable rotation speed onto the cover.
Typically, after 2 h of operation with the lamp turned on, the
nephelometer temperature stabilizes at 27.5 4+ 0.3 °C. The
DMA—DMA system and the CRDS cell are maintained at the
same temperature as the nephelometer. The DMA—DMA is
enclosed in a temperature-controlled unit. The CRDS cell and
all connecting lines are wrapped with Nalgene tubing, and their
temperature is kept constant by circulating water. Scattering
coefficients measured by the nephelometer and CRDS for
nonabsorbing deliquesced ammonium sulfate aerosol (60—85%
RH) agree within 5%, confirming that relative humidity inside
these instruments is within 1% RH.

3. Results and Discussion

3.1. Optical Properties of Fresh and Coated Soot Ag-
gregates. Figure 3 shows the temporal variation of the optical
cross-sections for soot particles with initial diameter D, = 245
nm before and after exposure to the high concentration (1.4 x
10'° molecule cm™3) of sulfuric acid vapor. For fresh (unex-
posed) soot, scattering is weak and the extinction is dominated
by absorption, resulting in a single scattering albedo (SSA =
Cseof Cexp) as low as 0.09. This value is significantly lower than
SSA = 0.20 measured for fresh diesel exhaust soot** or SSA =
0.24 measured for lightly coated soot in the tropics.'* Soot
formed under the flame conditions used in our study consists
of small primary spherules combined into branched aggregates
with a low effective density (Table 1). Contrary to the diesel
soot and soot observed at low altitudes in the tropical air, these
aggregates contain little condensable material volatile at 200
°C and have a fractal dimension D; = 2.1, characteristic of a
relatively open structure.”* Individual spherules scatter light
weakly because their mean diameter (15 nm) is much smaller
than the wavelength (1 = 532 nm). Furthermore, since the
spherules are loosely connected, scattering by aggregates is weak
even though their mobility diameters are comparable with the
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Figure 4. RH dependence of soot extinction, scattering, and absorption cross-sections (A = 532 nm) before (solid circles) and after (open circles)
exposure of aerosol to the low concentration of sulfuric acid vapor (2.5 x 10° molecules cm™). The initial (uncoated) particle mobility diameters
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Figure 5. RH dependence of soot extinction, scattering, and absorption cross-sections (A = 532 nm) before (solid circles) and after (open circles)
exposure of aerosol to the high concentration of sulfuric acid vapor (1.4 x 10' molecules cm™3). The initial (uncoated) particle mobility diameters

are 155, 245, and 320 nm.

light wavelength (the size parameter for aggregates, x = 7D,/
4, is close to unity). When aerosol passes through the H,SO4
condensation chamber, soot becomes internally mixed with
sulfuric acid and the particle morphology and mixing state are
altered,?>?* leading to a dramatic change in the optical properties.
As depicted in Figure 3, at 50% RH light extinction and
scattering increase by a factor of 1.9 and 9.7, respectively,
yielding a single scattering albedo of 0.47. Also, an increase of
about 1.1 is observed for the absorption cross-section at this
RH.

The results of optical measurements for soot particles with
initial diameters of 155, 245, and 320 nm at the two (high and
low) sulfuric acid concentrations and relative humidity from 5
to 80% are presented in Figures 4 and 5. Freshly generated soot
is hydrophobic, and its optical properties show only a minor
systematic variation with increasing RH, in agreement with our

hygroscopicity measurements indicating no change in mobility
size and less than 8 £ 4% increase in mass at 80% RH for
fresh soot.”? For the unprocessed soot aggregates, scattering
coefficient is about 1 Mm™!, resulting in the high uncertainty
in the measured scattering cross-sections. After exposure of soot
to sulfuric acid, a hydrophilic coating is formed on the surface
of aggregates and their optical properties become RH-dependent.
Scattering and absorption always increase when internal mixing
with sulfuric acid occurs, and the observed enhancement is
stronger for a higher concentration of sulfuric acid (a larger
condensed H,SO, fraction). However, the patterns in the
variation in scattering and absorption with increasing RH are
somewhat different.

For soot exposed to the low concentration of sulfuric acid
(2.5 x 10° molecule cm ™), the H,SO, coating mass fraction is
about 0.1, and the scattering cross-section increases exponen-
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TABLE 2: Scattering Cross-Sections (4 = 532 nm) of PSL Spheres after Exposure to the High Concentration of Sulfuric Acid
Vapor (1.4 x 10'° molecules cm3) at 20 and 50% RH (initial (uncoated) particle mobility diameter is 152 nm)

Cya X 10, cm?

RH % Dy, nm” n*(H,S0y4)° calculated ¢ measured error %
5 152 uncoated 3.61 391 8.4
20 168 1.489 — 01 5.99 5.93 -1.0
50 174 1.407 — 01 6.56 7.05 7.5

@ Mobility diameters of coated PSL at different RH were calculated using hygroscopic growth factors measured under identical conditions.?
b Calculated using data from ref . ¢ Calculated using coated sphere Mie theory, n*(PSL) = 1.589 — 0i.

tially with relative humidity for all particle sizes and at 80%
RH becomes 3.3—3.7 times larger than that of fresh soot (Figure
4). The absorption cross-section, on the other hand, shows no
visible change for the smallest particles (D, = 155 nm) and
only a very small increase for particles with initial diameters
of 245 and 320 nm. Mikhailov et al."” reported a similar behavior
in scattering and absorption for acetylene soot aggregates that
were thinly coated with glutaric acid. For soot particles with
the high H,SO,4 mass fraction (about 0.4), the scattering increases
by about 6-fold at 5% RH and as high as 12.6-fold at 80% RH
(Dp = 320 nm). The absorption enhancement is size-dependent;
absorption increases by 1.1 and 1.4 times at 80% RH for
particles with the initial diameters of 155 and 320 nm,
respectively. Also, the absorption does not increase monoto-
nously with relative humidity but shows a minimum at about
50% RH (Figure 5). Although both particle mobility size and
particle mass change significantly when relative humidity
increases from 5 to 80%,> absorption cross-sections of H,SO,-
coated soot particles at low and high RH are comparable. At
80% RH, coated particles show a mobility size growth of about
1.3% and fall in region 4 (shells on new particles) according to
classification presented by Bond et al.!” A characteristic feature
of this region is that absorption increases immediately after
transparent material condenses on carbon soot cores and
continues to increase with an additional shell growth. Also, in
good agreement with our measurements, the increase in absorp-
tion in this region depends on the particle size.!”

To estimate an overall uncertainty in the derived optical cross-
sections of coated soot aerosol at an elevated RH, we measured
the scattering of light by PSL spheres with an initial diameter
of 152 nm that were exposed to the high concentration of
sulfuric acid vapor. The optical properties of both materials,
PSL and sulfuric acid, are well-known and hence the measured
values can be compared against the theoretical calculations using
Mie theory for coated spheres.*® Table 2 compares the experi-
mental and theoretical scattering cross-sections for coated PSL
spheres at 20 and 50% RH. The agreement between the theory
and experiment is within 10%, representing uncertainties
associated with the relative humidity, particle number density,
particle size, and instrument calibration. This error, however,
excludes the contribution from multiply charged particle modes
because they are absent in the PSL aerosol.

3.2. The Mechanism for Enhancement of Optical Proper-
ties. The formation of a transparent shell and compaction of
the soot core can both contribute to the increased light scattering
and absorption by coated soot particles. To distinguish between
these two effects, we measured the change in scattering and
absorption by soot subjected to a combination of coating and
heating. As shown in Figure 6, heating the fresh (uncoated) soot
particles to 200 °C has no effect on scattering but leads to a
1.04—1.14 fold increase in absorption, with smaller values for
larger particle sizes. This effect is explainable since absorption
by aggregates is increased by about 1.3 times over individual
primary spherules,® and this factor can be completely or partially
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Figure 6. Variations in light scattering and absorption (A = 532 nm)
by soot agglomerates subjected to different types of processing. “Fresh”
stands for uncoated soot aerosol, “heated” for soot aerosol that is heated
to 200 °C, “coated” for soot aerosol that is exposed to the high
concentration of sulfuric acid vapor (1.4 x 10' molecules cm™?), and
“heated&coated” for soot aerosol that is exposed to the high concentra-
tion of sulfuric acid vapor and subsequently heated to 200 °C. The
initial (uncoated) soot particle mobility diameters are 155, 245, and
320 nm and relative humidity is 5% RH.

lost when particles are thinly coated with nonabsorbing material.
Fresh soot aggregates carry a very thin layer of condensed
organics so heating the soot removes some or all of the coating,
resulting in an increased light absorption. Since the amount of
the coated organic material is low for soot used in our
experiments, scattering is not affected by heating. This is in
agreement with the results of our DMA—APM measurements,
indicating that the mass ratio of heated to fresh soot is 0.99 £
0.04.24

Exposure of soot aerosol to sulfuric acid results in a strong
enhancement of light scattering. Heating the coated soot particles
to remove sulfuric acid reduces the enhancement (Figure 6).
However, scattering by coated and heated soot is still signifi-
cantly higher than scattering by fresh soot. Since the mass of
particles that are first coated and then heated is similar to the
mass of fresh soot,>* the increased scattering is caused entirely
by irreversible restructuring of the soot cores to a more compact
form. Primary spherules in compacted aggregates interact
collectively with electromagnetic waves, leading to stronger
scattering. Thus, transparent coating affects scattering both
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Figure 7. A schematic diagram showing the transformation of soot aggregates with increasing mass fraction of condensed materials.

directly, through increased particle volume, and indirectly, by
changing the soot core morphology.

The restructuring is also a major contributor to enhancement
of light absorption by soot. Figure 6 shows that for 245 and
320 nm soot particles, enhancement caused by H,SO, coating
(Cued/Cliesh = 1,30—1.34) is reduced insignificantly by sub-
sequent removal of sulfuric acid through heating (Cggatedéheateds
Cliesh = 1.26—1.27). Soot particles with initial diameter of 155
nm, however, show a smaller increase in absorption after
exposure to sulfuric acid, and subsequent heating of these
particles reduces absorption to a value slightly below that for
fresh soot. The different behavior for large and small aggregates
is explained by the effect of restructuring on the interaction
between primary spherules and increased effective density of
the soot cores caused by processing. When an aggregate
collapses to a globule, interaction between neighboring spherules
can increase light absorption, and the magnitude of this effect
depends on the number and size of primary spherules.’’
However, as the size and density of the collapsed agglomerate
increase, the spherules located in the center of the globule
become shielded by the outer spherules, leading to decreased
absorption cross-section. Coating and heating the 155 nm soot
particles increases the density of the cores by more than 3-fold.
The density reaches a value of 0.81 g cm™? (ref 24), which is
close to the maximum possible density of 1.13 g cm™ for
globules that would be formed as a result of complete soot
aggregate restructuring. The latter value is calculated as a
product of the inherent material density of 1.77 g cm™ for soot™®
and a random close packing factor of 0.637, which is the highest
volume fraction of spheres packed to retain a random config-
uration.’® The net result of coating and heating in the case of
small particles corresponds to nearly complete cancelation
between enhancement and shielding caused by restructuring.
Larger particles, having lower initial density, experience stronger
relative compaction when coated and heated, but the final core
densities of 0.66 and 0.48 g cm ™ for 245 and 320 nm particles,
respectively, are lower than for 155 nm particles. Therefore,
the enhancement factor dominates over the shielding, and the
absorption cross-section remains above that for fresh soot.

The nonmonotonous behavior of light absorption by coated
soot particles with increasing relative humidity (Figure 5) can
be explained as competition between water condensation and
soot core restructuring, as depicted in Figure 7. When fresh soot
aggregates (Figure 7a) are exposed to the low concentration of
sulfuric acid, the coating is too thin (Figure 7b) to cause
significant absorption enhancement through either lensing or
restructuring. As the relative humidity increases, the changing
morphology of soot cores and thicker coating due to condensed
water both contribute to increased absorption whereas the effect
of shielding is still small. Exposure of soot to the high
concentration of sulfuric acid vapor produces a thicker coating
and leads to large changes in morphology and light absorption
even at 5% RH. As the soot cores continue to restructure and
become more compact with increasing RH, the enhancement
in absorption due to interaction between primary spherules and

reduction in absorption caused by shielding act in opposite
directions. A minimum in absorption at 50% RH likely
corresponds to the nearly complete compaction of H,SO,-coated
soot aggregates (Figure 7c) observed in TDMA measurements.>
At this relative humidity, the particle mass increases nearly
3-fold and the effective density, the fractal dimension, and the
dynamic shape factor approach values characteristic of spherical
particles composed of a compact soot core surrounded by a
solution shell.** When relative humidity rises above 50%, the
increase in absorption is driven almost solely by the growing
shell composed of aqueous sulfuric acid (Figure 7d).

Our measurements indicate that restructuring of soot cores
represents an important factor in light scattering and absorption
by soot aerosol during atmospheric processing. The contribution
from restructuring is comparable or even exceeds the effect of
lensing by the transparent coating. Depending on the initial size
and morphology of fresh soot aggregates (density, fractal
dimension, and diameter of primary spherules) and the properties
of the coating material, restructuring can act to enhance or
reduce the effect of lensing on light absorption. Collapse of
aggregates can explain the observed decrease in absorption of
soot aerosols with atmospheric lifetime.> Several previous
studies have addressed the importance of using physically based
treatment of carbon soot optics when particles are internally
mixed with nonabsorbing material.*'®!7 However, the complex
variation in morphology of soot agglomerates during atmo-
spheric processing has not been taken into account accurately
in modeling studies.*

3.3. Mass Absorption Cross-Sections of Fresh and Pro-
cessed Flame Soot. Although black carbon is the major light-
absorbing component of atmospheric aerosols, the reported mass
absorption cross-sections vary in a wide range due to uncertain-
ties in morphology, density, and the mixing state of soot
particles. Our experimental system is designed to measure the
optical properties of well-characterized fresh and internally
mixed soot aerosol under dry and humid conditions. This
approach allows the determination of MAC for size-selected
airborne particles with known morphology and mixing state.
Table 3 presents mass absorption cross-sections calculated
according to eq 4 using fresh soot effective densities given in
Table 1. For fresh soot aerosol at 5% RH, the obtained values
range from 6.1 to 8.8 m? g !, in good agreement with the value
of 7.5 = 1.2 m? g7 (A = 550 nm) suggested by Fuller et al.®
and Bond and Bergstrom’ on the basis of theoretical calculations
and analysis of available measurements. After exposure to
sulfuric acid and an elevated relative humidity, MAC increases
and becomes as high as 12.6 m*> g~! in the case of 1.4 x 10"
molecules cm ™ concentration of H,SOy4 vapor and 80% RH.

Mie calculations for single carbon spheres as a function of
particle diameter show a maximum in the mass-normalized
absorption at about 150 nm (see, for instance, Figure 1 in Bond
et al.'”). Absorption cross-section for particles larger than 150
nm decreases with the inverse of the size because only the
surface layer participates in light absorption. For fresh soot in
our study, shielding has weaker dependence on the size because
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TABLE 3: Mass Absorption Cross-Sections of Soot Aerosol (A = 532 nm) before and after Exposure to Low and High

Concentration of Sulfuric Acid Vapor

mass absorption cross-section, m? g~

D, = 155 nm D, = 245 nm D, = 320 nm

RH % fresh coated fresh coated fresh coated
H,SO, = 2.5 x 10° Molecules cm ™

5 6.1 +£0.3 6.1 +0.1 79409 83+ 1.1 8.6+0.8 9.1 +£0.9
20 79+ 04 82+04 8.1+09 87+1.0 88+1.5 92+1.2
50 6.4+0.3 6.5+0.3 77+ 1.1 7.9+0.8 83+1.0 89405
80 6.9 + 0.6 7.0+0.5 82+0.8 9.0+ 0.7 8.5+0.1 9.9+ 04
H,SO4 = 1.4 x 10'° Molecules cm

5 72+04 8.0+ 0.1 87+1.5 103+ 1.6 8.8+0.3 11.6 £ 0.8
20 7.0+ 0.9 79+ 1.0 7.9+0.2 9.94+0.3 84+0.5 11.0 £ 0.6
50 6.8 + 0.6 7.0+0.5 7.3+0.8 8.1+1.0 84+0.6 10.0 £ 0.7
80 8.1+1.7 8.7+27 8.7+0.1 10.6 £ 0.9 9.24+0.6 12.6 £2.0

the aggregates are composed of loosely connected small primary
spherules, and hence MAC increases with particle mobility size.

Table 3 shows a small systematic difference between absorp-
tion cross-sections for fresh soot, ranging from 2% (320 nm
particles) to 15% (155 nm particles). A range of factors may
contribute to the observed discrepancy, including variations in
soot generation, dilution, sizing, optical instrument calibration,
and particle counting. Since the optical measurements for PSL
spheres performed along with soot measurements show a good
agreement, the source of discrepancy likely relates to soot
generation in the flame. One possibility is the presence of a
light-absorbing gaseous species produced by the flame, such as
NO,, whose concentration can change with the flame equiva-
lence ratio and sample dilution. However, a separate test
performed with DMA1 and DMA?2 voltages set to transmit no
soot particles shows no change in the extinction or scattering
backgrounds when clean nitrogen is substituted for the flame-
generated soot aerosol. This leaves the variation in the soot
particle morphology and mixing state as the only source for
the observed discrepancy. Although a constant flame equivalence
ratio and particle size distributions are maintained throughout
all optical measurements, the optical properties of soot aerosol
are very sensitive to the density and mixing state, and hence a
small variation in the flame equivalence ratio or sample dilution
can lead to the observed systematic difference in MAC.
Schnaiter et al.*' reported a drastic dependence of absorption
cross-section of soot aerosol on the flame equivalence ratio and
particle size. Also, smaller sizes have been found to be more
strongly affected because of the appearance of smaller organic
particles at higher flame equivalence ratios, leading to signifi-
cantly lower absorption cross-sections.

3.4. Atmospheric Implications. Mass absorption cross-
sections for fresh soot aggregates are size dependent, increasing
from 6.7 & 0.7 to 8.7 4= 0.8 m? g~! for particles with mobility
diameters from 155 to 320 nm (average MAC values between
two series of measurements). During atmospheric aging in the
presence of sulfuric acid with the concentrations of 10°—107
molecule cm™3, it will take freshly emitted soot from 5 hto 3 d
to become internally mixed with 10—40% sulfate coating by
mass.”* When soot acquires such a mass fraction of sulfate
coating, absorption increases to 9—12 m? g~!, in agreement with
ambient values measured in polluted regions.’ It should be
pointed out that condensation of organic matter on soot particles
may also occur in the atmosphere, changing particle morphology
and optical properties.'® However, it is likely that sulfuric acid
will have an effect much larger than that of organics because
condensation of H,SO, largely determines the aerosol hygro-
scopicity and hence the ability of particles to absorb water and
change particle morphology.

A significant part of enhancement of light absorption and
scattering by soot during atmospheric processing arises from
the changes in the particle morphology. Increased absorption
is accompanied by a large increase in scattering, which is
reflected in a single scattering albedo rising from 0.1 for fresh
soot to 0.5 for processed soot. Hence, formation of a transparent
coating may not necessarily result in an increased positive
forcing by coated soot aerosol. A rigorous estimate of radiative
forcing requires explicit modeling of the aerosol dynamics. Also,
since the change in morphology of soot cores is irreversible,
even slightly hygroscopic soot particles (a small fraction of water
soluble material) that are subjected to cloud processing will
exhibit altered optical properties after evaporation of cloud
droplets.

Our results imply that in polluted air the optical properties
of soot particles are considerably enhanced because of conden-
sation of sulfuric acid and correlate strongly with RH. The
enhanced absorption due to internal mixing of soot with sulfate
will reduce photolysis rates in the planetary boundary layer when
air pollution is highest, leading to lower ground level ozone
concentration.® Also, enhanced light absorption and scattering
stabilize the atmosphere because of cooling at the earth surface
and warming aloft. This will have an important feedback on
air quality, since a stable atmosphere retards vertical transport.*?
Less surface heating and atmospheric stabilization will also
impact the cloud dynamics. Reduction in vertical sensible and
latent heat exchanges and restricted convective development will
decrease the formation of clouds, whereas warming in the
atmosphere can evaporate the existing cloud droplets by
lowering the relative humidity.**

4. Conclusions

We have investigated the optical properties of carbon soot
during simulated atmospheric processing. Internally mixed soot
aerosol with a known morphology and mixing state is produced
by exposure of flame-generated, size-selected soot particles to
gaseous sulfuric acid (10°—10'° molecule cm™3). Coated air-
borne soot particles are subjected to elevated humidity environ-
ment and the light extinction, scattering, and absorption cross-
sections at 532 nm are determined using a combination of a
cavity ring-down spectrometer and an integrating nephelometer.

The optical properties of fresh (uncoated) soot are practically
independent of relative humidity (RH). Exposure of soot to
sulfuric acid causes particle growth by water condensation,
leading to significant enhancement in light absorption and
scattering even at low RH. Scattering of light by coated soot
particles increases exponentially with relative humidity. Absorp-
tion, on the other hand, displays a minimum at a relative
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humidity corresponding to about 2.5-fold particle mass increase
from condensed sulfuric acid and water. For soot particles with
an initial mobility diameter of 320 nm and a 40% H,SO, coating
mass fraction, absorption and scattering are enhanced 1.4- and
13-fold at 80% RH, resulting in a single scattering albedo
increase from 0.1 to 0.5.

The irreversible restructuring of soot aggregates caused by
condensation of sulfuric acid and water can alter both scattering
and absorption. Depending on the initial size and density of
soot aggregates, restructuring acts to increase or decrease the
absorption enhancement. However, the effect of encapsulation
always dominates over restructuring, resulting in an increased
absorption cross-section for internally mixed soot.

Mass absorption cross-sections for fresh soot aggregates are
size dependent, increasing from 6.7 &= 0.7 m?> ¢! for 155 nm
particles to 8.7 4= 0.8 m? g~! for 320 nm particles. When soot
particles acquire about 10—40% sulfate coating by mass,
absorption increases to 9—12 m? g ! in agreement with ambient
values measured in polluted regions. Our results imply that
optical properties of soot are significantly altered within its
atmospheric lifetime, leading to greater impact on visibility, local
air quality, and radiative climate forcing.
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