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Inter-comparison studies of well-characterized fractal soot
particles were conducted using the following four instruments:
Aerosol Mass Spectrometer-Scanning Mobility Particle Sizer
(AMS-SMPS), Single Particle Soot Photometer (SP2), Multi-Angle
Absorption Photometer (MAAP), and Photoacoustic Spectrometer
(PAS). These instruments provided measurements of the refrac-
tory mass (AMS-SMPS), incandescent mass (SP2) and optically
absorbing mass (MAAP and PAS). The particles studied were in
the mobility diameter range from 150 nm to 460 nm and were
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generated by controlled flames with fuel equivalence ratios rang-
ing between 2.3 and 3.5. The effect of organic coatings (oleic acid
and anthracene) on the instrument measurements was determined.
For uncoated soot particles, the mass measurements by the AMS-
SMPS, SP2, and PAS instruments were in agreement to within
15%, while the MAAP measurement of optically-absorbing mass
was higher by ~50%. Thin organic coatings (~10 nm) did not affect
the instrument readings. A thicker (~50 nm) oleic acid coating like-
wise did not affect the instrument readings. The thicker (~60 nm)
anthracene coating did not affect the readings provided by the
AMS-SMPS or SP2 instruments but increased the reading of the
MAAP instrument by ~20% and the reading of the PAS by ~65%.
The response of each instrument to the different particle types is
discussed in terms of particle morphology and coating material.

INTRODUCTION

Soot particles contain as a major component a refractory,
light-absorbing material often called black carbon' (BC) (Klee-
man et al. 2000). This material largely determines the optical
properties of soot particles and influences their chemical and
morphological transformations. Because BC is an effective light
absorber, internally and externally mixed aerosol containing BC
contributes to climate change by direct radiative forcing (IPCC
2001). There are, however, questions about the magnitude of

! Asis discussed in the recent review by Bond and Bergstrom (2006),
the nomenclature for the light-absorbing, refractory component of car-
bonaceous aerosols is not clearly established. The term “black carbon”
is often used in connection with the light-absorbing properties of the
aerosol, while “elemental carbon” is often used when thermal proper-
ties are considered. Other terms, such as “graphitic carbon,” which ad-
dresses properties of carbon atoms in a graphitic lattice, are also in use.
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the heating effect (Penner et al. 2003; Johnson 2005). Black
carbon-containing aerosols may be involved in the melting of
polar ice (Hansen and Nazarenko 2004). Measurements of BC
content in soot are required to provide quantitative data for the
evaluation of the effect of BC-containing aerosols on global
warming. Aged BC aerosols may acquire hydrophilic coatings
and act as cloud or ice nuclei (Dusek et al. 2006).

Quantitative measurement of BC is challenging because BC
often occurs in highly non-spherical soot particles of complex
morphology (Park et al. 2003; Chakrabarty et al. 2006). The task
is further complicated because of the lack of an unambiguous
chemical definition of the material. Still, a number of techniques
have been developed for measuring BC in particles based either
on the thermal properties of BC or its optical properties. These
two classes of measurement techniques do not necessarily yield
the same results. Quantitative comparisons of the available tech-
niques are an essential step in obtaining meaningful measure-
ments of BC. Here we first provide a survey of the most com-
monly used techniques and then discuss the methods applied in
the current studies.

Optical techniques are typically designed to measure light
absorption by aerosols, which is then empirically related to BC
content. The aecthalometer is one such common instrument based
on the optical properties of BC deposited on a filter (Hansen
et al. 1984; Gundel et al. 1984; Arnott et al. 2005a). It deter-
mines absorption by impacting particles on a quartz fiber filter
and measuring the change in light transmission as a function of
time. The particle soot absorption photometer (PSAP) also per-
forms a filter-based absorption measurement (Bond et al. 1999).
Cavity ring-down techniques yield the aerosol extinction coef-
ficient by measuring the time constant for light decay in a high
finesse cavity containing the absorbing particles. In conjunction
with a separate measurement of scattering coefficients with an
instrument such as a nephelometer, the cavity ring-down tech-
niques provide an in-situ measurement of the aerosol absorption
coefficient (see for example Smith and Atkinson 2001; Sheri-
dan et al. 2005; Moosmiiller et al. 2005). Two other optically
based instruments, the Photoacoustic Spectrometer (PAS) and
the Multi-Angle Absorption Photometer (MAAP), are subjects
of the present study and will be described in the following sec-
tion. One drawback for all of these techniques is the need for an
empirical conversion factor from optical response to BC mass.
The conversion factor may depend on the composition and mor-
phology of the particles used in the calibration of the instrument
and on the specific technique used to quantify the BC mass.

Thermal-optical analysis techniques typically induce oxida-
tion and/or evaporation of organic carbon (OC), and define black
carbon as the remaining refractory component (see for example
Fung 1990; Turpin et al. 1990; Viidanoja et al. 2002). An ex-
ample of a class of such instruments is the thermal/optical re-
flectance carbon analyzer (TOR) developed by Huntzicker et al.
(1982) in which OC and BC are distinguished by their volatility.
The optical reflectance is used to account for the OC that is py-
rolyzed (Chow et al. 1993; Moosmiiller et al. 2001). Other tech-
niques account for the OC component by measuring the amount

of CO, generated as a function of temperature (e.g., Turpin
et al. 1990). However, the existence of multiple protocols for
the heating/oxidation process leads to significant uncertainty
in the distinction between OC and BC provided by differ-
ent instruments (Countess 1990; Schmid et al. 2001). Further,
BC-like products of OC pyrolysis can lead to an overestimate
of the BC mass. The analysis using these instruments is per-
formed either as a batch process or with limited time resolution
(~30 minutes).

Two techniques tested in the present study that do not fall
clearly into either of the above categories are the Single Particle
Soot Photometer (SP2) and a mass balance technique derived
from tandem measurements with the Aerodyne Aerosol Mass
Spectrometer and a Scanning Mobility Particle Sizer (AMS-
SMPS). Both of these instruments are described in the follow-
ing section. In the SP2, laser-induced incandescence is empiri-
cally related to BC mass. In the AMS-SMPS, the BC content is
assumed to be the refractory component of the particles and is
obtained by mass balance of the measured non-refractory organ-
ics and the total particle mass, which is derived from effective
diameter measurements.

Several inter-comparisons of BC-measuring instruments
have been previously conducted. A comparison at Colorado
State University in 1980 of the then state-of-the-art techniques in
optical and chemical measurement of BC showed measurement
differences by about a factor of two to three among the optical
instruments (Gerber 1982a, b). During the SCAR-B (Smoke,
Clouds, and Radiation—Brazil) experiment in Brazil, biomass
burning aerosols were analyzed by six methods (optical ex-
tinction cell, integrating plate, optical reflectance, particle soot
absorption photometer (PSAP), thermal evolution, and remote
sensing) and uncertainties in BC mass on the order of 20-40%
were reported (Reid et al. 1998). The PSAP and integrating plate
methods overestimated the BC content due to a significant res-
ponse to non-absorbing particles (Bond et al. 1999; Horvath etal.
1997). At the AIDA (Aerosols, Interactions, and Dynamics
in the Atmosphere) aerosol chamber (Karlsruhe, Germany)
diesel particles and artificial spark-generated soot, in external
mixtures with (NHy),SO4, were analyzed with several tech-
niques, including photoacoustic spectrometry and aethalometry
(Saathoff et al. 2003a). Significant differences in both particle
morphology and optical properties were observed between the
diesel and spark-generated soot. In a comparison of optical and
thermal analysis techniques conducted on particles in urban and
remote regions of Canada, Sharma et al. (2002) found that the
conversion of optical data to BC mass needed to be adjusted
for both the aethalometer and PSAP depending on the particle
sources.

In the recent Reno Aerosol Optical Study (RAOS) (Sheridan
et al. 2005; Arnott et al. 2005; Petzold et al. 2005), laboratory
inter-comparison of aerosol light absorption measurements
was made using a PAS, MAAP, PSAP, folded-path Optical
Extinction Cell, three cavity ring-down extinction instruments,
nephelometers, and optical particle counters. The laboratory
aerosols studied were external mixtures in varying combinations
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of (NHy4),SO,4 with either graphite particles or kerosene soot.
Reference light absorption values were set as the average of
photoacoustic measurements at 532 nm and a measurement
derived from the difference of extinction and scattering
measurements. The MAAP readings were in agreement with
the reference absorption to within about 12% (Petzold et al.
2005). However, the accuracy of the PSAP readings showed a
dependence on the aerosol single scattering albedo that could
be traced to corrections needed in the filter loading algorithm.
(Virkkula et al. 2005).

Here we report results from an inter-comparison study
conducted at the Boston College laboratories during May
2005 utilizing the following four techniques: the Aerosol Mass
Spectrometer-Scanning Mobility Particle Sizer (AMS-SMPS)
(Slowik et al. 2004; DeCarlo et al. 2004), the Single Particle
Soot Photometer (SP2) (Schwarz et al. 2006), the Multi-Angle
Absorption Photometer (MAAP) (Petzold et al. 2002), and the
Photoacoustic Spectrometer (PAS) (Arnott et al. 1999). An
optical detection module in the AMS and a Scanning Electron
Microscopy (SEM) sampling system were also employed. The
MAAP and PAS represent filter and non-filter based absorption
measurements, respectively. The SP2 and AMS-SMPS are
measurements that do not fall clearly into any of the categories
given above, although the AMS-SMPS is related to the thermal
methods described in that it identifies BC as the refractory
component of a particle.

An aim of the present study is to compare simultaneous mea-
surements of refractory mass, measurements of incandescence,
and measurements of optical absorption performed on the same
ensemble of aerosols. All of these measurements can be reported
in terms of mass, in which case we refer to the measured quan-
tities as “refractory mass,” “incandescent mass,” or “optically
absorbing mass.” We expect that while perhaps not identical, the
material responsible for all these properties is principally com-
posed of carbon, with few attached hydrogens. When discussing
the material responsible for these properties in a general way, we
will refer to it as “black carbon” (BC). Commercially-produced
carbon spheres are also utilized in this study. The material com-
posing these particles is referred to as “glassy carbon” (GC).

The key and novel features of these inter-comparison ex-
periments were the following: (1) Soot particles were well-
characterized with respect to the source fuel-to-oxygen ratio,
particle size, shape, fractal dimension, and composition. (2) The
effect of controlled coatings composed of liquid oleic acid and
solid anthracene on BC detection and particle light absorption
was measured. (3) The measurement techniques investigated the
black carbon content and optical properties of particles in real or
near real-time in contrast to thermal/extraction filter techniques
that require a significant delay and/or filter handling between
collection and analysis. (4) The experiments specifically inter-
compared measurements of light absorption, incandescent mass,
and refractory mass. The studies test the common assumption
that these quantities are approximately the same, and address
some of the outstanding issues and assumptions incorporated in
the operation of the selected instruments.

DESCRIPTION OF INSTRUMENTS

Aerosol Mass Spectrometer-Scanning Mobility Particle
Sizer (AMS-SMPS)

The AMS-SMPS yields a measure of the refractory particle
mass, which in this experiment is expected to be approximately
equal to the BC mass. Detailed instrument descriptions are avail-
able in the literature for both the AMS (Jayne et al. 2000; Allan
et al. 2003; Jimenez et al. 2003) and the SMPS (see for example
Flagan 1999). Here we address only differences from standard
instrument operation and the application of the instrument read-
ings to the particles studied.

In the AMS, particles are sampled from a gas flow at ambi-
ent pressure into an aerodynamic lens (2 torr). The lens has the
dual purpose of focusing the particles into a narrow beam and,
by expansion into a vacuum system (~10~* torr), accelerating
them to a velocity inversely related to their vacuum aerodynamic
diameter (d,,). The particles strike a heated surface where the
non-refractory components are vaporized. The resulting gas is
ionized by electron impact (45 eV) and detected by a quadrupole
mass spectrometer at ~10~7 torr. In one mode of operation, the
particle d,, is obtained from the particle time-of-flight between
a spinning chopper wheel near the outlet of the lens and the
vaporizer surface. In a second mode of operation, the particle
beam is alternately blocked and unblocked, yielding a quanti-
tative mass spectrum of all non-refractory components. A mass
spectral response is obtained in both modes of operation from
the non-refractory flame-generated PAHs and aliphatics that are
contained in all soot particles studied here.

The AMS used in this study is also equipped with an opti-
cal detection module, which functions as an additional detector
when the AMS is used to size particles. This system provides
the particle d,, for both refractory and non-refractory particles
(Cross et al. 2007). This is a useful feature because the AMS
alone does not respond to the glassy carbon spheres used in this
study as calibrating particles for the SP2 instrument.

The SMPS part of the instrument is a combination of a dif-
ferential mobility analyzer (DMA) (Model 3080, TSI Inc., St.
Paul, MN, USA) and a condensation particle counter (CPC)
(Model 3010, TSI inc., St. Paul, MN, USA). In the current ex-
periments, the DMA scans through the particle size distribution
with a period of two minutes, while the CPC counts the number
of particles in each size bin. The scanning DMA is operated at a
sheath/aerosol flow ratio of 10:1 (sheath flow = 3 L/min; aerosol
flow = 0.3 L/min), yielding a DMA size transmission width of
approximately +10%. The SMPS measures the mobility diam-
eter (d,,) and total particle concentration in the flow. In cases
where more than one particle mode is present, due to multiple
charging of aerosol particles, the size distributions are corrected
by an algorithm provided by the instrument manufacturer. An
additional check on the particle concentration is obtained by
comparison of the SMPS measurement with a stand-alone CPC.

The AMS alone cannot measure the refractory content
of aerosol particles. To measure refractory content, the two
normally stand-alone instruments, the AMS and the SMPS,
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are combined to provide complementary information about the
aerosol particles. The SMPS instrument provides the particle
mobility diameter, d,,,. The AMS yields the vacuum aerodynamic
diameter, d,,,. From the quantitative mass spectrum provided by
the AMS and the total particle concentration provided by the
SMPS, we obtain the per particle mass of each non-refractory
component. The coupled AMS-SMPS measurements of d,,, dy,
and the non-refractory composition of the particles are used in
Equations (1-3) to determine particle volume, shape, density,
and composition (DeCarlo et al. 2004; Slowik et al. 2004).

d,, = due X Ce (dn) (1]
C. (dye)

o dye <mREF + mpay + maL + mCOAT) 2]

= MREF MPAH mar mcoAr
XPo PREF + PPAH + PAL + PCOAT

MREF + Mpag + Mar + Mcoar

_6 ve

MREF + MPpAH + mar McoAT
PREF PPAH PAL PCOAT

. zd3 (mREF + Mpap +mar + mCOAT) [3]

In these equations, d,, is the volume equivalent diameter (de-
fined as: particle volume = 7d°,/6), x is the dynamic shape
factor (defined as the ratio of the drag on a particle to the drag
on a sphere with diameter d,.), C.(d) is the Cunningham slip
correction factor, pg is unit density (1.00 g cm ™), PREF»> PPAH
pAL, and pcoar are the material densities of the refractory com-
ponent, flame-generated PAH, flame-generated aliphatics (AL),
and coating material (if any), respectively (values for these den-
sities are given in Table 1), and the “mgypserip:” terms are the
mass per particle for the individual species. Note that in Equa-
tions (2) and (3), the expression in parenthesis is equal to particle
density, p,. (That is, p, = sum of component masses/sum of
component volumes.) Equations (1-3) contain only measured
quantities (d,q, d,,, and the non-refractory mass components),
estimated quantities (material densities), and three unknowns
(dye, x, and mggr). These equations are solved to yield the un-
known values. Errors are calculated for each of the measured

TABLE 1
List of constants used in AMS-SMPS calculation of refractory
mass (AL = aliphatics)

Constant Value
Material density of black carbon (pc¢) 1.8gcem™
Material density of GC spheres (pgc) 1.5gem™

Material density of flame-generated PAHs (ppay) 1.3 gcm™

Material density of flame-generated 0.8 gcm™
aliphatics (paz)

Material density of oleic acid (pp4) 0.9 gcm™3

Material density of anthracene (p 4x) 1.3gcem™

quantities in Equations (1-3) and propagated through the solu-
tion process via a sensitivity analysis. We report the error as 1
standard deviation.

The fractal dimension (D) is obtained from the mass-
mobility relationship, given in Equation (4) (Park et al. 2003).

m, =C'dy’ (4]

Here m, is the particle mass, and C' is a proportionality constant.
The fractal dimension has a maximum value of 3 (for a sphere)
and aminimum value of 1 (for a linear chain of primary particles)
(see for example DeCarlo et al. 2004).

It is shown in Slowik et al. (2004) that m, as calculated by
this method depends mostly on the measurements of d,,, and d,,
and does not depend strongly on p ,. For example, a 50% uncer-
tainty in p, results in an uncertainty of only about 10% in m,,.
Therefore, even if the density of the refractory component is not
well known or the particle contains more than one refractory
species, the refractory mass can still be determined. However,
the AMS-SMPS does not directly provide the chemical identity
of the refractory material(s). As a result, for particles contain-
ing an unknown refractory component or a mixture of multiple
refractory components in unknown proportions, the refractory
volume, density of refractory material, and the relative amounts
of the different refractory species remain unknown.

The AMS-SMPS measurement of refractory mass is simi-
lar in principle to the method used by Park et al. (2003), who
obtained effective density by measuring mobility diameter, aero-
dynamic diameter, and particle mass.

Single Particle Soot Photometer (SP2)

The operating principles of the SP2 instrument are described
elsewhere (Stephens et al. 2003; Baumgardner et al. 2004;
Schwarz et al. 2006). Two SP2 instruments were used in these
experiments; one operated by NOAA, the other by Droplet Mea-
surement Technologies (DMT). Sample aerosol particles pass
through an air jet and intersect an intense, intra-cavity, contin-
uous Nd:YAG laser beam (1064 nm). Lenses on four separate
optical axes capture light emitted or scattered by particles in the
laser beam and image it onto avalanche photo-detectors (APD).
Scattered laser light is used to size non-absorbing particles. In ad-
dition to scattering light, black carbon and other refractory parti-
cles absorb laser light, reach incandescence, and vaporize within
the beam. In the NOAA SP2, two avalanche photo-detectors
measure incandescent light over “broadband” (~350-800 nm)
and “narrowband” (~630-800 nm) wavelength intervals defined
with optical filters. The ratio of responses in the two detectors
is related to the color temperature of the incandescing aerosol
and can be used to determine the particle vaporization tempera-
ture. Vaporization temperature provides information about pos-
sible particle composition. (Stephens et al. 2003; Schwarz et al.
2006). The DMT instrument employed two filtered detectors,
both in the 400—800 nm range. The peak incandescence signal is
proportional to incandescent mass (this study and Schwarz
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et al. 2006). The detector signals from individual particles are
recorded and stored for analysis. The SP2 was calibrated dur-
ing this study using glassy carbon spheres, which have a known
density and can be size-selected with a DMA.

Multi-Angle Absorption Photometer (MAAP)

A detailed description of the MAAP is provided in the lit-
erature (Petzold et al. 2002; Petzold and Schonlinner 2004). In
this instrument, particles are deposited on a quartz fiber filter.
A continuous 670 nm laser is passed perpendicular through the
filter matrix and the transmission is measured. The decrease in
the transmitted light is due to two factors: (1) absorption by the
particles on the filter and (2) scattering by the particles and fil-
ter matrix. Additional detectors placed at selected angles permit
full characterization of the scattered light and thus allow the
determination of the absorbance of the particle layer on top of
the filter (Petzold and Schonlinner 2004). The aerosol absorp-
tion coefficient (Bys) at 670 nm is calculated from absorbance
and instrument geometry (Petzold et al. 2002). (B, is defined
in terms of the fractional decrease in the light intensity (//[)
due to absorption and the optical path length (z) as Bgps = —
In(1/1y)/z.) For proper operation under the flow conditions in
the present experiments, the internal plumbing of the commer-
cial unit had to be modified. Such a modification does not affect
the instrument response.

Calibration of B, with the VDI 2465 part 1 thermal ref-
erence method (VDI 2465 part 1, 1996) yields an empirically
determined mass-specific aerosol absorption coefficient (o 4ps)
(Petzold and Schonlinner 2004). In the VDI 2465 part 1 reference
method, particles are collected on a filter, the organic carbon is
removed by solvent extraction and thermal desorption, and the
remaining BC is quantified by combustion. A narrow range of
values for o 4p; (6.4-6.6 m? g~1) was found to provide a good fit
to urban particles collected at several sites. A value of o4, =
6.6 m?>g~! is currently used in the instrument. The parameters
o aps and By are used to calculate the instantaneous BC mass
loading on the filter from the measured absorbance.

The B,,s and BC mass on the filter is monitored at a rate
of 1 Hz. The flow rate carrying the particles through the filter
is also measured. Together, these two measurements provide
the mass concentration of BC (ug/m?). In this experiment, a
condensation particle counter (CPC) is used to normalize the
measured BC mass loading to the particle number concentration.
In this way, direct comparison with the SP2 and AMS-SMPS is
made possible.

Photoacoustic Spectrometer (PAS)

A detailed description of the PAS is found in the literature
(Arnott et al. 1999; Arnott et al. 2005b). In this instrument,
particles are irradiated by laser light (870 nm) modulated at
1500 Hz. The corresponding heat produced within the particles
by the absorbed laser light is rapidly transferred to the surround-
ing gas, producing an increase in pressure detected as a stand-

ing acoustic wave by a microphone (Arnott et al. 1999). This
acoustic pressure is used together with instrument parameters to
calculate the aerosol absorption coefficient (B,;;) (Rosencwaig
1980; Arnott et al. 1999; Arnott et al. 2000). The parameter B,
has been empirically related to the BC mass concentration by a
mass-specific absorption coefficient (o 45 ) obtained by calibra-
tion with a thermal/optical reflectance carbon analyzer (Chow
et al. 1993; Moosmiiller et al. 2001). For the wavelength used
in the current study (870 nm), a value of o, = 6.2 m”> g~ ! is
used.

Because the PAS provides a non-destructive measurement of
particle absorption and BC content, it can be used in series with
other instruments. In the present studies, the MAAP instrument
followed the PAS. The insertion of the PAS does not result in
detectable particle losses. As with the MAAP instrument, here
also the condensation particle counter (CPC) is used to normalize
the measured BC mass loading to the number of particles for
comparison with the SP2 and AMS-SMPS.

PARTICLE GENERATION

Uncoated Soot

A schematic of the apparatus for the inter-comparison studies
is shown in Figure 1. Particles were generated in a commercially
available McKenna burner by the combustion of a mixture of
C,Hy (ethylene) and O, premixed with a dilution flow of N,
and surrounded by a sheath flow of N,. To achieve the range
of flame and particle properties desired, the ethylene flow was
varied between 1.8 and 4.2 L/min, the O, flow between 2.2 and
4.5 L/min, and the dilution N, between 2.2 and 4.7 L/min. The N,
sheath flow was held constant at 25.4 L/min. The particles were
sampled through an inlet consisting of two concentric stainless
steel tubes (see inset to Figure 1). Particles were carried up the
inner tube while a separate carrier gas (N) flow (14.5 L/min)
was passed down the outer tube and then back up the inner tube,
as shown. The gas flow around the lip of the inner tube prevents
soot buildup in this region and dilutes the particle concentration.
The gas flow was then passed through an impactor to remove
particles larger than about 5 um. At this point, most of the gas
flow was diverted by a pump with only a small fraction (5—10%,
depending on flame conditions) sampled into the system.

In order to generate a monodisperse particle size distribution,
two DMAs were used. In a DMA, the particles are sized by their
electric mobility, which is related to particle mobility diameter
(dy,) divided by charge (g). If particles with mobility diameter
d,, and g = 1 are selected, then particles with mobility diameter
2xdyandq = 2,3 xd,; and g = 3, and so on are also transmit-
ted. Therefore, at any instrument setting, multiple particle size
modes may be transmitted by the DMA. Because the polydis-
perse size distribution is determined by the flame conditions, the
number of modes and fraction of particles in each mode depend
on both the selected d,, and flame conditions. The number of
transmitted modes is limited by the range of the polydisperse
size distribution. In the present experiment, it was common to
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Soot Production and Sampling
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FIG. 1. Apparatus for soot production, processing, and analysis. Particles, continuously produced at the burner, flow through the system. Where the particle flow
is split, sampling is performed isokinetically to avoid distortion of particle size distribution.

find 3 particle modes transmitted by the first DMA. The second
DMA was set to select only the ¢ = 2 particles transmitted by
the first DMA (excluding the ¢ = 1 and ¢ = 3 modes).

The second DMA was not used at the beginning of the study.
Although the addition of the second DMA improved the size
distributions, modes other than the selected size modes still
contributed significantly to the total mass. The second DMA
improved the monodisperse character of the particle size distri-
butions from ~60% (£ 25%) by volume to ~80% (% 20%).
There was no systematic difference in the results using the two
setups. Therefore, no distinction between the data obtained with
the two setups was made in the data analysis. A sample SMPS
size distribution is shown in Figure 2 for particles produced at ¢
= 3.5 and d,, ~ 190 nm. The second peak in the figure are the
particles transmitted by the size-selecting DMAs at ¢ = 2. The
diameter of these particles is approximately 380 nm.

Due to the flow requirements of the system and the need
to sample particles of a large size, the sheath/aerosol flow rate
in the DMA (one or both) was ~4:1 (sheath flow ~8 L/min;
aerosol flow ~2 L/min). Under these flow conditions, the res-
olution of the DMA instruments is approximately &+ 30%. The
series combination of the two DMA instruments yields a resolu-
tion of approximately & 20%. After size-selection, the flow was
isokinetically split and passed into the sampling instrumentation
where BC content and optical properties were measured.

Coated Soot
Soot particles were produced by the method described in the
previous section. After size-selection, the particles were passed

over a heated reservoir of the specific organic species. The coat-
ings studied in these experiments were oleic acid (a liquid or-
ganic acid) and anthracene (a solid polycyclic aromatic hydro-
carbon). The organic vapor was entrained in the particle stream,
and the mixture was cooled to room temperature, causing the
vapor to condense on the particles. The thickness of coating
was controlled by the reservoir temperature. The particles were
analyzed by the instrumentation shown in Figure 1.

For the higher oleic acid temperatures, some nucleation of
pure oleic acid particles was observed. Under these circum-
stances, the SMPS number distribution was used to correct the
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FIG. 2. Sample SMPS size distribution for particles produced at ¢ = 3.5 and
selected at d,;, ~ 190 nm.
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CPC measurement to provide a count for only the coated soot
particles. This corrected CPC measurement was used to derive
the mass per particle from the MAAP and PAS as described in
the Experimental Results section.

Glassy Carbon Spheres
In addition to the flame-generated soot described above, stud-

ies were also conducted with commercially-produced glassy car-
bon (GC) spheres (Glassy Carbon Spheres, Type 11, Alfa Aesar,
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TABLE 2
Fractional composition by mass of uncoated soot particles
Fuel BC Mass PAH Mass AL Mass
Equivalence Fraction Fraction Fraction
Ratio (¢) (£ 0.10) (£ 0.10) (£ 0.10)
2.3 (fractal) 0.90 0.05 0.05
2.8 (fractal) 0.85 0.10 0.05
3.5 (fractal) 0.75 0.20 0.05
5.0 (near-spherical) 0.60 0.35 0.05

Ward Hill, MA, USA). The GC spheres were suspended in water
and atomized by a TSI Model 3076 Constant Output Atomizer
(TSI, St. Paul, MN, USA). The particles were dried in a diffusion
dryer containing anhydrous calcium sulfate (Drierite, Aldrich,
Milwaukee, WI, USA). Dried particles with mobility diameters
of 160, 205, 290, 315, 420, and 465 nm were selected, though
other sizes were present due to the multiply charged particles
passed by the DMA as described earlier. After size-selection,
the particles were analyzed by the instrumentation shown in
Figure 1. The particles were spherical and had a manufacturer-
reported density of 1.42 g/cm?. This density was confirmed us-
ing tandem measurements of the AMS and SMPS. Because the
particles are spherical and have no internal voids, d,,/d,, equals
both the particle density and material density. The d,,/d,, mea-
surement yielded a density of 1.42 4 0.09 g/cm?. The refractive
index of the GC spheres is unknown. A value of n = 2 +4i1 was
assumed for Mie scattering calculations by Gao et al. (2007).

SOOT PARTICLE CHARACTERIZATION

The particles were characterized in terms of their size, shape,
fractal dimension, and composition by the AMS-SMPS. De-
tails of the characterization procedure are found in Slowik et al.
(2004) and were summarized in the previous section.

Uncoated Soot

The properties of the flame-generated soot particles depend
on the fuel equivalence ratio (¢) of the flame, defined as ¢ =
(molecular fuel/O, ratio in the flame)/(molecular fuel/O, ratio
for complete combustion to CO, and H,O). Soot particles were
produced from flames at five fuel equivalence ratios (¢ = 2.3,
2.8, 3.5, 5.0, and 6.0). Flames with ¢ < 4 produce soot con-
sisting of fractal aggregates of BC spherules, while flames with
¢ > 4 produce near-spherical soot with similar amounts of BC
and non-refractory organics, with a near-step transition at ¢ =
4.0 (Slowik et al. 2004). Unfortunately, due to the flow and par-
ticle concentration requirements of the various instruments, the
soot sampling apparatus was run under conditions that necessi-
tated a higher-than-optimal flowrate through the sampling probe
shown in the inset to Figure 1. At the high flowrates used in this
experiment, the sampled region of the flame was geometrically
large enough to encompass a range of flame conditions due to
dilution from the N, sheath flow. As a result, at ¢ > 4 a signifi-
cant number of fractal particles were mixed with the non-fractal
ones. The mixed fractal and near-spherical particles, along with

the multiply charged particles passed by the DMA, complicated
analysis for flames with ¢ > 4. Therefore the results presented
here are all for fractal soot particles produced at ¢ < 4.

At each ¢, particles were size-selected by the DMA (see
Figure 1) over a range of mobility diameters’ from 100 nm
to 460 nm. The morphology and composition of the parti-
cles depend on both ¢ and d,,. The soot particles consist of
BC, polycyclic aromatic hydrocarbons (PAH), and aliphatic hy-
drocarbons (AL). The fractional composition as measured by
the AMS-SMPS is shown in Table 2. As shown in the table,
the mass fraction of BC is ~90% for particles produced in the
flame at ¢ = 2.3 and decreases to ~75% for ¢ = 3.5. This
change in composition is due to reduced oxygen (less com-
plete combustion) and therefore more PAH compounds formed
that condense on the particles (Slowik et al. 2004 ). The fractional
composition depends only on ¢ and is independent of particle
size.

Two quantities are used here to describe the particle morphol-
ogy: the fractal dimension (D) and the dynamic shape factor
(x). For ¢ < 4, Dy is constant and found to be 1.7 & 0.1, in-
dicating that the particles are fractal. The dynamic shape factor
(x) is defined as the ratio of the drag on a particle to the drag on
a sphere of equal volume to the particle. For a sphere, x = 1,
and for non-spherical particles, generally x > 1. For the fractal
soot particles studied here, x increases with increasing d,, and
decreases with increasing ¢. The inverse relationship between
x and ¢ is due to increased PAH condensation on the soot par-
ticles at higher ¢ (see Table 2) which perhaps smoothes over
the surface structure of the particles (Slowik et al. 2004). In this
study, observed values of x range from 1.3 (¢ = 2.8, d,, = 100
nm) to 3.6 (¢ = 2.3, d,, = 460 nm).

To confirm the soot characterization provided by the AMS-
SMPS, Scanning Electron Microscope (SEM) images of the
soot were obtained. Particles were sampled on Nucleopore clear

>The complete set of selected d,, values is as follows: Uncoated
soot: at ¢ = 2.3, d,, ~ 185,250, 285, 320, 460; at ¢ = 2.8, d,, ~ 110,
175, 190, 220, 285, 340, 345, 420, 460; at ¢ =3.5,d,, ~ 170, 220, 245,
260, 330, 345, 460; at ¢ = 5.0, d,, ~ 160, 210, 270, 330, 345; at ¢ =
6.0, d,, ~ 160, 335. For thin OA, thin AN, and thick AN coatings: at
¢ =2.3,2.8, and 3.5, d,, ~180, 240, 345; at ¢ = 5.0, d,, ~ 345. For
thick OA coatings: at ¢ = 2.3, 2.8, 3.5, and 5.0, d,, ~230, 470.
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FIG. 3. Scanning electron microscope (SEM) images of soot at four different equivalence ratios: ¢ = 2.3 (a), ¢ =2.8 (b), ¢ =3.5(c), and ¢ = 5.0 (d).

polycarbonate 13-mm diameter filters mounted in Costar Pop-
Top Membrane holders. The filter samples were kept in refrig-
erated storage. The samples were later coated with a 1 nm-thick
layer of platinum to prevent particle charging during SEM anal-
ysis. The coated filters were analyzed with a Hitachi Field Emis-
sion Scanning Electron Microscope Model S-4700 (accelerating
voltage: up to 30 kV, magnification: 50 X to ~ 500,000 X) and
a Hitachi Field Emission Scanning Electron Microscope Model
S-4800 (accelerating voltage: up to 30kV, magnification: 50 X
to ~ 700,000 X).

For each set of experimental conditions, approximately 200
particles were analyzed by SEM for particle shape, fractal di-
mension, agglomerate size distribution, and monomer size dis-
tribution. Particle mass was also estimated, though this mea-
surement may be distorted due to evaporation of non-refractory
organics in the SEM. Only a representative sample of the SEM
data will be shown here.

The particle morphology described by the AMS-SMPS is
also observed in the SEM micrographs shown in Figure 3. This
figure shows SEM pictures of soot particles produced at four
different equivalence ratios (¢ = 2.3, 2.8, 3.5, and 5.0). All par-
ticles have d,, ~ 460 nm, and in Figures 3a—3c, the AMS-SMPS
measurements yield Dy = 1.7 £ 0.1. In Figure 3a (¢ = 2.3),
x = 3.6; in Figure 3b (¢ = 2.8), x = 3.2; and in Figure 3c (¢
= 3.5), x = 2.5. It is evident from these pictures that the soot
particles produced at ¢ < 4 are fractal aggregates composed of
agglomerated BC spherules. Depending on the flame conditions,
typical spherules are 20—-60 nm in diameter. For fractal soot of
dy = 200 nm produced at ¢ = 2.8, the number of spherules
is on the order of 200. For fuel ratios greater than ¢ > 4,

near-spherical soot particles are produced such as shown in
Figure 3d.

The morphology (that is, the size, number, and arrangement
of the primary spherules) of soot particles produced in this study
has been shown to be similar to that of particles produced by
diesel engines at the tailpipe (Park et al. 2004; Slowik et al.
2004). However, the chemical composition of the non-refractory
component is different. The non-refractory composition of the
laboratory-generated particles consists primarily of PAH com-
pounds, while the diesel-generated particles contain mostly un-
burnt fuel and lubricating oils. The refractory component (black
carbon) of the laboratory soot has not been completely charac-
terized but is expected to be similar to that of diesel soot. This
expectation is supported by index of refraction measurements
performed on soot produced in a premixed propane/O, flame to
values for ambient soot. A value of 1.77 + 0.63i was obtained for
the premixed flame (Chang and Charalampopoulos 1990). Both
the real and imaginary parts of this value are in the same range
as the value of 1.68 + 0.56i obtained for diesel soot (Marley
et al. 2001) and the suggested range of values for atmospheric
light-absorbing carbon (1.75 + 0.63i to 1.95 + 0.79i) (Bond
and Bergstrom 2006).

Coated Particles

Coating experiments were performed at ¢ =2.3,2.8, 3.5, and
5.0. However, as was pointed out for uncoated soot, in the present
experiment at ¢ = 5.0 both fractal and near-spherical particles
are produced. Therefore, we present coating experiments only
for ¢ < 5.0 where the coating experiments can be unambiguously
interpreted.
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For the non-spherical particles in this study, there is no single
parameter which can be used unambiguously to express coat-
ing thickness. We measure the total volume (obtained via mass
and density) of the material deposited on each particle. (This
is obtained from AMS-SMPS data by solving Equations [1-3]
for the coated particle and comparing it to the values for the
uncoated particle.) This deposited volume is then converted to
a change in the volume equivalent radius (Ar,,) (7. defined in
terms of volume as volume = 47r?,/3), obtained from the differ-
ence between the volume of the coated particle and the volume
of the uncoated particle. This parameter is the thickness of the
deposited layer as if this deposition were placed on a sphere
with the same volume as the uncoated particle. Clearly, for non-
spherical particles, the parameter Ar,, is not the thickness of the
coating. However, if the morphology of the particle is known,
Ar,, can be related to the actual coating as described in the next
paragraph. The Ar,, representation in itself does not take into
account the specific morphology of the particles nor any changes
in the morphology resulting from the deposition. The reported
uncertainty for Ar,, is one standard deviation of the measured
values for a given set of experimental conditions.

If the morphology of the fractal soot particle is known, Ar,
can be used to estimate the lower limit of the coating thickness
on the particle as follows. The morphology information provides
the size and number of spherules in the uncoated particle (Slowik
etal. 2007). We assume that each spherule composing the fractal
particle is fully exposed to the gas phase and is evenly coated.
The estimated coating thickness is then Ar,*4wr? /(particle
surface area). This expression yields only the lower limit of the
coating thickness because in reality the spherules contact each
other and are therefore not completely coated. To illustrate such
a calculation, consider a particle produced by a flame at ¢ = 2.1
with d,, = 310 nm. As shown in Slowik et al. (2007), such a
particle consists of ~900 spherules of ~15 nm, yielding a ratio
of 4nrﬁe/(particle surface area) ~1/11. At ¢ = 3.5 with d,, =
135 nm, lower limit of the surface area ratio is 1/1.5.

The organic coatings on aerosols affect the particle shape,
fractality, and in some cases even the internal particle morphol-
ogy. Detailed studies of these effects have been performed and
are described in Slowik et al. (2007). In the present study, we
are concerned only with the effect of coatings on the detec-
tion of BC by the instruments involved in this inter-comparison.
Coating thicknesses in two ranges were studied for each type of
coating material (oleic acid and anthracene). The thickness of the
coating was set by the reservoir temperature and was measured
by the AMS-SMPS instrument. For oleic acid, at the reservoir
temperature of 80°C, the coating produced resulted in Ar,, =
10 nm =£ 5 nm, and at 90°C the coating resulted in Ar,, = 50
nm % 10 nm. For anthracene, at the reservoir temperature of
70°C, the coating resulted in Ar,, = 7 nm £ 5 nm and at 80°C,
the coating resulted in Ar,, = 60 nm £ 10 nm.

The AMS-SMPS measurements show that both organic coat-
ings decreased the dynamic shape factor (x) towards a more
spherical configuration. Coating experiments were conducted

with particles having the initial x in the range of 1.6-3.6. The thin
coatings decreased y to 1.3-3.0, respectively. The thicker coat-
ings produced a further decrease in x to 1.1-1.8, respectively.
Although the coatings changed the particle dynamic shape fac-
tor, the fractal dimension remained unaltered at the initial value
of 1.7 £ 0.1 for all coating thicknesses (Ar,, = 10 to 60 nm).
We interpret these results to mean that the coating follows the
original shape of the particle. That is, the coating does not bring
about a significant merging of individual spherules. The results
of coating experiments performed by Saathoff et al. (2003a, b)
are somewhat different. They observed that in the process of
coating, the particles remained fractal however the fractal di-
mension did increase from 1.9 to 2.1. Saathoff et al. attribute
the change in fractal dimension to coating-induced compaction
of the aggregates. Such restructuring could be hindered in the
present study by the presence of flame-generated solid PAH
compounds on the soot particles (Slowik et al. 2007).

EXPERIMENTAL RESULTS

The results of these studies will be divided into two cate-
gories: (1) results obtained with uncoated soot and GC spheres,
and (2) results obtained with soot particles coated with oleic acid
and anthracene.

The BC measurement made by the AMS-SMPS is the re-
fractory mass per particle and the BC measurement made by the
SP2 is the incandescent mass per particle. On the other hand, the
measurement made by the MAAP and PAS is the absorption co-
efficient of the aerosol ensemble in the optical path sampled by
each instrument (B,s). The determination of absorbing mass
from the MAAP and PAS instruments relies on an additional
calibration factor that relates optical absorption to BC content
(obtained by comparison to a thermal method; see instrument
descriptions). This conversion is obtained via a wavelength-
dependent mass-specific absorption coefficient, o ;. Because
of this distinct grouping, we begin the inter-comparison with
separate comparisons of the AMS-SMPS to SP2 (in terms of
the incandescent and refractory mass/particle) and MAAP to
PAS (in terms of B,;y). The additional measurement of number
concentration by the CPC then allows us to convert the MAAP
and PAS readings to an averaged optically-absorbing mass per
particle and to compare these instruments to the AMS-SMPS.

GC Spheres and Uncoated Soot
Comparison of AMS-SMPS to SP2

Under optimal experimental conditions, the size-selecting
DMA provides a monodisperse particle size distribution. The
SMPS identifies the mobility diameter of particles entering the
AMS to within +10 nm. The AMS yields the average d,, and
non-refractory composition of the particle ensemble at the se-
lected mobility diameter. In the SP2, the incandescence signal
is measured for each individual particle.

The experiment is complicated by the presence of more than
one particle mode passed by the size-selecting DMAC(s). Both
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the AMS-SMPS and SP2 are capable of distinguishing between
individual particle modes. However, the separation of the higher
modes in the SP2 instrument is often less clear. Therefore, to
reduce ambiguity, only the particle mode with the smallest d,,
is considered in the comparison of these two instruments.

Two SP2 instruments (operated by NOAA and DMT) were
utilized in this study. In Figure 4, we present inter-comparison
data for the commercial GC spheres. The GC spheres were used
to calibrate the SP2 instruments, because the mass of these par-
ticles can be unambiguously calculated from the measurement
of d,, and d,, provided by the AMS-SMPS. For both instru-
ments, the incandescence peak height was linearly related to
particle mass. Inthe NOAA instrument, mass calibrationis 0.155
fg/incandescence unit. In the DMT instrument, the calibration is
0.1106 fg/incandescence unit. For each instrument, its own cal-
ibration was applied to each data point to yield the incandescent
mass.

The GC mass/particle as measured by both SP2 instruments
using this calibration is plotted vs. the AMS-SMPS measure-
ment. In all inter-comparison figures, the dashed 1:1 line is
shown to aid the eye. The slope of a linear fit forced through
zero is 1.0 &= 0.1 for the NOAA SP2, and 1.0 & 0.2 for the DMT
SP2. The reported errors are one standard deviation of the points
to the best fit line; that is, 68 % of the points fall between the lines
designated by the slope and errors. The slope and errors deter-
mined in this way will be reported for each inter-comparison
plot presented. The slope of a line not forced through zero dif-
fers from the reported values typically by less than 10%. Note
that the 1:1 agreement evident in Figure 4 is due to the fact that
this data set was used to calibrate the SP2 instruments. Deviation
from the 1:1 line indicates potential magnitude of experimental
variability.
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FIG. 4. Incandescent mass per particle measured by the SP2 instruments vs.
refractory mass per particle measured by the AMS-SMPS for commercial GC
spheres. The NOAA and DMT instruments are represented by different symbols.

The SP2 measurements of incandescent mass/particle for un-
coated soot are plotted vs. the AMS-SMPS measurements for the
NOAA and DMT instruments in Figures 5a and 5b, respectively.
Separate symbols are used to represent different equivalence ra-
tios (¢). Both SP2 instruments agree with the AMS-SMPS to
within 15% for uncoated fractal soot. However, the NOAA in-
strument tends to overestimate the BC content, particularly at
relatively high BC mass, while the DMT instrument underesti-
mates it. Although the data from the DMT instrument appear to
be offset from the 1:1 line, subsequent experiments with coated
soot indicate that the data in fact project to a zero-zero intercept.
We also note that the response of the SP2 instruments relative
to the AMS-SMPS is independent of ¢.

We do not know the reason for the 15% difference in response
of the NOAA and DMT instruments, but suspect that it is likely
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FIG. 5. Incandescent mass per fractal soot particle measured by (a) the NOAA
SP2 and (b) the DMT SP2, both plotted vs. refractory mass per particle measured
by the AMS-SMPS. Fuel equivalence ratios are as shown in the figure.
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due to the following factors. The two instruments utilized lasers
set at different powers and were aligned differently. This may
result in output differences as large as 10% due to the location of
particle incandescence. (The response across the face of the APD
detector is not fully linear.) Further, reflections from the DMT
filters, which are mounted differently in the two instruments,
could cause shifts in response as large as 10%.

Comparison of MAAP to PAS

The MAAP measures B,y at 670 nm, and the PAS measures
B,ps at 870 nm. To compare the instruments, the MAAP B,
measurement is converted to 870 nm assuming an inverse wave-
length relationship, which has been observed for BC-containing
particles in previous studies (i.e., Byys = CA~!, where C is
a dimensionless proportionality constant) (Bruce et al. 1991;
Horvath et al. 1997; Bergstrom et al. 2002; Sheridan et al. 2005).

Figure 6 is a plot of the MAAP B, versus the PAS B, for
GC spheres. These instruments were calibrated in other experi-
ments as discussed in the Experimental section. The GC spheres
were not used as a calibrating standard. The slope of the best fit
lines (forced through zero) is 0.9 &£ 0.3 for GC spheres. While
the two instruments agree within experimental error, the MAAP
reading is slightly lower relative to the PAS instrument (~7%).

Figure 7 is a plot of the MAAP B, vs. the PAS B, for
uncoated fractal soot. The fuel equivalence ratios used in the
soot generation are shown in the figure by different symbols.
The readings of the two instruments agree within experimental
scatter. However, the reading of the MA AP in this case is higher
than the PAS by about 20% (slope = 1.2 4= 0.2). The figure shows
that, as was the case with the SP2/AMS-SMPS comparison, the
relative response of the two instruments is independent of the
equivalence ratio.

While the aerosol absorption coefficient (B,p; ) is the primary
measurement of these two instruments, B,,, can be converted
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FIG. 7. Aerosol absorption coefficient (B, ) for fractal soot measured by the
MAAP plotted vs. the PAS. The data for lower values of B is expanded in
(b). Fuel equivalence ratios are as shown in the figure.

to optically-absorbing mass per unit volume and in this way
the MAAP and PAS instruments can be compared to the SP2
and AMS-SMPS instruments. This conversion uses the mass-
specific absorption coefficient (o 45) as stated in the Description
of Instruments section. The PAS uses a o ps_pas of 6.2 m? g~ 'at
870 nm, while the MAAP uses a o gps_paap of 5.1 m?>g~! at
870 nm (converted from its value at the instrument wavelength
of 670 nm via inverse wavelength dependence). As will be dis-
cussed later, the difference in the two o, values may be due
to the accuracy of instrument calibration and/or the type of par-
ticles used to calibrate the instrument. The optically-absorbing
mass measured by the MAAP and PAS is converted to mass
per particle via measurement of the particle concentration with
a CPC (see apparatus diagram in Figure 1). This mass/particle
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FIG. 8. Optically absorbing mass per particle measured by the MAAP vs.
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measurement is the average value for all the particles in the op-
tical path of the MAAP and PAS instruments. That is, the entire
particle ensemble passed by the size-selecting DMA is included
in the calculation of the optically-absorbing mass/particle. In
Figures 8 and 9, the per particle comparisons are made for the
MAAP and PAS instruments for GC spheres and uncoated soot,
respectively. These two figures parallel the comparison made in
terms of B, in Figures 6 and 7. This per particle presentation
made in Figures 8 and 9 will make it possible to inter-compare
all four instruments, as discussed in the next section.
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FIG. 9. Optically absorbing mass per fractal soot particle measured by the
MAAP vs. the PAS. Fuel equivalence ratios are as shown in the figure.

The comparisons shown in Figures 8 and 9 on a mass/particle
basis do not yield the same result as those based on the absorption
coefficient B,p,; (shown in Figures 6 and 7) because the mass-
specific absorption coefficients (o ,p,) are different for the two
instruments. Consequently, the slopes and deviations in Figures
8 and 9 are larger than in Figures 6 and 7. The slope in Figure 8
is 1.0 £ 0.4 compared to 0.9 & 0.3 in Figure 6, and 1.5 0.2 in
Figure 9 compared to 1.2 & 0.2 in Figure 7 for uncoated soot.

The relative response of the two instruments is different for
GC spheres and uncoated soot. Relative to the PAS, the MAAP
measures a smaller absorbance for GC spheres and a larger ab-
sorbance for fractal soot. Based only on Figures 6-9, it is not
evident whether the difference is due to the response of the
MAAP, PAS, or both. However, the results presented in the fol-
lowing section suggest that the difference in the response is due
to the higher reading for uncoated fractal soot obtained from
the MAAP instrument. As will be explained in the Discussion
section, the difference between the results for uncoated soot and
the GC spheres is due to the dependence of o 45, on particle size
for the GC spheres.

Inter-Comparison of the Four Instruments

General Considerations. The inter-comparison of the four
instruments is complicated by the presence of multiple particle
modes passed by the size-selecting DMA. The MAAP and PAS
measure properties of the particle ensemble, the SP2 measures
the properties of individual particles, and the AMS-SMPS yields
an average BC mass for particles belonging to each size mode.
Under ideal conditions, the SP2 measurements of BC mass on
a single particle basis can be converted to an ensemble average.
However, the precision of the SP2 single particle measurement
is inversely proportional to the measured particle mass and un-
der some experimental conditions the modes at higher charges
(larger particles) overlap and are not distinguishable from each
other. Only the mode containing the singly charged, smaller
particles is clearly resolved under the full range of experimen-
tal conditions. The AMS-SMPS, on the other hand, can resolve
all the significant particle modes and therefore this instrument
could provide both an ensemble average and individual particle
mobility diameter mode readings. Therefore the AMS-SMPS is
used as the reference for inter-comparing all four instruments.
Note that the selection of the AMS-SMPS as the reference in-
strument should not be interpreted as an a priori claim on the
absolute accuracy of its measurement.

In the comparison of instrument response to coated and un-
coated particles presented below, the experiments were per-
formed sequentially, which is an experimental necessity. This
procedure is justified by repeated measurements that show the
soot particles produced by the flame under a set of flow condi-
tions to be fully reproducible. From day to day, the refractory
mass measured by the AMS-SMPS for a given d,, and ¢ varies
by less than &= 5%, which is within the measurement error of the
instrument.
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Results of Instrument Inter-Comparison. In Figure 10, the
GC mass/particle for commercial GC spheres is plotted for the
PAS (10a) and the MAAP (10b), both referenced to the AMS-
SMPS. The slope of the best fit line in Figure 10a is 1.0 &= 0.4
for the PAS, and in Figure 10b the slope is 1.0 &= 0.4 for the
MAAP. The corresponding plots for uncoated soot are shown in
Figures 11a and b. The slope of the best fit line in Figure 11a
is 1.0 £ 0.2 for the PAS, and in Figure 11b is 1.5 £ 0.2 for the
MAAP. The per particle plots comparing the SP2 instruments to
the AMS-SMPS are shown in Figures 4 and 5. These four figures
display the full inter-comparison of GC spheres and uncoated
soot.
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FIG. 11. Optically absorbing mass per fractal soot particle measured by (a)
the PAS and (b) the MAAP, both plotted vs. the refractory mass per particle
measured by the AMS-SMPS. Fuel equivalence ratios are as shown in the figure.

The full inter-comparison is presented as a bar graph in Figure
12. In Figure 12, the data from the two SP2 instruments have
been combined and the scatter recalculated. The error bars for
the other instruments in Figure 12 are the ones shown in the
individual comparison plots.

The scatter in the data comparing the MAAP and PAS to the
AMS-SMPS is greater for BC spheres than for uncoated soot.
The increase in the scatter is most likely due to the complica-
tions in extracting the data required to calculate the ensemble
refractory mass from the AMS-SMPS. This is mainly due to
the fact that the polydisperse distribution of the GC spheres is
weighted towards larger particles. This presents two difficulties.
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FIG. 12. Summary of instrument inter-comparison for GC spheres and un-
coated soot. Readings are normalized to the AMS-SMPS measurements.

First, when the distribution is weighted towards larger particles,
the number of multiply charged particles in the larger size modes
increases, making it more difficult to distinguish the individual
modes. Second, the larger modes approach the instrument cutoff
for larger particles, reducing the accuracy of number determi-
nation in this range.

As shown in Figure 12, for uncoated soot, the agreement
between the AMS-SMPS, PAS, and SP2 is within ~10%, while
the measurement obtained from the MAAP data is ~1.5 times
higher. In discussing the uncoated soot measurements obtained
with the MAAP and PAS alone, we pointed out in the previous
section that it was not clear from the results based on just the two
instruments whether the MAAP was over-indicating or whether
the PAS was under-indicating the BC content of uncoated soot.
Comparing the instruments with respect to the AMS-SMPS as
is done in Figure 12 resolves this question and shows that the
MAAP reading is higher for the fractal soot. This result will be
further addressed in the Discussion section.

Coated Soot Particles

The purpose of the coating experiments is to determine
whether an organic coating on a particle affects the measurement
of BC by the different instruments. A partial answer to this ques-
tion can already be obtained by considering the results obtained
with uncoated soot particles described in the previous section.
These particles consist of aggregated BC spherules mixed with
flame-generated organics (mostly PAHs). As shown in Table 2,
depending on the equivalence ratio, the non-refractory organic
component constitutes 5% to 20% of the particle mass. If we
assume that the flame-generated organics coat the aggregate,
then such a coating thickness would result in Ar,, of 1 nm to
15 nm, increasing with ¢. The BC reading of each of the four in-
struments is independent of the equivalence ratio, implying that
organic coatings on the order of ~10 nm do not affect the BC
readings. The coating experiments explicitly explore this issue
for thicker coatings.

nm =+ 10 nm and for anthracene, coatings with Ar,, of 7 nm =+
5 nm and 60 nm £ 10 nm were studied. The thinner coatings
are approximately the same thickness as those generated by the
flame at ¢ = 3.5. The coating experiments were performed at ¢
ranging from 2.3-3.5.

Measurements over the full range of fractal aerosol sizes and
flame conditions showed that the thin experimentally deposited
coatings on soot particles both of oleic acid and anthracene do
not affect the BC measurements obtained from any of the instru-
ments. These measurements are not presented here.

On the other hand, the thicker organic coatings in some cases
had a pronounced effect on BC measurements and the results
are presented here. For each instrument, we will present plots
of the BC mass/particle of coated vs. uncoated particles. Plots
for the AMS-SMPS, SP2, MAAP, and PAS are shown respec-
tively in Figures 13—16. In Figure 14, the SP2 measurements
of anthracene-coated particles include data from both the DMT
and NOAA instruments, while for the oleic acid coatings, only
data from the NOAA instrument are available. The slopes and
standard deviations of the data points are shown in the figures.
Within experimental error, there is no difference in the mea-
surements of anthracene-coated soot particles by the two SP2
instruments.

The readings of the AMS-SMPS and SP2 (Figures 13 and
14) are within experimental error of the 1:1 line, indicating that
the coating does not significantly affect the BC reading of these
instruments. The reading of the MAAP (Figure 15) is within
experimental error of the 1:1 line, although the slope of the best
fit line is ~20% higher. However, as shown in Figure 16, the
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60 nm anthracene coating increases the BC reading of the PAS
instrument by about 65%, which is outside the scatter in the data
points.

The inter-comparison results for both thickly-coated and un-
coated particles are summarized in Table 3 (the thin coatings did
not affect the measurements of BC by any of the instruments).
The BC reading of each instrument relative to the AMS-SMPS
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FIG. 15. MAAP measurement of optically absorbing mass/particle for coated
vs. uncoated soot. Coating materials and Ar, are as shown in the figure.
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is given for GC spheres, uncoated soot, and the thick oleic acid
and anthracene coatings.

DISCUSSION

The present study compares the performance of four types
of instruments with respect to their measurement of BC content
of fractal soot aerosols produced in an ethylene/O, flame. At
the outset of this study, the interpretation of the measurements
provided by each instrument involved certain assumptions. An
important outcome of the experiments was the testing of the as-
sumptions inherent in the instrument operation. The following
discussion will focus on describing the extent to which these
assumptions were clarified. The results obtained with each tech-
nique will be evaluated.

AMS-SMPS

In the initial analysis of the results obtained with the AMS-
SMPS technique (Slowik et al. 2004; DeCarlo et al. 2004), sev-
eral assumptions were made about the nature of the aerosol parti-
cles. Specifically, the particles were assumed to have no internal
voids, the PAH, aliphatic, and BC components were assumed
to be immiscible, and the dynamic shape factor was assumed to
be the same in the free-molecular and continuum regimes. Fur-
ther, it was assumed that the non-refractory component of the
particles does not pyrolyze at the AMS vaporizer and that the
coatings do not evaporate in the aerodynamic lens. The assump-
tion that the coatings do not evaporate in the aerodynamic lens
has been verified for oleic acid by comparing the d,, and d,,, of
pure oleic acid particles, which agree within the measurement
limit (~2%) after accounting for the particle density.
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TABLE 3
BC mass per particle measured by the MAAP, PAS, and SP2 relative to the AMS-SMPS measurement for
GC spheres, uncoated soot, and thick coatings of oleic acid and anthracene. Thin coatings of oleic acid
and anthracene had no effect on the instrument readings.

Oleic Acid Anthracene
Instrument GC Spheres Uncoated Soot Coating (50 nm =£ 10 nm) Coating (60 nm =£ 10 nm)
MAAP/AMS-SMPS 1.0+£04 1.5+0.2 1.5+0.5 1.8+ 0.5
PAS/AMS-SMPS 1.0+ 04 1.0£0.2 1.0+ 0.3 1.6 £04
SP2/AMS-SMPS 1.0+ 0.2 1.14+£0.2 1.34+£04 1.0£0.3

The AMS-SMPS measurement of refractory mass for un-
coated soot agrees within experimental error with the SP2 mea-
surement of incandescent mass and the PAS measurement of
optically-absorbing mass. We note that due to the chemical na-
ture of the particles used in this experiment, these masses are
expected to be similar. Therefore, the agreement between instru-
ment readings expressed as a mass increases one’s confidence
in the measurements provided by these instruments. In the case
of the AMS-SMPS, the agreement suggests that the assump-
tions described above do not introduce significant error into the
AMS-SMPS measurement (because these assumptions are not
involved in the measurements obtained with the SP2 and PAS).
Further, because the calculation of refractory mass by the AMS-
SMPS is tied to particle morphology (see Equations [1-3]), the
agreement between instruments likewise supports the values of
the shape properties provided by the AMS-SMPS.

SP2

Experiments with uncoated soot particles and GC spheres
confirms a key assumption in the interpretation of the SP2 data.
That is, that the peak of the incandescence signal is linearly pro-
portional to BC mass (rather than, for example, the surface area
of the particles). Further, for a given mass, the incandescent sig-
nal is independent of particle morphology. That is, the relation-
ship between the SP2 measurement of incandescent mass and
the AMS-SMPS measurement of refractory mass is the same for
fractal soot and for the GC spheres (see Figures 4 and 5). This
suggests that the GC spheres are appropriate as a calibration
standard for the SP2.

As shown in Figure 14, the BC reading provided by the SP2
is unaffected by the organic coatings used in these experiments.
This suggests that the organic coatings are not charred by the im-
pinging laser light. Rather, they evaporate in the process of laser-
induced heating of the particle. Direct evidence of evaporation
is obtained from a time-resolved analysis of the SP2 signal. The
SP2 detects both a scattered light signal (at the wavelength of the
laser) and a incandescent light signal. For the coated particles,
the SP2 recorded first a signal corresponding to scattered light
from the coated particle followed by the incandescent signal. The
scattered light signal decayed on a timescale of approximately
10 us. This suggests that, in the process of particle heating, first
the non-refractory components evaporate, and then as the tem-

perature rises, BC incandescence is observed. The amplitude of
the scattered light signal is strongly dependent on coating thick-
ness. The incandescent signal is independent of coating. The
time delay between the peak of the scatter signal and the peak
of the incandescent signal is observed to increase with coating
thickness. In these experiments, only coatings readily volatilized
at temperatures up to ~100°C were studied. The effect of less
volatile coatings such as (NH4),SO,4 remains to be examined.

MAAP and PAS
Uncoated Particles

As shown in Figure 7, the aerosol absorption coefficient
(Bgps) for uncoated fractal soot is measured to be 1.2 times
higher by the MAAP instrument than the PAS. A similar dif-
ference between these two instruments was observed during the
RAOS study (Petzold et al. 2005). The reason for this differ-
ence is not yet understood. While particle orientation may play
arole (Fuller et al. 1999), at present this cannot be conclusively
demonstrated.

While the MAAP B, reading is a factor of 1.2 higher than
the PAS for fractal soot, the MAAP reading for GC spheres is
lower than that of the PAS (0.9 of PAS). To understand these
differences, one must examine the dependence of optical ab-
sorption cross-section (o ,p) on particle size. For the uncoated
fractal soot particles, the particles are small relative to the wave-
length because the relevant size parameter is the diameter of the
primary spherules (30—40 nm). In this regime, o, is nearly in-
dependent of particle size. However, in the size range of the GC
spheres, (diameter = 165-460 nm) o 5, decreases with increas-
ing particle size. As a result, with respect to optical absorption,
the uncoated soot particles are the simpler case. Further, the de-
crease in o, With particle size for the GC spheres is greater
for the MAAP than the PAS because the MAAP wavelength is
shorter. Thus, the similar absorption measured for GC spheres
by the two instruments is fortuitous and cannot be simply inter-
preted as an agreement in the absorption measurements provided
by these two instruments. Rather, the agreement in the case of
the GC spheres is due to the GC particle size. This issue is dis-
cussed further in Appendix A, where it is shown that the results
obtained in this study are consistent with modeling results of
Fuller et al. (1999).
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The wavelength and diameter dependence of o, as dis-
cussed above lead to the conclusion that the GC spheres in the
diameter range studied here are not suitable standards for optical
absorption-based instruments in the visible range.

The dependence of o, on particle size may also have im-
plications for absorption-based measurements of atmospheric
aerosols. Laboratory experiments have shown that under certain
conditions (for example, condensation of organics), the structure
of BC fractal aggregates can collapse into a more spherical con-
figuration (Schnaiter et al. 2003; Saathoff et al. 2003b). Such
a structural change could transform the particle into a regime
where the total BC volume, rather than the individual spherules,
determines absorption. In such a case, the optical absorption
would decrease and the optical measurement would have to be
interpreted in terms of both the wavelength of the probing light
and the particle diameter.

As was previously noted in the Description of Instruments
section, the o, values obtained from prior calibrations for
the MAAP and PAS are different (5.1 m’g~" vs. 6.2 m?>g™~!
at 870 nm). The difference in these o5, values may be due to
two factors. First, the previously noted (and unexplained) differ-
ence between the MAAP and PAS measurements of B,;,, would
lead to a discrepancy in o 4. Second, bias may be introduced
by the use of different types of calibration particles and/or dif-
ferent reference techniques for BC mass measurements during
the initial calibration of these instruments. Because the fractal
calibration particles are composed of primary particles that are
small relative to the instrument wavelength, it is not expected
that particle morphology would influence the calibration. How-
ever, the chemical composition of the BC material used for the
calibration of the two instruments may not be the same. Both
calibrations rely on comparison to masses measured via thermal
techniques, which were not the same for the two instruments.
As we note in the Introduction, different heating/oxidation pro-
tocols can lead to significant differences in the amount of BC
mass measured. It is known that there is significant variation
in the properties of BC-containing particles depending on the
particle source (Fuller et al. 1999). The recent review by Bond
and Bergstrom (2006), notes that most of the recorded values of
0 aps fall in the range 4.0-5.4 m?g~! at 870 nm (converted from
550 nm), and suggest the use of 4.7 m?g~! (at 870 nm) as a stan-
dard. The agreement in the BC mass measurement between the
PAS, SP2, and AMS-SMPS for uncoated soot supports the value
for o yps_pas Of 6.2 m? g~ ! obtained by prior calibrations. While
the o 4ps—maap Obtained in prior calibrations was 5.1 m? g_1 , the
inter-comparison experiments with uncoated soot suggest that
the value of o ;55— a4 4p should be about 20% higher, that is, 7.7
m?g~! at 870 nm. (This o 4ps_yaap value converts to 10.0 m>g~!
at the instrument wavelength of 670 nm.)

Coated Particles

Our experiments show that the response of the MAAP and
PAS is unaffected by a Ar,, ~10 nm organic coating of ei-
ther oleic acid or anthracene, or by a Ar,, ~50 nm coating of

oleic acid. In the comparison of the particles covered with a
Arye ~60 nm anthracene coating to the uncoated, the MAAP
readings were ~20% higher, but still within experimental error
of the 1:1 line (see Figure 15). On the other hand, a Ar,, ~60 nm
anthracene coating caused a ~65% increase in the PAS BC read-
ing (see Figure 16).

Neither oleic acid nor anthracene is expected to be a sig-
nificant absorber of light. The increase in the PAS and MAAP
optical absorption measurements for anthracene-coated particles
and the unchanged absorption for particles coated with oleic acid
is perhaps explained by the lensing effect of the coatings. The
magnitude of absorption enhancement due to coatings depends
primarily on the coating thickness and refractive index of the
coating material. The increased absorption due to coatings has
been treated theoretically among others by Fuller et al. (1999).
Direct comparison of modeling studies to laboratory data, how-
ever, is complicated by the non-uniformity and lack of precise
knowledge of the coating in the present studies. As stated in the
Experimental Results section, for the thick coatings the lower
limit for the coating thickness is 5-10 nm and the upper limit
is 50-70 nm. Fuller et al. (1999) predict that a 5-10 nm coat-
ing of a material with refractive index = 1.53 on a 30 nm BC
sphere would increase the optical absorption by ~50%. A 50—
70 nm coating of such a material would increase the absorption
~250%. Decreasing the refractive index of the coating material
from 1.53 to 1.47 reduces the enhancement in absorption by
~30%. In the present study, the coating materials used have re-
fractive indices of 1.46 (oleic acid) and 1.59 (anthracene). With
a linear extrapolation of the Fuller et al. calculation, the absorp-
tion enhancement by anthracene coating can be explained by an
anthracene coating of about 10 nm. A similar coating thickness
of oleic acid would produce an enhancement ~20%, which is
not observable within experimental error.

CONCLUSIONS

Inter-comparison studies with well-characterized fractal soot
particles showed that for uncoated soot particles, the mass mea-
surements by the AMS-SMPS, SP2, and PAS instruments were
in agreement to within 15%, while the MAAP measurement of
optically-absorbing mass was higher by ~50%. It is suggested
that this discrepancy might be a result of the pre-existing MAAP
calibration for conversion of absorption to mass. A 20% differ-
ence in the absorption measurements of the PAS and MAAP
remains unexplained. The agreement between the SP2, AMS-
SMPS, and PAS instruments shows that the SP2 provides a mea-
sure of incandescent mass per particle independent of particle
morphology. The studies also support the AMS-SMPS technique
of determining refractory mass.

Thin organic coatings (~10 nm) did not affect the instrument
readings. A thicker (~50 nm) oleic acid coating likewise did not
affect the instrument readings. The thicker (~60 nm) anthracene
coating did not affect the readings provided by the AMS-SMPS
or SP2 instruments but increased the reading of the MAAP
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instrument by ~20% and the reading of the PAS by ~65%.
The difference between the oleic acid and anthracene coat-
ings is attributed to the different refractive indices of the two
materials.

While the MA AP absorption reading is a factor of 1.2 higher
than the PAS for fractal soot, the MAAP reading for commercial
GC spheres is lower than that of the PAS by a factor of 0.9. The
result was explained by the fact that the GC spheres are not small
relative to the wavelength of light. As a result, GC spheres in the
size range studied here are not suitable as calibration standards
for optical absorption-based instruments in the visible range.
On the other hand, the GC spheres are appropriate as calibration
standards for the incandescence-based SP2.
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APPENDIX A

To understand the difference in the absorption measurements
provided by the MAAP and PAS for uncoated soot and GC
spheres, two factors must be considered: (1) The optical absorp-
tion of the BC/GC material depends inversely on wavelength;
and (2) For particles of a given material with a diameter on
the order of the wavelength of light, the absorption depends on
the relative magnitudes of the diameter and wavelength. Here
we consider the effect of these factors on the MAAP and PAS
measurements of absorption via their effect on the mass-specific
absorption coefficient, o ;.

The simplest case to consider is that of the fractal soot par-
ticles. In the soot aggregates, each spherule absorbs light indi-
vidually. Because these spherules (diameter = 30—40 nm) are
small relative to the wavelength of light used by the MAAP and
PAS (670 nm and 870 nm, respectively), o, is independent
of particle size. For these particles, only the first factor given
above (i.e., inverse wavelength dependence) must be considered
to compare the MAAP and PAS measurements.

We now consider the absorption of the GC spheres at a sin-
gle arbitrary wavelength on the order of the wavelengths used
by the MAAP and PAS. Because these the diameter of these
particles (165 to 460 nm) is on the order of the wavelengths
used by the measuring instruments, only the particle skin partic-
ipates in light absorption. Within this layer, 0,5, is unchanged
from the small particle case discussed in the previous paragraph.
However, because the amount of potentially absorbing but opti-
cally inaccessible material increases with particle diameter, the
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measured o .5, decreases approximately as d~! (see for example
Bond and Bergstrom 2006; Fuller et al. 1999; Horvath 1993).
A crucial difference between the MAAP and the PAS measure-
ment of the GC spheres is that because the skin depth increases
with wavelength, the d -1 dependence of o, is less pronounced
for the PAS (measuring at wavelength = 870 nm) than for the
MAAP (wavelength = 670 nm).

To fully compare the MAAP and PAS absorption measure-
ments for the GC spheres and uncoated soot, the inverse wave-
length and inverse diameter dependences (factors 1 and 2 above)
must be treated simultaneously. In Figure A1, we show o, as
a function of particle diameter for as measured by the MAAP
and PAS instruments. To parallel the treatment of the mea-
surements of these instruments in the body of the paper, the
MAAP measurement has been converted to 870 nm assum-
ing inverse wavelength dependence. However, in light of the
discussion in the previous paragraph, we must stress the im-
portant distinction between directly measuring o 45 at 870 nm
(PAS) and converting a measurement at 670 nm to 870 nm
(MAAP).

Figure A1l is constructed from the calculations of Fuller et al.
(1999) as follows. Fuller et al. present calculations of o, for
diesel soot (refractive index = 2.00 4 1.00i) at 550 nm. We con-
vert their measurements to 670 nm (MAAP) and 870 nm (PAS)
in three steps. (1) We assume inverse wavelength dependence
for the absorbing material (factor 1 above). (2) We account for
the effect of particle size on o, (factor 2 above) by assuming
that o, is a function of the ratio of diameter to wavelength.
That is, 0455 (d = 200 nm, A = 200) = 04ps (d = 400 nm,
X =400). (3) We convert the MAAP measurement of o 4, from
A = 670 nm to A = 870 nm The observed experimental results
for GC spheres are in accord with the response shown in Fig-

14 ——— ———

Oaps at 870 Nm (m’g™)

2§ 4 567809 2
10 100 1000
Diameter (nm)

FIG. Al. Model mass-specific absorption coefficient (o 4ps) at 870 nm mea-
sured by the MAAP and PAS as a function of particle diameter. See text for a
discussion of the assumptions and methods used to generate this figure.

ure Al. Specifically, with the MAAP absorption measurement
for fractal soot a factor of 1.2 higher than the PAS measurement,
0 4ps 10 the range of the GC sphere diameter is shown to be in
the range 0.9-1.0 for the MAAP relative to the PAS. The peak
in o 4 evident for both the MAAP and PAS was not discussed
above and is due to dipolar resonance modes in the spherical
particles (Fuller et al. 1999).



