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Using ATOFMS to Determine OC/EC Mass Fractions

in Particles

Matthew T. Spencer and Kimberly A. Prather

Department of Chemistry and Biochemistry, University of California San Diego, La Jolla,

California, USA

Historically, obtaining quantitative chemical information using
laser desorption ionization mass spectrometry for analyzing indi-
vidual aerosol particles has been quite challenging. Thisisduein
large part to fluctuationsin the absoluteion signalsresulting from
inhomogeneitiesin the laser beam profile, as well as chemical ma-
trix effects. Progress has been made in quantifying atomic species
using high laser powers, but very few studies have been performed
quantifying molecular species. In this study, promising resultsare
obtained using a new approach to measure the fraction of organic
carbon (OC) associated with elemental carbon (EC) in aerosol par-
ticles using single particle laser desorption ionization. A tandem
differential mobility analyzer (TDMA) is used to generate OC/EC
particlesby size selecting EC particlesof a given mobility diameter
and then coating them with known thicknesses of OC measured
using a second DM A. The mass spectra of the OC/EC particlesex-
itingthesecond DM A aremeasured using an ultr afineaer osol time-
of-flight mass spectrometer (UF-ATOFMS). A calibration curveis
produced with a linear correlation (R> = 0.98) over the range of
OC/EC ion intensity ratios observed in source and ambient stud-
ies. Importantly, the OC/EC valuesmeasured in ambient field tests
with the UF-ATOFM S show a linear correlation (R? = 0.69) with
OC/EC mass ratios obtained using semi-continuous filter based
thermo-optical measurements. The calibration procedure estab-
lished herein represents a significant step toward quantification of
OC and EC in sub-micron ambient particlesusing laser desorption
ionization mass spectrometry.
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INTRODUCTION

Carbonaceous species contribute up to as much as 90% of the
total PM 5 particulate mass (Herner et al. 2005; Lim and Turpin
2002; Zheng et al. 2002). Carbonaceous aerosols are tradition-
aly sub-dividedinto two mgjor fractions: elemental carbon (EC)
and organic carbon (OC). Ambient carbonaceous aerosolsrange
from pure OC and EC to a mixture of the two (Burtscher et a.
1998; Katrinak et al. 1992; Kwon et a. 2003; M ader and Pankow
2002). EC isformed from theincomplete combustion of organic
species and originates from sources such as vehicle emissions,
industrial emissions, and biomass burning. The EC fraction is
often referred to as soot or black carbon due to the absorb-
ing properties in the atmosphere (Horvath 1993). OC is aso
released from vehicles, biomass burning, as well as biogenic
sources. OC can be directly emitted into the atmosphere in the
particle (primary organic aerosol) or the gas phase. OC species
in the gas phase often undergo oxidation reactions that lead to
the formation of secondary organic aerosol (SOA) (Odum et a.
1997). SOA will form by homogeneous or heterogeneous nu-
cleation on preexisting seed aerosols. Homogeneous nucleation
is less common in urban environments due to the presence of
significant numbers of “seed” aerosols. The relative fraction of
EC and OC in particles vary as afunction of the particle source
(Kleeman et al. 2000) and change as particlesage (Liousseet a.
1995).

EC particles absorb incoming solar radiation leading to an
increase in radiative forcing (direct effect) (Penner et al. 1998).
The mixing state of EC strongly influences the overall absorb-
ing properties of EC particles (Jacobson 2001). The addition
of an organic coating to an EC core has been shown to in-
crease the absorption coefficient of the aerosol by up to 35%
(Schnaiter et al. 2003). Furthermore, EC, whichisnormally con-
sidered a hydrophobic aerosol species, often undergoes aging
processes that result in increased hydrophilic properties via di-
rect oxidation or coating with polar organic species (Zuberi et al.
2005). This change in the surface properties of EC parti-
cles increases their ability to act as cloud condensation nu-
clei (CCN), enhancing their indirect effect on climate (Novakov
and Penner 1993; Saxena et al. 1995; Weingartner et al. 1997).
A better understanding of the level of mixing between EC
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and OC in ambient particles is needed to quantitatively as-
sess the overall impact carbonaceous aerosols have on climate
change.

Single particle mass spectrometry is atool that can be used
to directly probe the particle mixing state of laboratory gener-
ated soot and ambient particles (Guazzotti et al. 2001b; Kirchner
et a. 2003; Whiteaker et a. 2002). The ATOFM S measures the
aerodynamic diameter of individual particlesand then uses|aser
desorption/ionization coupled with adual polarity time-of-flight
mass spectrometer to obtain positive and negative ion informa-
tiononindividual particles(Gardet al. 1997; Prather et al. 1994).
ATOFMS has been used in a number of atmospheric measure-
ment campaigns and provides complementary information on
aerosol chemistry and particle variability in the environment
(Beddows et al. 2004; Guazzotti et al. 2001a). Single particle
mass spectrometers such as ATOFMS provide information on
the number concentrations of chemically distinct particle types,
showing how these concentrations change over time (Liu et al.
2003; Pastor et a. 2003).

It has been questioned as to whether laser desorption ion-
ization (LDI) analysis of aerosols can be used to quantitatively
assess the amounts of specific chemical species such as OC
and EC in ambient particles. Achieving quantitative chemical
information on aerosols using ion intensities produced by LDI
has had limited success to date (Bhave et a. 2002; Fergenson
et al. 2001; Grosset a. 2000; Leeet al. 2005; Smith et al. 2002;
Woodset al. 2001). Themost promising quantitativeresultshave
been obtained for LDI processes producing atomic ions (Lee
et a. 2005; Reents and Ge 2000). However, more detailed in-
formation on the organic species or the source producing the
species contained within a particle is lost when the particle is
ablated and ionized to the atomic level. Indeed, determining the
relative fractions of chemical species within a single particle
is quite challenging due to differences in the laser pulse en-
ergy encountered by each particle during the ionization process.
Absolute ion area has been shown to fluctuate by as much as
59% from monodisperse aerosol particles with the same com-
position (Gross et a. 2000). These differencesin ionization be-
tween chemically similar particles have been attributed to an
inhomogeneous laser beam profile (Wenzel and Prather 2004).
Furthermore, matrix effects between dissimilar particles can
also produce differences in the ion abundances. However, as
shown herein, averaging the mass spectra of an ensemble of
particles of the same size with similar chemical composition
reduces the effects of the shot-to-shot single particle ion signal
fluctuations.

Thisarticledescribesaninitia effort to usethe ratios of mass
spectral ion signal intensities to establish OC/EC mass frac-
tionsin ambient carbonaceous aerosol susing an ultrafine aerosol
time-of -flight mass spectrometer (UF-ATOFMS). A key compo-
nent of thisstudy involvescreating and characterizing theion re-
sponseto laboratory generated OC/EC particles using atandem
differential mobility analyzer (TDMA) (Rader and McMurry
1986) coupled with an ATOFMS. The resulting OC/EC val-

ues measured with an ATOFM S are compared to those obtained
with astandard OC/EC thermo-opti cal method for carbonaceous
particles sampled during vehicle source tests. Establishing cor-
relations between ion signals and OC/EC mass fractionsin par-
ticlesrepresents asignificant step in our ability to quantitatively
assess the different chemical components in ambient aerosols
using single particle mass spectrometry.

EXPERIMENTAL

A description of the UF-ATOFMS is given in detail else-
where (Su et a. 2004). Briefly, the UF-ATOFM S measures the
vacuum aerodynamic diameter (dy) of particles between 50—
1000 nm and adual polarity mass spectrum for each individual
particle.

Particle Generation

A schematic of the experimental set-up used for these ex-
periments is shown in Figure 1. Elemental carbon (EC) par-
ticles were generated using a spark discharge across graphite
rodswith acommercially availableinstrument (GfG 1000, Palas
generator) (Helsper et a. 1993; Roth et al. 2004). A spark fre-
quency of 200 Hz was used. Argon was used as a purge gas at
aflow rate of 5.0 L min~1. EC particles were further diluted
downstream in a1 L dilution chamber with approximately 25
L min~t of dry, purified (using activated carbon and Purafil ad-
sorbents), and HEPA-filtered air. One L min~! of the diluted
EC particle stream was pulled through a differential mobility
analyzer (DMA-1) (TSI 3080), to select particleswith adesired
electrical mobility equivalent diameter (dme). The sheath flow
for DMA-1 was set at 10 L min~!. These size selected parti-
cles then passed through a 1.5 L cylindrical flask containing

Palas 4.0 Ipm Ar,
spark frequency
Generator | 590 4z

25 lpm, dry,
dilution air

Exhaust

Sample ATOFMS
1.0 Ipm .
aK Particle
r' A ' Counter
Neutralizer

1.0 lpm size
| selected coated EC |
[ Heated SKr ] [
DMA 1 Organic —> N . —>» DMA2
1.0 Ipm retae eutralizer
L 110 Liquid 1 L
size selected |

pure EC

FIG. 1. General measurement set-up. Pure EC aerosol flows from the Palas
generator to a dilution chamber, a charge neutralizer, and then DMA-1 where
they are size selected. Aerosols can be measured with UF-ATOFMS as pure
EC or OC coating EC in a temperature regulated flask containing gasoline.
Uncoated and coated aerosol size distributions are measured with DMA-2 and
acondensation particle counter. For coated aerosols, DMA-2 size sel ects coated
aerosols, which are sent to the UF-ATOFMS for size (vacuum aerodynamic
diameter) and composition analysis.
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~200 mL 85-octane (regular) unleaded fuel at the bottom.
Aerosols entered this flask approximately 3 inches above the
liquid (within the headspace). The temperature of unleaded fuel
was regulated using a heated water bath. Fresh unleaded fuel
was used for each temperature run. Each experiment lasted ap-
proximately 15 minutes and no changes in the particle mass
spectra occurred from beginning to end of any experiment. For
analysis of EC particles with no organic coating, the particles
passed through the same flask containing no unleaded fuel. De-
pending on the experiment, OC coated or uncoated EC particles
were pulled through a second DMA (DMA-2), with a conden-
sation particle counter attached to it. DMA-2 coupled to a CPC
was used to obtain the electrical mobility size distribution of
uncoated and coated EC particles. Sample flow through DMA-2
was 1 L min~! and the sheath flow was set at 10 L min~?. Un-
coated monodisperse EC particles could also be sent directly to
the UF-ATOFMS for aerodynamic sizing and chemical analy-
sis, bypassing DMA-2. DMA-2 was also used to size select EC
particles coated with organic material at size of 100, 150, and
250 nm. These size selected OC coated aerosol s were then sam-
pled by the UF-ATOFMS for aerodynamic size and chemical
analysis.

Data Analysis

Approximately 500 dual ion mass spectra were obtained for
each experiment. UF-ATOFM S datawere imported into Matlab
Version 6.1.0.450 Release 12.1 (The MathWorks, Inc.) and an-
alyzed using YAADA version 1.2 [http://www.yaada.org]. For
each experiment, the set of mass spectra were converted into
a relative area matrix. The relative area matrix represents the
average of all mass spectra generated for each experiment. To
createarelativeareamatrix, all ion peaksin eachindividual mass
spectrum arefirst normalized to the most intense peak within the
spectrum and then all of the normalized individual mass spectra
are averaged.

Ambient Data Collection

UF-ATOFMS ambient field data were collected during field
studiesconducted at threelocations: thel-5 Freeway (Toner et al.
2006a) in San Diego in 2004, as well as the cities of Boston
in 2003, and Atlanta (Su 2002) in 2002. Three vehicle source
characterization datasets are also used in this study: diesel pow-
ered truck data (Shields et a. 2006) acquired in 2001, gasoline
powered vehicle particle data (Sodeman et al. 2005) acquiredin
2002, and diesel powered truck particle data (Toner et al. 2006b)
acquired in 2003.

UF-ATOFMS and thermal-optical OC/EC comparison mea-
surements were made during the Secondary Organic Aerosols
in Riverside (SOAR) field campaign in Riverside, California,
during July and August of 2005. A Sunset Labs OC EC mon-
itor, which uses the National Institute for Occupational Safety
and Health (NIOSH) method, was used for thermal-optical OC
and EC mass analysis. The Sunset Labs instrument was oper-

ated to give one hour time resolution. The UF-ATOFMS was
operated down stream of amultiple orifice uniform deposit im-
pactor (MOUDI) which removed over 50% of particles greater
then 450 nm (aerodynamic diameter). For UF-ATOFMS data
analysis, only particles between 50 and 400 nm were analyzed.

RESULTS AND DISCUSSION

Uncoated and OC-Coated Electrical Mobility
Size Distributions

To explore the feasibility of using EC and OC ion mark-
ers from an UF-ATOFM S to quantify the relative OC/EC mass
fraction in particles, we begin by discussing the electrical mo-
bility size distributions of uncoated EC and OC coated EC par-
ticles. This provides information on particle size and shape
that is needed for accurate determination of particle mass
as described below. A TDMA arrangement coupled with a
flow tube where an organic liquid (gasoline) could be heated
to different temperatures was used to add OC coatings to
EC cores.

Figure 2 shows three different scans taken with a scanning
mobility particle sizer (SMPS) for OC coated and uncoated EC
particles. Each size distribution in Figure 2 has been normal-
ized to the size bin with the largest number of particle counts
to show how the relative size distribution of each curve changes
during the coating process. Figure 2 shows the electrical mobil-
ity size distribution of 100 nm EC particles size selected from
DMA-1 without an OC coating. Thetotal particle concentration
for uncoated EC particles was 80,000 particles'cm®. Uncoated
EC particles showed a major peak at 106 nm. Other pesks at
71 nm and 57 nm are attributed to doubly and triply charged
106 nm EC particles respectively. A small peak at 157 nm is
also observed. This peak at 157 nmis dueto particles that were
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FIG. 2. Scanning mobility particle size distributions for 100 nm size selected
uncoated EC (solid curve), 100 nm size selected EC coated with OC from a
75°C unleaded fuel sample (dotted curve), and 100 nm size selected EC coated
with OC using a 55°C unleaded fuel sample (dashed curve). Each curve has
been normalized to the size bin with the greatest number of particlesto alow a
better visual comparison of the size distribution profile between each curve.
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emitted fromthefirst DMA at amobility diameter of 100 nmthat
contained two charges (larger particles, with two charges), and
became singly charged in the second neutralizer. A slight pos-
itive deviation in the expected SMPS size distribution was also
observed for 110 nm polystyrene latex spheres which showed a
major peak at 113 nm. The peak at 106 nm in Figure 2 occurs
at 106 nm instead of 100 nm most likely due to miscalibration
of the DMA. Figure 2 shows the distribution of 100 nm size
selected EC particles sent through a flask containing unleaded
fuel heated to 75°C. Thetotal particle concentration for EC par-
ticles coated with fuel vapor at 75°C was 11,000 particles/cm?.
Note that the major peak observed for the uncoated particles at
106 nm is shifted down to 76 nm upon coating, suggesting the
100 nm EC particles have collapsed. Using Scanning Electron
Microscopy (SEM) and SMPS, spark discharge EC and diesel
generated EC has been observed to collapse (rearrange) into a
more spherical particle when coated with OC (Saathoff et al.
2003; Schnaiter et al. 2003; Weingartner et al. 1997). Because
these particles went through a aerosol neutralizer prior to the
SMPS the peak observed at 76 nm is mostly singly charged
(Wiedensohler 1988). The plots show a broad distribution of
particle sizes. This wide distribution corresponds to EC parti-
cles coated with varying amounts of OC, aswell as EC particles
with a distribution of shapes. It should be noted that particles
were not observed during blank (no EC particles) runs with
fuel heated to 75°C. This indicates that self nucleation of the
fuel vapor is not occurring and there is no outside contamina-
tion from other particles. Finaly, the size distribution of par-
ticles coated with unleaded fuel heated to 55°C is shown. The
total particle concentration for EC particles coated with fuel
vapor at 55°C was 55,000 particles'cm?®. At 55°C, the relative
concentration of coated particles (electrical mobility diameter
larger then 76 nm) was lower than at 75°C because less or-
ganic vapor is available to condense on the EC particles. To
explore EC particle collapse further, a coating experiment was
performed to lightly coat 150 nm EC particles with fuel vapor
at 35°C. Figure 3 shows the SMPS scan of uncoated 150 nm
size selected spark discharge EC particles and 150 nm size se-
lected spark discharge EC particles sent through unleaded fuel
vapor (at 35°C). Figure 3 shows that 150 nm EC particles col-
lapsed to an electrical mobility diameter of 100 nm and very
few particles grew to larger sizes. OC-coated EC particles in
Figure 3 maintained a very monodisperse size profile after col-
lapse. Again, because an aerosol neutralizer was used, the ma-
jor peak should not be from doubly charged particles (Wieden-
sohler 1988). It should be noted that the fuel-coated particles
in Figure 3 entered a flow tube downstream of the flask con-
taining the unleaded fuel and were diluted 5-fold with nitrogen.
The lack of heavily coated particles for the 35°C experiment
is attributed to dilution of the coated particles with nitrogen
and a lower amount of OC vapor due to a lower (35°C) bath
temperature. Diluting the particle stream after coating shifts
the OC gas-particle equilibrium, producing more OC in the
gas phase.

1.2
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FIG. 3. SMPS scan of uncoated pure spark discharge soot, size selected at
150 nm (solid curve), and 150 nm EC passed through a cylinder of fuel at 35°C
(dotted curve). Each curve has been normalized to the size bin with the largest
number of particles to allow a better visual comparison of the size distribution
profile between each curve.

Calculation of EC and OC Mass

Using the UF-ATOFMS, the average vacuum aerodynamic
diameter (d,e) was determined for each experiment by averag-
ing all diameters for a given experiment together. A 95% con-
fidence interval was used to obtain high and low values for
the average aerodynamic size. Using a 5% range in the elec-
trical mobility size and the 95% confidence interval range of
aerodynamic size, the mass of EC and OC on uncoated and
coated particles are calculated two different ways as described
below.

Because pure spark discharge EC particles have very irregu-
lar shapes, using dme OF dye asthe true physical diameter for un-
coated EC is not entirely accurate. However, the volume equiv-
alent diameter (d,¢), whichisthe volume of a spherethat hasthe
same volume as the irregular shaped particle, can be calculated
using the equation for the electrical mobility, Z, of irregularly
shaped particles (Kasper 1982). Thisis given as

_ NECre _ neCye
3rudme 3w pdvex

(1]

where n is the number of elementary charges on each particle,
e is the charge of an electron, Ce and C, are the Cunning-
ham dlip correction factorsfor dye and dye, respectively, u isthe
absolute viscosity of air and yx isthe dynamic shape factor. Non-
spherical particleswill have an electrical mobility that isrelated
to a volume equivalent particle diameter through the dynamic
shapefactor, x . Dynamic shape factors have been calculated for
EC particles (Peark et al. 2004; Slowik et al. 2004). Shapefactors
for 150 nm (dme) propane generated EC particles from Slowik
et a. ranged between 1.5 and 2.4. Park et al. (2004) found shape
factors vary between 1.1 and 2.1 for diesel EC as a function of
electrical mobility size between 50 and 200 nm, respectively.
To calculate d here, we assume a dynamic shape factor of 1.8,
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TABLE 1 TABLE 2
Average aerodynamic equivalent diameter for each mobility Calculated particle mass and OC mass from assumed material
equivalent diameter selected for each experiment density
Mean Volume Average %
SMPS ATOFMS equivalent Range of OC mass
Experiment mobility aerodynamic  diameter  Experiment/ particle OCmass fraction+/—
type diameter, de (95% ClI) range, dS, final dime mass, fg  range, fg STDV
Uncoated 95-105 90 (85-96) 68-75  Uncoated/100 nm EC?  0.3-0.4 0 0
Uncoated 114-126 94 (91-97) 81-89%  Uncoated/120 nm EC?  0.5-0.7
Uncoated 142-158 109 (106-112)  100-110* Uncoated/150 nm EC?* 0.8-1.4 0 0
OC Coated 75C 95-105 169 (164-174) 95-105°  OC 75°C/100 nmP° 0508 0203 422+/—41
OC Coated 75C 114-126 256 (250263)  142-158° OC 75°C/150 nmP 1120 0916 774+4/-30
OC Coated 75C 232-268 310(304-315) 238-262° OC 75°C/250 nmP® 4783 4578 946+/-09

aCalculated based on an assumed shape factor of 1.8.

bOC coated EC particles are assumed to be spherical, so shape
factor = 1 and dye = Oipe.

“Volume equivalent diameter was cal cul ated based on a5% rangein
the given mobility diameter.

which is a reasonable assumption based upon published values
for EC agglomerates. Table 1 gives the experiment type, elec-
trical mobility diameter before entering the UF-ATOFMS, the
average vacuum aerodynamic diameter for each experiment and
a calculated range of volume equivalent diameters. The range
of estimated volume equivalent diameters shown in Table 1 is
based on using a5% error inthe DM A resolution. Table 1 shows
pure spark discharge EC particleswith electrical mobility diam-
eters between 95-105, 114-126, and 142-158 nm have volume
equivalent diameters between 6875, 81-89, and 100-110 nm,
respectively. It should be noted the estimated volume equival ent
diametersaresimilar to the collapsed particle diameter observed
in Figures 2 and 3. As discussed by DeCarlo (2004), particles
in acompact aggregate state, such as OC coated EC, have more
spherical morphologies and shape factors closer to 1. Therefore
we assume a shape factor for collapsed OC coated EC particles
of 1.0. When one assumes a shape factor of 1, then mobility
diameter will be equal to the volume equivalent diameter. The
valuesfor dye are therefore reported as dne (+/—5%) in Table 1
for coated particles.

An OC-coated EC particle can be thought of as a collapsed
EC sphere surrounded by an OC shell. Using d,, the volume of
both the pure EC core and the total particle volume for a coated
particle can be calcul ated. Subtracting the EC core volume from
the total coated particle volume leaves the volume of the shell,
which is attributed to OC. By assuming bulk material densities
for EC and OC, the masses of the EC core and the OC shell
can be determined. Values for the total particle mass, OC mass,
and OC mass fraction for each of the experiments are given in
Table 2. Column 1 lists the experiment name and the electri-
cal mobility diameter before entering the ATOFMS. Column
2 gives the range of particle masses calculated using a range
of possible material densities and a 5% range in the electrical

aAssumed a density of 1.6-2.0 g/em®, and a shape factor of 1.8.
bAssumed a density for OC of 0.65-0.85 g/cm?, and a shape factor
of 1.0.

mobility diameter for each experiment. The EC mass given in
Table 2 was calculated using a density range for EC between
1.6-2.0 g/cm?3, which encompasses the material density range
reported for flame generated soot (Choi et al. 1995). We assume
the material density of spark discharge EC is within the range
for flame soot. OC mass given in Table 2 was obtained using
values of 0.65-0.85 g/cm?® for the density of gasoline based on
the value provided by the National Ingtitute of Standards and
Technology (NIST) (0.7-0.8 g/cm®). Columns 3 and 4 show the
calculated ranges for the mass of OC and mass fraction of OC,
respectively.

A second method for estimating the mass of the different
uncoated and coated particlesinvolves determining the effective
density using the vacuum aerodynamic diameter and electrical
mobility diameter. By multiplying the effective density and the
volume (volume based on mobility diameter), particle mass is
obtained. Using dme and dy the effective density for the particles
can be calculated using the equation

g—r:ﬂ)o = Peit (2]
where dg is the vacuum aerodynamic diameter, dne isthe elec-
trical mobility diameter, pg is the effective density, and p, is
the unit density (1.0 g/cm?) (DeCarlo et al. 2004; Jimenez et al.
2003). Figure 4 shows aplot of the calculated effective densities
for uncoated EC particles versus dy,e compared with values re-
ported by Park et a. (2003) for diesel soot particles of the same
electrical mobility size. The vertical error barsin Figure 4 were
generated from effective densities calculated using a 5% range
in the electrical mobility diameter and a 95% confidence inter-
val of the mean vacuum aerodynamic diameter. It is clear from
Figure 4 that the effective densities cal cul ated here are systemat-
ically higher but in good agreement with those reported by Park
et al. Thisdensity differencelikely reflectsthe differencein soot
structure that has been observed for spark discharge and diesel
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FIG. 4. Spark discharge soot effective densities calculated from DMA and
UF-ATOFM S data plotted versus particle mobility equivalent diameter. Vertical
error barsrepresent the standard deviation inthe effective density generated from
using aerodynamic diameters within a 95% confidence interval and a5% range
in the chosen mobility diameter. For comparison, values reported for diesel soot
by Park et al. (2003) are also shown.

engine EC (Kirchner et al. 2003; Saathoff et al. 2003; Schnaiter
et al. 2003). Using the effective density and the electrical mo-
bility diameter, the OC/EC mass fractions for the particles were
determined. Table 3 showsthetotal massper particle, themassof
OC associated with coated particles, and the OC mass fraction.
Column 1 lists the experiment name and the electrical mobil-
ity diameter measured before entering the ATOFM S. Column 2
gives the total particle mass for each experiment. The mass of
OC given in Column 3 was calculated by subtracting the mass
of the EC core from the total particle mass. A comparison of
the results presented in Tables 2 and 3 shows the mass fractions
of OC calculated using the two different approaches agree to
within 10%.

Determining OC and EC Mass Fractions from Mass
Spectral lon Intensities

As stated earlier, the major goa of this work is to estab-
lish a correlation between the intensities of EC and OC ions

TABLE 3
Calculated particle mass and OC mass from effective density
Total Average %
particle OC mass
Experiment/ mass OCmass fraction 4/—
final die range, fg range, fg STDV
Uncoated/100nmEC  0.4-0.6 0 0
Uncoated/120nmEC  0.6-0.8 0 0
Uncoated/150nmEC  1.1-15 0 0
OC 75°C/100 nm 0810 0206 459+/—88
OC 75°C/150 nm 2734 21-30 845+/-25
OC 75°C/250 nm 9.0-11.3 85-109 953+/—0.7
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FIG. 5. Average area matrix from approximately 140 uncoated spark dis-
charge soot particles and 98 fuel coated spark discharge soot particles. Squares
indicate ion markers used for EC, and ovals for OC.

in single particle mass spectra with the actual OC/EC mass
fractions for a collection of carbonaceous particles. This cor-
relation results in a calibration curve that quantitatively relates
ion intensities in source and ambient studies with OC/EC mass
fractions. Figure 5 shows the average positive ion relative area
matrix for 140 uncoated spark discharge EC particles and 98
OC coated spark discharge EC particles. A description of how
an area matrix is created is given in the Methods section. The
two particletypes shown in Figure 5 are readily distinguishable.
The uncoated EC area matrix is dominated by positive ion car-
bon cluster peaks 1°C; to %Cg attributed to EC. A peak at m/z
+28 is also observed which is attributed to silicon (Wentzel
et al. 2003). The OC coated spark discharge EC in Figure 5
shows many peaks attributed to EC, however, it also contains
OC peaks at m/z 27 (CNH*, C,H3), 29 (C;H{), 37 (CzH™),
39 (C3H3), 43 (CsH7, CoHz0™), 51 (C4H3), and 63 (CsH3).
Theionslisted in parentheses are possibleion peak assignments
based on previous lab studies by our group and electron impact
spectra of organic compounds compiled by others (McLafferty
1980). In general, as a particle grows in size, the OC peak in-
tensities increase while the EC peaks are reduced in intensity,
suggesting the addition of OC to EC changes the matrix and
the overal response of the instrument to EC ion signals. The
ATOFMS shows a higher sensitivity to fresh EC particles with
higher absolute signal intensities measured for fresh uncoated
EC particles. To establish a correlation between OC/EC inten-
sity ratios and the mass of OC and EC in particles, theion mark-
ers shown in Figure 5 attributed to OC (m/z 27+, 29*, 37+,
43*) and EC (m/z 36", 48", 60") are used as they are com-
monly observed in ambient particles. Other ions for OC such
asm/z 39, 411, and 51* were not chosen because ions from
potassium and vanadium are al so observed at thesem/z in ambi-
ent particles. More then one ion was chosen because individual
ion aress fluctuate much more than the sum of multiple ions.
As mentioned, large shot-to-shot ion intensity variations are
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FIG. 6. Calculated faction of OC contained in each particle is plotted versus
the OC/EC ratio from specific ion signals. Open circles represent OC mass
calculated from an estimation of material densities. Error bars for the open
circles were generated using a range of assumed material densities and a 5%
rangein theelectrical mobility diameter. Asterisksrepresent OC masscal culated
from the measurement of effective density. Vertical error bars for the asterisks
indicate the standard deviation in the %6OC mass generated from using the mean
aerodynamic diameters within a 95% confidence interval and a5% rangein the
mobility diameter. The points at 0% OC mass represent uncoated pure EC.

observed in most single particle mass spectrometers. However,
the signalstend to increase and decrease in the same proportion
(Gross et al. 2000), and thus by using theratio of OC to EC ion
intensities to calculate the OC/EC mass fractions, the effect of
theion signal fluctuations on quantification is minimized.

Figure 6 shows a graph of the mass percentage of OC using
material densities (open circles) as well as those obtained from
acalculation of effective density (asterisks) versus the OC/EC
mass spectral ion intensity ratios. The OC mass percentages and
error bar values correspond to data from the last column of Ta
bles 2 and 3. A linear correlation exists between the OC/EC
ion ratio and mass percentage of OC calculated from assumed
material densities with an R? value of 0.98. Figure 6 shows a
point for an uncoated 100 nm (dne) Spark discharge generated
EC particle, which falls almost at zero (OC/EC ratio) as ex-
pected. A linear correlation with an R? value of 0.99 is shown
in Figure 6 for the percent of OC mass cal culated from effective
densities and the OC/EC ratios. It should be noted these linear
correlations do not imply the response of the UF-ATOFMS is
linear with respect to OC and EC concentration; we are plot-
ting a ratio versus a percentage which would diverge if there
was a linear instrument response. These correlations show it is
possibleto calibrate the ATOFM S using ion intensity ratios and
obtain quantitative chemical information for particleswith simi-
lar chemical matrices. Itisimportant to notethat abreak at 1 ©m
separates particles composed of predominately organic versus
inorganic matrices (Noble and Prather 1996; Pastor et al. 2003).
Thus this calibration curve will most likely be most effective
for sub-pum particles since these will have similar carbonaceous
matrices and thus similar ion signal responses.

-~ Atlanta ambient
40 ==-1-5 Freeway
=~ Boston ambient
—&—Gasoline powered vehicles
=+ Diesel trucks
—— Spark discharge EC coated with OC

35

3.0

25
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FIG. 7. The OC/EC ratio is plotted versus vacuum aerodynamic size for par-
ticles analyzed at three ambient locations (I-5 Freeway, Boston, Atlanta) and
two vehicle dynamometer studies (gasoline powered vehicles, diesel powered
trucks). For comparison, the OC/EC ratio for spark discharge EC coated with
different amounts of OC is also plotted versus its average aerodynamic size.

To determine whether laboratory generated OC-EC particles
produce OC/EC ion intensity ratios that fall in the range of
those measured for ambient particles in the same size range,
the OC/EC ion intensity ratios for a number of source and am-
bient study particles were calculated. Figure 7 shows a plot of
the OC/EC ion intensity ratio versus the vacuum aerodynamic
sizefor thelaboratory generated OC-EC particles, three ambient
locations (San Diego-Freeway, Boston, Atlanta) and two vehicle
dynamometer studies (gasoline powered vehicles, diesel pow-
ered trucks). As shown, the OC/EC ratios for the ambient and
vehicle data sets lie within the range of OC/EC ion intensity
ratios observed for the laboratory generated OC-EC particles
presented here. This suggests the OC/EC ratios calculated us-
ing laboratory generated OC-EC particle standards indeed have
atmospheric relevance and can be used to estimate the fractions
of OC and EC in ambient particles with similar chemical com-
position and size.

To further explore the significance of using OC/EC ion in-
tensity ratios to estimate the OC/EC mass fraction in ambient
particles, a comparison of the UF-ATOFMS OC/EC ion inten-
sity ratios was made to the OC/EC mass ratios measured with
a Sunset L ab semi-continuous thermal/optical method. Figure 8
exhibits eight days of ambient data taken from July 30-August
7, 2005 in Riverside, California. The UF-ATOFMS data con-
tainsall particles analyzed between 50400 nm and the thermal -
optical dataisfor all particles <2.5 um. In Figure 8a, the left
y-axis is UF-ATOFMS OC/EC ion ratio and the right y-axis
thermal-optical OC/EC mass ratio with date given along the
x-axis. Both the UF-ATOFMS and thermal-optical instrument
show daily fluctuations in their respective OC/EC ratio with
very comparable relative intensity between each method. The
correlation between the UF-ATOFM S and thermal-optical data
in Figure 8ayields an R? = 0.69. This shows that a change in
the UF-ATOFM S OC/EC ion ratio for ambient particles reflects
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FIG. 8. Ambient particle measurements taken during SOAR field campaign
inRiverside, California, July—August of 2005. (a) The UF-ATOFMSOC/ECion
intensity ratio is plotted on the left y-axis and semi-continuous thermal optical
OC/EC mass ratio on the right y-axis, with date given along the x-axis. (b)
The OC mass fraction estimated using UF-ATOFMS (using calibration curve
givenin Figure 6) and OC mass fraction measured using thermal optical OC EC
instrument is given on the y-axis with date given along x-axis.

changes in the OC/EC mass ratio measured with the thermal-
optical method. Figure 8b shows UF-ATOFMS ambient data
from Riverside calibrated using the curve from Figure 6 to es-
timate the OC mass fraction. Also shown in Figure 8b is the
thermal-optical OC mass fraction. Overall, Figure 8b shows
daily fluctuations in the OC mass fraction are captured by both
techniques and thereisapproximately a20% difference between
them. It should be pointed out that comparisons between similar
thermal-optical techniques differing in temperature protocol or
optical correction technique (thermal optical reflectance [TOR]
versus thermal optical transmission [TOT]) have shown errors
for estimating amount of EC or OC of more then 40% (Arhami
et al. 2006; Chow et al. 2001, 2004, 2005a, 2005b; Schaver et al.
2003). The NIOSH thermal-optical TOT protocol used here has
been shown to measure half the amount of EC as measured us-
ing the IMPROVE method (Chow et al. 2001). Therefore, this
comparison of the ATOFM S datawith thermal-optical data, two
techniques which rely on very different operating principles, is
quite good. One other reason the ATOFMS underestimates the

amount of OC relative to EC could be the UF-ATOFMS used
for this study only sampled particles up to 400 nm, whereas
the thermal-optical instrument measured particlesupto 2.5 um.
Particlesin Riverside grow in size throughout the day from con-
densation of semi-volatile organics; thereforethelarger size par-
ticles sampled by the thermal -optical method likely havealarger
OC mass fraction. It is important to remember here that the
thermal-optical method produces operationally defined values
of EC and OC, whereas the ATOFMS is based on actua struc-
tural differences of EC and OC leading to different ion patterns
in the mass spectra. In future studies, examining periods where
the ATOFM S agrees or disagrees with the EC/OC mass concen-
tration valuesmay yieldinsight into the most appropriate operat-
ing conditions and protocol s to be used by these thermal-optical
instruments.

CONCLUSIONS

In these experiments, EC particles of known size were coated
with OC speciesfrom unleaded fuel vapor to create standard par-
ticles with different OC/EC mass fractions. The OC/EC mass
fractions were determined using two separate approaches, first,
assumptions were made about the shape and density of the
particles based on literature values, and second, by calculating
the effective densities of particles using the measured vacuum
aerodynamic (UF-ATOFMS) and electrical mobility diameters
(SMPS). Effective densities of pure spark discharge EC deter-
mined in these experiments are within 20% of values reported
for diesel EC with the same mobility diameters. Using the two
estimation methods for EC and OC mass, the OC/EC massfrac-
tion as a function of particle size was determined. A calibra-
tion curve was created by plotting OC/EC ion intensity ratios
against the calculated mass fractions of OC estimated from the
two different methods. Strong linear correlations exist between
the OC/EC ion ratio and the mass percentage of OC, estimated
from assumed material densities (R? = 0.98) and the measured
effective density (R? = 0.99). Both OC/EC mass correlations
are within the range of uncertainties of each other.

The OC/EC ion intensity ratios derived from laboratory gen-
erated OC-EC standard particles compared well with particles
in the same size range measured in multiple ambient and source
data sets. Furthermore, the OC/EC values measured with the
UF-ATOFMS showed a strong correlation with OC/EC val-
ues simultaneously measured for ambient data using traditional
thermal-optical methods. Ambient OC mass fractions measured
here were within ~20% of those measured using a traditional
thermal-optical technique and showed similar daily fluctuations.
Using UF-ATOFM S, obtaining quantitative information regard-
ing the OC/EC mass fractions in ambient particles with similar
size and chemical composition appears to be quite feasible for
carbonaceous particles.

With the recent interest in moving beyond mass measure-
ments of atmospheric aerosols, there is a major need for meth-
odswhich can generate particlesthat can be used for instrument
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calibration. The method used herein to generate OC/EC parti-
cles could be used for characterizing other instruments besides
ATOFMS. For example, laboratory studies could be performed
using these particles with known OC and EC mass concentra-
tionsto better understand observed differences in responses be-
tween similar methodol ogies such as the IMPROVE or NIOSH
thermo-optical methods (Schauer et a. 2003). This study shows
it is possible to generate particles with similar composition to
ambient particles that can be used to perform laboratory cali-
brations. A calibration curve can be used to relate the measured
relative ion intensities in the mass spectra of unknown ambi-
ent particles to the relative amounts of specific species infon
ambient particles. The next step will be to perform further lab
studies comparing calibration curves generated with EC coated
with different classes of organic species. The response of such
calibration curves to different organic material will yield in-
formation on the uncertainties of this approach. Furthermore,
ATOFM Sdatawill be compared with traditional thermal-optical
methods, as well as other methods for measuring EC and OC,
in future ambient field and source studies to further test the
robustness of this procedure. Information regarding the rela-
tive amount of OC on EC particles will be critical to assess-
ing the roles of these species in climate change and human
health.
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