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Given growing concerns over the observed relationship between
ultrafine particles and adverse human health effects, there is a
major need in the community performing human/animal expo-
sure studies for methods that can be used for the generation of
high concentrations of ultrafine particles (<100 nm) with control-
lable compositions. The Palas spark discharge generator (Palas
GFG 1000) is commonly used to generate “soot-like” particles for
such studies. However, before such methods can be used routinely
in the lab, it is important to assess the chemical variability and
reproducibility of the ultrafine particles produced using such tech-
niques. The goal of this study involves performing the on-line
assessment of the chemical variability of individual ultrafine and
fine (50–300 nm) particles produced by a Palas generator. The aero-
dynamic size and chemical composition of 12C and 13C elemental
carbon (EC), composite iron–carbon (Fe-12C), and welding par-
ticles were analyzed using aerosol time-of-flight mass spectrome-
try, and in general highly reproducible single-particle mass spectra
were obtained. When using pure graphite (12C) electrodes, EC par-
ticles were produced with sizes peaking in the ultrafine mode and
96% of the mass spectra containing distinct C+

n (n = 1–3) envelopes
at m/z 12, 24, and 36. In contrast, the size mode of the particles
generated from isotopically labeled 13C graphite electrodes peaked
in the accumulation mode, with 73% of the particles producing
EC carbon ion cluster patterns at m/z 13 (13C+), 26(13C+

2 ), and 39
(13C+

3 ), with additional organic carbon species at m/z 15 (CH+
3 ),

27 (C2H+
3 /CHN+), 43 (C3H+

7 /CH3CO+), m/z 58 (C3H8N+), and 86
(C5H12N+). Observed differences between the 12C and 13C particle
spectra are most likely due to their different surface properties,
with 13C particles more effectively adsorbing semivolatile organic
species originating in the particle-free dilution air. Homogeneous
metal particles were also generated from Fe-12C and welding rods
with almost all (92% and 97%, respectively) of the spectra showing
reproducible Fe/Mn/Cr and Fe/12C ion ratios.
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INTRODUCTION
The observed relationship between ambient particulate mat-

ter and adverse human health effects has resulted in a major
increase in studies aimed at determining the mechanisms by
which particles affect human health (Dockery et al. 1993; Adams
et al. 2001; Chow et al. 2002; Oberdorster 2000, 2001). Evi-
dence from the Harvard Six City Study and other more recent
studies has revealed that a significant correlation exists between
exposure to airborne particulate matter and deleterious health
effects (Dockery et al. 1993). Research efforts have shown that
ultrafine particles may cause adverse health effects due to their
small size, and the related toxicological response may be asso-
ciated with the number concentration and the surface area of
particles as opposed to mass concentration (Oberdorster et al.
1994; Oberdorster 2000). However, at typical ambient concen-
trations, it is often difficult to obtain a measurable response in
animal exposure studies. One option for producing high num-
ber concentrations of particles is to use a particle concentrator
(Demokritou et al. 2002, 2003; Kim et al. 2001a,b). However, the
aerosol generated is a complex mixture of gases and particles,
and thus deconvoluting the important chemical factors contribut-
ing to detectable responses is extremely challenging. Another
option involves creating model particles of known composition
for in vivo and in vitro exposure studies.

To simulate nominally pure particles that mimic those pro-
duced in combustion processes such as vehicle exhaust, a spark
discharge aerosol generator (Palas GFG 1000) has been used for
human inhalation studies of both soot (12C) (Frampton 2001)
and Tc-radiolabeled “soot” (Brown et al. 2000), and in rats us-
ing both soot (12C) (Elder et al. 2000) and 13C isotopically la-
beled “soot” (Oberdorster et al. 2002). Recent advances have
focused on the generation and characterization of elemental car-
bon (EC) particles using a Palas generator for use in exposure
studies (Evans et al. 2003a; Kirchner et al. 2003; Roth et al.
2004; Saathoff et al. 2003a, b). The number and size distri-
butions of the generated particles were determined as a func-
tion of the Palas operating parameters, and the morphology
and internal structural characteristics of the particles were stud-
ied by electron microscopy and energy-dispersive X-ray (EDX)
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analysis (Evans et al. 2003a). The Palas generator was shown
to be an effective technique for producing pure fine and ul-
trafine EC particles similar to those produced by combustion
sources in terms of mobility diameter and surface characteris-
tics. However, due to the labor-intensive nature of these tech-
niques, only a limited number of particles were analyzed by
electron microscopy and EDX. Analysis of significant numbers
of particles can provide further insight into the chemical vari-
ability of these model aerosol systems. More recent results from
an intensive soot aerosol characterization campaign compared
the physical and chemical characteristics of soot aerosol from
a modern turbo Diesel engine and a Palas generator (Kirchner
et al. 2003; Saathoff et al. 2003a, b). A single-particle mass spec-
trometer (LAMPAS-2) was used to chemically analyze particles
in the size range 0.2–10 µm, and a significant difference was
observed in the chemical composition of the particle surfaces.
Of note, the highest number of soot particles from diesel en-
gines and the Palas generator form in the ultrafine size range
(<100 nm) (Evans et al. 2003a; Roth et al. 2004); however,
these particles were unable to be detected with the LAMPAS-2
system.

Generation of metallic and mixed-element aerosols using
a Palas generator is a topic of recent interest, because these
aerosols may be appropriate for the study of the effects due to
occupational exposure to metallic fumes (Evans et al. 2003b).
For example, welding processes generate gases, as well as fine
and ultrafine particles composed of a complex mixture of met-
als, metal oxides, and other chemical species with high num-
ber concentrations (NIOSH 1988). Animal and epidemiological
studies suggest that these aerosols may cause adverse health ef-
fects such as metal fume fever, pneumonitis, chronic bronchitis,
and decrements in pulmonary functions (NIOSH 1988). In light
of mass-based occupational safety and health standards, previ-
ous welding health effects studies have focused primarily on
characterizing how various welding parameters affect the fume
formation rate to probe the relative “cleanliness” of the welding
process. In addition to mass concentration, particle number con-
centration, size, chemical composition, and surface area are be-
lieved to be closely related to the adverse health effects. Single-
particle mass spectrometry provides information on the size as
well as the chemical associations of the species within each in-
dividual particle (Suess and Prather 1999; Johnston and Wexler
1995) Such detailed single-particle information is necessary to
assess the feasibility of using a Palas generator for producing
representative model metallic and mixed-element aerosols, ul-
timately allowing the association of model aerosol composition
with the induced health effects of particles.

In this study, variations in chemical composition of individ-
ual particles are presented and discussed for model carbona-
ceous particles, composite iron–carbon (Fe-12C) particles, and
welding particles generated by a Palas generator using a high
efficiency aerosol time-of-flight mass spectrometer (ATOFMS;
Su et al. 2004). The ATOFMS provides information on the size
and chemical composition of individual fine (100–2500 nm) and

ultrafine (50–100 nm) particles. Model particles were classified
into different types based on similarities in their positive and
negative ion mass spectra.

EXPERIMENTAL

Palas Spark Discharge Aerosol Generator
Model aerosols were produced using a Palas spark discharge

aerosol generator (Palas GFG 1000, Karlsruhe, Germany).
Ultrahigh purity (99.999%) Ar gas with a flow rate of ∼4.0 l
min−1 was used to prevent oxidation of the generated particles,
serve as the working gas for the Palas generator, and transport
the produced particles away from the discharge chamber. An
operating frequency of 180 Hz was used for the Palas generator
unless otherwise noted. An arc was generated between the pairs
of graphite 12C, 13C, Fe-12C, and welding rod working elec-
trodes of the Palas to produce model 12C, 13C, mixed Fe-12C,
and welding particles.

Fabrication of Palas Generator Working Electrodes
Pure graphite rods (12C) were purchased from the Palas manu-

facturer with a density of ∼1.8 g cm−3. The 13C graphite elec-
trodes were made by extruding a slurry of amorphous 13C pow-
der (Isotec, Inc., Miamisburg, OH, USA) and [13C6] glucose
(Isotec, Inc., Miamisburg, OH, USA) through a syringe to pro-
duce 3.5 mm diameter cylinders (Oberdorster et al. 2002). These
cylinders were baked in an Ar atmosphere by slowly ramping the
temperature to 200◦C over a 1.5 h period to de-gas the extrusions
and decompose the glucose. The electrodes were subsequently
converted to graphite at 2400◦C under Ar gas, resulting in porous
13C rods with a density of ∼ 2.0 g cm−3. The Fe-12C rods were
prepared in a similar manner by using 12C carbon black, glucose,
and fine iron powder. The iron powder was kept under Ar to re-
duce oxidation; for similar reasons the Fe-12C rods were kept
under Ar during baking in the high temperature tube furnace.
The Fe-12C rods were determined to be ∼25% Fe by weight.
The welding rods were prepared by melting Tube-alloy 218-O
wires containing Fe (80%), Mn (15%), and Cr (3%), resulting
in a density of ∼7.5 g cm−3.

Dilution of Sample Particles
Due to limitations in the data acquisition system on the

ATOFMS used for these studies, the upper limit of particles ana-
lyzed by the ATOFMS in a second was 3–5 (Gard et al. 1997; Su
et al. 2004). To avoid overwhelming the detection system of the
ATOFMS, the air stream containing high number concentrations
of model particles from the Palas generator was first diluted by
a factor of ∼6 using high efficiency particulate air filter (HEPA)
filtered particle-free air. Because particles less than 300 nm in
aerodynamic diameter were the primary focus of the study, the
diluted model aerosol flow was then drawn through a micro-
orifice uniform deposit impactor (MOUDI) to remove the ma-
jority of particles larger than 250 nm in aerodynamic diameter.
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The ATOFMS sampled the remaining fine and ultrafine particles
from the bottom stage of the MOUDI.

ATOFMS and Data Analysis
The ATOFMS used in this work was a modified version of the

original ATOFMS (Gard et al. 1997) with significantly higher
overall particle transmission and detection efficiencies. Details
on the improved ATOFMS system have been reported in a sepa-
rate article (Su et al. 2004). Briefly, particles are sampled into the
ATOFMS through an aerodynamic lens inlet (Liu et al. 1995a, b;
Su et al. 2004), which is comprised of five successively smaller
orifices that serve to collimate particles into a tight beam (Su et al.
2004). Individual particles then scatter light from two 532 nm
continuous wave diode-pumped Nd:YAG lasers located 6 cm
apart. The light pulse from each scattering event is detected
using two separate photomultiplier tube detectors (PMT). The
scattering pulses are then amplified and noise-filtered before be-
ing sent to an electronic timing circuit that records the flight time
required for the particle to travel the known distance between
the two scattering lasers, thus providing the particle velocity via
a simple calculation. Polystyrene latex sphere particles (PSLs)
of known sizes are used to calibrate the particle velocity to an
aerodynamic diameter. Once the velocity of the particle has been
determined, a timing circuit triggers a 266 nm pulsed Nd:YAG
laser to fire when the sized particle arrives in the ion source
region of the ATOFMS. Positive and negative ions generated
by the laser desorption/ionization (LDI) process are detected in
the dual-polarity reflectron ATOFMS. The positive and nega-
tive ion mass spectra, containing information on the chemical
composition of each particle, are saved with the corresponding
size information for subsequent data analysis using a fast adap-
tive resonance algorithm, ART-2a (Song et al. 1999). ART-2a
clusters particles based on the degree of similarity in their mass
spectra, defined as the vigilance factor (Song et al. 1999); a vig-
ilance factor of 0.7, learning rate of 0.05, and iteration number
of 20 were used for the analysis in this work.

RESULTS AND DISCUSSION

Single-Particle Analysis of Model Carbonaceous Aerosols
The Palas generator can produce high number concentrations

of fine and ultrafine carbonaceous particles, depending on the
operating and dilution conditions. Figures 1a and b show the typ-
ical size distribution and positive ion mass spectrum of the most
abundant class. Typically, the model 12C particles had aerody-
namic diameters between ∼50–120 nm with a peak at ∼60 nm
(Figure 1a), sizes that are similar to those reported previously
(Evans et al. 2003a; Roth 2004). The positive ion mass spec-
tra of the model 12C particles feature 12C+

1 , 12C+
2 , and 12C+

3
peaks (Figure 1b) and are nearly identical to the positive ion
spectra of EC particles generated in vehicular source charac-
terization studies (Sodeman et al. 2004). The number fractions
of the major particle types of 12C model aerosols are given in

FIG. 1. (a) Size distribution of the analyzed 12C model aerosols. (b) Positive
ion mass spectrum of the top particle type of the 12C model aerosols.

Table 1. Note that 96% of the 12C particles produced distinct
EC patterns of 12C+

1 , 12C+
2 , and 12C+

3 peaks in their positive
ion mass spectra. Infrequently, carbon envelopes extending up
to 12C+

12 were observed when the particle was desorbed/ionized
in a lower fluence region of the laser beam. The unclassified
particle type (4%) included those resulting from impurities in
the particle-free dilution air and other components of the ex-
perimental setup, and typically showed ion peaks indicative
of organic carbon (OC) at m/z 15 (CH+

3 ), 27 (C2H+
3 /CHN+),

43 (C3H+
7 /CH3CO+), or N-containing organic species with ion

peaks at m/z 58 (C4H+
10/C3H8N+) and 86 (C5H12N+) (Angelino

et al. 2001). The spark discharge-generated carbon aerosols have
also been shown to contain some oxygen-containing functional
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TABLE 1
Number fractions of the major particle types of the model 12C,13C, and welding aerosols (see text for details)

Model 12C Aerosol Model 13C Aerosol Model Welding Aerosol

Composition Faction (%) Composition Faction (%) Composition Faction (%)

EC 96 EC 21 Fe-Mn-Cr 92
Other 4 EC-OC 73 Cr-Fe-Mn-Ti 2

Other 6 Other 6

groups on their surface (Kotzick et al. 1997). The formation of
these groups was likely due to the uptake of oxygen and water
impurities within the argon working gas, experimental appara-
tus, and the relatively high surface area of the particles, which
can rapidly undergo oxidation processes when exposed to air.

In contrast, larger aerodynamic diameters between 50 and
200 nm with a peak at ∼160 nm (Figure 2a) were observed for
13C particles, quite different from the smaller size distribution
observed for the model 12C particles. The ATOFMS positive ion
mass spectra of individual model 13C particles suggest the larger
sizes were most likely produced by the 13C particles becoming
coated with semivolatile OC species. Representative spectra of
the most (Figure 2b, top) and second most (Figure 2b, bottom)
abundant 13C particle types are presented. The major particle
types generated using 13C rods show significant chemical dif-
ferences from model 12C particles (Table 1) and include EC parti-
cles with OC coatings (73%) followed by EC (21%), and 6% un-
classified particle types (mainly OC and potassium-containing
particles). Particles in the most abundant 13C cluster show an in-
creased fraction of OC(C2H+

3 , C2H+
5 ) and N-containing organic

ions (C3H8N+, C5H12N+). The fragmentation pattern of the sec-
ond most abundant 13C cluster is very similar to the model 12C
particles.

Isotope ratio mass spectrometry has previously shown that or-
ganic 13C compounds were not generated in the spark discharge
chamber (Oberdorster et al. 2002), indicting that the organic
contaminants were introduced from other sources. Some of the
organic contamination on the EC particles could be coming from
organics evaporating from the walls of the polyamide chamber
in the Palas generator. Carbon particles produced with a Palas
generator have been shown to be contaminated by as much as
25% (by mass) semivolatile compounds, and the contamination
could be reduced to less than 6 ± 1% by using a ceramic cham-
ber and stainless steel tubing with polished inner surfaces for the
apparatus (Roth et al. 2004). However, in this study the major
source of organic contaminants in the 13C particle experiment
was most likely the particle-free dilution air. This conclusion is
based on experiments where ultrahigh purity nitrogen instead of
particle-free air was used as the dilution gas for Palas-generated
model 13C particles. The ATOFMS spectra showed a significant
reduction of observed OC-coated elemental 13C particles, from
over 70% showing OC ions to less than 10%. The particles pro-
duced using ultrahigh purity nitrogen were dominated by pure

elemental 13C particles, similar to those observed in model 12C
particle experiments.

Particle-free air was also used as the dilution air for the model
12C particles; however, significantly less organic contamination
was observed. A possible explanation for increased organic con-
taminants on the model 13C particles as compared to the 12C
particles can be attributed to their different surface structures. A
more-porous surface of the 13C particles enable them to adsorb
the semivolatile organic species more effectively. These differ-
ent surface properties would explain why only 21% (versus 96%
for 12C) showed a relatively “pure” EC signature of carbon and
carbon cluster ions.

Single-particle analysis results reveal that the 12C particles
produced using a Palas generator were chemically homogeneous
and their mass spectra nearly identical to those commonly ob-
served from combustion sources in fine and ultrafine modes.
Thus, it may be feasible to use Palas-generated EC particles as
an alternative to EC particles from combustion sources for ex-
posure studies. This is consistent with results reported by Evans
et al. (2003a), but inconsistent with results from Kirchner et al.
(2003). Kirchner et al. (2003) found a significant difference in the
chemical composition of diesel-generated and Palas-generated
EC particles (Kirchner et al. 2003). Note, however, that most
of the EC particles generated with the Palas generator are pro-
duced with sizes less than 100 nm, as is shown in this work
and reported previously (Evans et al. 2003a; Roth et al. 2004).
The single-particle mass spectrometer used by Kirchner et al.
(2003; LAMPAS-2) could not detect individual particles with
aerodynamic diameters of <150 nm and thus could not detect
the smaller, less-coated particles.

To our knowledge, these are the first on-line mass spectrom-
etry studies of ultrafine 13C particles from a Palas generator.
The observation of significant organic coatings specifically on
the ultrafine 13C particles may be of importance for their use
in toxicological studies. In particular, organic coatings may in-
fluence their fate after deposition in the respiratory tract. For
example, the results in our previous studies in rats on the translo-
cation of ultrafine 13C particles from their deposition site in the
respiratory tract into the blood circulation and from nasal de-
posits along the olfactory nerve into the central nervous system
(Oberdorster et al. 2002, 2004) might have been influenced by
the coatings changing the physical properties of the particles
(i.e., shape). The observation of OC coatings on the model 13C
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FIG. 2. (a) Size distribution of the analyzed 13C isotopically labeled model
carbon aerosols. (b) Typical positive ion mass spectra of the top two clusters of
the 13C model aerosols: (1) EC with OC coating and (2) “pure” EC.

particles shows the importance of using single-particle anal-
ysis for obtaining information on the chemical variability of
individual model particles. The ATOFMS is particularly sen-
sitive to surface-adsorbed species. However, in comparison to
the 12C EC particles, significantly more OC is observed on the
model 13C particles, corresponding to a size shift in the mea-

sured aerodynamic size distribution. It is difficult to use the size
shift as a quantitative measure of the change in particle mass
because aerodynamic diameter depends on density and shape,
which are most likely changing as the particles become more
coated with OC.

Single-Particle Analysis of Composite Iron–Carbon
(Fe-12C) Aerosol

In place of using a carbon rod and a metal rod (Evans et al.
2003b), two identical Fe-12C rods were used as the working elec-
trodes of the Palas generator to generate mixed Fe-12C particles.
Typically, the isotopes of iron were detected in the positive ion
mass spectrum, while carbon clusters were observed in the neg-
ative ion mass spectrum, as shown in the representative spectra
of model Fe-12C particles (Figure 3). This observation can be ex-
plained by the relative differences in the first ionization potential
(7.87 eV for Fe and 11.26 eV for C) and the electron affinities
(15.7 kJ mol−1 for Fe and 122.3 kJ mol−1 for C). Species with
lower ionization potentials typically produce more positive ions.
A higher electron affinity should result in more abundant nega-
tive ions. For the fine and ultrafine mixed Fe-12C particles, 97%
of the particles contain both iron and carbon, with similar pos-
itive and negative ion mass spectra to those shown in Figure 3.

FIG. 3. Typical positive and negative ion mass spectra of the top particle type
of the composite Fe-12C particles.
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These results contrast those reported by Evans et al. (2003b),
where significant particle-to-particle chemical variations were
observed when separate carbon and metal electrodes were used
in the Palas generator to produce mixed metal–carbon aerosols
(Evans et al. 2003b). For mixed Fe-12C aerosols, results from
EDX analysis showed particles consisted mainly of carbon with
a small quantity of iron (0.05%) (Evans et al. 2003b). Similar
results were found in other mixed metal–carbon aerosols such as
copper–carbon and stainless steel–carbon, suggesting that it can
be quite difficult to generate consistently mixed metal–carbon
aerosols for exposure studies (Evans et al. 2003b).

Single-Particle Analysis of Welding Aerosol
The metallic aerosol produced using welding rods as the

working electrodes of the Palas generator was expected to mimic
closely aerosols generated during metal–inert gas welding or
gas–metal arc welding of steel. In this work, the ATOFMS was
used to measure the fine and ultrafine particles produced by the
spark discharge of welding rods in the Palas generator. Figure 4
shows the size distribution of sized and hit welding aerosols
as well as the variations of particle hit rate obtained using the
ATOFMS. Sized particles were those that scattered both 532 nm
laser beams. The sized particles that undergo LDI and gener-
ate ions detectable by the MS were defined as hit particles.
The hit rate of the particles was defined as the ratio of hit to
sized particles. As shown in Figure 4, the sized and hit particles

FIG. 4. Size distribution and hit rate of the analyzed model welding particles.

both peak at ∼170 nm, and the typical hit rate for 90–170 nm
model welding particles was higher than 30%. As described
in the sample preparation section, the welding rod was com-
posed of iron, manganese, and chromium, and it had a density of
∼7.5 g cm−3. Assuming that the model welding particles were
spherically shaped, their geometric diameters should be ∼2.7
(i.e.,

√
density) times smaller than the aerodynamic diameters

reported in this work.
Unique positive and negative ion mass spectra of individual

welding particles obtained by the ATOFMS provide information
on their chemical composition and their mixing state. A typical
mass spectrum of model welding particles produced is shown
in Figure 5. Peaks for the major metal components such as iron,
manganese, and chromium, as well as minor OC species, were
detected in individual particles. The chemical composition of
individual particles reflects the bulk composition of the weld-
ing rods, and the small fraction of OC is believed to be due
to the coating of gaseous organic species originating from the
particle-free dilution air and the experimental setup. Table 1
shows the relative number fraction of the different particle types
obtained for the welding rods with the metals given in order
of decreasing ion intensity. Ninety-two percent of the particles
produced nearly identical spectra. The remaining particle types
(8%) show different compositions that may have resulted from
desorption/ionization of particles in “cooler” regions of the laser
beam (Wenzel et al. 2004), as well as the presence of minor
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FIG. 5. Typical positive ion mass spectrum of the top cluster of the model
welding particles.

impurities (OC and potassium-containing particles) in the rod
and from the particle-free dilution air.

The relative intensities of the mass spectral peaks in combi-
nation with the relative sensitivity factors (RSFs) of the species
can provide quantitative information on the relative concentra-
tions of these species in each particle (Gross et al. 2000). RSFs
correct for the difference in sensitivities for the various species
in a given sample matrix. As described in the sample prepa-
ration section, the major matrix of the welding rod was iron.
For a RSF of iron defined to be 1.0 (RSFFe = 1.0), the RSF of
species X (RSFX, where X = Cr or Mn) can be calculated using
Equation (1):

RSFx = Ix/IFe

Cx/CFe
[1]

where Cx is the number concentration of species X in the sample,
CFe is the number concentration of iron atoms in the sample, Ix

is the total ion intensity of species X, and IFe is the total ion
intensity of iron. The total ion intensity of a particular species
was calculated as the sum.

Based on the average mass spectrum of all analyzed model
welding particles, Table 2 gives the RSFs for chromium, man-
ganese, and iron, as well as their first ionization potentials. The
RSFs of chromium and manganese were calculated to be 8.7 and
2.0, respectively, indicating that the ATOFMS is more sensitive
to these species than to iron. Further, the observed anticorrela-
tions between RSFs and the first ionization potentials of each
species indicate that ATOFMS is more sensitive to species with
lower ionization potentials, which is consistent with previous
findings (Gross et al. 2000). These RSFs can be used in combi-

TABLE 2
RSFs for species X relative to iron obtained for the welding

rods using ATOFMS (see text for details)

First Ionization
Species Ix/IFe Cx/CFe RSFx Potential (eV)

Cr 0.35 0.04 8.7 6.77
Mn 0.39 0.19 2.0 7.44
Fe 1.0 1.0 1.0 7.87

nation with the ion intensity of each species in the mass spectra
to assess directly the variation of species concentrations in indi-
vidual particles during particle exposure studies, and ultimately
allow links to be established between the concentration of a
particular chemical species and the induced health effects.

This study demonstrates the ability of the Palas generator
to produce model welding aerosols with highly homogeneous
chemical composition at the single particle level, which can be
monitored in real-time during particle exposure studies using an
ATOFMS. This is an important step in relating the toxicity of
particles with their chemical composition, in addition to particle
size and mass and number concentrations. Standard methods
using filter-based techniques may be more quantitative over-
all, but they require more particles and thus longer sampling
times than single-particle mass spectrometers. In addition, us-
ing filter-based techniques one is forced to assume all particles
have identical compositions, taking an average of all particles
sampled over the entire exposure period. Short term fluctuations
of highly toxic particles are measured as very low concentrations
when averaged over long sampling times.

CONCLUSIONS
An ultrafine-aerosol time-of-flight MS was used to charac-

terize individual particles generated by using a spark discharge
aerosol generator and two identical 12C graphite electrodes, two
13C electrodes, two mixed Fe-12C electrodes, and two welding
electrodes. The model 12C particles were dominated by short
chain type EC, while the model 13C particles were dominated
by short chain type EC, with OC coatings. The source of the ad-
ditional OC was believed to be mainly contamination from the
particle-free dilution air. The mixed Fe-12C and welding parti-
cles were found to be highly homogeneous. The major compo-
nents of the rods (carbon and iron for mixed Fe-12C electrodes,
and iron, manganese, and chromium for welding particles) were
detected in reproducible ratios in the mass spectra for greater
than 90% of the detected particles. The RSFs for the major
components in individual model welding particles were deter-
mined to be 1.0, 2.0, and 8.7 for iron, manganese, and chromium,
respectively. The RSF values can be used when assessing the
variations of the relative concentrations of these components in
individual particles during exposure studies because they relate
the measured ion intensities to the actual quantities of specific
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chemical species, which can then be correlated with observed
health effects. Because the Palas generator can produce repre-
sentative model aerosols using working electrodes with various
chemical compositions, it offers a promising approach for gen-
erating model aerosols with controlled and homogeneous com-
positions for particle exposure studies. On-line single-particle
mass spectrometry can be used to detect changes in the chemi-
cal composition of individual particles while the model particles
are being delivered to animal and/or human subjects for exposure
studies, providing correlations between the particle toxicity and
number/mass concentrations, size, and chemical composition.
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