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Abstract

Various types of combustion-related particles in the size range between 100 and 850 nm were analyzed with an aerosol mass spectrometer
and a differential mobility analyzer. The measurements were performed with particles originating from biomass burning, diesel engine exhaust,
laboratory combustion of diesel fuel and gasoline, as well as from spark soot generation. Physical and morphological parameters like fractal
dimension, effective density, bulk density and dynamic shape factor were derived or at least approximated from the measurements of electrical
mobility diameter and vacuum aerodynamic diameter. The relative intensities of the mass peaks in the mass spectra obtained from particles generated
by a commercial diesel passenger car, by diesel combustion in a laboratory burner, and by evaporating and re-condensing lubrication oil were found
to be very similar. The mass spectra from biomass burning particles show signatures identified as organic compounds like levoglucosan but also
others which are yet unidentified. The aerodynamic behavior yielded a fractal dimension (Dy) of 2.09 4= 0.06 for biomass burning particles from the
combustion of dry beech sticks, but showed values around three, and hence more compact particle morphologies, for particles from combustion
of more natural oak. Scanning electron microscope images confirmed the finding that the beech combustion particles were fractal-like aggregates,
while the oak combustion particles displayed a much more compact shape. For particles from laboratory combusted diesel fuel, a Dy value of 2.35
was found, for spark soot particles, Dy 2 2.10. The aerodynamic properties of fractal-like particles from dry beech wood combustion indicate an
aerodynamic shape factor y that increases with electrical mobility diameter, and a bulk density of 1.92 gcm™>. An upper limit of x~ 1.2 was
inferred for the shape factor of the more compact particles from oak combustion.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction chemistry, cloud processes and the Earth’s climate, but can also
affect human health. Combustion particles are produced by fos-
Atmospheric aerosol particles generated by combustion sil fuel combustion (traffic, heating, and power generation) and
sources do not only have a significant influence on atmospheric biomass burning (natural forest or savanna fires, deforestation,
wood burning, burning of agricultural wastes, etc.). Since com-
bustion derived particles contain a significant amount of black
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Uberlandstrasse 129, 8600 Diibendorf, Switzerland. [1,2]. However, this effect is strongly dependent on the single
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spheric warming by soot particles is currently under discussion
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as additional cloud condensation nuclei (CCN), leading to more
but smaller cloud droplets and as a consequence to a delay of
precipitation [5].

Epidemiological studies have provided evidence that elevated
levels of ambient particulate concentration are associated with
increased morbidity and mortality [6,7]. Although the exact
pathophysiological pathways are still unknown [8] and studies
focusing on ultrafine particles (d < 100 nm, the typical size range
of combustion particles) are sparse [9], human health is expected
to be most affected by particles with aerodynamic diameters
below about 200 nm, since these particles penetrate most effi-
ciently into the alveolae [10]. In addition to the influences of
particle size, number density, surface area, and volume, it is
likely that potential health effects also depend on particle shape,
chemistry, and hygroscopic properties, aspects that have been
neglected in epidemiological studies [11].

Combustion derived particles consist of elemental carbon,
unburned fuel components as observed in diesel exhaust par-
ticles [12-14], and chemical components that were produced
during the combustion process and have condensed onto the
particles, like polycyclic aromatic hydrocarbons (PAH) [15].
Biomass burning particles contain a significantly higher amount
of organic carbon than elemental carbon [16], but can also con-
tain inorganic material like sulfur species or potassium [17,18].
Similar to diesel exhaust particles, the organic compounds in
biomass burning particles are mainly composed of unburned
fuel and its pyrolysis products, which in this case are substances
related to cellulose, like levoglucosan, etc. [16, and references
therein].

The irregular, fractal-like shaped soot particles have aerody-
namic properties that cannot be described in terms of “classical”
aerosol mechanics with a simple, size-independent aerodynamic
shape factor and an aerodynamic diameter. These particles are
much better described in terms of fractal geometry, with the frac-
tal dimension, Dy, being the characterizing quantity describing
the degree of irregularity of the particles. There are numer-
ous measurements of fractal dimensions of different types of
agglomeration particles [e.g., 19-22], for particle sizes between
10 and 450 nm. Recently, DeCarlo et al. [23] and Slowik et al.
[24] have demonstrated the ability to infer particle morphology
and density from simultaneous measurements of the vacuum
aerodynamic diameter, dy,, measured by the aerodyne aerosol
mass spectrometer (AMS) and the mobility diameter, dy,, mea-
sured by a differential mobility analyzer (DMA) for electrical
mobility diameters between 100 and 400 nm.

The AMS has recently been used for various studies of engine
exhaust particles [12,13]. The detection process of the AMS
relies on flash evaporation of the non-refractory compounds on
a hot surface at temperatures around 400-700 °C. This excludes
the detection of pure soot, since elemental carbon does not
evaporate at these temperatures. However, despite the fact that
the AMS cannot detect the elemental carbon in soot particles
directly, it can detect condensed substances on these particles,
and therefore this instrument can be used for studies of com-
bustion exhaust particles including the aerodynamic properties
of these particles. This coating may contain organic or inor-
ganic low-volatile combustion products, but also contamination

from organic substances formed during particle production and
sampling in the laboratory. Although it is only the coating of the
soot particles from which composition mass spectra are obtained
in this study, the aerodynamic sizing performed by the AMS
drift region pertains to the entire particle including the soot and
volatile components. This paper reports on mass spectrometric
measurements of the non-refractory components of a variety of
combustion particles, summarizing several field and laboratory
studies from the last 5 years. In the first part, we compare the
mass spectra obtained from diesel combustion particles, spark-
discharge generated graphite particles, biomass burning aerosol
and particles generated with various fuel types using a labora-
tory burner. In the second part, we use the relation between the
vacuum aerodynamic diameter (dy,) and the electrical mobility
equivalent diameter (dp,) in order to infer the fractal dimension,
the dynamic shape factor, the effective density, and the bulk
density of particles in the size range between 100 and 850 nm.

2. Aerodynamic sizing of fractal-like particles
2.1. General

The aerodynamic sizing in the aerodyne AMS (as well as in
most other aerosol mass spectrometers) utilizes the acceleration
of the particles while entering the high vacuum chamber. This
acceleration occurs during the expansion at the last orifice of the
aerodynamic lens into the vacuum chamber. The aerodynamic
lens operates at pressures of typically 1-2hPa, therefore the
particles travel in the free molecular flow regime [25]. The
‘classical’ aerodynamic diameter d,, which is defined for
the continuum flow regime, is related to the volume equivalent
diameter dy. (the diameter of a sphere that has the same volume
as the non-spherical particle) by the following equation:

d? = Pp 1 o Ce(Kn(dye))
a = e A o Ww
Lo X Ce(Kn(dy))

where pp, denotes the particle bulk density, oo the unit density
(1 gem™3), x the dynamic shape factor, C¢(Kn) the Cunningham
slip correction, and Kn(d)=2M/d is the Knudsen number for
particles with diameter d [26], with A the mean free path of air
molecules. The dynamic shape factor x equals unity for spher-
ical particles and is larger than 1 for non-spherical particles. In
the free molecular flow regime, the Cunningham slip correction
factor is inversely proportional to the particle diameter [27],
leading to the so-called “vacuum aerodynamic diameter” dy;:

ey

1 , dy,
@* i édvazifdve (2)

d2 =d, = L
Lo X dve Lo X

a,free molecular va —
which is defined as the aerodynamic diameter in the free
molecular flow regime [e.g., 25,28].

A differential mobility analyzer measures the “electrical
mobility equivalent diameter” dp,, which is related to the vacuum
aerodynamic diameter by

dvax 2 £0 _ dm
PpCeldvaxpo/ pp) Ce(dm)

3
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Up to here, we assumed for simplicity that the dynamic shape
factor in the transition regime (x;) and in the free molecular
regime (xva) are equal. However, especially for fractal-like par-
ticles, the difference between x; and x,, may become important
[23].

By combining a DMA and an AMS, only the parameters dp,
and dy, are measured, so that Eq. (5) cannot be easily used to
infer the particle density or shape factor. Frequently, an effective
density is introduced, although there are different definitions for
it [23]. Here, we will use the effective density defined by:

Dot = ;O()@ =5 Ce(dvaxpo/ pp)
) P x2Celdm)

dm

Since the DMA operates under ambient pressure conditions,
the particles inside the DMA are in the transition between the
free molecular and the continuum regime. Following Jimenez et
al. [25], the following approximate expression for the Cunning-
ham correction C; in the transition regime can be used with an
error smaller than 10% for Knudsen numbers between 0.01 and
100:

“

C.=1+ ®Kn, (5)

where @ =1.594 is an empirical constant. Inserting Eq. (5) into
Eq. (6) gives an equation that is quadratic in pefr. Solving for

Peff yields:

Pp 1 8xPA(l + PN /dm))
Peff = —& .

x2 214+ @21 /dim)) [H_\/H_ dm

(6)

2.2. Fractal-like particles

The fractal dimension of an agglomerate of primary particles
describes the relationship between its geometric extension and
the number of primary particles:

Npp o< RP* (7

where Npp is the number of primary particles, Dy the fractal
dimension, and R is the characteristic radius (radius of gyra-
tion) of the agglomerate [29]. D¢ varies between 1 and 3, with
an infinitely long change-like aggregate and a solid sphere as
limiting cases, respectively. The scaling laws for fractal-like par-
ticles that were developed by Schmidt-Ott et al. [30] led to the
mass—mobility relationship [31] that relates the total particle
mass my, to the ratio between the electrical mobility diameter
(dm) and the diameter of the primary particles (dpp) by the frac-
tal dimension:

dm \ Pr
mpy o <dpp) 8)

Considering that in the free molecular regime, dvze = dﬁq / Xva

(following from Egs. (2) and (4)) and dve = Xvadvapo/p0p (Eq.
(3)), we can express the total particle mass by:

2
T 5w d 00 T 5
mp = gppdve = gppina;pdva = gpodmde 9

Combining Egs. (8) and (9), and assuming that dp;, is a con-
stant, it follows that dy, and dp, are related by:

dyy = CdP 2, (10)

where C is a constant. van Gulijk et al. [32] point out that in
the free molecular regime, for particles with fractal dimen-
sions smaller than 2, both the aerodynamic and the mobility
diameter are independent of Ds. As a consequence, only fractal
dimensions larger than 2 can be determined from simultaneous
measurements of dy, and dp,. An additional constraint is the
requirement that dp, is a constant value. dp), can be determined
by sampling the particles on a filter and measuring the size
of the primary particles using electron microscopy. If such
information is available, Eq. (10) can be applied in order to
infer the fractal dimension of the measured particles. This
method has been applied to diesel soot particle data obtained
with a DMA and an electrical low pressure impactor (ELPI) by
van Gulijk et al. [32], and for propane flame soot data measured
with an AMS and a DMA by Slowik et al. [24].

3. Measurements
3.1. Instrumentation

The aerodyne aerosol mass spectrometer, which has been pre-
viously described by several authors [e.g., 12,25,33-36] uses a
combination of aerodynamic focusing and sizing, thermal vapor-
ization (400700 °C), electron impact ionization, and mass spec-
trometric detection to infer quantitative chemical composition as
well as chemically resolved size distributions of aerosol particles
in the aerodynamic size range between 25 and 1500 nm. In the
experiments presented here, the instrument was equipped with a
linear quadrupole mass spectrometer. The vacuum aerodynamic
diameter measurement was calibrated with ammonium nitrate
and ammonium sulfate particles that were size-selected with a
DMA, and with polystyrene latex (PSL) spheres of known diam-
eters between 50 and 600 nm. The data presented here originate
from three different experimental settings, namely laboratory,
biomass combustion facility, and a chassis dynamometer car
testing facility. The DMA systems employed in the experiments
were TSI models 3071 and 3080, the condensation particle coun-
ters were TSI models 3025a and 3022.

3.2. Fuel combustion and soot aerosol generation in the
laboratory

Combustion particles were generated in the laboratory by
burning diesel and gasoline in a commercial camping burner.
This burner can be operated at different air-to-fuel ratios, thereby
varying the flame type and color from oxygen-rich (blue) to
oxygen-poor (yellow). To maintain a stable airflow around
the burner, a steel flow chamber (diameter: 200 mm; height:
500 mm) was placed around the burner. The stainless steel sam-
pling line to the AMS and the DMA extracted the aerosol from
the flow chamber 15cm above the burner exit. Connections
between the stainless steel tube, the AMS and the DMA were
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made of conductive silicone tubing, which turned out to be a
source of contamination. Particles generated in the blue flame
had a modal vacuum aerodynamic diameter, dy, (mass based)
of about 60 nm, the particles from the yellow flame had a modal
dy, between 120 and 180 nm.

The different fuel types were also nebulized unburned using a
De Vilbiss-type nebulizer [26] for subsequent analysis with the
AMS. Lubrication oil droplet aerosol also was produced by heat-
ing the oil to 120 °C, leading to evaporation and re-condensation
of the higher volatile fraction of the oil. In addition, airborne
graphite soot particles, generated by a PALAS GFG-100 spark
soot generator using Argon as a carrier gas [37,38], were sub-
jected to AMS measurements.

3.3. Biomass burning aerosol generation

The biomass burning facility of the Max Planck Institute for
Chemistry has been described in detail in Gwaze et al. [22] and
linuma et al. [39]. Various types of wood, such as beech, oak,
musasa (Brachystegia speciformis), spruce, and other biomass
burning material (savanna grass) were burned on a fuel bed
housed in a partially closed container open to ambient air. The
smoke was conducted into a dark reservoir container (32 m?>),
from which the aerosol instruments were sampling. The beech
wood consisted of dry sticks from a hardware store with a length
of about 15 cm and a thickness of 0.5 cm, while the other biomass
fuels were in a natural state.

3.4. Measurements of diesel exhaust from a passenger car

The diesel engine exhaust measurements were performed at
the chassis dynamometer of the Ford Research Center Aachen
(FFA). A detailed description of these measurements is given
in Schneider et al. [13] and Scheer et al. [40]. The exhaust of a
diesel passenger car was sampled through stainless steel tubing
and diluted with particle free air with dilution factors varying
between 10 and 300. A scanning mobility particle sizer and a
condensation particle counter were run parallel to the AMS.
Here, we present an example of the mass spectrometric data
(engine condition: 6 kW, 120 km h! ). Overall results and details
from these studies have been presented in Schneider et al. [13]
and Scheer et al. [40].

4. Results and discussion
4.1. Mass spectra of combustion derived particles

Fig. 1 depicts mass spectra of particles produced from diesel
and lube oil by combustion, nebulization, and evaporation with
subsequent re-condensation. Panel A shows a typical AMS
mass spectrum of particles from laboratory combusted diesel
(oxygen-rich blue flame, height of sampling tube: 15 cm above
flame; AMS vaporizer temperature: 412 °C). Panel B shows a
mass spectrum from particles sampled behind the exhaust pipe
of a diesel passenger car (conditions: 6 kW, 120kmh~"!). Only
the organic signatures are shown in this mass spectrum, while
the sulfate signals were subtracted, since the latter are from
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Fig. 1. Comparison of mass spectra of particles derived from diesel combustion
in the laboratory burner (A) with those of particles from diesel engine exhaust
(B), from nebulized diesel (C), nebulized lube oil (D), and evaporated and re-
condensed lube oil (E).

sulfate aerosol that is formed due to conversion of gaseous
SO, into SO3 at the oxidation catalyst of the car [13]. This
does not occur in the laboratory generated diesel combustion
particles. Panel C shows a mass spectrum from nebulized diesel
(vaporizer temperature: 446 °C), panels D and E show two
mass spectra from lube oil, nebulized (D) and evaporated at
120 °C with subsequent re-condensation (E). Both lube oil mass
spectra were recorded with a vaporizer temperature of 480 °C.
Mass spectrum A is dominated by hydrocarbon fragment ions
like C,Hpp— 1" (mlz=27,41, 55,69, 83,97, 111, ...), C,Hpp11*
(mlz=29,43,57,71,85,99,...),and C,Hp,_3* (67, 81,95, 109,
..). Also, COy*t (m/z=44) and H,O" (m/z=18) are detected,
both of which are fragments of larger organic molecules. The
diesel exhaust particle mass spectrum (panel B of Fig. 1) shows
similar mass fragments, but ions with m/z numbers larger than
100 are less abundant. Also, the relative amount of other frag-
ments with even m/z numbers (e.g., 82, 84, and 96) is higher
compared to their “neighbor” ions (83, 85, and 97). The signals
at m/z 73 or 147 are possibly due to contamination arising from
the conductive silicone tubing, as it is reported that dimethyl-
siloxane, SiO(CHj3),, which as a polymer with the empirical
formula [SiO(CH3)2], is popularly known as silicone) produces
mass peaks at m/z 73, 147, 207, 221, and 281 under electron
ionization [41].
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The nebulized diesel (panel C) shows similar signatures
with respect to the three ion series C,Hp,— 1", C,Hopne1t, and
C,Hy,—3%, and the peaks with even mass numbers (80, 82, 84,
etc.) are very small.

The mass spectra from lubrication oil (panels D and E) show
also the three ion series, but the ionic fragments are larger than in
the mass spectrum of particles from nebulized diesel. Especially
the mass spectrum from nebulized lube oil shows larger ionic
fragments and more intense peaks with even m/z values (e.g.,
42 and 56) than in the mass spectrum from evaporated and re-
condensed oil lube droplets. Also, there are peaks at m/z 113 and
127, which are only found in the nebulized lube oil. This finding
is due to the fact that the nebulization process transforms the
complete mixture of substances that is contained in the lubri-
cation oil into droplets, while the evaporation and re-conden-
sation process enriches the higher volatile compounds in the
droplets.

The similarities between the mass spectra shown in Fig. 1 can
be compared by plotting the relative intensities of the individual
m/z values against each other (see Fig. 2). The mass spectrum
of diesel engine exhaust particles was arbitrarily chosen as the
reference mass spectrum. The correlation coefficient r (also
called Pearson’s r) of the linear fit is used here as measure of
similarity between the individual mass spectra, a method that
has been used previously [46]. For two identical mass spectra,
the intensities of the individual mass peaks fall onto a straight
line with an r value of 1. For mass spectra that are not identical,
the data points deviate from that line, resulting in a correlation
coefficient smaller than 1. Note that the > value is not suited
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for this method, since a negative correlation (r=—1, but > =1)
indicates a pronounced difference between two mass spectra.
Fig. 2 shows that the AMS mass spectra of lab combusted diesel
particles and evaporated and re-condensed lube oil particles
have the highest similarity to those of diesel exhaust particles
from the passenger car, suggesting that the higher volatile com-
ponents of the lubrication oil or the diesel fuel are more likely
to evaporate during the combustion process and to condense
unburned onto the soot particles. However, these differences
between the correlation coefficients are small, since r varies only
between 0.95 and 0.97. Canagaratna et al. [12] came to a similar
result when comparing heavy-duty diesel exhaust particles to
nebulized diesel fuel particles and evaporated/re-condensed
lubrication oil particles. Investigating also heavy-duty diesel
exhaust particles, Tobias et al. [42] found that at low engine
loads, the exhaust particle composition is similar to that of diesel
fuel, but for higher loads the composition is indicative of lubri-
cating oil. In contrast, Sakurai et al. [43] found that heavy-duty
engine exhaust particles are dominated (>80%) by lubrication
oil. For a non-road diesel generator, Liang et al. [44] concluded
from their data that the exhaust particles contain n-alkanes that
are likely from unburned diesel fuel, while the main source of
organic acids is lubrication oil. The various data sets suggest that
diesel exhaust particles are composed of a mixture of fuel and
lubrication oil compounds, and that engine type and load deter-
mine if one of the components dominates. Our investigation
with laboratory burned diesel fuel further indicates that also the
combustion of pure diesel fuel (without addition of lubrication
oil) produces particles that are similar to those observed in diesel
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Fig. 2. Correlation plots of the mass spectra displayed in Fig. 1. Plotted are the intensities of the individual m/z signals against each other. The correlation coefficient

ris used here as a measure of similarity between the spectra.
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Fig. 3 depicts a mass spectrum of soot particles produced
by the spark soot generator. Although these particles are sup-
posed to consist of pure elemental carbon [37] and should
therefore not be vaporized by the AMS vaporizer, several dis-
tinct peaks are observed, namely at m/z=27, 29, 41, 43, 55,
and 57 (C,Ha,—1", C,Hou ™), and at miz=73, 147, 207, 221,
and 281. These mass peaks indicate organic contamination of
the soot particles produced by the spark discharge generator.
Roth et al. [38] also found that soot particles produced with the
PALAS CFG-1000 generator contained up to 25% volatile con-
tamination. They concluded that these contaminations were due
to organics evaporating from the walls of the polyamide cham-
ber of the generator. The observed ions C,Hp,—1*, C;Hops1™
are most likely due to this contamination source. The signals
at m/z 73, 147, 207, 221, and 281 are likely due to contami-
nation from conductive silicone tubing, a material that is com-
monly used in aerosol science. McLafferty and Turecek [41]
report exactly these mass peaks as signatures for dimethyl-
siloxane which is the constituent of the polymeric substance
commonly known as silicone. These ions can be identified
with (Si0C,Hg),,SiIOCHst (n=0, m/z 73;n=1,m/z 147;n=2,
mlz 221; n=3, m/z 295), (SiOC,Hg),SiOCH3*: m/z 207, and
(SiOC,Hg)3SiOCH3™: m/z=281. It is interesting to note that
these signatures did not occur when the laboratory generated
blue diesel flame was probed, but occurred only when the yel-
low (oxygen-poor) flame was measured where soot production
was observed. It appears that the silicone components preferably
condense on or react with soot particles. Although this contami-
nation is undesired, it allows the detection of the spark soot parti-
cles with the AMS, and thereby the measurement of the vacuum
aerodynamic diameter of the spark soot particles (Section 4.2).

Fig. 4 gives several examples of biomass burning derived par-
ticles: panel A shows a mass spectrum of particles produced by
dry beech wood combustion. Besides the ion series (C,,Hp,—1 ™,
C,Hzp41", and C,Hy,—3%), these particles also contain the sili-
cone contamination products m/z 73, 147,207, and 221, but also
m/z 167 and 181, two yet unidentified ions.

The biomass burning particle mass spectra also contain
m/z 60, which is assumed to be a signature of levoglucosan
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Fig. 4. Mass spectra from various biomass burning derived particles (panels
A-E), along with a laboratory spectrum of levoglucosan (panel F, black trace)
and the NIST reference spectrum (panel F, red trace).

(1,6-anhydro-3-p-glucopyranose, C¢Hj9Os5, molecular weight
(MW) 162 gmol~!), a thermal decomposition product of cel-
lulose constituents that is ubiquitous found in biomass burning
particles (e.g., [ 16, and references therein]). To test this hypoth-
esis, levoglucosan, dissolved in water, was nebulized in the
laboratory and analyzed with the AMS (panel F). It was found
that levoglucosan produces a significant mass peak at m/z 60,
but also produces m/z 73, while no m/z 147, 207, 221, and 281
are observed. The NIST standard reference mass spectrum of
levoglucosan [45] is also given in panel F (red trace). The main
fragment ions of levoglucosan (m/z 57 (C4Ho™ or more likely
C3Hs0™"), m/z 60 (C;H40,™"), and m/z 73 (C3H50,%)) are pro-
duced in the AMS mass spectrum at similar ratios as in the NIST
reference spectrum. The signal ratio of m/z 57:m/z 60:m/z 73 is
0.44:1:0.36 (NIST) and 0.48:1:0.28 (AMS) which can be con-
sidered as close agreement. The mass spectrum of the AMS was
recorded with a vaporizer temperature of 430 °C, and the ratios
change in favor of the smaller fragments with increasing vapor-
izer temperature, but the signatures of m/z 60 and 73 remain.
The smaller ion fragments that were produced in the AMS (m/z
15, 18, 27, 29, 41, 43, 44, etc.) to a higher degree than in the
NIST spectrum are most likely also caused by fragmentation
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or vibrational excitation during the flash vaporization process.
This finding is consistent with previous comparisons of AMS
and NIST mass spectra from various organic compounds [46].
There are also other substances in the NIST database similar to
levoglucosan (e.g., D-arabinose or D-ribose, both CsHgOs, MW
150) that produce peaks at m/z 60 and 73, as also do long-chain
carboxylic acids (starting with heptanoic acid, C;H140,, MW
130). Since organic acids have been found previously in biomass
burning particles [16], it would not be unlikely that the detection
of m/z 60 and 73 might also be explained by carboxylic acids,
but the peak ratios of m/z 57:m/z 60:m/z 73 do not match the
values found in the biomass burning particles.

The ratio m/z 60 to m/z 73 observed in the levoglucosan mass
spectrum allows to distinguish between the m/z 73 signature due
to levoglucosan production and due to silicone contamination:
for example, the beech spectrum (panel A) contains an intense
signal at m/z 73 but only low signal at m/z 60, indicating that
most of m/z 73 is due to contamination in panel A, while in the
spruce mass spectrum (panel D) the ratio between 60 and 73
is very similar to that observed in the levoglucosan spectrum.
Levoglucosan does not produce a peak at m/z 137, which is very
pronounced in the mass spectra of oak (B), musasa (C), spruce
(D), and savanna grass (E), but not in the beech spectrum (A).
m/z 167 and 181, on the other hand are most intense in the mass
spectra from beech (A), oak (B), and musasa (C). Since these m/z
ratios are separated by 14 mass units, they belong most likely to
the same ionic fragmentation chain, with different numbers of
CH;-groups. A similar relationship may exist between m/z 137
and 151.

Bahreini et al. [47] presented an AMS mass spectrum
of particles from an ambient brush fire plume, in which no
prominent mass peaks are observed at m/z larger than 70, but
the data are only displayed up to an m/z value of 100. Thus, it
cannot be assessed if the mass spectrum of these ambient brush
fire plume particles contains ions at m/z 137, 157, and 181.
m/z 60 and 73 are definitely minor peaks in the mass spectrum
of Bahreini et al., while m/z 44 (CO,") is a very pronounced
peak, almost as prominent as the peak at m/z 29 (C,Hs™). The
latter is the most intense peak in the brush fire mass spectrum.
In our data, m/z 44 is the most prominent peak only in Fig. 4A
(beech sticks), while the other mass spectra from biomass
burning derived particles reveal a higher intensity at m/z 43 and
at m/z 29 than at m/z 44. The particle size distribution recorded
simultaneously shows that the CO,* signal is not due to gas
phase CO3, since gas molecules arrive much faster at the ionizer
of the AMS than particles and can thereby be distinguished from
the particle phase. The ratio of m/z 44 to total organics has been
used to infer the degree of processing that the organic aerosol
particles or their organic precursor gases have experienced
in the atmosphere. It has been found that in remote, rural
areas m/z 44 is the highest peak in the organic mass spectrum
[46,48], and it was concluded that m/z 44 is a reliable marker
for the occurrence of oxygenated organic aerosol (OOA) [49].
Takegawa et al. [50] used the ratio of m/z 44 to total organics
to assess the degree of processing of organic aerosols, and used
for Tokyo city thresholds of 0.04 and 0.08 to separate between
low, moderately, and highly processed aerosol, respectively.
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Fig. 5. m/z44 mass concentration vs. total organic mass concentrations, for data
obtained from diesel exhaust particles and biomass burning particles.

Fig. 5 shows the mass concentration of m/z 44 plotted versus
the total organic mass concentration for the biomass burning and
diesel exhaust data. The identified contamination products were
subtracted from the organic signal for this analysis. Interest-
ingly, the biomass burning data fall in two distinct groups. The
beech combustion derived data reveal a markedly higher slope
(0.156) than the other biomass derived particles (oak, musasa,
spruce, and savanna grass combustion), which all fall onto a
single regression line with a slope of 0.027. The diesel exhaust
data (recorded at the chassis dynamometer during two different
campaigns) show a slope of 0.048.

The very low ratio of m/z 44 to total organics of the biomass
burning derived particles from natural fuel is surprising, since it
was expected that this ratio reflects the degree of oxidation of the
organic compounds. Results obtained from chemical analysis of
biomass burning aerosol show a large fraction of oxygen con-
taining compounds and functional groups [17,39]. This finding
suggests that the method of determining the degree of oxida-
tion using the ratio of m/z 44 intensity to total organic peak
intensity may not be universally applicable to all oxygenated
organic molecules. This is illustrated in the relatively low inten-
sity of m/z 44 in the highly oxygenated compound, levoglucosan:
the measured ratio of m/z 44 to total organics for levoglucosan
inferred from our laboratory experiments is 0.056. For example,
since m/z 43 can also contain fragments of oxygen-containing
organic species (CoH30%), the structure of certain oxygenated
molecules may lead to a stronger formation of m/z 43 instead of
m/z 44 during the vaporization and ionization process inside the
AMS.

It must be emphasized that the beech wood was dry beech
sticks from a hardware store, while the other biomass fuel was in
an almost natural state and thereby contained much more water.
Biomass burning particles from natural wood (e.g., forest fires)
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are more likely to resemble the “low slope” data, while modern
wood-based heating systems (e.g., wood pellets) will resemble
the dry beech wood. Therefore, one has to distinguish between
these different types of biomass burning and the ratio of m/z 44
to total organics alone cannot be used to unambiguously infer
the type of fuel. These differences between the different types
of biomass burning particles also appear in their aerodynamic
properties which will be discussed in the following section.

4.2. Aerodynamic properties and fractal dimension

To infer information about the aerodynamic properties as well
as density and shape of the particles, a narrow size range of the
sampled aerosol was selected using a DMA and the resulting par-
ticles were analyzed with the AMS, giving information on the
vacuum aerodynamic particle diameter. Multiply charged par-
ticles that appeared at a higher vacuum aerodynamic diameter
than the singly charged ones were excluded from the analy-
sis. These data are available from the following experiments:
biomass burning (oak and beech), graphite soot from the spark
soot generator, and lab combusted diesel particles (oxygen-poor
flame).

Fig. 6 shows the relationship between the mobility diameter
(selected with the DMA) and the vacuum aerodynamic diameter
(measured with the AMS) for particles obtained from two types
of wood burning: dry beech sticks and natural oak branches.
The measurements show a significantly different behavior; while
for the particles from beech combustion, the vacuum aerody-
namic diameter shows only a very slight dependence on the
mobility diameter, the vacuum aerodynamic diameter of the par-
ticles from oak combustion is linearly dependent on the mobility
diameter.

As explained above, the relation of the measured diameters
dy, and dy, (Eq. (10)) can be used to infer the fractal dimension
Dr of the particles. The diameter of the primary particles from
beech combustion was measured by Gwaze et al. [22] using
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Fig. 6. Vacuum aerodynamic diameter vs. mobility equivalent diameter for two
types of biomass burning aerosol: oak, measured on August 19 and 29, 2003
(crosses), and beech, measured on June 17 and 18, and August 21 and 25, 2003
(triangles).

scanning electron microscopy. They found a constant Gaussian
distribution of the primary particle diameter d},, with a modal
diameter of 51 nm and a standard deviation o, of 1.27. We will
therefore assume a constant dp,p, and apply Eq. (10) to our data
in order to infer the fractal dimension of the measured particles.

When plotting the logarithms of the data, the slope of a linear
regression line equals Dy — 2. This has been done separately
for the individual experiments shown in Fig. 7, each containing
between 6 and 32 data points. We obtain fractal dimensions
between 3.06 and 3.09 for the particles from oak combustion,
and fractal dimensions between 2.04 and 2.15 for the particles
derived from beech combustion.

4.2.1. Statistical significance of the fractal dimension data

In order to test the statistical significance of the positive cor-
relations that were found for the data presented in Fig. 7, we
used the Student’s #-test. This test yielded statistical significance
within the 95% confidence interval for all experiments with
the exception of the beech wood experiment of 03/08/21, where
the correlation coefficient is as low as 0.52 and also the number
of data points (8) is low. Within the 99% confidence level, still
the two oak experiments and the beech experiment of 03/08/25
are statistically significant. Since the value obtained from the
experiment on 03/08/21 is not even significant within the 90%
confidence level, we exclude this data point from the analysis
and obtain an average D for the particles from dry beech wood
combustion of 2.09 £ 0.06.

4.2.2. SEM pictures of biomass combustion particles

During the experiments on 03/06/18, the particles from the
combustion of beech sticks were sampled on gold-coated mem-
brane filters behind the DMA and the filters were analyzed using
a scanning electron microscope (SEM). For details of the SEM
analysis see Gwaze et al. [22]. Examples are shown in Fig. 8c
and d. Particles from oak combustion were sampled on an earlier
date without preselection with a DMA (Fig. 8a and b). Although
the oak combustion particles are not spherical, they show a com-
pact morphology and look markedly different from the fractal
like aggregates that were found in the smoke from combustion
of beech. This finding fits very well to the different aerodynamic
behavior of the particles and to the different fractal dimensions
inferred from our measurements.

4.2.3. Comparison with previous results

For the same beech combustion experiments discussed above,
Gwaze et al. [22] obtain an average Drp value of 1.83 (two-
dimensional fractal dimension) derived from three different
techniques based on 2D projections. However, from our method,
Dy values lower than 2 cannot be inferred, since the data collected
by the AMS-DMA combination would yield constant dy, values
(independent of dy,) if the fractal dimension is equal or lower
than 2. It must be considered, however, that Df<?2 is inherent
to any method looking at projections of irregular particles [19],
as done by Gwaze et al. [22]. Furthermore, Ds is smaller by
10-15% (for D¢ = 2 as encountered here) than the value for D¢
inferred from a three-dimensional method [51]. Increasing the
Dy value reported by Gwaze et al. [22] by 10 and 15% yields
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Fig. 7. Logarithms of vacuum aerodynamic diameter vs. mobility equivalent diameter for particles from oak and beech combustion. The linear regression curves
yield the fractal dimension according to Eq. (10). The estimated fractal dimension Dy is about 3 for the oak particles and ranges between 2.04 and 2.15 for the beech
particles. The beech data measured on 03/08/21 do not have sufficient statistical significance (see text).

2.01-2.10, respectively. This is in excellent agreement with our

results.

Schmidt-Ott inferred a fractal dimension of 2.18 for Ag
particles formed by homogeneous nucleation [19]. A fractal

dimension of 2.15 is the theoretical value for reaction-limited
cluster aggregation [51]. Both values are very similar to our
average Dr value of 2.09=+0.06 for the beech combustion
particles.

Fig. 8. SEM pictures of biomass combustion particles: (a and b) oak combustion particles (no preselection with DMA) and (c and d) beech combustion particles,
03/06/18—(¢) diy, = 100 nm and (d) dy, =200 nm.
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Fig. 9. Examples for further experiments with fractal-like particles: laboratory-generated diesel combustion particles (left panel) reveal a fractal dimension of 2.35;
spark soot particles (PALAS GFG1000, right panel) reveal a fractal dimension of 2.10.

4.2.4. Fractal dimension analysis of other combustion
particles

Correlations of dy, and dy, for laboratory-generated diesel
combustion particles and spark soot particles generated with the
PALAS GFG1000 generator show similar results as biomass
burning particles from beech sticks (Fig. 9). The undesired con-
tamination of the spark soot particles due to the polyamide
chamber of the generator and the conductive silicone tubing
allows the determination of the aerodynamic diameter with the
AMS. The particles from diesel combustion reveal a fractal
dimension of 2.35 + 0.07, while the spark soot particles reveal
a fractal dimension of 2.10+0.05. The error limits here are
given by the standard deviation of the slope parameter during
the fitting process. The positive correlation of the diesel com-
bustion particles is significant within the 99% confidence level,
while the correlation of the spark soot particles is only signifi-
cant within a 90% confidence level. It was shown in Fig. 2 that
the mass spectra of diesel exhaust particles and laboratory gen-
erated diesel combustion particles are very similar, but this is not
necessarily the case for their shape. Park et al. [31] report fractal
dimensions ranging from 2.3 to 2.8 for diesel engine exhaust
particles from various engines under various conditions, which
is in good agreement with the value we obtain for the laboratory
combusted diesel particles. In a recent review paper, Burtscher
[52] considers 2.3 a typical Dy value for diesel soot. In contrast,
for soot particles produced by a propane flame, Slowik et al.
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[24] found fractal dimensions of about 1.7, which is markedly
smaller than our value.

For spark soot, a fractal dimension of 2.1 was also reported
by Weingartner et al. [20]. In addition, Wentzel et al. [21] found
a fractal dimension of 2.0 for spark soot particles based on their
coagulation dynamics. Both values agree with our findings and
imply that in our experiments the influence of the coating —
originating from contamination — on the particle morphology is
negligible.

4.2.5. Effective density and shape factor

The effective density that was defined in Eq. (4) and param-
eterized in Eq. (6) can be fitted to the experimental data to
obtain information on the particle density and dynamic shape
factor (Fig. 10). The left panel shows the effective density pesr
as a function of the mobility diameter (d,) along with three fit
curves: in the first curve (solid line), the dynamic shape factor
(x) was set to 1 (spherical particles), since this is the theoret-
ical minimum value for y in the absence of alignment effects.
The effective density is then a constant value, defined by the
mean ratio between dy, and dp,, and equals the particle density
pp- Under these assumptions, the inferred bulk particle density
is 1.44 gcm™3. For the second fit curve (dotted line), the parti-
cle density was set to a constant value of 2 gcm™3, since this
is approximately the density of elemental carbon and is taken
as an approximation for the upper limit for the density of the
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Fig. 10. Effective density as defined in Eq. (6), fitted to the experimental data for two examples of biomass burning particles (oak and beech).
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oak combustion particles. Then, the effective density decreases
with increasing dp, and the resulting shape factor x is 1.2.
Allowing also x values smaller than 1 (accounting for possi-
ble alignment effects), the best fit yields a x value of 0.51 and a
very low bulk density of 0.44 gcm ™3 (dashed line). This curve
reproduces best the slight increase of the effective density with
dm.

The right panel of Fig. 10 shows the effective density of the
beech combustion particles measured on 03/08/25. Since it has
been observed frequently that the dynamic shape factor increases
with dy, [22,24,53], we parameterized the dynamic shape factor
as function of the mobility diameter y :a(dm/dpp)b , using the
dpp value of 51 nm as measured by Gwaze et al. [22]. By this,
the experimental data could be reproduced well, yielding a bulk
particle density of 1.92 g cm™3. With the fitted values of 1.13 and
0.45 for the parameters a and b, respectively, the dynamic shape
factor ranges between 2.1 (200 nm) and 4.1 (850 nm), which is
higher by 20-60% than the values reported by Gwaze et al. [22]
for the same experiment. The inferred density of 1.92 gecm™3
is in agreement with bulk densities that have been reported for
other types of soot particles. Park et al. [54] found inherent den-
sities between 1.7 and 1.8 gcm ™3 for diesel soot particles with
mobility diameters larger than 100 nm. However, no data on the
density of biomass burning fractal particles have so far been
reported. It might also be conceivable that the particle density
is not constant but is a function of the mobility diameter. With
the limited number of data points in this experiment, it was not
possible to include such a functional dependence into the fit
procedure.

5. Summary and conclusion

The mass spectrometric signatures of particles generated
in various types of combustion processes were investigated
using the aerodyne AMS (quadrupole version). Although this
instrument cannot detect elemental carbon and has additional
limitations in the analysis of organic compounds, namely unit
resolution and fragmentation of the organic molecules upon flash
evaporation and electron impact ionization, important conclu-
sions on the chemical nature of the individual particle types
could be inferred. The mass spectrometric data indicated that
diesel engine exhaust particles closely resembled particles pro-
duced by laboratory diesel combustion and particles produced
by evaporating and re-condensing lubrication oil. The similar-
ity to nebulized diesel and nebulized lubrication oil was slightly
smaller.

In the mass spectra of spark soot particles produced with
the PALAS GFG soot generator, we found contamination origi-
nating most likely from the polyamide chamber of the generator
and of the conductive silicone tubing (m/z 73, 147,207,221, and
281). The silicone contamination signatures were also found in
mass spectra from particles produced by an oxygen-poor flame
in the laboratory, by a diesel engine, and partly also in biomass
burning particles.

Biomass burning particles show signatures for levoglucosan:
m/z 73 (C3H50,%) and m/z 60 (CoH40,™). Levoglucosan mass
spectra recorded in the laboratory were found to have similar

ion ratios for these mass peaks as the NIST reference spectrum,
suggesting that NIST reference spectra are a valid source for
interpretation of AMS spectra. It can be ruled out that the m/z
73 ion (C3HsO5%) in the levoglucosan spectrum is the same
mass fragment as the m/z 73 signal that is related to silicone
contamination (SiOC,Hjs").

From the combination of the vacuum aerodynamic and the
mobility diameter, some interesting findings regarding particle
morphology were derived. The fractal dimension and thereby
the aerodynamic behavior of different types of biomass burning
was found to be significantly different, depending on the state of
the biomass fuel. Particles derived from natural oak wood com-
bustion revealed a fractal dimension D¢ of about three, while
particles from the combustion of dry beech wood had a frac-
tal dimension of 2.09 &£ 0.06 (ranging between 2.04 and 2.15).
This finding is consistent with SEM pictures showing the fractal
nature of the beech combustion particles and the compact shapes
of the oak combustion particles.

Similar results were found for other soot particles: particles
from laboratory diesel combustion with an oxygen-poor flame
had a fractal dimension of 2.35 and spark soot particles were
found to have a Dy of 2.10. These results are in good agreement
with previous measurements [20,31].

In addition, the dynamic behavior of compact particles from
oak combustion suggested a lower limit for the particle (bulk)
density of 1.44 gcm™3 for an assumed dynamic shape factor of
1, and an upper limit for the shape factor of 1.2 was inferred
by setting the particle density to 2.0, a value that is reported
for black carbon and might be representative as an upper limit
for the density of biomass burning particles. Allowing also val-
ues smaller than 1 for the shape factor, thereby accounting
for possible alignment effects in the aerodynamic lens of the
mass spectrometer, the data were best reproduced with val-
ues for the shape factor of 0.5 and for the bulk density of
0.44 gcm™3, both of which can be regarded as unrealistically
low.

The fractal-like particles could also be described with a
dynamic shape factor that is a function of the mobility diam-
eter, similar to the finding of Gwaze et al. [22]. This means that
the particles become less compact with increasing size and expe-
rience a higher drag force. This finding had been reported also
by Park et al. [53] for diesel exhaust particles, and by Gwaze
et al. [22] for particles collected in the same experiments as the
data presented here.

The inferred density of the fractal like particles from beech
combustion is 1.92 gcm™>. This value is in the range of previ-
ously published data on diesel soot, however, no other data on
the density of airborne biomass burning particles are available.

The differences between the particles produced from combus-
tion of dry beech sticks and natural state biomass fuel (especially
from oak combustion) are reflected in the mass spectrometric
data (Fig. 5) as well as in the data on particle morphology
(Fig. 6). It is conceivable that biomass burning particles from
natural wood (e.g., forest fires) or other natural biomass fuel
with higher water content are more likely to resemble the par-
ticles from oak combustion in our experiments, while particles
produced by modern wood-based heating systems resemble the
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particles from the dry beech stick combustion. The influence of
these differences in biomass fuel conditions on the properties
of the generated particles have to be accounted for when inter-
preting and comparing biomass burning particles in different
locations in the world.
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