
Structural and Fractal Properties of
Particles Emitted from Spark
Ignition Engines
R A J A N K . C H A K R A B A R T Y , *
H A N S M O O S M Ü L L E R ,
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Size, morphology, and microstructure of particles emitted
from one light-duty passenger vehicle (Buick Century;
model year 1990; PM (particulate matter) mass emission
rate 3.1 mg/km) and two light-duty trucks (Chevrolet C2;
model year 1973; PM mass emission rate 282 mg/km,
and Chevrolet El Camino; model year 1976; PM mass
emission rate 31 mg/km), running California’s unified driving
cycles (UDC) on a chassis dynamometer, were studied
using scanning electron microscopy (SEM). SEM images
yielded particle properties including three-dimensional density
fractal dimensions, monomer and agglomerate number
size distributions, and three different shape descriptors,
namely aspect ratio, root form factor, and roundness. The
density fractal dimension of the particles was between
1.7 and 1.78, while the number size distribution of the particles
placed the majority of the particles in the accumulation
mode (0.1-0.3 µm). The shape descriptors were found to
decrease with increasing particle size. Partial melting
of particles, a rare and previously unreported phenomenon,
was observed upon exposure of particles emitted during
phase 2 of the UDC to the low accelerating voltage electron
beam of the SEM. The rate of melting was quantified for
individual particles, establishing a near linear relationship
between the melting rate and the organic carbon 1 to
elemental carbon ratio.

1. Introduction
Recent studies suggest that emissions from SI (spark ignition)
vehicles are a major source of fine and ultrafine PM
(particulate matter) in the atmosphere (1). Physical, chemical,
and toxic properties of PM emitted into the atmosphere are
of great interest because of their influence on human health
(2), the earth’s radiation balance and climate (3), visibility
(4), and atmospheric chemistry (5). Unfortunately, very little
information is available on the properties of SI PM.

While SI PM mass emission rates are much lower than
those of diesel vehicles, total SI VKT (vehicle kilometer
traveled) are much higher, and total PM mass emissions from
all SI vehicles in the U.S. may be comparable to that from
all diesel vehicles (6). Properly functioning current technology

SI vehicles emit PM mostly during cold start and hard
acceleration (7). While there are numerous parameters related
to engine and catalyst operation and fuel and lubricating oil
composition that affect the emission of PM from SI vehicles,
the primary parameter determining PM emission rates and
size distributions is the fuel/air equivalence ratio (8). PM
emissions are minimized during stoichiometric operation
and increase for both rich and lean combustion (9). During
cold start, SI engines use a rich fuel/air mixture, and particle
number emission rates may be similar to modern diesels (1).

SI PM resembles diesel PM with respect to individual
particles having complex shapes and consisting of a mixture
of multiple chemical compounds (1, 9). A comprehensive
knowledge of SI PM size, morphology, and composition is
needed to characterize its physical, chemical, and toxic
properties. The size and the structure of these particles is
important as it influences their atmospheric transport
properties, optical properties, and toxicological effects, for
example, by controlling deposition, light scattering, and depth
of penetration into the lung, respectively. Past research has
focused on PM number emissions, mass emissions, and size
distributions, and no studies of structural and fractal
properties of SI PM are known to us.

The most common methods to characterize the compli-
cated structure of agglomerate particles such as those emitted
by SI and diesel engines are scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). SEM is
typically used to investigate particle morphology and external
structure, whereas TEM is typically used to examine the
internal structure of the particles. Images taken with of either
of these two techniques can be analyzed to provide the
projected two-dimensional (2-d) properties of agglomerate
particles. From these 2-d properties of the agglomerates,
actual 3-d structural properties can be derived including the
mass-fractal dimension, which also provides useful insights
into the agglomeration mechanism and volume equivalent
size distribution of the particles.

The U.S. EPA and other sponsors conducted a program
to characterize emissions of PM and other toxic components
from randomly selected, light-duty SI vehicles in the Kansas
City metropolitan area from July 2004 to March 2005. During
this program, we collected PM emission samples from a few
vehicles for the determination of particle structural and fractal
properties.

SEM was used to investigate the morphology, agglomerate
and monomer sizes, and shape of particles emitted from
three light-duty vehicles with model years of 1991 and before.
Energy-dispersive X-ray analysis was performed on the
emitted PM to confirm its carbonaceous nature. Computer-
aided analysis of the SEM images yielded the 3-d fractal
dimension of the PM. Based on this observed fractal
dimension of the particles, a growth mechanism for the
agglomerates is identified. A number of 2-d structural
properties of the agglomerates and their mathematical
relations were determined. The shape of the particles was
characterized using three conventional shape descriptors
(10), aspect ratio, circularity (both sensitive to elongation),
and root form factor (sensitive to boundary irregularity).

2. Experimental Section
2.1. Sample Collection. The vehicle emission tests were
conducted in Kansas City during July to September 2004
(summer/round 1) and January to March 2005 (winter/round
2) using California’s Unified Driving Cycle (UDC) that consists
of a cold start phase 1, a more aggressive hot-stabilized phase
2, and a 10-min hot soak with the engine turned off, followed
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by a warm start phase 3 (repeat of phase 1). The prescribed
UDC vehicle speed as function of time is shown in Figure 1.
For the SEM analysis, filter samples were from three vehicles
including one light-duty passenger vehicle (Buick Century;
model year 1990; odometer reading 238 334 km; PM emission
rates 12.9, 1.9, and 1.8 mg/km for UDC phases 1, 2, and 3)
and two light-duty trucks (Chevrolet C2; model year 1973;
odometer reading 91 974 km; PM emission rates 750, 249,
and 42 mg/km for UDC phases 1, 2, and 3, and Chevrolet El
Camino; model year 1976; odometer reading 98 894 km; PM
emission rates 208, 10.3, and 2.1 mg/km for UDC phases 1,
2, and 3). Note that the odometer readings for the two light-
duty trucks seem artificially low. This may be due to the
odometers having turned over. A suite of instruments and
samplers was operated to provide continuous PM analysis
and to collect batch samples of particle and gaseous exhaust
components for later analysis of their chemical and mass
composition. For sampling exhaust particles to filters for
SEM analysis, exhaust was first drawn from the exhaust pipe
probe through insulated copper tubing to the constant
volume sampler (CVS). A pump was used to draw diluted
exhaust from the CVS through a PM2.5 impactor, which
eliminates particles larger than 2.5 µm in diameter, onto
nucleopore filters for SEM analysis. The flow rate through
the nucleopore filter was adjusted to about 0.5 lpm to yield
the appropriate filter loading for image analysis of individual
agglomerates. While this estimate was correct for phase 3 of
the UDC, phases 1 and 2 samples were overloaded and could
only be analyzed for monomer size distribution but not for
agglomerate properties. For phase 3, clean and well-defined
images of around 200 agglomerates were selected for each
vehicle and analyzed for particle shape, fractal dimension,
agglomerate size distribution, monomer size distribution,
and various projected properties. The selection of particles
was based on the random distribution of particles on the
SEM filter.

2.2. Scanning Electron Microscopy (SEM) Analysis.
Particles were sampled on nuclepore clear polycarbonate
filters, which were kept refrigerated and later prepared for
SEM analysis by coating them with a 1-nm thick layer of

platinum to prevent charging during SEM analysis. The
coated filters were analyzed using a field emission scanning
electron microscope. SEM analysis may change the shape of
particles through heat damage and physical damage. Heat
damage evaporates semivolatile components from the filter
due to the electron beam operating under vacuum conditions.
Physical damage due to particle charging by the electron
beam was avoided by keeping the accelerating voltages below
5 kV (11). Image analysis software (Digital Micrograph 3,
Gatan Inc., and ImageJ, NIH) was used to quantify the
structural properties of both the agglomerate particles and
their monomer components. This analysis yields primary
particle diameter dp and primary particle projected area Ap

for monomers and projected area Aa, maximum projected
length Lmax, and maximum projected width Wmax (normal to
Lmax) for agglomerates.

3. Results and Discussion
3.1. Properties of Primary Particles. Primary particles clearly
distinguishable in agglomerates were selected, and their
diameters were measured yielding primary particle size
distributions corresponding to the three different phases of
the UDC for the three vehicles. These primary particle size
distributions can be reasonably approximated by lognormal
distributions (Figure 2). As is evident from the figure, particles
emitted during phases 1 and 3 of the UDC have very similar
primary particle size distributions with count median
diameters (CMD) between 30 and 40 nm and geometric
standard deviations (σ) between 1.11 and 1.38. Phases 1 and
3 follow an identical speed profile (Figure 1), and the
differences in engine temperature and fuel/air equivalent
ratio between phases 1 (cold start) and 3 (warm start) did not
greatly change the monomer size distribution. The primary
particle size distribution of the more aggressive speed profile
of phase 2 can be represented using a bimodal lognormal
distribution. The small mode has CMDs between 20 and 24
nm and geometric standard deviations σ between 1.17 and
1.23, while the large mode has CMDs between 54 and 60 nm
and geometric standard deviations σ between 1.29 and 1.35.
The higher and more variable engine load of phase 2

FIGURE 1. Prescribed vehicle speed as function of time for the three phases of California’s unified driving cycle (UDC)
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(compared to phases 1 and 3) and associated changes in
engine operating parameters (e.g., combustion temperature,
rpm) yield primary particles with a larger size range than the
less aggressive speed profile of phases 1 and 3. Unfortunately,
not much is known about primary particle size as a function
of combustion conditions, making it difficult to further
interpret these results.

The primary particle size distributions measured here for
SI vehicles during phase 1 and phase 3 of the UDC are very
similar to the previously measured primary particle size
distributions for diesel vehicles. Primary particle size dis-
tributions measured during phase 2 were bimodal with the
small mode particles being smaller than diesel primary
particles and the large mode particles being significantly
larger. Lee et al. (12) measured primary particle diameters
of diesel agglomerates and found that the mean primary
particle diameter ranged from 28.5 to 34.4 nm with a nearly
normal distribution. More recently, Park et al. (13) observed
that the mean primary particle diameter of diesel agglomer-
ates was 31.9 nm with a standard deviation of 7.2 nm.

3.2. Partial Melting of Particles under Exposure to the
SEM Electron Beam. An important observation was made
during SEM analysis of samples from phase 2 of the UDC.
Upon exposing the agglomerates to the SEM electron beam
with a relatively low accelerating voltage of 5 kV, some of
them started to show increased area and reduced contrast
within seconds of irradiation. We interpret this observation
as partial melting (i.e., phase change from solid to liquid).
Partial evaporation of the agglomerates may also occur but

would not explain the increased area observed. Figure 3 shows
a temporal sequence of this process over a total of 15 s. This
phenomenon of melting of carbonaceous aerosol particles
upon exposure to a low voltage, accelerating electron has
not been reported so far. The melting phenomenon was
quantified using the change in Michelson contrast C of the
SEM images (Figure 3) as function of time t with C defined
as

where Gparticle and Gbackground are the mean gray scale values
of particle and background, respectively. The change in
contrast of samples taken during phase 2 of the UDC is nearly
linear in time as shown in Figure 4a, and the negative rate
of contrast change (i.e., -dC/dt) can be used to quantify the
melting phenomenon.

The negative rate of contrast change of our phase 2
samples is a near linear function of the organic carbon 1
(OC1) to elemental carbon (EC) ratio as determined by the
thermal/optical reflectance (TOR) method (14) and shown
in Figure 4b. Here OC1 is the OC fraction volatilized during
the first temperature step of the thermal/optical analysis
(14). Replacing OC1 with other OC fractions or with total OC
resulted in a less linear relationship. Therefore, the near linear
dependence of the negative rate of contrast change on the
OC1/EC ratio may indicate that most of the organic com-

FIGURE 2. Lognormal number size distributions of the monomers emitted by the (a) Buick Century, (b) Chevrolet C2, and (c) Chevrolet El
Camino during phases 1, 2, and 3 of the UDC.

C )
Gparticle - Gbackground

Gparticle + Gbackground
(1)
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pounds involved in the melting process are included in OC1.
However, this observation is based on an extremely limited
data set and will need to be corroborated with analysis of
additional data.

3.3. Projected (2-d) Properties of Spark Ignition Ag-
glomerates. SEM images of agglomerate particles were
analyzed yielding the projected area equivalent diameter D,
which is defined as the diameter of a circle with the same
area as the projected particle (15). Rogak and Flagan (16)
applied results of numerical calculations by Dahneke (17-
19) to fractal aggregates and showed that for TiO2 and Si
agglomerate particles with mobility diameters up to 400 nm,
the projected area diameter is approximately equal to the
mobility diameters Dmobility. Very recently, Park et al. (13)
showed that this also applies to diesel agglomerates in the
50-220 nm mobility diameter range. More general, the
relationship between the mobility diameter Dmobility and the
projected area equivalent diameter D is well conserved in
the transition regime as well as in the free molecular regime
of the gas flow around the particle but breaks down in
continuum flow regime (20). A recent study by Lee et al. (12)
has shown that at atmospheric pressure, emissions from
diesel vehicles lie mostly in the transition and free molecular
regime. Based on their findings and taking into consideration
the fact that the number density of SI particles is in general

much lower than that of diesel particles, we assume that the
projected area equivalent diameter D of agglomerates from
SI vehicles closely approximates their mobility diameter.

Most particles emitted by the three light-duty SI vehicles
during phase 3 of the UDC can be classified as fine particles
(D < 2.5 µm), ultrafine particles (D < 0.10 µm), or nano-
particles (D < 0.05 µm), with most of the particle mass in the
accumulation mode (0.10 µm < D < 0.3 µm) (21). The number
size distribution of these particles is shown in Figure 5,
together with a fitted bimodal lognormal distribution. The
small mode of this bimodal distribution consists of nonag-
glomerated single primary particles or very small, chained
particles. It is however to be noted that the data represented
in Figure 5 may not provide an accurate representation of
the actual particle size number concentration emitted by
the vehicles since only a subset of the emitted particles is
collected onto the SEM filter.

Figure 6 shows for particles emitted by all three SI engines
that the maximum length Lmax scales to the projected area
diameter D, a surrogate for the mobility diameter Dmobility,
with a power law relationship as (13, 16)

where k is a proportionality constant, and a is the exponent

FIGURE 3. Sequential SEM snapshots taken during the melting of a particle sampled from a Chevrolet El Camino during phase 2 of the
UDC. The particle was exposed to a low accelerating voltage beam of 5 kV for a total of 15 s. The melting indicates a high presence
of organic carbon (OC).

Lmax ) kDa ≈ kDmobility
a (2)
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characterizing the power law relationship. For the SI ag-
glomerates studied here, the exponent a is between 1.22 and
1.28, which is comparable to a previously determined value
of 1.26 for diesel agglomerates (13).

3.4. Fractal Dimension of SI Agglomerates. Since the
introduction of the concept of fractal dimension by Man-
delbrot (22), it has found significant use for describing the
complex structures resulting from random aggregation of
fine aerosol particles. In 3-d, the number N of fine particles
aggregating to make up a cluster with fractal morphology
scales with the radius of gyration Rg as (22)

where kg is the fractal proportionality constant, dp is the
primary particle diameter, and Df is the mass fractal
dimension. For a given radius of gyration, the higher the
fractal dimension, the higher is the number of primary
particles in an agglomerate, thus resulting in a higher primary
number or mass density.

In order to determine the 3-d mass fractal dimension of
the agglomerates from the 2-d SEM images, one needs to
have knowledge of the number of primary particles N and
the radius of gyration Rg of the agglomerate. Empirical
relationships between 2-d properties and 3-d properties are
used to extract 3-d properties from the measured 2-d
properties. The number of primary particles can be ap-
proximated as (23)

where Aa is the projected area of the agglomerate, Ap is the
average projected area of primary particles, ka is an empirical
constant, and R is an empirical exponent.

In addition, the estimation of N from Aa/Ap is sensitive to
the value of the overlap parameter, which is defined for
spherical particles as the ratio of the primary particle diameter
to the distance between the centers of two touching particles.
Oh and Sorensen (23) took the overlap of primary particles
into account and determined ka and R as function of overlap
parameter. In our study, these values of R and ka are employed
when using eq 4 to determine the number of primary particles
in the agglomerates. The overlap parameter for most of the
SI particles studied here is between 1.45 and 1.5. This high
overlap parameter can be attributed to the OC that fills the
gaps between the near spherical EC cores of the primary
particles (Figure 3).

FIGURE 4. (a) Change in contrast C of SEM images as function of
time t for emissions from three vehicles during phase 2 of the UDC
and (b) the negative rate of change of C with time t (i.e., -dC/dT),
which quantifies the rate of melting, is plotted as function of the
organic carbon 1 (OC1) versus elemental carbon (EC) ratio yielding
a near linear dependence.

N ) kg(2Rg

dp
)Df

(3)

N ) ka(Aa

Ap
)R

(4)

FIGURE 5. Projected area equivalent diameter D distribution for
particle agglomerates emitted by the (a) Buick Century, (b) Chevrolet
C2, and (c) Chevrolet El Camino during phase 3 of the UDC.
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The radius of gyration Rg, a 3-d parameter, can also be
extracted from projected properties. Previous studies sug-
gested that the maximum projected length Lmax could be
used as a substitute of Rg (i.e., Lmax/2Rg ) constant) (24-26).
Oh and Sorensen (23) found that Lmax/2Rg ) 1.45, while Brasil
et al. (26) determined Lmax/2Rg ) 1.50. Here, we use the value
reported by Brasil et al. (26) yielding the fractal dimension
DfL based on the maximum projected length Lmax as

where dp is the primary particle diameter, and kL is the
proportionality constant. The two fractal dimensions DfL

(based on maximum projected length) and Df (based on
radius of gyration Rg) have identical values and can be used
interchangeably, while the proportionality constants kg and
kL are different and related as

Fractal dimensions DfL of agglomerates emitted from the
three SI vehicles calculated with eq 5 are shown in Figure 7.

The maximum projected length Lmax is obtained by direct
measurement, while N is determined from eq 4 using values
for R of 1.20, 1.14, and 1.16 and for ka of 1.50, 1.30, and 1.35
for the Buick Century, Chevrolet C2, and Chevrolet El Camino,
respectively (23). As can be seen from Figure 7, the values
of the 3-d fractal dimension of these SI agglomerates are
between 1.7 and 1.78. This range for the 3-d fractal dimension
of SI agglomerates is overlapping with, but somewhat lower
than, that of 1.75-1.88 for diesel agglomerates (12, 13) and
within the range of 1.67-1.83 for particles emitted from the
combustion of biomass fuels (11).

The 3-d fractal dimension of the SI agglomerates (i.e.,
1.7-1.78) indicates a diffusion-limited cluster-cluster ag-
gregation mechanism for the agglomerate formation (27, 28),
which has also been proposed for the formation of diesel
agglomerates (12).

3.5. Shape Analysis of SI Agglomerates. Although shape
is an inherently three-dimensional attribute and can be
defined in many different ways, many characterization
techniques use two-dimensional data to define them (29).
These “conventional shape descriptors” combine two mea-
sures of particle size as a ratio (10). Three simple shape
descriptors were selected for our analysis, that is aspect ratio
(AR) (sensitive to elongation), root form factor (RFF) (sensitive
to boundary irregularity), and roundness (RN) (sensitive to
elongation). Using a combination of ImageJ and Digital

FIGURE 6. Relationship between the maximum projected length
Lmax and projected area equivalent diameter D for particle
agglomerates emitted by the (a) Buick Century, (b) Chevrolet C2,
and (c) Chevrolet El Camino during phase 3 of the UDC.

N ) kL(Lmax

dp
)DfL

(5)

kL ) kg( 2Rg

Lmax
)DfL

) kg( 2Rg

Lmax
)Df

(6)

FIGURE 7. Fractal dimension DfL calculated using eq 6 for particle
agglomerates emitted by the (a) Buick Century, (b) Chevrolet C2,
and (c) Chevrolet El Camino during phase 3 of the UDC.
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Micrograph 3 software, these shape descriptors were cal-
culated from the maximum projected width Wmax, maximum
projected length Lmax, projected area Aa, and perimeter length
P of the individual aggregates as

and

For particles emitted during phase 3 of the UDC from a
Buick Century (light-duty vehicle, 1991 model year), these
shape descriptors are shown as a function of the corre-
sponding projected area equivalent diameter DProjected in
Figure 8. For small diameters, the aspect ratio (AR) is quite
varied with large values approaching 1, which corresponds
to a rather circular structure. As the diameter of the particle
increases, both the variability and the value of the aspect
ratio are reduced, indicating the formation of more lengthy

chainlike agglomerates. A similar, but more pronounced,
observation can be made for the particle roundness de-
creasing in value and variability with increasing diameter,
again indicating more elongated particles at large sizes. The
root form factor (RFF) of the particles also behaves similarly
to the aspect ratio and roundness of the particles. The
decrease in RFF with increasing diameter implies increasing
boundary irregularity of the particles corresponding to the
random positioning of small clusters and monomers con-
stituting the chainlike agglomerates. A similar pattern of
decreasing ARR, RF, and RN with increasing diameter was
observed for agglomerates emitted by all three vehicles tested.

The relationship between the root form factor (RFF) and
the roundness (RN) of the particles emitted from the three
SI vehicles is shown in Figure 9 and can be described as a
power law relationship with an average exponent of 0.74 as
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