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Measurement of inherent material density of nanoparticle agglomerates

Kihong Park, David B. Kittelson, Michael R. Zachariah and Peter H. McMurry*
Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN 55455, USA; * Author for
correspondence ( E-mail: memurry@me.umn.edu)

Received 30 December 2003; accepted in revised form 1 March 2004

Key words: inherent material density, instrumentation, agglomerates, diesel soot, aluminum nanoparticle,
aerosol particle mass analyzer, instrumentation

Abstract

We describe a new technique to measure the size dependent inherent material density of chain agglomerate
particles. Measurements were carried out for diesel soot and aluminum/alumina agglomerate particles in
the nanometer size range. Transmission electron microscopy was used to measure the volumes of
agglomerate particles that were preselected by mass using an aerosol particle mass analyzer. We found that
the density of diesel exhaust particles increased from 1.27 to 1.78 g/cm® as particle mobility size increased
from 50 to 220nm. When particles are preheated to remove volatile components, the density was
1.77 + 0.07 g/cm?, independent of particle size. The densities measured after heating correspond to the
inherent material density of diesel soot. Measurements with aluminum nanoparticles were made down-
stream of a furnace where aluminum (Al) was converted to alumina (Al,O;). From measurements of
inherent material density we were able to infer the extent of reaction, which varied with furnace

temperature.

Nanoparticles are increasingly of interest due to
their potential effects on human health, their for-
mation in the atmosphere by nucleation and
eventual growth to sizes that can serve as cloud
condensation nuclei, their use as precursors in the
synthesis of nanophase materials, and their role as
a source of contamination during the fabrication
of semiconductor devices. It is now possible to
routinely measure size distributions down to 3—
Snm (Ziemann et al., 1995; McMurry et al., 2000),
and there has been significant recent progress in
the measurement of nanoparticle composition
(Reents & Ge, 2000; Kane et al., 2001; Tobias et
al., 2001; Mahadevan et al., 2002; Voisin et al.,
2003; Smith et al., 2004). Techniques for measur-
ing the ‘effective’ density (mass divided by volume
based on mobility diameter) are also established
(Kelly & McMurry, 1992; Hering & Stolzenberg,
1995; McMurry et al., 2002), but the effective

density is typically significantly lower than the
inherent material density for nonspherical parti-
cles. The inherent material density is a funda-
mental property of aerosol particles that can be
used to place bounds on composition and that
affects particle transport in gases. Inherent densi-
ties of bulk deposited samples for arbitrarily-
shaped particles can be obtained from independent
measurements of mass and volume by gas pyc-
nometry (Hanel, 1977), but this approach typically
requires several days to acquire a sufficient sample,
and typically provides no information on size-
dependent properties.

Here we employ a new approach to determine
the inherent material density of agglomerates that
consist of spherical primary nanoparticles. The
differential mobility analyzer (DMA)-aerosol par-
ticle mass analyzer (APM) technique (McMurry
et al., 2002; Park et al., 2003) is used to determine
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the mass of mobility-classified particles that are
subsequently analyzed by transmission electron
microscopy (TEM).

Details of our experimental setup can be found
in our previous papers (McMurry et al., 2002;
Park et al., 2003). Briefly, particles are brought to
Boltzmann equilibrium with a Po-210 neutralizer
before they enter the DMA. The DMA (Knutson
& Whitby, 1975) selects particles of a known
mobility size which are then sent to the APM
(Ehara et al., 1996). The APM consists of two
cylindrical electrodes that rotate together about
their common axis at a controlled speed. A voltage
is applied to the inner electrode with the outer
electrode grounded. Particles are introduced into
the small gap between two electrodes and experi-
ence centrifugal and electrostatic forces that act in
opposite directions. The APM transmits particles
of a known mass (independent of particle shape or
composition), determined by the balance of these
forces. The governing equation describing this
force balance is
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where m is particle mass, o is the APM angular
speed, r is the radial location of particles relative to
the axis of rotation, ¢ is the particle charge, r; and
r are the radii of inner and outer electrodes, and V'
is the applied voltage. Using a low pressure
impactor (LPI) (Hering et al., 1979), the mobility
and mass classified particles are deposited on
copper 200 mesh TEM grids coated with carbon or
silicon monoxide films. A JEOL 1210 TEM
(accelerating voltage: 40-120kV, magnification:
50x-800,000x) was used to obtain the TEM ima-
ges. The volume of the mass-classified particles
was determined by analyzing particle images ob-
tained with the TEM. The inherent material den-
sity equals the particle mass (from APM) divided
by this volume.

Diesel soot nanoparticles were produced using
either a John Deere diesel engine (John Deere
4045, 4 cylinder, 4.51, 75kW) or an Isuzu diesel
engine (Isuzu, 3 cylinder, 1.51, 10kW) and a ejec-
tor-type two stage variable residence time dilution
system (VRTDS) was employed to dilute diesel
exhaust with clean, cool air (Abdul-Khalek et al.,
1999). The VRTDS yielded primary dilution ratio
of 16:1 and dilution temperature of 36°C for the
John Deere engine, and 10:1 and 34°C for the Is-
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uzu engine. The residence time in the VRTDS is
approximately 2 s. Experiments were performed at
a constant engine speed of 1400 rpm (John Deere)
or 1800rpm (Isuzu) at an engine load of 50%
(John Deere) or 0% (Isuzu) with EPA fuel
(=360 ppm S) and with a commercially available
15W-40 lubricating oil. Aluminum nanoparticles
were generated by atomizing commercial alumi-
num nanopowder (Aveka Inc.) dispersed in
methanol, and a furnace was used to oxidize the
aluminum particles in air for known time (~1s)
and temperature (300 — 1100 °C).

Figure 1(a) shows typical morphologies of diesel
soot particles deposited after DMA—-APM system
with a mobility diameter of 150 &+ 22 nm and mass
of 0.966 + 0.310fg. We observed that most soot
particles are agglomerates of primary nanoparti-
cles. The TEM image analysis includes measure-
ments of primary particle diameter (d,) and
primary particle projected area (A4,). Measure-
ments of the projected area (A4,), maximum pro-
jected length (L), and maximum projected width
(W) of the agglomerates were made as shown in
Figure 1(b). We observed that the mean primary
particle diameter is 31.9 nm with a standard devi-
ation of 7.2 nm and that primary particles of diesel
agglomerates can be reasonably approximated by
a normal distribution. The average values of the
maximum length (L,y,), width (W,,,), and axial
ratio ((L/W)ave) with standard deviations , and the
mode of projected area diameter (Dproject) are
shown in Tablel. A previous study (Rogak &
Flagen, 1993) showed that projected area diame-
ters of TiO, and Si agglomerates are nearly equal
to mobility diameters in the free molecular regime,
and the constant relationship between the pro-
jected area diameter and mobility diameter
still holds throughout the transition regime
(Dmobility < 400nm). Our results show that this
also applies to diesel particles in the 50-220 nm
mobility diameter range. Figure 2 shows the mor-
phology of aluminum particles with a mobility
diameter of 100+ 15nm and mass of
0.554 £ 0.210fg. These particles are also agglom-
erates that consist of spherical primary nano-
particles.

The mass of diesel soot particles as a function of
mobility size measured with the DMA-APM is
shown in Figure3. In previous studies with
spherical particles of known composition we
showed that the mass of mobility-classified
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Figurel. (a) TEM picture with a mobility diameter of
150 £+ 22nm and mass of 0.966 + 0.310fg for diesel soot par-
ticles (Isuzu engine, 0% load, 1800 rpm, EPA fuel (360 ppm S)).
(b) Major parameters measured with the TEM: projected area
(4,,) of primary particles, and projected area (4,), maximum
projected length (L), and maximum projected width (W) of the
agglomerate.

particles can be measured to within 5% with the
APM. Here we collected mass-classified particles
on TEM grids and analyzed them by TEM. The
number of primary particles in the agglomerates is
determined after accounting for masking that
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occurs when 2-dimensional projections of 3-
dimensional particles are examined by TEM. We
have used previously reported approaches to ac-
count for the masking (Samson et al.,, 1987;
Meakin et al., 1989; Megaridis & Dobbins, 1990;
Koylu et al., 1995; Oh & Sorensen, 1997; Brasil et
al., 1999). The mean volume for an ensemble of n
mass classified particles is then

p Tl E("a(ﬁf) )%,

where N, is the number of primary particles in the
agglomerate i, A, is the projected area of the
agglomerate, 4, is the projected area of primary
particles, k, is an empirical constant, and o is an
empirical projected area exponent. In the present
study, the values of ¢ and k, (« = 1.19, k, = 1.81)
suggested by Oh and Sorensen (1997) are em-
ployed to determine the number of primary par-
ticles in diesel agglomerates. The volumes of diesel
soot particles as a function of mobility size deter-
mined in this way are also shown in Figure 3, along
with calculated values of inherent material density.
Note that the inherent material density decreases
from 1.78 + 0.02g/cm® for particles larger than
100 nm to a value close to 1g/cm® at 50 nm. Fig-
ure4 shows similar results that were obtained
when particles were preheated to 300 °C prior to
measurement. Note that in this case, the density is
1.77 £ 0.07 g/em?, independent of particle size. We
infer that the densities of the small particles in-
creased due to the evaporation of condensed
lubricating oil (density ~0.8 g/cm®) (Sakurai et al.,
2003). Though the mixing characteristics of the
condensed materials and non-volatile diesel soot
depend on engine operating conditions, the
intrinsic properties of diesel soot after removing
condensed materials are probably fairly constant
regardless of engine conditions. Thus, we conclude
that the inherent material densities that were
measured after heating are probably representative
of values for diesel soot.

Similar measurements were made on aluminum
agglomerate particles that had passed through an
oxidizing furnace at various temperatures prior to
mass measurement and collection. Results of these
measurements are shown in Figure 5. Note that the
inherent material density increased from ~2.7 to
~4 g/em? as the oven temperature increased. These
values correspond closely to the density of
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Table 1. Structural properties of diesel soot particles as a function of mobility diameter

Diobiliy (nm) Number of particles analyzed Dyroject (nm)?* L,y (nm) Waye (nm) (LI W)avg
50 157 45 61 + 15 43 +7 1.5+£04
80 158 85 117 £ 22 61 £9 2.0 +£0.6
100 305 95 155 + 26 65+ 10 25+0.7
120 209 125 194 + 37 80 £ 12 25+0.8
150 159 145 238 +47 90 £ 15 28 £ 1.0
220 77 215 387 + 77 119 + 20 34+12

“The projected area diameter (Dpojec) is evaluated at the center of the bin where the maximum count occurred. Diesel soot particles are
produced from a John Deere (John Deere 4045) engine (50% load, 1400 rpm, EPA fuel (360 ppm S)).

Figure2. TEM picture of aluminum particles with a mobility
diameter of 100 £ 15nm and mass of 0.554 + 0.210fg. The
aluminum particles are preheated to 300°C to remove the
methanol solvent.

aluminum (~2.70 g/cm®) and of aluminum oxide
(A1,O3) (3.97 g/em?), suggesting that in this case
the measured inherent density can be used to infer
the extent of reaction. We also observe that the
volume of particles for the given mobility size in-
creased as the temperature increased, suggesting
that agglomerates became more compact and
denser.

In summary, we have demonstrated a new
technique to measure the inherent density of
agglomerate particles composed of primary
nanoparticles. We show that the inherent density
of the non-volatile components of diesel soot is
1.7-1.8g/em®, and that the density of small
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Figure 3. The inherent material density, mass, and volume of
diesel soot particles as a function of mobility diameter. (John
Deere engine, primary dilution ratio = 16:1, dilution temper-
ature = 36°C, 50% load, 1400 rpm, EPA fuel (360 ppm S).)

(~50 nm) diesel exhaust particles approaches ~1 g/
cm’ due to the presence of condensed material that
can be removed by heating. We also show that
measured densities of non-oxidized and oxidized
aluminum agglomerates are in good agreement
with expected values for aluminum and alumina
suggesting that measurements of inherent material
density obtained in this way could be used to infer
the extent of reaction in aerosol reactors.
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Figure4. The mass, volume and inherent material density of
diesel soot particles as a function of mobility diameter. Particles
are preheated to 300°C to remove condensed species. (Isuzu
engine, primary dilution ratio = 10:1, dilution temperature =
34°C, 0% load, 1800 rpm, EPA fuel (360 ppm S).)
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Figure5. The dependence of mass, volume and inherent mate-
rial density of aluminum particles following passage through a
furnace at the indicated temperature.
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