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Abstract

Three methods—scanning mobility particle sizer (SMPS), transmission electron microscopy (TEM), and dif-
fusion charging (DC)—for estimating aerosol surface area were evaluated and compared. The aerosol used was
monodisperse silver particles, having morphologies that range from spherical to agglomerated particles, with corre-
sponding fractal dimensions from 1.58 to 1.94. For monodisperse silver particle agglomerates smaller than 100 nm,
the DC response was proportional to the mobility diameter squared, regardless of morphology. For particle sizes
from 80 to 200 nm, the DC response varied as the mobility diameter to the power 1.5. The projected surface area
of agglomerates analyzed by TEM agreed well with that estimated from particle mobility diameters for particles
smaller than 100 nm. The surface area of monodisperse particles, measured by DC and SMPS, was comparable to
the geometric surface area below 100 nm, but in the size range of 100–200 nm, the methods used underestimated
the geometric surface area. SMPS, TEM, and DC-based measurements of surface area were in good agreement with
one another for monodisperse aerosol particles smaller than 100 nm.
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1. Introduction

The toxicity of most inhaled aerosol particles is generally accepted to be associated with particulate
mass. However, several studies in recent years have indicated that the toxicity of low-solubility inhaled
particles may be more appropriately associated with particulate surface area (Oberdörster, Gelein, Ferin,
& Weiss, 1995; Oberdörster, 2000; Brown, Wilson, MacNee, Stone, & Donaldson, 2001). Ultrafine
particles (particles below 100 nm) have a higher specific surface area (area unit per mass) than coarser
particles, and it is plausible that evaluating exposures to such particles by their mass concentration may
lead to the underestimation of health risks. While this hypothesis probably will not gain wide approval
until extensive data relate occupational health effects to aerosol surface area, intuitively, an association
between the surface area of insoluble lung deposits and health effects is anticipated.

Although workplace exposures to ultrafine particles are widespread and predicted to increase due to the
advent of mainstream nanotechnology, the means of measuring aerosol exposures in terms of surface area
are not readily available. The standard method for measuring surface area (the Brunauer–Emmett–Teller
(BET) method (Brunauer, Emmett, & Teller, 1938)) is appropriate for relatively large quantities of powder
only, but not suited to a rapid evaluation of aerosol surface area, particularly at low concentrations.

Research to find alternative methods for analyzing nanotechnology exposures from ultrafine particles
in the workplace is ongoing.Woo, Chen, Pui, and Wilson (2001)andMaynard (2003)have estimated
surface area from measurements of number and mass concentration and, in the case ofWoo et al. (2001)
charge measurement. However, while these two methods may be suitable for rough estimates of sur-
face area concentration, they are not designed for accurate exposure measurements in this emerging
technology.

Other possible methods and instruments for measuring aerosol surface area include the diffusion
charging (DC), transmission electron microscopy (TEM), and scanning mobility particle sizer (SMPS).
Recently,Bukowiecki et al. (2002)used real-time instruments, including DC and particle counter, for
characterizing combustion aerosols in the air. These experiments showed the possibilities offered by DC
for the real-time monitoring of ambient aerosols.

In the present paper, three techniques—DC, TEM, and SMPS—for estimating aerosol surface area
are evaluated and compared. Monodisperse silver particle agglomerates were used as the test aerosol.
In addition, the responses from two DC models were investigated systematically for various particle
morphologies. Unlike BET, these techniques are only sensitive to the outer surface of particles being
assessed.

2. Theory

Active (Fuchs, 1963) surface area is defined as the surface of a particle that is involved in interactions
with the surrounding gas. In the free molecular regime, active surface area is equivalent to geometric
surface area for spherical particles. Because particle mobility and molecule attachment rate are governed
by particle–molecule collisions, it is theoretically possible to use either quantity to measure the active
surface area.Rogak, Flagan, and Nguyen (1993)demonstrated that for mobility diameters smaller than
400 nm (extending well into the transition regime), the equivalent sphere projected area diameter (the
diameter of a sphere having the same projected area) of particles scaled with the particle mobility diameter
for fractal-like particles. Similarly,Keller, Fierz, Siegmann, Siegmann, and Filippov (2001)showed that
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the product of ion attachment coefficientK and mobilityZwas nearly constant in the size range from 20
to 180 nm.

Singly charged aerosol particle electrical mobilityZmay be expressed as

Z = eC(Kn)

3��d
, (1)

whereC(Kn) = 1 + Kn[1.257+ 0.4 exp(−1.1/Kn)] (Friedlander, 1977) where� is the viscosity of the
gas,C(Kn) the slip correction factor at Knudsen numberKn (defined as 2�/d), d the particle’s mobility
diameter, ande the elementary charge.� is the mean free path of the carrier gas. The electrical mobility
of a singly charged particle selected by a concentric geometry Differential Mobility Analyzer (DMA),
such as the model 3081 (TSI, Inc., St. Paul, MN) is given by

Z = qc ln(r2/r1)

2�VL
, (2)

wherer1 andr2 are the radii of the inner electrode and outer electrode, respectively,L is the length of
electrodes,V the voltage difference between the two electrodes, andqc the clean sheath gas flow rate in
the DMA. In the free molecular regime(Kn?1), Eq. (1) becomes

Z = 1.105e�

��d2 . (3)

Thus, combining Eqs. (2) and (3), it can be seen that in the free molecular regime, the projected surface
areaA(�d2/4) is directly related to DMA voltage

A = 0.5525�e�L

�qc ln(r2/r1)
V . (4)

For diffusion charging of particles of a given size in a unipolar ion cloud, the ion attachment rate onto
neutral particles may be expressed as

dn

dt
= −KNn, (5)

(Baron & Willeke, 2001) wheren is the ion concentration,N the concentration of monodisperse particles
of diameterd, andK the mass transfer coefficient (or ion attachment coefficient).

In the free molecular regime,K is given by

K = v
�

4
d2, (6)

(Siegmann & Siegmann, 2000) wherev is the average velocity of the ions,(3kT /m)1/2,m the ion mass,
k the Boltzmann’s constant, andT the absolute temperature.

Replacing�d2/4 by projected surface areaA and combining Eqs. (5) and (6) yield

A = 1√
(3kT /m)Nn

dn

dt
. (7)

Keller et al. (2001)showed that the product of ion attachment coefficientK and mobility is nearly
constant in the size range from 20 to 180 nm, indicating thatK scales with 1/Z in this size range and
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in turn with d2 in the free molecular regime (Eq. (6)). Aerosol charging rate in a unipolar ion cloud
due to ion diffusion can be assumed to be governed byK as long as the charge per particle remains low
(i.e., multiple charging is negligible). Thus, diffusion charging can be used as a basis for measuring particle
surface area in the free molecular regime. ForKn<1, diffusion charging is associated with Fuchs surface
(Keller et al., 2001) and is expected to vary asd1 for Kn>1. From the relationship betweenZ andK,
measurements of aerosol surface area for particles smaller than 180 nm in diameter should be comparable
when diffusion charging and mobility analysis are used with Eqs. (4) and (7). In addition, Eq. (4) indicates
that DMA voltage can be used to determine the projected surface area of selected particles, allowing a
simple determination of aerosol surface area in the free molecular regime. Because mobility diameter
is governed by particle–molecule collisions, it is to be expected that DMA voltage-determined aerosol
surface area provides an indication of Fuchs surface area forKn<1.

3. Experimental details

3.1. Aerosol generation

To investigate the response from a range of surface area measurement instruments and methods for
monodisperse particles covering a range of sizes and morphologies, a test facility was constructed (Fig. 1)
(Ku & Maynard, 2004). Silver (Ag) particles covering a range of diameters and morphologies were gen-
erated by two horizontal tube furnaces in series. Silver wire (purity level 99.9%) was placed in a ceramic
boat in the first furnace and heated at 1200◦C in a pure nitrogen atmosphere (purity level 99.999%).
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Fig. 1. Experimental setup to generate monodisperse silver particles, and evaluate instrument response.
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The nitrogen was passed through the furnace at a flow rate of 1.0 lpm, controlled by a digital mass
flow controller (Brooks Instrument, USA.: Model 0154). Particle formation within the first furnace was
primarily by homogeneous nucleation.The aerosol leaving this furnace was allowed to age in a coagulation
chamber (residence time about 40 s), leading to the formation of agglomerates with low fractal dimensions.
The second tube furnace was operated at different temperatures to provide either partial or complete
sintering of agglomerates or coalescence, thus, allowing some degree of control over particle morphology.
Particles of specific mobility diameters were subsequently selected with a Differential Mobility Analyzer
(DMA-Model 3081, TSI, Inc.) before they were characterized by an array of techniques. For all the
experiments, the aerosol flow rate was fixed at 1.0 lpm and the sintering temperature varied from room
temperature (no sintering, 20◦C) to 700◦C. The DMA was calibrated with standard PSL (Polystyrene
Latex) particles of 20 and 100 nm (Duke Scientific Co.). The equivalent sphere projected area, calculated
from the selected particle mobility diameter (�d2

m/4), was chosen as the reference particle surface area,
allowing direct comparison with TEM results.

3.2. Surface area measurement instruments

3.2.1. Mobility analysis
An SMPS (TSI, St Paul, MN) was used to estimate aerosol surface area from the measured size

distribution. Under the assumption that spherical particles had a physical diameter equivalent to their
mobility diameter, the aerosol surface area was determined by the size distributions. Eq. (4) was also used
to calculate aerosol surface area directly from DMA voltage and, thus, give an estimated surface area by
integrating the resultant surface-area weighted distribution. Results were reported as a mean projected
surface area per particle, which allowed direct comparison with TEM data.

3.2.2. Collection and analysis in the TEM
Although TEM analysis is limited due to a two-dimensional projection of particles, it was anticipated

that for the particle morphologies under consideration, image analysis would allow for derivation of a
reasonable estimate of physical surface area. Aerosol samples were collected either electrostatically or
thermophoretically for at least 1 h. The thermophoretic precipitator used is described byMaynard (1995)
and was designed to provide an even distribution of particles on a TEM support grid. Sampling was
carried out at a flow rate of 0.7 l/min and a temperature gradient of 6× 105 ◦C/m for typically 60 min.
Electrostatic sampling was carried out using an electrostatically enhanced impactor. A TSI SMPS inlet
impactor (Part No. 1502296) with a 0.508 mm orifice (50% cut size: 1.006�m at 0.2 lpm) was modified
to allow for placement of a 3 mm TEM grid below the orifice, and for establishment of an electrostatic
field between the orifice and the grid (Fig. 2). The sampler was operated at 0.1 l/min, under an applied
voltage of 2.2 kV.

The TEM sampler was placed after the DMA, in parallel with a Condensation Particle Counter (CPC).
Aerosol flow rate leaving the DMA was 1.0 lpm and split into the CPC (0.3 lpm) and TEM sampling units
(0.7 lpm). For electrostatic sampling, the flow rate was reduced to about 0.1 lpm to improve the collection
efficiency of larger particles.

Particle imaging was carried out using a Philips EM420 Transmission Electron Microscope. The
TEM magnification was calibrated by a grating replica (TED Pella Inc.). During the TEM analysis,
agglomerates were selected and imaged randomly to minimize bias. Magnifications between 79,000X
and 96,000X were typically used, giving three to five particles per image. For each sample, six to ten
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Fig. 2. Schematic of the electrostatic TEM sampler constructed.

fields of view were used to estimate aerosol surface area. Micrographs were taken with a CCD (Charge
Coupled Device) camera (Multiscan Camera Model 791, Gatan), giving 1024 by 1024 pixel, 14 bit images.
TEM projected surface area distribution was obtained, first, by thresholding the original TEM image and,
next, by calculating the projected surface area of each particle. Image processing was carried out using
ImageJ, a public domain image analysis program, which was developed at the National Institutes of
Health. Good image processing of the gray-level image depends on background shading and extraneous
structures in the image. For this reason, the boundary of each particle was located manually before it was
thresholded. The projected surface area measured from the resulting binary image varied by±4% due
to ambiguity in the agglomerate boundary. Measured agglomerate surface area was normalized by the
number of particles analyzed, for each particle mobility diameter, to give a mean projected surface area
per particle.

3.2.3. Diffusion charging
Two DC models were used to measure particle surface area. The LQ1-DC (Matter Engineering,Wohlen,

Switzerland) is a bench-top unit, while the DC2000CE (EcoChem, USA) is a smaller portable unit. Both
instruments tested had a quoted range of 0–2000�m2/cm3, and a sensitivity of 1�m2/cm3. Each exposed
the sampled aerosol to a positive ion cloud before collecting the particles on a filter and measuring
the charge. The instruments were placed in parallel with a CPC and challenged with mobility-selected
particles. To avoid artifacts associated with sampling charged particles in the DCs, a neutralizer (2×
500�Ci Po-210) was connected to their inlets.A charged particle trap consisting of two parallel electrodes
sustaining an electric field was also placed in-line with DCs, with the thought of ensuring measured
response to charge-neutral particles. However, the trap was found to be relatively ineffective, with only
5–10% particle losses occurring within the neutralizer and trap at 200 nm.

In this study, the response from each DC was averaged over five samples obtained under the same
experimental conditions. Measured aerosol surface area was normalized by particle number concentration
and divided by a factor of 4 to give the equivalent sphere projected surface area. The aerosol surface area
was reported as the mean projected surface area per particle for direct comparison with TEM data.
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4. Results and discussion

4.1. Comparison of projected surface area of monodisperse particles measured by diffusion chargers,
SMPS, and TEM

Projected area data measured by two DCs, SMPS (assuming spherical particles), andTEM are compared
in Fig. 3. The data represent particles having mobility diameters between 20 and 100 nm. Particles having
the highest surface area—100 nm—were sintered at 300◦C. For all other measurements, the particles were
not sintered. The equivalent projected surface area inFig. 3was calculated from the mobility diameter.
Estimations of surface area from different instrument measurements agreed with one another. This fact in-
dicated that in the ultrafine particle size range (typically below 100 nm), projected surface can be estimated
quite well, based on diffusion charging, mobility analysis, and electron microscopy. It also confirmed
the theoretical idea that in the free molecular regime, surface area of particles determines the interac-
tions between particles and molecules or ions, and, thus, either technique—mobility analysis or diffusion
charging—is applicable to measuring aerosol surface area. In addition, this result was quite promising
in that the DC and SMPS data can be used to measure surface area of ultrafine aerosols generated in the
workplace in situ, while TEM data can be supplied to confirm the surface area measurements of the two
instruments.
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Fig. 3. Comparison of surface-area measurements of monodisperse agglomerates. Plotted data represent particles with mobility
diameters between 20 and 100 nm. One hundred nanometer particles (highest surface area) were sintered at 300◦C: for all
other measurements the aerosol was not sintered. Measured projected surface area was normalized by the number of particles
analyzed for each particle mobility diameter, to give a mean projected surface area per particle. Equivalent projected surface
area is calculated from particle mobility diameter.
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4.2. Comparison of projected surface area of monodisperse particles measured by SMPS and TEM

Fig. 4 shows normalized number concentration versus projected surface area, as measured by SMPS
(assuming spheres) and TEM for six monodisperse aerosols. Twenty nanometer particles from the gener-
ation system were spherical without sintering. At larger mobility diameters, measured fractal dimension
decreased with increasing diameter, as shown inFig. 5. Corresponding fractal dimensions for particles in
Fig. 5are 1.94± 0.02 for 20 nm and 1.58± 0.02 for 80 nm, based on calculations by ImageJ program.
In Fig. 4, normalized distributions for all the particle sizes are in good agreement with each other. The
projected surface area measured by TEM was almost equivalent to the projected surface area calculated
from SMPS size distribution assuming a spherical particle of the same mobility diameter as the agglom-
erate, regardless of particle morphology. These results, confirming the findings ofRogak et al. (1993),
indicated that the mobility diameter of agglomerated particle can be regarded as the diameter of a sphere
having the same projected area.
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Fig. 4. Comparison of projected surface area of un-sintered monodisperse particles measured by TEM with that measured using
the SMPS assuming spherical particles: (a) 20 nm mobility diameter particles, (b) 50 nm mobility diameter particles, (c) 70 nm
mobility diameter particles, (d) 80 nm mobility diameter particles.
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Fig. 5. Particle morphologies of agglomerates with single mobility diameters. Projected area fractal dimensions for these
agglomerates are: (a) 1.94± 0.02, (b) 1.75± 0.01, (c) 1.67± 0.04, (d) 1.58± 0.02.

4.3. Diffusion charger response to particle size and morphology

Fig. 6 shows the DC responses to particles with mobility diameters of 100 nm and smaller, without
sintering. The two instrument responses were approximately proportional to mobility diameter squared.A
T-test on the fit parameterb (Fig. 6) gave aP-value of 0.061, indicating that at a significance level of 5%,
the two instrument responses were identical (Table 1). Analysis of variance, accounting for instrument
response as a function of particle diameter, confirmed no statistical difference between the two instruments
tested (Table 1).

Fig. 7a compares aerosol surface area measurements using the DC and SMPS for particle mobility
diameters up to 200 nm, sintered at 200◦C. Nominal surface area (horizontal axis) was calculated from the
DMA-selected mobility diameter, assuming spherical particles. SMPS data were evaluated by integrating
the calculated aerosol surface area-weighted distribution in two ways: (1) by assuming spherical particles
and (2) by using the relationship between DMA voltage and surface area (Eq. (4)) in the SMPS. Below
100 nm, all three methods for estimating surface area were comparable although when DMA voltage was
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Fig. 6. Response of diffusion chargers to monodisperse agglomerates without sintering: (a) LQ1-DC, (b) DC 2000CE. Plotted
data represent spherical and agglomerated particles with mobility diameters between 20 and 100 nm. Normalized surface area
is obtained by dividing surface area measured from each diffusion charger by number concentration and a factor of 4 (to give
projected surface area).

Table 1
Summary statistics ofT-test andF-test comparing the response of two different diffusion chargers

T-testa

Hypothesis Degree of freedom t value P(T > |t |)
Both instruments are equivalent 41 1.93 0.061

F-test (analysis of variance)b

Source Degree of freedom (DF) Sum of squares (SS) Mean squares (MS= SS/DF) F value P >F

Instrument type (I) 1 1.57E4 1.57E4 0.11 0.7391
Diameter*I 1 9.97E4 9.97E4 0.71 0.4015

a(Hogg & Tanis, 1993; Searle, 1971).
b(Hogg & Tanis, 1993).

used, it appeared to underestimate the surface area slightly. Above 100 nm, each method increasingly
underestimated the aerosol surface area. The anticipated deviation from a diameter squared relationship
predicted from the slip correction factor (Eq. (1)) is 24% at 100 nm, 34% at 150 nm and 42% at 200 nm.
Estimates of surface area using the SMPS (assuming spherical particles) and the diffusion charger show
smaller deviations than anticipated.

The SMPS-derived surface area, assuming spherical particles, was expected to closely match the nom-
inal surface area for the monodisperse aerosols. However, significant deviation was observed between
expected and measured values above 100 nm. Closer examination of the measured aerosol size distribu-
tions showed significant multiple charging in the SMPS-measured aerosol, which would have led to an
underestimation of the aerosol surface area. Multiple charging was significant above mobility diameters
of 100 nm.Fig. 7b shows a typical size distribution for 200 nm diameter monodisperse particles. Doubly
and triply charged particles appear to the left of singly charged particles, peaking at 200 nm. The absence
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particles with mobility diameters between 20 and 200 nm. Nominal surface area is calculated assuming spherical particles.
(b) SMPS-measured size distribution of monodisperse agglomerates of mobility diameter 200 nm sintered at 200◦C, showing
the presence of significant numbers of multiply charged particles.

of peaks above 200 nm indicates that multiple charging was primarily occurring in the SMPS, and not
the DMA that was used to select the monodisperse particles.

The percentage of multiply charged particles observed was higher than theoretically expected from
200 nm particles by approximately a factor of 5. The increased probability of multiple charging might
be slightly associated with the lower charge-to-surface ratio in the agglomerates of 200 nm with lower
fractal dimension, compared to comparable spheres. For instance,Rogak and Flagan (1992)reported that
agglomerates in a bipolar DC had a 5% higher charged fraction than spherical particles in sizes ranging
from 100 to 800 nm. However, this is insufficient to explain the magnitude of the phenomenon observed
here. While it is clear that multiple charging influenced the derivation of aerosol surface area from SMPS
data in this instance, it is unclear whether this will be repeatable within other experimental setups.

Using SMPS voltage to estimate aerosol surface area led to marked underestimates of surface area
above 100 nm. The relationship between DMA voltage and aerosol particle surface area in Eq. (4) assumed
Kn?1. Thus, significant deviation between actual and DMA voltage-derived surface area was expected
for Kn<1. DMA voltage-derived surface area would be expected to closely match the active surface area
as measured by the DC. The significant deviation between estimates by this method and the DC were
possibly associated with multiple charging, as discussed above. While DMA voltage should be useable in
principle for estimating active surface area, our results indicated that multiple charging in some aerosols
might lead to substantial underestimations.

The effect of particle morphology on DC response was comprehensively investigated by using the LQ1-
DC. Particles sintered at various temperatures, ranging from 20◦C (no sintering) to 700◦C, providing
different particle shapes. Typical particle shapes for different sintering temperatures are shown inFig. 8.
Most of the agglomerates sintered at 100◦C remained agglomerated, with a gradual shift to spherical
particles as the temperature approached 700◦C (Fig. 8b). One hundred nanometer agglomerates retained
non-spherical shapes at 300◦C (Fig. 8c) and collapsed into spheres at 600◦C (Fig. 8d). Fig. 9 shows
that there is little difference in DC responses for different particle shapes. All of the data, except those at
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Fig. 8. Examples of particle morphologies of agglomerates for various sintering temperatures.

20 nm from the DC, are fitted well with a power model of the formy=axb (wherex is mobility diameter,
y is normalized surface area, andx is in the range from 20 to 100 nm), giving powerb equal to almost 2.
For the 20 nm data, deviation from the fitted curve was analyzed to see if it was caused by particle loss
during neutralization, before the DC. Based on our comparisons of number concentration measurements
between neutralized (20–25% particle losses for 20 nm particles) and not neutralized, we concluded that
the loss was not large enough to account for the smaller normalized surface area, as shown inFig. 9. The
deviation at 20 nm may have been partly due to the DC detection limit. The total surface area of 20 nm
particles corresponded to∼ 1–2�m2/cm3. As Fig. 9 plots data on a log-to-log scale, small deviations
from the expected relationship at small particle diameters are heavily emphasized.

Fig. 10shows the DC response versus particle size extended to 200 nm. The powerbdecreases to 1.62
when the instrument response to particles between 20 and 200 nm is included. The change in response
appears to start at a mobility diameter of 80–90 nm, corresponding to the regime where the interaction
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factor of 4, to give projected surface area.
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Fig. 11. Diffusion charger response to different particle shapes in the size range from 80 to 200 nm at various sintering temper-
atures. DC response is normalized by particle number concentration and a factor of 4, to give projected surface area.

between particles and charged ions starts to transit from molecular dynamics to diffusion dynamics.
Fitting data above and below 80 nm indicates two distinct response regions, such that data above 80 nm
are described by a power law, having an exponent of 1.5 (Fig. 11). Although data points above 80 nm are
described well with an exponential function, the exponent value of 1.5 is most likely a function of the
particle size range over which the relationship is evaluated. As particles move from the free molecular
regime, through the transition regime to the continuum regime, theory dictates a continuous decrease in
the exponent from 2 to 1.

Pui, Fruin, and McMurry (1988)reported that the combination coefficient between neutral particles
and positive ions is related to the 1.64–1.71 power of the mobility diameter in the sizes ranging from 7
to 50 nm.Weber, Baltensperger, Gäggeler, and Schmidt-Ott (1996)identified that the attachment rate of
radioactive lead clusters to silver agglomerates in the size ranging from 70–200 nm was proportional to the
1.47 power of mobility diameter with which our experimental data agreed well. Good agreement between
our data andWeber et al. (1996)indicates that the relation of the attachment rate to agglomerates that
have a mobility diameter in the size range of both studies is conserved independently of whether attaching
species are ions or neutral clusters. Recently,Wilson, Han, Stanek, Turner, and Pui (2003)showed that
the response of an electrical aerosol detector based on turbulent diffusion charging (3070A EAD, TSI)
is related to the 1.16 power of the mobility diameter, by comparing charge acceptance measurements
with mobility sizes and theoretical calculations. In addition,Jung and Kittelson (2004)have shown that
the responses of an LQ1-DC and an EAD to NaCl particles are proportional tod1.36 andd1.13 of the
mobility diameterd in the size range of 30–150 nm, respectively. Our data suggest a transition from ad2

relationship below 80 nm to ad1.5 relationship between 80 and 200 nm, thus, tentatively supporting the
results ofPui et al. (1988)andWeber et al. (1996). Measurements made byJung and Kittelson (2004)
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Fig. 12. Comparison of surface-area measurements of monodisperse agglomerates by diffusion charger for different sintering
temperatures. Plotted data represent particles with mobility diameters between 20 and 100 nm. Measured projected surface area
was normalized by the number of particles analyzed for each particle mobility diameter, to give a mean projected surface area
per particle. Equivalent projected surface area is calculated from the known mobility diameter.

indicated a lower exponent and raised questions about the chemical nature of the aerosol used.All reported
data on the TSI EAD indicates it had a markedly different response from the Matter Engineering DC.
This response might possibly be associated with the charging arrangement in the EAD that may lead to
a higher incidence of multiple charging.

Fig. 12 provides a detailed representation of DC responses for particles smaller than 100 nm, as a
function of sintering temperature. Most of the surface area measurements agree with the surface area
calculated by known mobility diameter regardless of particle morphologies, and the effect of particle
morphology on the DC response appears to be small. Qualitatively, below 300◦C, measured projected
surface area is slightly overestimated, but above 500◦C, DC and DMA-derived surface area agree within
experimental errors. These results may be related to particle shapes and active surface area. Particles still
have fractal-like structures below 300◦C, which may have a higher active surface area than spherical
particles of the same mobility diameter. Above 500◦C, aerosol particles are almost spherical in the size
range up to 100 nm; therefore, the active surface area is comparable to that of a spherical particle. In pre-
vious studies the response of the epiphaniometer showed little difference between particle morphologies,
based on the attachment rate of neutral atoms to spherical particles (singlet NaCl, PSL, (NH4)2SO2) and
agglomerated particles (carbon agglomerates, TiO2) for a given mobility diameter (Rogak, Baltensperger,
& Flagan, 1991; Shi, Harrison, & Evans, 2001). However, in our study of spherical and agglomerated
particles (silver particles), the attachment rate of charged ions to particles in the DC appeared to de-
pend slightly on particle morphologies for a given mobility diameter (Fig. 12). Higher ion attachment
rates were obtained from non-sintered agglomerates and partly sintered agglomerates (300◦C) than for
spherical particles (500◦C and 700◦C).Rogak and Flagan (1992)reported that agglomerates in a bipolar
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DC have a 5% higher charged fraction than spherical particles in the sizes ranging from 100 to 800 nm
for PSL and (NH4)2SO2 spheres and for TiO2 agglomerates, while their charged fraction was equal to
smaller-sized (40–45 nm) spherical particles. It can be hypothesized that lower fractal-dimension ag-
glomerates entering the DC will have a lower charge-to-surface ratio than equivalent spherical particles,
and thus, lead to a greater probability of multiple charging. Our observations support this hypothesis,
although deviations from ad2 response with particle morphology below a mobility diameter of 100 nm
are small.

5. Conclusions

The scanning mobility particle sizer (SMPS), transmission electron microscope (TEM), and diffusion
charger (DC) responses were compared to estimate the surface area of monodisperse aerosol. To eval-
uate the capability of the DC to represent aerosol surface area, its response to monodisperse particles
with different particle morphologies was investigated. Based on the findings of our study, the following
conclusions can be made:

(1) For monodisperse aerosols below 100 nm having spherical and fractal-like geometries, the DC re-
sponse is proportional to the mobility diameter squared, while for particle sizes from 80 to 200 nm, the
DC response deviates from the mobility diameter squared to the mobility diameter (as theoretically
expected), to a power of 1.5.

(2) For monodisperse aerosol, the projected surface area, measured by TEM at a given mobility diameter,
tends to be independent of whether the particles are spherical or agglomerates of smaller particles.

(3) The projected surface area of particles in the size range from 20 to 100 nm can be measured by DC
within 20% experimental error.

(4) DC and SMPS measurements of monodisperse particle surface areas are comparable to a geometric
surface area below 100 nm, but they underestimate the geometric surface area in the size range above
100–200 nm. This finding is consistent with the fact that in the transition or continuum regime, these
instrument responses depend on active surface area (Fuchs surface area).

(5) For monodisperse aerosol particles smaller than 100 nm, SMPS, TEM, and DC-based measurements
of surface area agree.

(6) The results in this study suggest that the DC is a promising instrument for estimating monodisperse
ultrafine aerosol surface area, although application to polydisperse aerosol still needs comprehensive
experimental validation.
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