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Abstract

We compare different approaches to measure surface area of aerosol agglomerates. The objective
was to compare field methods, such as mobility and diffusion charging based approaches, with
laboratory approach, such as Brunauer, Emmett, Teller (BET) method used for bulk powder
samples. To allow intercomparison of various surface area measurements, we defined ‘geometric
surface area’ of agglomerates (assuming agglomerates are made up of ideal spheres), and
compared various surface area measurements to the geometric surface area. Four different
approaches for measuring surface area of agglomerate particles in the size range of 60—350 nm
were compared using (i) diffusion charging-based sensors from three different manufacturers, (ii)
mobility diameter of an agglomerate, (iii) mobility diameter of an agglomerate assuming a linear
chain morphology with uniform primary particle size, and (iv) surface area estimation based on
tandem mobility—mass measurement and microscopy. Our results indicate that the tandem
mobility—mass measurement, which can be applied directly to airborne particles unlike the BET
method, agrees well with the BET method. It was also shown that the three diffusion charging-
based surface area measurements of silver agglomerates were similar within a factor of 2 and were
lower than those obtained from the tandem mobility—mass and microscopy method by a factor of
3-10 in the size range studied. Surface area estimated using the mobility diameter depended on the
structure or morphology of the agglomerate with significant underestimation at high fractal
dimensions approaching 3.
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1. Introduction

The impetus for measuring surface area of aerosols in ambient and work environments
comes from recent toxicological studies which have shown that the surface area of ultrafine
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and nanoparticles correlates better with the biological response than their mass (LeBlanc et
al., 2010; Nurkiewicz et al., 2009; Singh et al., 2007; Oberdorster et al., 2005; Nel et al.,
2006; Stoeger et al., 2006; Sager & Castranova, 2009). These studies have exclusively used
the Brunauer, Emmett, Teller (BET) surface area as a metric in their animal studies,
prompting recommendations to use surface area as an exposure metric. As a result, many
studies (Elihn and Berg, 2009; Brouwer et al., 2009; Evans et al., 2010; Park et al., 2009;
Bau et al., 2011; LeBouf et al., 2011) have used various approaches, including diffusion
chargers (DCs), to measure “surface area” as a surrogate measure of BET surface area. The
instrument designed specifically to measure aerosol surface area was the epiphaniometer
(Géggeler et al., 1989). This device, which is now discontinued as a commercial product,
measures active surface area of the aerosol by measuring the attachment rate of radioactive
lead atoms to aerosol particles; however, it is not well suited for routine field use because of
the inclusion of a radioactive source. Current available methods for measuring particle
surface area include diffusion charging-based sensors (DCS), mobility analysis, transmission
electron microscopy (TEM), and the Brunauer, Emmett, Teller (BET) method for bulk
powder samples. While the BET method, a laboratory method, is used to measure BET
surface area for bulk powder samples as a metric in toxicology studies, methods for
measuring surface area of airborne particles unlike the BET method are not readily
available. A diffusion charging-based sensor (DCS) has an advantage of portability and real
time capability, but its limitation is that it does not provide a direct measure of surface area,
much like a photometer or nephelometer used for particle mass measurement. Many real-
world aerosols are agglomerates (particularly in work environments) and are far from ideal
aerosols used in the calibration of DCS. DC instruments have been increasingly used in field
studies involving real-world agglomerates (Elihn and Berg, 2009; Buonanno et al., 2010;
Evans et al., 2010; Brouwer et al., 2009; Ntziachristos et al., 2007). Many studies do not
acknowledge that the DC surface area in itself is a different metric, and is not same as the
BET surface area, and use DC beyond the applicable particle size ranges. A recent study
showed that the active particle surface area measured by the diffusion charging based sensor
is comparable to the geometric surface area (as measured by TEM) for silver agglomerates
below 100 nm, but in the size range over 100 nm, it underestimates the geometric surface
area (Ku & Maynard, 2005). A related study showed that the DCS-measured surface area
deviates significantly from the geometric surface area as the particle size increases up to 900
nm for spherical particles (Ku, 2009, 2010).

The purpose of this study was to assess the difference of mobility and DCS methods, which
are simple and most practical methods to use from exposure monitoring point of view, from
more rigorous methods such as the BET method for measurement of agglomerate surface
area. To allow intercomparison of various surface area measurements, we defined
‘geometric surface area’ of agglomerates (assuming agglomerates are made up of ideal
spheres), and compared various surface area measurements to the geometric surface area.
Four approaches for measuring the surface area of agglomerate aerosols in the
submicrometer size range were compared:

1. Anapproach involving the tandem measurement of agglomerate mobility and mass
using differential mobility analyzer and aerosol particle mass analyzer (APM),
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followed by primary particle size measurement using the transmission electron
microscopy (TEM) to estimate the surface area.

2. The diffusion charging approach, using three different commercially available
diffusion charging-based sensors.

3. Measurement of the surface area based directly on mobility diameter assuming
spherical particles.

4. Surface area measurement based on mobility diameter with correction to account
for primary particle size.

These approaches were evaluated using agglomerated aerosols of known properties. An
intercomparison of these methods is presented, and the results are discussed.

2. Experimental

2.1. Approaches used for measurement of surface area

The first approach (referred to as APM-TEM) for measurement of surface area of
agglomerates involved measurement of particle mass of mobility classified particles using
aerosol particle mass analyzer (APM) and primary particle size using transmission electron
microscopy (TEM). If an agglomerate consists of many primary particles with an
approximately uniform primary particle diameter, and if mass of the agglomerate (M) and
the primary particle size are known (dp), surface area of the agglomerate (A;) can be
calculated using the following equation:

A6
M pd, @

where p is the density of the primary particle. This equation assumes all primary particles
have the same size, and no necking between primary particles. In this study, we estimated
the average mass of monodisperse agglomerate particles using an aerosol particle mass
analyzer (APM-3600, Kanomax). The APM utilizes two coaxial cylindrical electrodes
rotating at the same speed. Charged particles enter the annular gap rotating at the same
speed (the APM rotating speed was 3000 rpm for all measurements except for PSL 60 nm
when it was 5000 rpm in this study) as the electrodes. As a voltage is applied to the inner
electrode, the particles experience directly opposing centrifugal and electrostatic force.
These forces are in balance for particles of a specific mass-to-charge ratio, allowing the
particles to traverse through the APM (Ehara et al., 1996; Ku et al., 2006). Primary particle
size dp was obtained by analyzing about 100-150 particles using the transmission electron
microscopy. The density of the particle was assumed to be same as the bulk density of the
material. Using the values of M, p, and dp values of A, were estimated using the above
equation.

The second approach (referred to as DCS) consisted of estimation of surface area using the
diffusion charging-based sensors. The measurement scheme in diffusion charging-based
sensors involves the use of attachment of unipolar ions to particles by diffusion followed by
detection of particle current. lons undergoing Brownian motion attach to particle surface,
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imparting an electrical charge to the particles (Dhaniyala et al., 2011). Subsequently, the
charged particles are trapped on a particle filter where the total charge of the particles is
measured by an aerosol electrometer, which is related to particle surface area as follows
(Matter Engineering AG, 2001):

1

A = I
2o BRI fmgunN @

where | is current of the charged particles, mjoy, is the ion mass, n is the ion concentration, N
is the particle concentration, k is the Boltzmann constant, T is the absolute temperature of
the surrounding gas, and e is the elementary charge. Eq. (2) is a general equation that gives
active surface area and is applicable to all diffusion chargers that satisfy the implicit
assumptions. It is worth noting that due to charge build-up on the particles, the DC sensor
response may be different from the Epiphaniometer response. Eq. (2) represents the surface
area per agglomerate particle.

Three commercially available diffusion charging sensors were used in this study to compare
their responses: DC2000CE (Ecochem, USA), LQ1-DC (Matter Engineering, Switzerland;
this is discontinued as a commercial product), and the Nanoparticle Surface Area Monitor
(NSAM; Model 3550, TSI Inc.). These are semi-empirical instruments that give a size-
integrated response proportional to input surface area. The first two sensors measure the so-
called “active surface area” of the aerosol directly (Keller et al., 2001), whereas the NSAM
measures the lung-deposited surface area of the aerosol (consistent with ICRP curve; Fissan
et al., 2007). Active surface area is defined as the surface of a particle that is involved in
interactions with the surrounding gas (Keller et al., 2001) and lung deposited surface area
defined as the surface of a particle deposited in the alveolar or tracheobronchial region with
its deposition efficiency based on the ICRP curve (Fissan et al., 2007). To facilitate
comparison of response of all three sensors using a common metric, the NSAM
measurements were inverted back to active surface area using a diameter-dependent
deposition efficiency obtained from the ICRP (1994) curve.

For conversion of the NSAM data to surface area provided to the inlet of NSAM, once the
data from the NSAM were obtained for each single mobility diameter, a fraction of lung-
deposition (alveolar deposition) for each particle size was first found based on the ICRP
curve and then, the NSAM data were divided by the deposition fraction for each diameter to
give surface area comparable to the other DCs data. The related equation can be expressed:
SLD:f(dm) : S[{]{:;M (3
where § p is a value on the monitor of NSAM (which is called a lung-deposited surface
area), f(dy,) is a fraction of particles deposited in the alveolar region at mobility diameter of

dm, and vai\; ., 1s surface area at the inlet of NSAM. f(dy) is expressed as follows (Hinds,
1999):

Fdp)= (0'271,?5> | exp(—0.416(In(d,)+2.84)%)+19.11exp(—0.482(In(dn) —1.362)%)|  (9)
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where dp, is particle mobility size in um.

The third approach (referred to as MD) was based on the estimation of surface area directly
from the particle’s mobility diameter (d,,), assuming a spherical shape, and is given by

AMD :den (5

The fourth approach (referred to as mobility diameter and linear chain approximation [MD-
LCA]) was based on estimation of surface area using mobility diameter of the agglomerate,
but assuming linear chain morphology instead of a spherical shape, as was done in the MD
approach above. This simplifying assumption was introduced by Lall and Friedlander (2006)
where the agglomerate with mobility diameter (d.,) is assumed to be a linear chain of
spherical particles, each with radius a, such that (Lall & Friedlander, 2006)

* 2
dpn  c"Npa

C(dn)  3mA

(6)

where Ny is number of primary particles in an agglomerate, C is the slip correction factor, c*
is the dimensionless drag force for agglomerates (c*=9.17 for orientation-averaged motion,
and ¢"=6.62 for motion parallel to viscous flow of gas (Chan & Dahneke, 1981)), and 1 is
the mean free path of the gas. For agglomerates with a fractal dimension not greater than 2,
the number of primary particles in an agglomerate with primary particle size in the free
molecular regime can be calculated from Eq. (6). Therefore, the total surface area, A_ ca, of
the agglomerate can be obtained by summing over all primary particles in the agglomerate,
assuming no necking between primary particles:

AL oa :Np47ra2 )

Because of the linear chain approximation, the above approach is suitable for agglomerates
with fractal dimension close to 1. We used the standard MD-LCA correction module
available in the TSI AIMS software. Table 1 summarizes the definition of different surface
area from each instrument used in this study.

2.2. Experimental setup

Fig. 1 shows a schematic diagram of an experimental setup used for measuring aerosol
surface area employing the approaches mentioned above. Three types of aerosol were
generated. Silver agglomerates were generated by the evaporation/condensation generator
using conditions described earlier (Ku & Maynard, 2006), and polystyrene latex (PSL, Duke
Scientific Corp.) particles were generated using an electrospray generator (Ku & Kulkarni,
2009) that was modified to provide higher liquid flow rates with a larger capillary (100 pm
I.D.). TiO, agglomerates were obtained by aerosolizing the TiO, powder (P25, Evonik-
Degussa) using a vortex shaker (Ku et al., 2006). To generate agglomerates of PSL particles,
20 nm PSL particles were first electrosprayed and then collected into a coagulation chamber
(~20 L volume) for aging and subsequent classification using a differential mobility
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analyzer (DMA,; TSI Inc. Model 3081; with sheath air flow of 6-10 Lpm and aerosol flow of
1.0 Lpm). An impactor (0.0457 cm nozzle diameter, TSI Inc.) at the inlet of the DMA was
used to remove particles larger than 1 um aerodynamic diameter. The DMA-classified
aerosol fraction was passed through a neutralizer and a cylindrical electrostatic precipitator
to provide uncharged monodisperse test particles.

3. Results and discussion

3.1. Test aerosol characterization

Fig. 2 shows a log-log plot of mass versus mobility diameter for silver, PSL, and TiO»
agglomerates, with primary particle sizes of 18, 20, and 22.5 nm, respectively. A mass
scaling factor (Dy) was defined as M  (dm,)Pf and was used in lieu of fractal dimension to
account for the possibility that the particles may not exhibit characteristics of true fractals. In
Fig. 2, the mass scaling factor Dy is equal to the slope of the linear fit. Silver agglomerates
had a Ds of 2.0 while that for PSL agglomerates with primary particle diameters of 20 nm
was 2.37, and for TiO5 agglomerates it was 2.63. This suggests a more open structure of
silver agglomerates compared to TiO, and PSL agglomerates.

3.2. Surface area measurement using the APM-TEM method

Fig. 3a shows a typical number distribution, measured downstream of the APM, as a
function of the APM classifying voltage for two different types of mobility-classified
monodisperse aerosols. For each APM voltage, the particle number concentration was
measured by the CPC (TSI 3022a), and the peak APM voltage corresponding to the peak
mass for the mobility-selected particles was determined. We used this peak voltage to
determine the “average” particle mass of DMA-classified agglomerate particles. The
primary particle diameters of the silver and TiO, agglomerates were measured using the
TEM analysis. The distribution of primary particle diameters of silver agglomerates is
shown in Fig. 3b; primary particles ranged from 8 to 32 nm in diameter with most of the
particles having a diameter of 18 nm. The peak primary particle diameter of 18 nm was used
for silver agglomerates in the subsequent analysis and closely agrees with earlier studies
using a similar experimental setup (Lall et al., 2006; Kim et al., 2009). Distribution of
primary particle diameters of TiO, agglomerates ranged from 10 to 46 nm with a peak
diameter of 22.5 nm (Fig. 3b). The primary particle diameter estimation of TiO,
agglomerates was more challenging due to significant necking and sintering of primary
particle pairs. The primary particle diameter was estimated by taking the mean of the largest
and smallest diameter encompassing a primary particle. Our estimate of peak diameter of
22.5 nm is slightly smaller than that reported by the manufacturer (25 nm based on
Brunauer, Emmett, Teller [BET] analysis), and earlier studies (26-27 nm) (Braydich-Stolle
et al., 2009; Suttiponparnit et al., 2011). The primary particle diameter of PSL agglomerate
was assumed to be 20 nm on the basis of suspension made up of NIST traceable 20 nm PSL
standard (Duke Scientific) that was used to electrospray the aerosol.

The accuracy and precision of surface area measurement by the APM-TEM method
depends on many factors, such as (i) uncertainty in estimating primary particle size by TEM,
(if) measurement precision or width of transfer function of the APM, (iii) fluctuation in
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aerosol concentration, and (iv) fraction of multiply charged particles passing through the
APM. The last factor, the multiply charged fraction, can introduce large uncertainties in the
measurement depending on the particle size distribution of the aerosol entering the APM. To
probe the extent of combined effect of these sources of uncertainties, we compared the
surface area measured by the APM-TEM method with that obtained from an independent
method for TiO, and PSL aerosols. Surface area of TiO, was obtained using BET analysis,
whereas for the PSL aerosol (consisting of only singlet monomers, not agglomerates), the
surface area was estimated based on the precisely known diameter of the NIST-traceable
PSL standard spheres. Fig. 3¢ shows this comparison of input surface area of TiO, and PSL
aerosol with the surface area measured using APM-TEM analysis. Input surface area for
TiO, agglomerates was calculated by multiplying the BET-measured “specific surface area”
(SSA) of the bulk TiO, sample (100 mg) by the peak particle mass obtained from the APM
assuming unit charge on the particles. Table 2 shows this estimated surface area for three
diameters using the above approach. As seen in Fig. 3c, the surface area from the APM—
TEM method shows good agreement with the input surface area, within 5.1% for the PSL
particles and 15.0% for the TiO, agglomerates. It is worth noting that the BET surface area
is derived from measurement on large mass of bulk sample on the order of few hundred
milligrams, whereas the APM mass measured in our experiments is on the order of
femtograms. The fact that the BET surface area agrees well with that from the APM-TEM
method based on a much smaller mass suggests that the TiO, aerosol is quite homogeneous.
For TiO, agglomerates, there is an excellent agreement at lower mobility diameters (<250
nm); however, at large mobility diameter (>350 nm) the APM-TEM approach tends to
overestimate the surface area. This is possibly due to the peak location of the APM transfer
function and multiply charged fraction of particles. The effect of the multiply charged
particles classified by the DMA may be not as much on the peak location of the APM
transfer function because APM measures mass/charge—multiply charged particles from the
DMA have higher mass and with higher charge contribute approximately to a similar peak
location, but with a broad mass distribution (assuming the multiply charged fraction is
small). Barone et al. recently reported the combined DMA-APM transfer function and its
possible effect on particle mass from the location of the peak in the APM (Barone et al.,
2011). The increase of the location of the peak leads to overestimation of particle mass by
the APM, and therefore overestimation of surface area. The deviation from input surface
area at 350 nm was about 15.0%. Nevertheless, this demonstrates reasonable difference
between the APM-TEM approach and BET surface area for it to be used as a benchmark
method in this study.

3.3. Comparison of surface area measurements

3.3.1. Surface area measurements from three DCSs and APM-TEM approach
—In this section DCS data are used to explain the differences between active and geometric
surface area, and to clearly convey that these surface areas are different metrics and any
comparison only serves to bring out the difference in methods themselves rather than
quantifying their accuracy or error.

Fig. 4 shows surface areas measured by three diffusion charging-based sensors (DC2000CE,
NSAM, and LQ1-DC) and that obtained from the APM-TEM approach for three different
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particle agglomerates, i.e., silver, PSL, and TiO,. For comparison, the surface area on the y-
axis was normalized by particle number concentration to give surface area per particle. The
surface areas from the three diffusion charging-based sensors and the APM-TEM approach
increase as the mobility diameter increases; the difference in surface area estimation
between the two methods also gradually increases with increasing size. Compared to the
APM-TEM method, the surface area from DCS is significantly underestimated, particularly
for the larger agglomerates. The difference in response of various diffusion charging sensors
is also significant. For silver agglomerates, the surface area from LQ1-DC is higher
compared to that from the other two DCs (by a factor of ~2), while the measurements by
DC2000CE and NSAM are similar.

The data in Fig. 4 show that for particles in the submicrometer size range, compared to
APM-TEM approach, the three diffusion charging-based sensors significantly underestimate
the surface area by a factor of 3-10. The DC2000CE, LQ1-DC, and NSAM underestimate
the surface area by up to 96%, 92%, and 83%, respectively, in the particle size range of 100-
300 nm. This result confirms previous data suggesting that the two diffusion charging-based
sensors (DC2000CE and LQ1-DC) underestimated the surface area in the particle size range
of 100-200 nm for agglomerate particles (Ku & Maynard 2005).

Also shown in Fig. 4 are measurements of surface area of spherical singlet particles of PSL
using diffusion-charging sensors (LQ1-DC) from a recent study (Ku, 2010; shown by a
dotted line) in the size range of 100-400 nm. The figure clearly shows that the
underestimation of surface area from diffusion charging sensors is more drastic for
agglomerates than for the spherical monomers. For example, for 300 nm particles, the
surface area of spherical monomers was underestimated by 88% (Ku, 2010), while for the
agglomerates of the same mobility size in this study, the surface area was underestimated by
92-96%. This indicates that the measurement difference is larger for agglomerates
compared to spherical particles. This difference could be much higher for complex aerosols
with high dynamic shape factor or large internal surface area, such as carbon nanotube
agglomerates.

3.3.2. Surface area measurements from MD and MD-LCA and APM-TEM
approach—Fig. 5 shows comparison of measured surface areas from two mobility
diameter-based approaches (MD and MD-LCA). The mobility diameter-based approaches
are in reasonable agreement with the APM-TEM for silver agglomerates, while they
underestimate the surface area for PSL and TiO, agglomerates. This difference is attributed
to the difference in the structure of agglomerates as will be discussed later. As noted earlier
for diffusion charging-based sensors, in case of both MD and MD-LCA approaches, the
deviation from the APM-TEM method also increases with increasing mobility size of the
agglomerate. TiO, agglomerates showed highest deviation compared to silver and PSL
particles, though the error is much lower compared to that from the DCS measurements.
Based on the analysis for two options of the TSI SMPS module for silver agglomerates (one
is that agglomerate orientation in DMA is parallel to relative motion and the other is
randomly oriented), the difference between APM-TEM and MD-LCA for the case of
parallel alignment in the DMA are higher for agglomerates with sizes below 200 nm than
those for random orientation while the opposite happens for agglomerates larger than 200
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nm. It is hypothesized that the agglomerates larger than 200 nm may be aligned to the
electric field in the DMA.

Table 3 shows deviation of measured surface area from different methods with respect to
APM-TEM method for various diameters for all aerosol types used in this study.

To probe the measurement error introduced by different instruments for different aerosols,
calculations were performed to compare surface area of true fractal agglomerates (of
spherical primary particles) obtained from measured sensitivity o (see Section 3.4 for
details) of each instrument with actual surface area obtained using fractal theory and the
approach outlined by Sorensen (2011). A lognormal distribution of mobility diameters was
assumed for the polydisperse aerosol with known total number concentration (Nit),
geometric mean mobility diameter (dgny), and geometric standard deviation (ag). Further, it
was assumed that each agglomerate particle was a true fractal with primary particle size dp
with total of N, primary particles. The mobility diameter of the fractal aggregate was
computed using the approach outlined by Sorensen (2011; Eq. (25)). Then, a number of
primary particles, Ny, for each agglomerate mobility diameter dyg, Was calculated. The
estimated total surface area, S, of the aerosol distribution was obtained by summation of

N, md, AN in each size bin (that is,

I6° (Niot/ V2 mopinog)exp(—((Indmop—Indgm)* /2(Inog)?)) Nymdadd moer). The surface
area of the polydisperse aerosol that would be obtained from each instrument was calculated
using the measured sensitivity o of each instrument shown in Fig. 6. The comparison of true
total surface area (Sw; from fractal theory) and that from all experimental approaches used
in this work is shown in Table 4. Surface area of polydisperse aerosols is underestimated by
all diffusion charging approaches. For aerosols with mean geometric diameter larger than
about 600 nm, the surface area can be underestimated by the diffusion chargers by up to an
order of magnitude.

3.4. Measurement sensitivity

Fig. 6a and b shows sensitivity for each instrument as a function of mobility diameter for
silver and TiO, agglomerates, respectively. The sensitivity ois defined as a ratio of surface
area measured by each of the instruments to surface area from APM-TEM. o=1 represents
the sensitivity of the APM-TEM approach.

Fig. 6a and b shows that for silver agglomerates having open structure (Ds=2.0), the
sensitivities of LQ1-DC and DC2000CE decrease with increasing mobility diameter by a
factor of 2 or 3 while the sensitivity of mobility-diameter approach (MD) is relatively
constant. The sensitivity of NSAM seems to fluctuate. On the other hand, for TiO,
agglomerates having very compact structure (Ds=2.634), both sensitivities of MD and
DC2000CE decrease with increasing mobility diameter.

Fig. 7 shows sensitivity (o) as a function of mass scaling factor (D) for all the aerosols
studied in this work. The particle structure or morphology has a pronounced effect on the
mobility-based method compared to DCS methods. As particle structure becomes more
compact, i.e., as mass scaling factor increases, sensitivity of the MD methods decreases.
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4. Conclusions

Four different approaches for measuring surface area of submicrometer particles were
compared in this study: (i) diffusion charging-based sensors (three sensors from three
manufacturers were evaluated: TSI Inc., model 3550 nanoparticle surface area monitor;
Ecochem, model DC2000CE diffusion charger; Matter Engineering, model LQ1-DC
diffusion charger), (ii) mobility diameter-based surface area estimation, (iii) surface area
based on mobility diameter assuming a linear chain morphology of an agglomerate with
uniform primary particle size (MD-LCA), and finally, (iv) the surface area estimation based
on the mass measurement from APM and primary particle size measurement using TEM
(APM-TEM). It was shown that the APM-TEM method, which can be applied directly to
airborne particles unlike the BET method, agrees well with the BET method. It was also
found that the response of the three diffusion charging-based sensors to silver agglomerates
substantially underestimated the surface area measured by the APM-TEM approach by a
factor of 3-10 in the size range studied. These differences in surface area measured by
diffusion charging-based sensors could be more drastic for large complex aerosols with high
dynamic shape factors and large internal area. Mobility diameter-based methods (MD and
MD-LCA) generally gave good agreement at low mobility sizes; however, they significantly
underestimated surface area at large mobility diameters. MD and MD-LCA approaches was
sensitive to the structure or morphology of the particles. Measurements for particles with
open structure with Dy < 2 were reliable using the MD and MD-LCA approaches. The
results show that caution should be exercised in the interpretation of measurements from
diffusion charging-based instruments. Also the mobility diameter-based surface area
measurements may be relatively reasonable for open agglomerates with no internal surface
area, but may significantly underestimate surface area of compact agglomerates.
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Fig. 1.

Experimental setup. Evaporation/condensation generator was used to produce silver
agglomerates, and electrospray generator used to generate polystyrene latex particles.
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DC2000CE (Ecochem), LQ1-DC (Matter Engineering), and NSAM (TSI Inc.) are diffusion

charging-based instruments.
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Fig. 2.

Log-log plot of mass versus mobility diameter for three different agglomerates: silver
agglomerate (dp =18 nm), PSL agglomerate (d, =20 nm), and TiO; agglomerate (d, =22.5
nm). The mass scaling factor, Dy, is equal to the slope of the linear fit.
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(@) Number distributions measured downstream of the APM as a function of the APM
classifying voltage for mobility-selected aerosol particles of silver and PSL. The peak
voltage was used to determine the “average” particle mass of DMA-classified agglomerate
particles. Top x-axis represents particle mass assuming one charge per particle. (b) Primary
particle size distribution measured by TEM for silver and TiO, agglomerates. (c)
Comparison of surface area from mass measured by APM-TEM with input surface area
calculated on the basis of nominal mobility diameter classified by DMA for spherical PSL
particles. Nominal surface area for PSL spheres is calculated from PSL spherical diameter,
and for TiO, is calculated from multiplying BET-measured specific surface area of bulk
TiO, material by particle mass measured by APM.
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(Ku, 2010)
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% DC2000CE

Comparison of diffusion charging-based surface area (DCS) with the APM-TEM method
for three different particle agglomerates. Normalized surface area on y-axis is surface area
per particle. Error bars for the APM-TEM measurements correspond to the uncertainty from
the variation of primary particle sizes within one standard deviation or 20%.
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(a) Sensitivity for each instrument as a function of mobility diameter for silver agglomerates
with primary particle diameter of 18 nm. The sensitivity o is defined as a ratio of surface
area measured by each of the instruments to surface area from APM-TEM. (b) Sensitivity
for each instrument as a function of mobility diameter for TiO, agglomerates with primary
particle diameter of 22.5 nm. The sensitivity o is defined as a ratio of surface area measured

by each of the instruments to surface area from APM-TEM.
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3.0

Sensitivity (o) for DC-based sensor and mobility diameter-based approach as a function of
particle structure. Ds represents fractal dimension-like mass scaling factor.
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Table 1

Definition of different surface area from each instrument.

Instrument

Definition

LQ1-DC, DC2000CE

NSAM

SMPS
APM-TEM
BET

Active surface area is defined as the surface of a particle that is involved in interactions with the surrounding gas
Keller et al. (2001)

Lung-deposited surface area is defined as the surface of a particle deposited in the alveolar or tracheobronchial region
with its deposition efficiency based on the ICRP curve Fissan et al. (2007)

Mobility diameter-based surface area assuming spherical particles
Surface area assuming all primary particles have the same size, and no necking between primary particles

Surface area based on nitrogen adsorption and analysis of the data using the Brunauer-Emmet-Teller isotherm
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Table 2

Surface area calculation of TiO, particles from BET measurements.

dm(nm)  myfrom APM (fg)  SSA from BET (m2/g)  SA (M, x SSA) (nm?)

170 4.052 59.3 240283.6
250 11.25 59.3 667125
350 29.23 59.3 1733339
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