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Abstract A sampler has been designed to collect parti-
cles in the nanometer and respirable sizes directly onto a
membrane filter and transmission electron microscopy
(TEM) grid. The novel design aspects of this sampler
include the selection of the diameter of the inlet probe,
geometry of the sampler, and the resulting air flow to the
sampler. Together, they control the cutoff diameter,
which was determined experimentally to be a mass
median aerodynamic diameter (MMAD) of 3.8 pum.
The maximum aerodynamic diameter entering the sam-
pler is designed to be approximately 8 pm. Nanometer-
sized particles are collected on both the filter and grid
through diffusion, as confirmed by testing with alumi-
num oxide engineered nanoparticles collected on the
filter which measured a count median diameter (CMD)
of 500 nm and a geometric standard deviation (GSD) of
1.97. The primary particles and small agglomerates
collected on the grid have a CMD of 100 nm and GSD
of 2.3. This diffusion sampler collected close to, if not
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100%, of the particles entering the sampler. The sampler
is easily wearable for personal exposure and environ-
mental sampling, operates at 0.3 L/min, and can collect
particles in various settings at indoor and outdoor envi-
ronments. Particles are analyzed directly by transmis-
sion electron microscope on the grid and by scanning
electron microscope on the filter to assess the exposure
through particle counts and elemental composition
analysis.

Keywords Nanoparticle - Sampler - Diffusion -
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Introduction

Due to the increasing awareness of potential harm by
nanomaterials (Roco 2003; Oberdorster 2004; NSTC
2006; Fleischer and Grunwald 2007; Maynard 2007;
Simeonova et al. 2007; Singh and Nalwa 2007,
Schulte et al. 2008; Warheit et al. 2008; Roco 2011),
the number of studies investigating toxicological effects
of nanomaterials has increased greatly in recent years.
The risk of potential harm to the environment and
humans from selected nanomaterials has been studied
and concerns have been raised (Shvedova et al. 2003;
Maynard et al. 2004; Methner et al. 2007; Simeonova
et al. 2007; NIOSH 2008, 2009; Johnson et al. 2010;
Lee et al. 2010; Cena and Peters 2011; Kuhlbusch et al.
2011; Dahm et al. 2012; Lo et al. 2012; Methner et al.
2012; Takagi et al. 2008, 2012; NIOSH 2011, 2013).
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Airborne nanomaterials can expose humans through
inhalation, and such nanoparticle exposures are typical-
ly assessed using some form of a particle sampler.

Size-selective sampling is critical to separate nano-
particles from large particles for collection. The tradi-
tional respirable filter sampler relies on a nylon cyclone
to pre-separate particles in the respirable size range in
order to measure respirable mass exposure. Aerosol
particles frequently have a net charge; Briant and Moss
(Briant and Moss 1984) found that if the cyclone itself
has a net charge, particles with the same charge will be
repelled by the electric field created around the cyclone
body and be repelled from the cyclone inlet, decreasing
their sampling efficiency and underestimating respirable
mass. This issue will profoundly affect measurements of
nanoparticles.

Several samplers designed to collect nanoparticles
have become available since 2010, including the electro-
static precipitation sampler (ESP) (Miller et al. 2010),
thermophoretic sampler (TPS) (Leith et al. 2014), person-
al nanoparticle sampler (PENS) (Tsai et al. 2012), and
nanoparticle respiratory deposition (NRD) sampler (Cena
et al. 2011), which use various particle deposition mech-
anisms including electrostatic precipitation,
thermophoretic precipitation, diffusion, and impaction.
These samplers collect nanoparticles on a filter, mesh
screen, or transmission electron microscopy (TEM) grid.

Two broad approaches can be used to collect nano-
particles on grids, i.e., indirect methods and direct
methods. Indirect methods have been the usual method
used since the 1990s, as in NIOSH Method 7402, As-
bestos by TEM (NIOSH 1994). Indirect methods, how-
ever, have disadvantages including particle transfer, la-
bor intensity, and the potential for particle agglomerate
changes through the preparation process. The shortcom-
ings of the indirect methods have led scientists to exper-
iment with various methods to directly deposit nanopar-
ticles from the air onto a grid, which is the approach
used by the ESP and TPS samplers. Grids can be taken
from the collection device and placed directly into a
transmission electron microscope for analysis. Two sig-
nificant disadvantages of the ESP and TPS devices are
as follows: (1) they are designed to only collect particles
with diameters smaller than a micrometer in the nano-
meter size range, and (2) only some of the particles
drawn into each device actually collect on the grid; the
rest pass out with the exhaust air.

The sampler described here overcomes both of these
shortcomings. This sampling cassette, named Tsai
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diffusion sampler (TDS), was designed with the novelty
of using a specified inlet diameter, cassette housing
shape, designed internal height of cassette, and specific
airflow to control the cutoff diameter of collected parti-
cles so that only respirable particles are sampled. The
diffusion mechanism, used for this TDS, is also used by
the Naneum wide range aerosol sampler (WRAS)
(Gorbunov et al. 2009) and the NRD sampler (Cena
et al. 2011); however in these devices, the nanoparticles
are deposited onto wire meshes or a nylon mesh screen
rather than TEM grids. With the TDS, the grid collects
mostly primary and small agglomerates of
submicrometer nanoparticles via Brownian motion
when air flows across the top of the filmed grid. The
polycarbonate filter collects particles over a wide size
range via diffusion and sieving as air flows through the
filter pores, such that many nanoparticles and all of the
larger particles are collected on the filter surface be-
tween pores.

Design and methods

This TDS is designed to collect particles in the nanome-
ter and respirable size ranges with the aerodynamic
cutoff diameter of approximately 3.8 um, determined
experimentally, for respirable particles. The design has
been filed for patent. The particle size entering the
sampler cassette is determined by a combination of the
inlet nozzle size and the sampling air flow. As demon-
strated by others (Su and Vincent 2004), the aspiration
efficiency of a plain round inlet such as the inlet nozzle
at the top of the cassette as shown in Fig. 1a follows a
sigmoidal curve similar to the respirable pre-separator
curve. The cutoff diameter of the curve is a function of
the inlet diameter and air flow, and must be determined
experimentally. The sampler inlet was designed so that
the inlet aspiration efficiency is minimally affected by
sampling direction (upward, horizontal, or downward);
this was also reported in the study by Su and Vincent (Su
and Vincent 2004). Using the inlet nozzle of a sampling
cassette as a pre-separator is also the design principle of
the Institute of Medicine (IOM) inhalable mass sampler.
By experimentally determining the proper combination
of inlet diameter and air flow, the IOM filter cassette
aspiration efficiency closely matches the American
Conference of Governmental Industrial Hygienists
(ACGIH) inhalable mass sampling criterion.
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The design approach of the TDS (Fig. 1a) is capable
of meeting the performance requirement of a personal
sampler that can measure both the nanometer and mi-
crometer portions of the respirable particles from micro-
scope images; and provide direct sampling and analysis
on collected particles using microscopy.

The novel geometry design of the TDS includes (1)
2-mm-diameter circular-bell shape air inlet with a nozzle
length of 10 mm, (2) 6-mm distance between grid sub-
strate to the inlet opening at the top part of a 25-mm-
diameter cassette housing (which meets the recom-
mended design criterion of Hinds (Hinds 1999)), and
(3) smooth curved shape of top cassette housing, to
provide smooth air streamline for particle moving from
inlet toward the sampling substrate- filter and grid. The
dimension of geometry design is shown in Fig. 1b.
Together with the design air flow, these factors deter-
mine the sizes of particles entering the sampler and thus
the cutoff diameter of particles collected on the two
substrates. The TDS substrates consist of a 25-mm
diameter, 0.22-pum pore size polycarbonate membrane
filter (Isopure, Millipore Sigma, Burlington, MA, USA)
(Sigma n.d.) with a TEM-copper grid in 400 mesh with
Si0,-coated film (SPI, West Chester, PA,USA) attached
to the center of the filter (Fig. 1a, ¢). The polycarbonate
membrane filter gives the ease to analyze collected
particles on the filter using scanning electron microcopy
(SEM). It is operated using a personal sampling pump
(Gil-Air 3 personal sampling pump, St. Petersburg FL,
USA) running at 0.3 L/min air flow (Fig. 1c), pulling
particles in the air through the 2-mm-diameter circular
inlet into the cassette housing. Particles are then collect-
ed on both the grid and filter (Fig. 1a, c).

The sampler was designed using Autodesk Inventor
2018 and 3D printed (ProX 500, 3D Systems, Rock Hill,
SC, USA) through selective laser sintering (SLS) of
nylon powder (DuraForm ProX PA, nylon 12- CAS:
25038-74-8). SLS is extremely prevalent in rapid
manufacturing practices where it has proven its utility
in the automotive and aerospace industries
(Zarringhalam et al. 2006). The ProX 500 system used
here is able to efficiently manufacture ready to use
functioning parts with high resolution and dimensional
accuracy (Systems 2017).

Particle deposition on grid

As shown in Fig. la, a TEM-copper filmed grid was
taped onto a 25-mm-diameter filter. A metal support

screen was used to support the polycarbonate filter. Air
was drawn through the filter and aerosol particles de-
posited on the grid via Brownian diffusion. Theoretical-
ly, a particle’s diffusion is a function of its diffusion
coefficient, D, given by the Stokes-Einstein equation:

D= kTC,
3mnd,

(1)

In this equation, k£ is Boltzman’s constant, 7 is the
absolute temperature, C, is the Cunningham slip correc-
tion factor, 1 is the gas viscosity, and d,, is the particle
diameter.

At standard conditions (constant temperature and
viscosity), a particle’s diffusion coefficient depends only
on its diameter and, as expected, the diffusion increases
as the diameter decreases. Since Brownian motion is
random, a collection of aerosol particles of the same
diameter will be displaced different distances along an
arbitrary axis in any given time interval. The distance
particles travel under Brownian motion approximates a
normal distribution; the root mean square (rms) average
distance for a collection of particles’ movement in time ¢
by definition is equal to the standard deviation (o) of the
distribution and is given by Eq. 2 (Hinds 1999).

0 = Xms = V2Dt (2)

Thus, according to Eqs. 1 and 2, during the time # that
a particle spends passing the grid, smaller particles can
expect to travel a larger average distance than larger
ones, so that greater numbers (portion) of smaller parti-
cles would be expected to be found on the grid. Thus,
nanoparticles, due to their large Brownian displacement,
have a high probability of striking a TEM grid element
as they pass by the grid; this is illustrated by the follow-
ing calculations.

At the typical pump air flow of 0.3 L/min through
this TDS 25-mm-diameter filter cassette (23 mm diam-
eter of filter collecting area), the air flows toward the
grid at a velocity of approximately 1 cm/s. Air stream-
lines striking the center of the grid will be directed
toward the edges of the grid; since the grid has a radius
of 1.5 mm, air striking the center of the grid will take
approximately 0.15 s to reach the edge. Solving Egs. 1
and 2, a 10-nm-diameter particle, for example, has an
rms displacement (X;;,) 0f 0.13 mm in 0.15 s. Since the
Xims 18 also by definition its standard deviation, and 32%
of any distribution values are greater than the standard
deviation, 32% of the particles will have moved farther
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than this distance while passing over the grid. Half of
these particles will move away from the surface of the
grid and half of them (16%) will move toward the
surface of the grid and deposit on the filmed opening
space of the grid. Thus, 10-nm particles traveling on
streamlines that pass within a few tenths of a millimeter
of the grid surface will have a high probability of being
collected. In addition, flow so close to the surface is
likely to be in the frictional boundary layer, meaning
that the velocities are lower than the free-stream veloc-
ities, the residence times are longer, and more collection
by diffusion will occur. The calculated rms displace-
ments range from 0.32 mm for a 4-nm-diameter particle
to 0.01 mm for a 300-nm-diameter particle as shown in
Table 1; thus, particles across the entire nanometer size
range will have a measurable displacement while pass-
ing over the surface of the grid and particles throughout
this size range will deposit on the grid due to diffusion.

These calculations indicate that a significant number
of the nanometer-sized particles in the air flow

Table 1 Particle diameters and corresponded parameters includ-
ing diffusion coefficient (D), coefficient of diffusion collection
(Np), efficiency of diffusion (£p), and root mean square displace-
ment (ers)

d (um) D (m’/s) Np Ep Xoms (mm)
0.004 3.35E-07 9377.3 1.00 0.32
0.005 2.15E-07 6018.3 1.00 0.25
0.006 1.5E-07 4198.8 1.00 0.21
0.008 8.46E-08 2368.1 1.00 0.16
0.01 5.45E-08 1525.6 1.00 0.13
0.015 2.45E-08 685.8 1.00 0.09
0.02 1.4E-08 3919 1.00 0.06
0.03 6.39E-09 178.9 1.00 0.04
0.04 3.69E-09 103.3 1.00 0.03
0.05 2.43E-09 68.0 1.00 0.03
0.06 1.73E-09 48.4 1.00 0.02
0.08 1.03E-09 28.8 1.00 0.02
0.1 6.94E-10 194 1.00 0.01
0.15 3.51E-10 9.8 1.00 0.01
0.2 2.23E-10 6.2 1.00 0.01
03 1.23E-10 3.4 1.00 0.01
0.4 8.31E-11 2.3 1.00 0.00
0.5 6.24E-11 1.7 1.00 0.00
0.6 498E-11 1.4 0.99 0.00
0.8 3.54E-11 1.0 0.98 0.00
1 2.74E-11 0.8 0.95 0.00

impinging on the grid will move to the grid surface
and be collected. This particle deposition process has
been confirmed experimentally in numerous laboratory
and field measurements, described below.

Particle deposition on polycarbonate filter

Particles that enter the sampler housing through the inlet
probe are distributed onto the filter, and particle agglom-
erates larger than the pore size (~220 nm) are deposited
by sieving. Particles smaller than the pore size will be
deposited onto the filter surface between pores by
Brownian motion.

The Nuclepore polycarbonate filter, also known as a
membrane filter, has been available since the 1940s, and
its properties have been verified (Spurny et al. 1969).
The efficiency of diffusion on the membrane filter, Ep,
can be calculated by Eq. 3 (Twomey 1962; Spurny et al.
1969) below when the coefficient of diffusive collec-
tion, Np, shown in Eq. 4 (Spurny et al. 1969), is greater
than 0.01.

Ep = 1-0.081904 ¢ >%%5 V20 09752 ¢ 30 v (3)
~0.03248 ¢ >0%° N2—0.0157 ¢ 170 Vo .

The remaining terms in Eq. 3 will approach zero. The
coefficient of diffusive collection is given by:

LDP

Np = —-
Riq

(4)
where L is the filter thickness (m), D is the diffusion
coefficient (Eq. 1), P is the filter porosity, R is the pore
radius of clean filter (m), and ¢ is the face velocity of air
at filter (m/s).

For this sampler design, the 0.22-pm porous poly-
carbonate filter has a thickness of 25 pum (Sigma),
porosity of 13.8%, pore radius of 0.11 pum, and ¢ of
0.01 m/s. The diffusion efficiency of the filter is 100%
for particles with diameters of 500 nm (0.5 pum) or
smaller, and greater than 95% for particles of 1 to
0.5 wum as shown in Table 1. Particles with diameters
greater than the pore size (220 nm) will of course be
collected with 100% efficiency.

The particle’s motion entering the sampler inlet and
inside the housing can be characterized using the Stokes
number (Stk), Eq. 5 (Hinds 1999). In this equation, T is
the relaxation time (s), calculated using Eq. 6, U, is the
air velocity, and d, is the cylinder diameter of airflow
which has been analyzed separately for both the inlet
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probe diameter (2 mm) and the cassette housing
(23 mm) diameter.

Stokes number (Stk) = T % (5)
c
Py d; Cc 6

where pj, is particle density (kg/m?).

When Stk >> 1, particles continue moving in a
straight line when the air turns; when Stk < < 1, particles
follow the air streamlines perfectly (Hinds 1999). The
particle motion behavior at the probe inlet determines
the particle sizes entering the inlet as they follow and
deviate from the air streamlines. This determines the
maximum size of particles to be sampled by this device,
i.e., the largest particle that can follow the sharply curv-
ing streamlines at the device inlet.

Based on the particle count size distribution, particle
characteristics can be analyzed using the following
equations. Geometric mean diameter, d,, is calculated
using Eq. 7 (Hinds 1999). Geometric standard devia-
tion, 0y, is calculated using Eq. 8 (Hinds 1999).

1nd.
Ind, = Z”;vndl (7)
2\ 1/2
Zni lnd,«—lnd
Ino, = <(N—1) ®

Count median diameter (CMD) is obtained from
cumulative percentile graph of particles at 50% cumu-
lative particle size. CMD is converted to mass median
diameter (MMD) of specific particle such as for alumi-
num oxide particles utilizing the Hatch-Choate conver-
sion equation (Eq. 9) (Hinds 1999). The mass median
aerodynamic diameter (MMAD) is calculated using Eq.
10 (Hinds 1999).

MMD = CMD &3 "% (9)
%
dy = d, (2—;’) (10)

Where d, is aerodynamic diameter, d,, is particle diam-
eter, p, is particle density, and p, is standard particle
density which is 1 g/em®.
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Particle collection and analysis protocol

Crystalline aluminum oxide (Al,O3;) nanopowder
(Nanodur, Nanophase, Romeoville IL, USA), with a
density of 3600 kg/m® and primary particle size of
40 nm, was used as a test aerosol to determine the
particle size distribution of collected particles in the
TDS. This nanopowder was chosen because of the
wide range of aerosol particle sizes from individual
primary particles to small and large agglomerates, and
the ease of aerosolizing the particles. The expansion of
sampling other nanoparticles using TDS is promising
since the collection is driven by the airflow drag force
and the inertia momentum of particle to control the
moving direction of particle, and collected particle
cutoff size is based on the aerodynamic diameter.

The experimental setup is illustrated in Fig. 2. Pow-
der was aerosolized inside an ultra-filtered glove box
(Terra Universal, Fullerton CA USA, 89 cm x 61 cm X
64 cm) through agitation by stirring 200 mL of alumi-
num oxide in a container with a compact digital mixer
operating at 2000 rotations per minute (rpm) (Cole-
Parmer, Vernon Hills IL, USA). The agitator, powder,
and sampling cassettes were placed inside the glovebox
at center area (Fig. 2), and the aluminum oxide aerosols
were diffused to the top opening of the container and
pulled into samplers and instruments. Two direct read-
ing real-time instruments (RTIs) were utilized to mea-
sure particle number concentrations and size distribu-
tions over a range of 10 nm to 10 pm. An optical particle
sizer (OPS) (Model 3330, TSI, Shoreview, MN, USA),
which measures particles from 0.3 to 10 um, and a
scanning mobility particle sizer (SMPS) (Model 3910,
TSI, Shoreview, MN, USA), which has a measuring
range of 10 to 420 nm, collected side by side with 1-
min measurement intervals. The RTIs were sampled
through 1 m of conductive tubing. The RTIs and three
identical TDS samplers were positioned equidistant
from each other and 5 cm away in both height and
distance from the source (Fig. 2). The air velocity at
the sampling area ranged from 1 to 7.6 cm/s (2 to 15 ft/
min) for horizontal direction and from 0 to 3 cm/s (0 to
6 ft/min) for vertical direction. The glove box and all
experimental equipment were decontaminated with
clean room wipes and distilled water prior to
experimentation.

The RTIs initiated sampling 10 min prior to aerosol
generation to establish background concentrations. Di-
rectly following this, the three personal sampling pumps
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Fig. 2 Illustration of
experimental set up for laboratory
particle sampling. Note: The RTIs
and three identical TDS samplers
were positioned equidistant from
each other and 5 cm away in both
height and distance from the
source

SMPS
0.9 L/min

and the compact digital mixer were activated. Aerosol
generation was conducted for 40 min. Following the
sampling period, 10 min of post experimental back-
ground was measured with the RTIs. The RTI data
was exported to an Excel spreadsheet where it was
analyzed.

The TDS TEM grid and filter samples were ana-
lyzed with TEM (JOEL JEM-2100F) and SEM (JO-
EL JSL-6500F), respectively. The following TEM
imaging protocol was utilized to analyze grid: (1)
five low magnification (x 50) images were taken to
encompass the entire grid (center, and four quad-
rants); (2) four grid spaces were selected equidistant
two spaces from the grid center, these spaces were
imaged at x 500; (3) the chosen grid spaces were
imaged by traversing (9—12 images per grid) the grid
space at x 5000 until 300 particles were imaged. For
filter analysis using SEM, the filters were prepared
by cutting a 1/8th slice of the filter and coating with
10 nm of gold. Three sections of the filters were
imaged (center, middle, and edge) at x 9000—25000
until 300 particles were imaged per sample. Particle
images were analyzed using FIJI (Schindelin et al.
2012) imaging software to count and measure parti-
cle size. The particle sizes were organized following
13 bin ranges within 10 to 420 nm and 14 bin ranges
above 420 nm to 10 um, similar to two RTIs bin
ranges, to plot particle count frequency with size
distribution and cumulative percent particle counts.

Results and discussion

The aluminum oxide particles with an average pri-
mary size of 40 nm diameter were found to be easily

Connect to RTls
outside glovebox

Sampling inside
Glovebox Enclosure

Agitator
2000 RPM

TDS
0.3 L/min

A __J

OPS
1.0 L/min

Nanopowder

aerosolized and dispersed; they appeared with small
primary particles less than 40 nm and agglomerates
ranged in nanometer to micrometer sizes. The sam-
pling tests demonstrated a practical exposure scenar-
10 where the aerosol concentration varied, with some
higher concentrations in some time intervals. The
aluminum oxide total particle number concentrations
measured throughout the sampling time period is
presented in Fig. 3a. The average size distributions
of aluminum oxide particles were presented in Fig.
3b. The standard deviation data of concentrations at
each size bin were presented in Table S1 (Supple-
mentary Information). Instrument measurements
were used to evaluate the particle concentration
levels and referenced particle sizes for tests. The
size distributions of generated airborne aluminum
oxide particles measured by SMPS were shown in
the size range from 10 to 420 nm with the mode size
measured to be 154 nm. The OPS measurements
showed increasing concentrations at sizes close to
0.3 and 10 um but showed low concentrations
around 1 um (Fig. 3b). The average particle number
concentration during 62 min (62 data) of sampling
measured by SMPS (10—420 nm) and by OPS (0.3—
10 um) were 237 particles/cm3 and 7 particles/cm3,
respectively. The peak emission showed concentra-
tions in a range from about 50 to greater than 4000
particles/cm® for particles smaller than 420 nm; and
the particle counts for larger particles above 0.3 um
ranged from a few particles to about 80 particles/
cm®. The particle counts were aluminum oxide par-
ticles only with essentially 0 particles from the am-
bient background in the filtered glove box. These
concentrations are representative exposure levels in
the environmental setting.

@ Springer
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Fig. 3 Aluminum oxide particles
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Collected particles on the filter and grid were
analyzed separately using SEM and TEM. Typical
particle images are presented in Fig. 4. Small parti-
cles and agglomerates similar to or smaller than the
pore size of filter were collected between pores and/
or trapped on pores (Fig. 4a, b). Agglomerates were
observed as well (Fig. 4a). The TEM grid collected
particles on the grid space. Many particles were seen
in Fig. 4c¢ in which most were primary particles or
small agglomerates (Fig. 4d).

Numerous images of particles on filter and grid
spaces were taken to obtain a minimum of 300 parti-
cles being counted and analyzed to obtain their sizes.
The averages of three sets of sample analyses were
calculated. The results are plotted in a cumulative
percentile graph versus particle diameters in Fig. 5a.
Particles on the filter range in size from 36 to
5800 nm, and particles on grid spaces range in size
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from 15 to 1560 nm. The particle mean diameters are
793 and 130 nm for aluminum oxide particles on the
filter and grid spaces, respectively. The particle count
size distribution and characteristics were summarized
in Table 2. Data were calculated using Egs. 7 to 10.
For aluminum oxide particles collected on the
polycarbonate filter of this sampler, the CMD was
500 nm (0.5 wm) with GSD of 1.97 and the MMD
calculated using Eq. 9 was approximately 2 pum
(Table 2). For a lognormal count distribution, d, is
equal to the CMD (Hinds 1999). In Table 2, d, and
CMD differ because the underlying distribution is
not actually log-normal as shown in Fig. 5b. The
equivalent MMAD of aluminum oxide particles
would be approximately 3.8 um, which is very close
to the cutoff diameter of respirable particles (4 pm).
The size analysis shown in Fig. 5b when compared
to the RTI data in Fig. 3b had smaller particle modes
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Fig. 4 Images of aluminum oxide particles collected on filter and
grid. a SEM images of particles collected on filter, x 20,000. b
SEM images of particles collected on filter, x 60,000. ¢ TEM

at 65 and 116 nm (Fig. 5b) compared to the 154 nm
measured by the SMPS. The size range of particles
from image analysis extended to above 420 nm, the
maximum size measured by SMPS. These two mea-
surements cannot be used to directly compare the
absolute sizes of measured particles. The reason is
that SMPS measured the electrical mobility size of
particles, which is correlated with the electrical
charge on the surface of three-dimensional particles,
to determine particle diameter; however, the size
analysis of collected particles is based on two-
dimensional particle images used to measure the area
of imaged individual particles and agglomerates,
which is then used to calculate the diameter of equiv-
alent spherical particles. The OPS shows increased

L 4
‘e .

2.

images of particles collected on grid space, x 500. d TEM images
of particles collected on grid space, x 5000

particle concentration toward to the maximum size of
10 pum in Fig. 3b, but the TDS is designed to collect
particle sizes up to 8 um aerodynamic diameter so
that larger particle agglomerates do not enter the
TDS inlet. Thus, differences between these two mea-
surements are expected. Although variations oc-
curred between different measurement approaches,
both SMPS and OPS measurements showed that the
range of particles collected on filter and grids were
also found being detected by both instruments. TDS
provides a wider particle size range for analysis that
can overcome the use of multiple instruments (SMPS
and OPS). However, it is still recommended to use
instrument and TDS together to confirm the particle
size being evaluated.
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Table 2 Characteristics of aluminum oxide particles collected on filter and grid

ALOj particles Particles on filter Particles on grid
Particle mean diameter 793 nm 130 nm

Mean diameter standard deviation 591 nm 127 nm
Geometric mean diameter, d, 641 nm 92 nm
Geometric standard deviation, o, 1.97 2.30

Count median diameter, CMD 500 nm 100 nm

Mass median diameter, MMD 1987 nm 793 nm

Mass median aerodynamic diameter, MMAD 3770 nm 1505 nm
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Fig. 6 Stokes number and
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A particle’s motion while entering the sampler
through the inlet probe and inside the sampler hous-
ing will vary by its diameter. This relationship can be
interpreted using the particle Stokes number as pre-
sented in Fig. 6, based on Eq. 5 and data shown in
Table S2 (Supplementary Information). When parti-
cles enter the inlet probe, aluminum oxide particles
approximately 4 pm or smaller will follow the air
streamline since the Stokes number is less than 1.
For standard-density particles, diameters approxi-
mately 8 wm or smaller will follow the air streamline
in the inlet probe, since their Stokes number is less
than 1. This determines the maximum particle size
entering the sampler probe inlet. Once particles enter
into the cassette housing, all Stokes numbers are
extremely small for particles 10 pm or smaller; thus,
all will follow air streamlines.

Contrary to other nanoparticle samplers, quantita-
tive analysis can be performed using the TDS since
approximately 100% of the particles entering the
sampler are collected on the filter and grid. The par-
ticle number concentration can be estimated from the
number of particles counted per image, the area of the
grid opening that was imaged, the sampling air flow,
and the sampling time period to provide a quantitative
analysis of size-fractioned particle concentration.
This counting protocol is in current development.

We have further tested this sampler by collecting
particles for qualitative analysis in various settings to
identify collected particles’ morphology and compo-
sition using TEM and energy-dispersive X-ray

——AI203 at inlet
—a— Al203 at cassette
- --- Std particle at inlet

- -% - Std particle at cassette

|

.0 30 40 50 60 7.0 8.0

Particle Diameter [um]

9.0 10.0

spectroscopy (EDX). They include particles emitted
from laser printer printing, handling fumed silica
powder, disturbing bulk samples of carbon nano-
tubes, and particles released from mining activity in
an experimental metal mine. Images of such particles
collected using the TDS are shown in Fig. 7. The
results seen in Fig. 4 demonstrate that the TDS can
effectively sample fibrous and non-fibrous particles.
Thus, spherical primary particles such as metal, non-
metal or metal-oxide nanoparticles, primary fibrous
particles, and agglomerates of all these particles are
expected to be collected by the TDS. The theoretical
estimation of cutoff diameter for fibrous particles is
difficult to estimate due to their high-aspect ratio; the
sampler will be further studied experimentally while
collecting high-aspect ratio nanoparticles to establish
the cutoff particle size and sampling limitations for
fibrous particles. The qualitative analysis has also
been used by other nanoparticle samplers (Tsai et al.
2009a, b; Miller et al. 2010; Cena et al. 2011; Tsai
et al. 2012; Leith et al. 2014; Park et al. 2009).

In addition, electrostatic effects of the nonconduc-
tive nylon cyclone used for respirable mass sampling
has been of concern for its potential to affect particle
collection (Almich and Carson 1974). However, the
nylon material used in 3D printing the TDS has suc-
cessfully collected various aerosols, as described
above. The sampler material can be altered if required
for collecting conductivity-sensitive substances.

It is a challenge to collect and evaluate trace
amount of nanoparticle in the air; TDS collects
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(a) Printer emission

(b) Fumed silica

Fig.7 TEM images of sampling particles using the TDS. a Printer emission particles. b Fumed silica particles. ¢ Carbon nanotube (CNT). d

Particles from mining activity

nanoparticles at concentrations as low as a few hun-
dred particles per cubic centimeter thus giving the
valuable finding about nanoparticle identification.
The unique features of the TDS allow for a quantita-
tive analysis of particle number concentration and
size distribution that is representative of the particle
concentration in the sampled air. This sampler is
easily used as a typical personal sampling cassette in
the field for personal exposure or environmental
sampling.

@ Springer
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