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Abstract

Porous polyurethane foam was evaluated to replace the eight nylon meshes used as a substrate to
collect nanoparticles in the Nanoparticle Respiratory Deposition (NRD) sampler. Cylindrical (25-
mm diameter by 40-mm deep) foam with 110 pores per inch was housed in a 25-mm-diameter
conductive polypropylene cassette cowl compatible with the NRD sampler. Pristine foam and
nylon meshes were evaluated for metals content via elemental analysis. The size-selective
collection efficiency of the foam was evaluated using salt (NaCl) and metal fume aerosols in
independent tests. Collection efficiencies were compared to the nanoparticulate matter (NPM)
criterion and a semi-empirical model for foam. Changes in collection efficiency and pressure drop
of the foam and nylon meshes were measured after loading with metal fume particles as measures
of substrate performance. Substantially less titanium was found in the foam (0.173 ug sampler™1)
compared to the nylon mesh (125 pg sampler™1), improving the detection capabilities of the NRD
sampler for titanium dioxide particles. The foam collection efficiency was similar to that of the
nylon meshes and the NPM criterion (R2 = 0.98, for NaCl), although the semi-empirical model
underestimated the experimental efficiency (R2 = 0.38). The pressure drop across the foam was
8% that of the nylon meshes when pristine and changed minimally with metal fume loading (~ 19
mg). In contrast, the pores of the nylon meshes clogged after loading with ~ 1 mg metal fume.
These results indicate that foam is a suitable substrate to collect metal (except for cadmium)
nanoparticles in the NRD sampler.

Keywords
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Introduction

Exposures to airborne nanoparticles (< 100 nm) are common in the workplace. These
exposures may occur as engineered nanoparticles, which are generated intentionally for a
specific purpose, or as incidental nanoparticles, which are byproducts of combustion or hot
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processes such as welding. Inhalable and respirable samplers are commonly used to assess
occupational exposures to airborne particles. The inhalable samplers collect particles that are
anticipated to enter the human respiratory system (can be breathed in) and includes particles
as large as 100 um (ACGIH, 2014). Respirable samplers collect the subset of inhalable
particles anticipated to penetrate into the pulmonary region of the lung and includes particles
as large as 10 pm (ACGIH, 2014). Thus, inhalable and respirable samples often include
particles much larger than nanoparticles. Given that particle mass is related to diameter
cubed, these large particles often obscure the presence of nanoparticles when quantified
gravimetrically or chemically.

For a given mass dose of particles, however, greater adverse toxicological responses have
sometimes been observed for nanoparticles compared to larger particles (Hussain et al.,
2009; Karlsson et al., 2009; Oberddrster et al., 1994). This increased toxicity has been
attributed to the fact that, compared to larger particles, nanoparticles have greater surface
area (Hussain et al., 2009; Oberdorster et al., 1994), can translocate from the respiratory
system to other parts of the body (Geiser & Kreyling, 2010; Oberddrster et al., 1994), and
have unique surface characteristics (Grassian et al., 2007; Hamzeh & Sunahara, 2013; Jiang
et al., 2008). Recognizing this issue, the National Institute for Occupational Safety and
Health (NIOSH) issued Current Intelligence Bulletin (CIB) 63 in 2011 for titanium dioxide
(TiO,) that specified a recommended exposure limit (REL) of 0.3 mg m=2 for ultrafine
particles (including engineered nanoparticles) (NIOSH, 2011). NIOSH guidelines for
measuring exposure to ultrafine TiO, involves taking two respirable samples side-by-side.
One sample is chemically analyzed to determine the fraction of TiO5, and the other sample
is analyzed by electron microscopy to determine the fraction of nanoparticles.

Personal samplers have recently been introduced to selectively collect only nanoparticles,
eliminating the need for electron microscopy and thereby streamlining exposure assessment.
The Personal Nanoparticle Sampler (PENS) simultaneously samples respirable particles and
nanoparticles (Tsai et al., 2012). The PENS uses a respirable cyclone to sample particles
from the breathing zone of a worker and remove particles larger than the respirable criterion
(ACGIH, 2014). A micro-orifice impactor then collects respirable particles with a cut-off
diameter of 100 nm and a Polytetrafluoroethylene (PTFE) filter collects particles < 100 nm
(Tsai et al., 2012). Tsai et al. designed the PENS to operate with traditional belt-mounted
sampling pumps, which are limited by airflow rate and pressure drop they can provide. They
also designed the impactor to have sharp collection efficiency curve so that the particles
collected on the filter represent nanoparticle concentrations found in the sampled
environment as closely as possible. These decisions resulted in a fairly heavy sampler (240
g) that has a pressure drop of 14.1 kPa at an airflow rate of 2.0 Lpm.

The commercially-available Nanoparticle Respiratory Deposition (NRD) sampler (ZA0075,
Zefon International, Inc) also selectively collects nanoparticles, and similar to the PENS,
uses a respirable cyclone to sample particles from the breathing zone (Cena et al., 2011).
However, the NRD sampler uses an impactor to remove particles > 300 nm, followed by a
diffusion stage of eight nylon meshes to collect particles < 300 nm with an efficiency
matching the nanoparticulate matter (NPM) sampling criterion. The NPM criterion
represents the fraction of nanoparticles that, if inhaled, would deposit in all regions of the
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human respiratory tract (Cena et al., 2011). The shape of the NPM criterion is shallow
relative to the collection efficiency curve of impactors, thereby allowing the development of
diffusion-based samplers. With this target, Cena et al. were able to design the lightweight
(60 @), 2.5-Lpm NRD sampler to be compatible with belt-mounted air sampling pumps
(pressure drop = 3.5 kPa). Moreover, the exposures measured with the NRD sampler
represent the physiological dose of particles in the respiratory tract and thus should relate
more closely to adverse health effects than exposures measured with samplers having
physiological relevance.

Other researchers have used nylon mesh for sampling airborne particles. Gorbunov et al.
(2009) developed a size-selective sampler for airborne particles with 11 stages. Particles
larger than 250 nm are collected by impaction with a cascade impactor, whereas smaller
particles are collected by diffusion on four stages composed of various layers of nylon mesh.
Koehler and Volckens (2013) designed sampler that collects particles as they would deposit
in different regions of the human respiratory tract. They used nylon mesh to mimic
collection of particles in the alveolar region. However, unpublished data from the coauthors
of Cena et al. (2011) indicated that the nylon meshes used in the NRD sampler contain a
substantial amount of titanium (Ti) presumably from TiO, used to whiten the nylon material.
The presence of Ti in the substrate interferes with the exposure assessment of TiO5
nanoparticles, prompting the search for alternative collection substrates. Moreover, the
particle collection behavior of nylon mesh is only known for spherical or near-spherical
particles, and the long-term performance for chain agglomerates typical of vapor-
condensation aerosols is unknown.

There are numerous substrates that can be used in a sampler to collect particles in a way that
mimics the human respiratory system. Park et al. (2015) designed a three-layered granular
bed composed of glass microspheres to act as a diffusion stage for the NRD sampler.
Although collection efficiency followed the NPM curve, the microspheres were heavy
compared to nylon mesh, difficult to layer, and difficult to mate with post-sampling chemical
analysis. We have investigated other substrates, such as low-efficiency fibrous filters, which
will be the subject of a forthcoming manuscript. Porous foam, the subject of the current
work, has been used to collect particles in a way that mimics the human respiratory system.
Porous foam consists of relatively uniform, spherical pores providing a high surface-area to
volume ratio. Air pulled through the foam is forced through multiple layers of the pores in a
tortuous path, increasing particle deposition onto the walls of the pores. Using a newly
improved model for deposition of particulate matter in porous foams (Clark et al., 2009),
Koehler et al. (2009) developed an aerosol sampler using a porous polyurethane foam
substrate with an efficiency matching the human respiratory deposition for inhalable
particles. Moreover, Dillner et al. (2007) demonstrated the ability to digest, analyze, and
detect low levels of multiple metals collected on polyurethane foam substrates using
elemental analysis. Similar to nylon mesh, the initial and long-term behavior of foam when
used to sample chain agglomerate aerosols has not been studied.

The primary objective of this work was to evaluate porous polyurethane foam as an
alternative to the nylon meshes used in the diffusion stage of the NRD sampler. A secondary
objective was to evaluate foam and nylon mesh substrates when sampling chain-agglomerate
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aerosols. For foam and nylon mesh substrates, we measured the metals content and
collection efficiency by particle size for salt and chain-agglomerate, metal fume particles.
The pressure drop and collection efficiency, by particle size, of foam and nylon meshes at
NRD operating conditions were compared when pristine and after loading with metal fume
at levels representative of occupational sampling.

Characterization of foam and nylon mesh substrates

Thermally-reticulated (porous) polyurethane foam (neutral color; 100 ppi, New Dimension
Industries, Moonachie, NJ) was cut using a table-mounted, hot-wire cutter (Thermocut
115/E, Proxxon, Hickory, NC) into 10 substrate sample cylinders (25-mm diameter x 40-
mm depth). Each foam cylinder was weighed with a microbalance (MT5, Mettler-Toledo,
Columbus, OH) and inserted into a conductive cassette cowl (housing) used in ashestos
sampling (23-mm, internal diameter, Cat. No. 225-3-23, SKC, Eighty Four, PA). Air was
passed at 10 L min~1 through a bipolar charger (8°Kr charge neutralizer, 3054, TSI,
Shoreview, MN) and then through the foam to neutralize static charge. The foam was
compared to the eight 25-mm-diameter nylon meshes (pore diameter = 11 um; NY 1102500,
Millipore Inc., Billerica, MA) used in the NRD sampler (depth = 0.5-mm). The solidity ()
of the nylon mesh was taken as 0.94 from Cena et al. (2011). A small piece of the substrate
(~ 1 cm?) was mounted on an SEM stub and coated with a thin layer of conductive material
(Au/Pd, 80%/20%) using a sputter coater (K550X, Quorum Technologies Ltd, UK). The
substrates were imaged in an SEM (Hitachi S4800, Hitachi-High Technologies Corporation,
Japan) operated at a 5.0-kV accelerating voltage. The fiber diameter of the foam was
determined from images using ImageJ (1.49, NIH, Bethesda, MD).

The solidity of the foam was calculated as:

— 4dmg

Oé_ﬂ'dz hps (1)

where m, dgand £ are the mass, diameter (25-mm), and depth of the foam, respectively, and
psis the density of the base material (1200 kg m™3). The pore diameter of the foam was
calculated from the fiber diameter using the linear relationship between fiber and pore
diameter described in Kenny et al. (2001) as:

d __d;—8.86x10~ 0
po—

—oos (2

where dj,,and drare the pore and fiber diameters respectively in meters.

The metals content [cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), manganese
(Mn), nickel (Ni), titanium (Ti), and zinc (Zn)] in the foam and nylon mesh were determined
in triplicate by microwave digestion followed by inductively coupled plasma-optical
emission spectroscopy (ICP-OES; Varian 720 ES, Varian, Agilent Technologies, Santa
Clara, CA) as described in detail by Mudunkotuwa et al. (2015). For each element, the limit
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of detection (LOD) was calculated as the mean plus three standard deviations of the
elemental mass per sampler found in pristine substrates (IUPAC, 2006). The LOD is the
mass of collected metal that can be differentiated from the background metal in the
substrate. The LOD was then compared to an estimate of the mass of metal particles that
would be collected on the substrate if used in the NRD sampler at 2.5 L min~! for eight
hours at concentrations 1/101 the NIOSH REL for TiO, nanoparticles and the American
Conference of Governmental Industrial Hygienists (ACGIH) threshold limit values (TLVS)
for other metals (Table 1).

Collection efficiency and pressure drop

The experimental setup used to measure collection efficiency and pressure drop of five of the
foam substrate samples for each of two aerosols (NaCl and metal fume; ten tests total) is
shown in Figure 1. All tests were conducted with an airflow rate of 2.5 L min~ to be
compatible with NRD sampler. A mass flow controller (MFC; MPC20, Porter Instrument,
Hatfield, PA) was used to deliver dry and clean air to the test particle generation systems.
Solid NaCl aerosol was generated using a vibrating mesh nebulizer (Aeroneb Solo System,
Aerogen, Ireland) operated with medical grade 0.9% NaCl irrigation solution (2F7123,
Baxter Healthcare Co., Deerfield, IL). The aerosol was passed through a 85Kr charge
neutralizer (3054, TSI, Shoreview, MN) to remove excess charge on the particles and silica
gel diffusion dryer to ensure a solid crystal aerosol. Following Park et al. (2015), metal fume
was generated by a spark discharge system set to 2.6 L min~2 airflow, 3 mA, 5-6 kV, and
using welding rod electrodes (H544051 - RDP, Hobart, Troy, OH). The metal fume was
passed through a pipe with a 210Po charge neutralizer (2U500, Staticmaster, Grand Island,
NY) mounted on the side to remove excess charge on the particles. The generated NaCl or
metal fume particles were passed through a 200-L (55-gallon) drum to achieve uniform,
stable size distributions (see Supplemental Information; Figure S1 size distributions
provided for NaCl [number median diameter of 108 nm and a geometric standard deviation
of 1.93] and metal fume [number median diameter of 82 nm and a geometric standard
deviation of 1.97]; Figure S2 provides images of test particles obtained with transmission
electron microscopy).

For each test, particle number concentration by size from 20 nm to 300 nm was measured
with a scanning mobility particle sizer (SMPS; 3936, TSI, Shoreview, MN) alternately after
passing through the empty (Cyypass) and substrate sampling line (Csypstrate) in the following
pattern: Cpypass1-Csubstrate2- Chypass3- Csubstrated- Chypasss™ Csubstrates~ Chypass7- 1he SMPS
consisted of a classifier controller (3080, TSI, Shoreview, MN), an aerosol neutralizer (3077,
TSI, Shoreview, MN), a differential mobility analyzer (DMA,; 3081, TSI, Shoreview, MN),
and a condensation particle counter (CPC; 3776, TSI, Shoreview, MN). The pressure drop
across the parallel sampling lines was measured with a digital pressure transmitter (616-2,
Dwyer, Michigan City, IN) and logged every 5 seconds. The digital pressure transmitter was
calibrated with an inclined manometer (400-10, Dwyer, Michigan City, IN). The pressure
drop across the foam was calculated as the pressure drop across the foam substrate line
minus that across the bypass line. For size bin of the SMPS, collection efficiency (7, was

calculated as: 1—Chypass/Csubstrate-
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Average efficiencies for the NaCl aerosol were compared to the Clark et al. (2009) model for
particle deposition in porous foam (see Supplemental Information, Equations S1-S5 for the
Clark et al. (2009) model) after adjusting for particle shape, density, and anticipated
penetration throught the NRD impactor. Following Park et al. (2015), the collection
efficiency of the substrate, adjusted for the presence of the NRD impactor (7,gj), was
calculated by multiplying the experimental collection efficiency by the penetration through
the impactor as shown in Eq. 4-5. as:

ln(daeJrlOG)

Pip(dge )=1+——7—+0.15,dge < 133.3nm ©)

1o [ daex108
=1-0.46 x (1+e7jf (lﬁf’%g)) —0.08, dge>133.31nm
4)

where aerodynamic diameter (dj,) is in meters and is calculated as:

% X die X Cc(dve)zpo X die X Cc(d,w) (5)

and equivalent volume diameter (ad|,) is calculated from electrical mobility diameter (d/;;)
from SMPS as:

m — _due
Gyt enmy (6)

where pp, is the particle density, pg is unit density, y is shape factor, and C,is Cunningham
slip correction factor.

The adjusted collection efficiencies for the NaCl and metal fume aerosols were compared to
the NPM criterion. The NPM criterion was calculated for particle sizes 20-300 nm using
volume equivalent diameter (Eq. 6) assuming a shape factor () = 1.08 (for NaCl) and a size
dependent y for particles 100-300 nm (for metal fume) using a semi-empirical equation
based on data from Kim et al. (2009). See Supplemental Information for more information
on calculation of size-dependent shape factor (Figure S3 and Eqg. S6).

The pressure drop through the three components of a full NRD sampler (cyclone inlet,
impactor, and diffusion substrate) were measured with pristine foam and nylon meshes. A
pressure gauge (Magnehelic, 0-0.25 kPa, Dwyer Instruments, Inc., Wilmington, NC) was
used to measure the pressure drops across the cyclone, foam, or meshes at an airflow rate of
2.5 L min~L. Another pressure gauge (Model 407910, 0-200 kPa, Extech Instruments,
Nashua, NH) was used to measure the pressure drop across the impactor or fully assembled
NRD sampler. These data are shown in Table S1.
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Evaluation after loading with metal fume

Changes in collection efficiency and pressure drop due to the particle loading on the
substrates were measured for up to 20 hours of sampling metal fume aerosol. Twenty hours
was selected to simulate full-shift (8-hour) sampling in an environment at the NIOSH REL
for iron oxide fume (5 mg m=3) as the majority of test welding fume is composed of iron.
One randomly selected foam substrate previously assigned to metal fume aerosol was placed
in the substrate line of the experimental setup. The collection efficiency and pressure drop
were measured identically to that described above, except that an NRD impactor was placed
just upstream of the both parallel sampling lines to more realistically simulate use of the
NRD sampler in the field. Pressure drop was continuously logged and efficiency tests were
conducted at baseline (before loading), after every hour of loading for the first 11 hours, and
every three hours for the remaining nine hours. After loading, the foam substrate was cut
using a clean dry razor into four discs of equal size to evaluate stratification of particle
deposition through the substrate. Actual mass of Fe collected on the foam substrate was
analyzed using acid-assisted microwave digestion and ICP-OES chemical analysis.
Collected particles on the first layer of the foam were imaged by SEM.

The same loading tests were conducted for eight pristine nylon meshes, except for only five
hours because the pressure drop increased substantially. The final pressure drop across the
nylon meshes was measured with an analog magnehelic pressure gauge (2050, Dwyer
Instruments Inc., Michigan City, IN) having exceeded the upper limit of the digital pressure
transmitter (1494 Pa) after only one hour. The collection efficiency of nylon meshes was
measured at baseline and after five hours. Separate loading tests with eight nylon meshes
was conducted over one hour to obtain samples for SEM imaging and ICP-OES analysis.
The mass of fume deposited onto the foam and nylon mesh substrates during loading
experiments was estimated by converting the number concentration from the SMPS to mass
concentration, assuming a particle density of 3400 kg m=3 (Hewett, 1995), x =2forall
particle sizes, and multiplying by 41% (the average NPM efficiency of particles for the size
range of the fume).

Statistical analysis

The adjusted experimental efficiency curves were compared to the NPM criterion using the
coefficient of determination, R?, calculated as:

’ =1- >~ (adj,eap—NPM)?
eap— NPM > adj, exp—adj,expave)> @)

where 7,4 avg is the mean of the collection efficiency across particle sizes 20-300 nm. The
R? of the adjusted experimental efficiency curves and theory was also calculated as follows:

)2

2 —1_ E (nadj.exp “Madj,th
Rexpfth* 1 2
§ <77adj,exp_77adj,exp5avg) (8)
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Results

Characterization

The morphology of the foam differed substantially from that of the nylon mesh as shown in
Figure 2. Although the fibers of the foam [n = 10 fibers; fiber diameter = 45 um (mean) + 4
pum (SD)] were relatively uniform, they were not uniformly distributed, resulting in pores
with substantial variation in size (Figure 2a). Using Eq. 2 with the mean fiber diameter
yielded a pore diameter of 480 + 50 um. This diameter was in general agreement with larger
pores from imaging (Figure 2a). The 10 cut foam cylinders were 25.2 + 0.2 mm in diameter
and 41.2 + 0.3 mm in depth. The solidity of five foam substrates was 0.031 + 0.001. The
fibers of the nylon mesh were uniform (n = 25 fibers; fiber diameter = 29 + 3 ym) and
equally distributed, resulting in uniform pores 11 pm in diameter (Figure 2b), in agreement
with the manufacturer’s reported diameter.

A summary of elemental analysis of pristine substrates is shown in Table 1. For foam and
nylon mesh, the LOD was low for Cr, Cu, Fe, Mn, Ni, and Zn compared to the expected
mass collected over eight hours at 1/10t" the ACGIH TLVs. Substantially less Ti was found
in the foam (0.173 ug sampler~1) compared to the nylon mesh (125 pg sampler™1).
Importantly, the LOD of Ti in foam was 4.5% of the expected mass of Ti that would be
collected at 1/10% the REL for ultrafine TiO,, whereas the LOD in eight nylon meshes was
13 times greater. Cadmium was found present in the foam with the LOD 4.5 times greater
than the expected mass of Cd that would be collected at 1/10% of the TLV, but was not
detected in the nylon mesh. However, other foams may have different metals content,
particularly colored foams.

Collection efficiency and pressure drop

The adjusted collection efficiency by particle mobility diameter for the pristine foam is
shown in Figure 3. For NaCl, the collection efficiency by particle size was similar to the
NPM criterion with an R? of 0.98. The modeled collection efficiency was similar in shape to
experimental collection efficiencies but substantially lower, resulting in a low R2 (0.38). For
metal particles, adjusted collection efficiencies were similar to the NPM (y = 1.08) criterion
(R2 = 0.81) for particles smaller than 70 nm, but were substantially higher than that criterion
for particles larger than 80 nm. The collection efficiencies for these larger particles were
better matched to the NPM criterion when adjusted for highly non-spherical particles
(dynamic shape factor), Figure 3. The pressure drop across the foam (34 + 2 Pa) was
substantially lower than that for eight nylon meshes (433 + 8 Pa).

Evaluation after loading with metal fume

Adjusted collection efficiency by size of foam at baseline and after loading with metal fume
is shown Figure 4a. The collection efficiency of the foam increased slightly (maximum of
11% for particles ~ 75 nm) after 20 hours of metal fume loading (~ 19 mg of fume loaded).
The pressure drop through the foam increased linearly with particle loading from 42 Pa at
baseline to 55 Pa after 20 hours (Figure 5). As shown in Figure 2a), agglomerated fume
particles were attached to the edges of the foam pores but extended into the pore only a
fraction of the pore diameter after 20 hours of loading.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mines et al.

Page 9

Substantially different results were obtained with the eight nylon meshes. At baseline, the
collection efficiency by size for the nylon meshes was similar to that of the foam (Figure
4b). However, the collection efficiency curve changed drastically after only five hours of
loading (~ 1 mg loaded) (Figure 4b). During this time, the pressure drop increased from 433
Pa to 4256 Pa (Figure 5). The openings of the leading mesh were completely clogged with
metal, chain-agglomerate particles (Figure S4). Visual inspection of the nylon meshes after
particle loading showed evidence of leakage at the edge of the meshes presumably caused by
the dramatic increase in pressure drop. Thus, the collection efficiency curve in Figure 4b is
attributed to a combination of partial filtration with some air bypassing the meshes
altogether. Agglomerated fume particles can be seen spanning the pores of the top nylon
mesh after one hour of loading (Figure 2b).

The mass of Fe collected on foam and nylon meshes with depth through the substrate is
shown in Table 2. The leading quarter section of the foam collected the most Fe (Section A,
37%), although Fe was collected throughout the foam (Section B, 23%; Section C, 20%; and
Section D, 20%). This effect was more pronounced for the nylon meshes with 51% of the Fe
collected on the leading quarter of the substrate (Mesh 1 plus Mesh 2) with rapidly
diminishing Fe collected on downstream meshes (Table 2).

Discussion

The porous polyurethane foam tested in this work offers a good alternative to nylon meshes
for use as the diffusion stage of the NRD sampler. The foam had a collection efficiency
matching the NPM criterion and, unlike the nylon mesh, was resilient to metal fume particle
loading with respect to pressure drop and collection efficiency. The foam was found to have
sufficiently low metals content for occupational exposure assessment of all metals tested,
except for Cd (Table 1). The observation that the foam contains Cd is consistent with Dillner
et al. (2007). The Ti content of the foam was substantially lower than that of the nylon
meshes, resulting in a LOD for foam 0.4% that of the nylon meshes. The lower LOD of the
foam will dramatically reduce the time required to collect a sufficient mass of particles
during field sampling. For example, when sampling air with 30 pg m=3 TiO, (1/10%" the
NIOSH REL for ultrafine TiO,), the NRD sampler with foam will require 30 minutes to
collect a mass of Ti above the LOD, whereas the sampler with nylon meshes will require 53
hours.

These findings are critical for making the NRD sampler a practical option to streamline the
exposure assessment protocol recommended by NIOSH in the CIB for TiO5. A single
sample taken with the NRD sampler and analyzed by ICP-OES as outlined by
Mudunkotuwa et al. (2015) is sufficient to determine if concentrations of ultrafine TiO, in
the workplace are acceptable. This approach is substantially less labor intensive and costly
to that recommended in the CIB, which requires two respirable samples with one analyzed
by ICP-OES and the other analyzed by electron microscopy.

The foam was substantially more resilient to loading of metal fume than the nylon mesh. For
foam after 20 hours of metal fume loading (~19 mg), the pressure drop increased minimally
(13 Pa; Figure 5), and the collection efficiency by size remained similar (Figure 4a). The
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slight increase in collection efficiency (a maximum of 11% with 19 mg loaded) was
expected and likely resulted from increased interception by previously deposited fractal
particles that extended into the pore (Figure 2a). The pores of the foam were sufficiently
large, however, that this effect was minimal. The finding that Fe is collected throughout the
foam (Table 2) supports the notion that particles are able to pass through the pores after
substantial periods of loading. The finding that foam is resilient to particle loading is
consistent with the work of Koehler et al. (2009). They observed minimal changes in the
pressure drop of 100 ppi polyurethane foam (unknown mass and dimensions) with loading
of up to 20 mg of near-spherical NaCl and spherical oil aerosol.

In contrast for nylon meshes after loading (5 hours; ~1 mg), the pressure drop increased
substantially (3822 Pa, Figure 5), which may result in problems when field sampling. There
were also substantial changes in collection efficiency by size (Figure 4b). The lowered
collection efficiency of small particles (< 40 nm) after particle loading is thought to result
from a leak of air around rather than through the nylon meshes. The leak likely resulted from
the increased pressure drop from clogging of the mesh pores. Microscopic images obtained
after one hour of loading (Figure 2b) show that the particles collected on nylon mesh extend
well into the pore providing further opportunities for particle collection. The pore size of the
nylon mesh (11 um) was substantially smaller than the foam (480 pm). Consequently, the
particles previously built up on the walls of the pore of the nylon mesh had a more rapid and
pronounced effect on the pressure drop and collection efficiency by size compared to that
observed for foam. The propensity for the nylon mesh to clog is supported by the finding
that much more Fe was collected on the leading meshes (Table 2).

The experimental collection efficiencies of foam for near-spherical, NaCl particles were not
in agreement with estimates made using the semi-empirical model from Clark et al. (2009).
Experimental and modeled collection efficiency by size were similar in shape, but modeled
collection efficiencies were substantially underestimated compared to experimental data
(Figure 3). Although unlikely, slight compression of the foam substrate inside the housing
may have decreased the foam pore size, subsequently decreasing the distance required for
diffusion to result in deposition on the foam pore walls. More likely, the Clark et al. (2009)
model is based on fibrous filter theory, which relies on fiber diameter as a key parameter to
estimate particle collection by diffusion, impaction, and gravimetric settling. In this model
(Eq. S1), fiber diameter appears in the overall penetration term and in the Péclet number
(Eq. S2) used to characterize diffusion. In foam, however, a majority of airflow streamlines
pass through the large pores, whereas in fibrous filters, streamlines predominately pass
around the fibers. Additionally, fiber diameter will not change with compression whereas
pore diameter will. Consequently, foam pore diameter, rather than fiber diameter used in the
Clark model, is likely the key parameter to estimate particle deposition by diffusion. Another
factor is that the model does not account for collection by electrostatic forces. Although the
substrate and aerosol were neutralized prior to measurement of collection efficiency, image
charging can result in increased collection efficiency that was not accounted for in the
model.

We did not attempt to model efficiencies for chain-agglomerate, metal particles because
available models for nylon mesh or foam do not account for interception. We observed
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interception to be critically important for chain-agglomerate metal fume particles > 70 nm.
In fibrous filter theory, the interception parameter (R = dj/dy is used to characterize
interception (Hinds, 1999). The lack of using pore diameter as a key parameter and lack of
an interception term in foam deposition model may explain the difference observed in this
research and theory. Although fiber diameter does appear in the Stokes number (Eq. S4)
used to characterize impaction, the effects of impaction on nanoparticle deposition is
negligible compared to diffusion and interception (Raynor et al., 2011). Future work is
needed to integrate interception into models for these substrates. Also, samplers that were
developed to use nylon mesh substrates (Gorbunov et al., 2009 and Koehler and Volckens,
2013) may suffer from over collection of chain-agglomerate particles.

There are some limitations with the current work. Foam was shown to provide desirable
collection characteristics over time and is suitable to assess exposures to metal nanoparticles.
We did not evaluate the foam for use with other analytical techniques (e.g., gravimetric or
organic analysis). We also did not evaluate the influence of substrate characteristics
(corrosiveness and wettability) on sampling. The fact that two substrates with highly
different solidities (nylon mesh and foam) met the NPM criterion points to deficiencies in
the criterion itself. The NPM criterion was based on experimental evidence for near-
spherical particles (Cena et al., 2011). However, deposition in the human respiratory tract
changes as a function of particle shape with chain-agglomerate particles depositing more
than spherical particles due to interception. Further work is needed to define the NPM
criterion as a function of particle shape based on experimental evidence from respiratory
deposition studies. This work would put greater constraints on the solidity of the collection
substrate and ensure that samplers would more closely mimic the human respiratory system.

Conclusions

Porous polyurethane foam was found to be a suitable replacement for the eight nylon meshes
used in the NRD sampler with respect to elemental content (metals), particle collection by
size, and pressure drop. With the exception of Cd, foam had a suitably low background for
sampling at 1/10™ the occupational exposure limit for Cr, Cu, Fe, Mn, Ni, Ti, Zn.
Importantly relevant to sampling for TiO,, the LOD for Ti of the foam was 0.4% of that for
the nylon meshes. Using NaCl aerosol, the collection efficiency curve of the foam was
similar to the NPM criterion, thus in agreement with eight nylon meshes used in the NRD
sampler. The open structure of the foam presented less resistance to airflow than the nylon
meshes resulting in a lower pressure drop across the foam when pristine than that of the
nylon meshes. The collection efficiency and pressure drop of the foam were less sensitive to
the effects of metal fume loading than the nylon meshes. The collection efficiency of the
foam increased only by a maximum of 11% when loaded with 19 mg of metal fume with a
total change in pressure drop of 13 Pa, whereas the nylon meshes clogged when loaded with
only 1 mg of metal fume. Future research is needed to refine collection efficiency models
and the NPM criterion to account for particle shape.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG 1.
Experimental setup used to measure collection efficiency and pressure drop.
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FIG 2.
SEM images of clean (0 hr loading) and particle-laden substrates for (a) clean polyurethane

foam and after 20 hrs loading and (b) clean nylon mesh and after 1 hr loading.
Agglomerated metal fume particles span pores of nylon mesh but not those of foam.

Aerosol Sci Technol. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mines et al.

Page 16

1.00
! / NPM (x = 1.08)
> i F,
) L
c
= i
o B - T
£ 0.50 T . /NPM (x is dynamic)
c B y T
= i
=)
u i .
% S Metal
S 025 T clarketal. 2009 - " fume
[ x=1.08 g ;
| p_=2160 kg m3 o p
e NaCl = /< . e
0.00 1 1 1 T T | Ii 1 i 1 T T T |
10 100 1000

Particle mobility diameter (nm)

FIG 3.
Adjusted collection efficiency of foam by particle mobility diameter for NaCl and metal

fume aerosols. Error bars represent one standard deviation of the five substrate samples.
NPM criterion have been adjusted for shape factor (y). Clark et al. (2009) foam model has
been adjusted for particle density and shape factor (y) of NaCl.
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FIG 4.
Adjusted collection efficiency of (a) foam and (b) nylon mesh by particle mobility diameter

when clean (0 hr) and after loading with metal fume up to 20 hrs (19 mg) foam, and 5 hrs (1
mg) nylon meshes.
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FIG 5.

Pressure drop after loading of metal fume for foam (over 20 hrs) and eight nylon meshes
(over 5 hrs).
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Mass of Fe collected on foam and nylon mesh substrates by section. The foam was loaded for 20 hours and
then cut into four parts. Nylon meshes were loaded for one hour.

Substrate Section Femasspug  Fraction of Fe collected on section
Polyurethane foam
A 94 0.37
B : -« 02
Airfow || I ¢ =
riiow D 51 0.20
Total 258 --
Nylon mesh

1 5,970 0.31

[ e m——g
2 3,710 0.19
_— 3 2,870 0.15
4 2,100 0.11

=
5 1,590 0.08

&
Airflow 6 1,180 0.06
> 7 1,000 0.05
8 753 0.04

LS am——

<IrTS

==

Total 19,200 -
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