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Segregation of respirable dust for chemical and toxicological analyses

Teresa L. Baronea, Taekhee Leea, Emanuele G. Caudaa, Andrew L. Mazzellaa, Robert Stachb, and
Boris Mizaikoffb

aPittsburgh Mining Research Division, National Institute for Occupational Safety and Health, Centers for Disease Control and
Prevention, Pittsburgh, PA, USA; bInstitute of Analytical and Bioanalytical Chemistry, Ulm University, Ulm, Germany

ABSTRACT
Respirable dust can pass beyond ciliated airways of the respiratory tract and influence
adverse health effects. Health effects can be studied using samples generated from bulk
dust segregation. Because previous segregation methods diverge from size-selection criteria
of the international convention for respirable particles (ICRP), a method was developed to
approximate the ICRP. The method was compared to an ideal sampler by measuring the
sample collection bias. The comparison shows that the uncertainty due to the bias was 0.10
based on European Standard EN13205:2014 criteria, which indicates that the segregator
effectively follows the ICRP. Respirable particle size distributions were confirmed by an
aerodynamic particle sizer and by computer-controlled scanning electron microscopy.
Consequently, a systematic way to generate respirable powders for health effects studies
and chemical analyses was developed.
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Introduction

Exposure to respirable dust adversely affects workers’
health in the construction, agriculture, and mining
industries.1–4 Large communities are also affected due
to dust storms in areas such as Arizona, U.S.5 Southern
Israel,6 and Sydney, Australia.7 Respirable dust is a
health concern because of its penetration to the lung
and biologically active surface area.8–11 Its cumulative
exposure is associated with the development of chronic
obstructive pulmonary disease (COPD).12–13 COPD can
occur with exposure to relatively low-toxicity compo-
nents of respirable dust such as limestone14 and a
highly toxic component—crystalline silica.15

Exposure to crystalline silica is a major cause of
dust-related respiratory illnesses (Donaldson, 2012;
Cook et al. 2005).16–17 Illnesses such as silicosis and
lung cancer are associated with exposure to respirable
crystalline silica (RCS).18 Mechanistic studies indicate
that RCS carcinogenicity depends on the surface prop-
erties of the original source dust.8,19–22 Source dust
properties can be investigated by collecting representa-
tive samples from ambient air. However, lengthy col-
lection times are needed to obtain enough airborne
material in the respirable size range for health effects
studies. Alternatively, respirable dust samples can be

obtained by bulk dust segregation. Bulk dust can be
acquired from granular source material (e.g. soils) or
industrial dust collectors (e.g. cyclones leading to bag-
house filters23). Subsequently, bulk dust can be segre-
gated by an array of methods.

Previously published segregation methods address
U.S. Environmental Protection Agency size-selection
criteria for PM2.5 (� 2.5mm) and PM10 (� 10mm).24–29

Size selection of atmospheric aerosols according to
PM2.5 and PM10 generally enriches samples in chem-
ically generated (e.g. soot) and mechanically generated
(e.g. dust) aerosols, respectively. For predominantly
mechanically generated aerosols in occupational envi-
ronments, size-selection criteria have been established
by the International Standards Organization (ISO),
Comit�e Europ�e en de Normalization (CEN), and the
American Conference of Governmental Industrial
Hygienists (ACGIH) to form the international conven-
tion for respirable particles (ICRP).30–32 The ICRP
defines efficiencies at which particles of a given size
range are sampled to assess workers’ exposure to res-
pirable dust (e.g. approximately 84% at 2.5mm, 50% at
4mm, 16% at 6mm).

Size selection of samples according to the ICRP
was approximated by segregating bulk dust in liquids
through sedimentation as described in a publication
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on the size-weighted relevant fine fraction (SWeRF)
method.33 Dust segregation by sedimentation can be
challenging due to dust agglomeration in solution (i.e.
coagulation, flocculation). Often surfactants or disper-
sants are required to deagglomerate dust in liquid sus-
pensions, and those dispersants can alter sample
properties and introduce artifacts in health studies.
For this reason, it is preferred to segregate dust using
dry methods.

To the authors’ knowledge, the only dry method
for respirable dust segregation was developed by Liu
and colleagues28 for lunar dust. The authors estimated
a 50% cutoff diameter (50dae) of 3.1–3.7 mm, which is
near the ICRP recommendation of 4 mm. However,
measurements were not made for the 50dae, the size-
dependent sampling efficiency, or the sampling bias
relative to the ICRP. These were lacking because the
inlet and outlet concentrations for narrow particle size
ranges were not measured. Furthermore, due to the
unconventional design of the segregator, the parame-
ters could not be modeled.

Segregation according to the ICRP is advantageous
because it allows for the systematic control of particle
size range so that toxicity information can be compared
across different studies. Also, the variation of other
properties, such as chemical composition and surface
activity, can be systematically tested. Furthermore, it
allows the generation of surrogates for occupational
respirable dust and their mixtures. The possibility to
generate large quantities of respirable dust of single
minerals or mixtures can lead to the preparation of
calibration samples and standard material for analytical
methods development and evaluation. Mixtures such as
RCS in mine dust,34 endotoxins in agricultural dust,35

and heavy metals in construction dust36 can be gener-
ated for mechanistic studies.

In the current work, a dust segregator was developed
to follow the ICRP. Dust was dispersed and de-agglom-
erated with a powder disperser, size-separated with a
sharp-cut cyclone, and amassed on a 70mm filter. To
evaluate the particle size distributions of segregated dust,
measurements were made using an aerodynamic particle
sizer (APS) and computer-controlled scanning electron
microscope (CCSEM).

Methods

The dust segregator was configured to allow consist-
ent size separation by a cyclone. Subsequently, the
cyclone was calibrated by adjusting the flow rate and
measuring the size distribution of penetrating par-
ticles. At the selected flow rate, cyclone performance

was compared to particle size-selective criteria of the
ICRP, as conventionally done in an aerosol chamber.
Following verification in the chamber, the cyclone was
mounted in the dust segregator and respirable dust
segregation was confirmed by APS (Model 3321, TSI
Inc. Shoreview, MN) and CCSEM (Model Express,
ASPEX, Delmont, PA) measurements.

Dust segregator development

A cyclone was adapted for respirable dust separation,
interfaced with a dust disperser, and coupled to a par-
ticle filter. The primary challenge was to overcome
the pressure drop across the filter and maintain the
segregator flow rate as the respirable dust loading
increased. The small-scale powder disperser (SSPD)
(Model 3433, TSI Inc. Shoreview, MN) was selected to
disperse bulk dust because it maintains integrity under
pressure or vacuum conditions, which can occur
when in-line with a filter. (If the filter clogs (or
breaks), the disperser may experience high pressure
(or vacuum)). In addition, the SSPD has the advan-
tage that it accepts bulk dust with large particles
(100 mm) and requires very little sample (< 1 g), while
the commonly used fluidized bed dust generator mal-
functions if large particles are present due to a
clogged port and requires an appreciable sample. Also,
the fluidized bed generator is unfavorable for in-line
operation with a filter because it can eject bronze
beads when pressurized or under vacuum.

The SSPD was modified by adding a mass flow con-
troller (MFC) to maintain a stable flow rate of air for
dust aerosolization and subsequent cyclone separation.
The MFC was added to the compressed air that drove
the Venturi aspirator. Another modification was the
removal of sheath air at the sample inlet because of
sample disturbance and the addition of high-efficiency
particle arrestor (HEPA)-filtered air about a meter away
from the instrument (6,000 liters per minute (lpm)) to
provide particle-free background air. Lastly, rather than
sampling a portion of the aerosol as in the original con-
figuration, the total aerosol was transferred from the
SSPD to the cyclone to minimize sample losses.

The cyclone was a sharp-cut prototype, custom
made by BGI (Waltham, MA). It was selected because
it could be operated at high flow rates to improve yield
and could be thoroughly cleaned to prevent sample-to-
sample contamination. The construction was stainless
steel except for the O-ring which sealed the grit pot.

Dust separated by the cyclone was collected on a
70-mm filter with an effective pore size of 5mm
(Figure 1). The relatively large filter diameter and

ARCHIVES OF ENVIRONMENTAL & OCCUPATIONAL HEALTH 135



effective pore size permitted an adequate flow rate
and allowed the retention of submicron particles. A
sintered-metal filter (Model 1190072-01-050, Mott
Corp. CT) was used because of its durability. Despite
adequate filter selection, the pressure drop across the
filter became restrictive after prolonged dust collec-
tion, so a high-capacity pump of 2 horsepower (hp)
(Model SOGEVAC SV40 B, Leybold USA, PA) was
needed to maintain a stable flow rate for several hours
of segregator operation.

The segregator was evaluated using mineral dust
that could be easily dispersed (dolomite) and one that
tended to cake (calcite) due to its hygroscopicity. The
bulk dusts were prepared by pulverizing large crystals
of calcite and dolomite (Ward’s Science, NY) with an
agate pestle and mortar for 5minutes.

Cyclone flow rate selection

The cyclone was adapted for respirable dust collection
through the evaluation of particle penetration for vari-
ous flow rates. The evaluation was made within the
segregator system by the replacement of the filter
(Figure 1) with an on-line APS (Figure 2). The APS
was used to measure the size distribution of particles
penetrating the cyclone over a range of 0.5–20 mm
with 1-second resolution. Distortion of the size distri-
bution was prevented by matching the cyclone and
APS flow velocities (± 10%) to sample particles isoki-
netically.37 For isokinetic sampling, the diameter of
the probe leading to the APS (Figure 2) was decreased

from 7mm to 4mm as the cyclone flow rate was
increased from 16 to 54 lpm. The probe was placed
upstream of a t-fitting that allowed excess air to be
purged to a HEPA filter (Figure 2). The flow rate was
measured by a Gilibrator with a 2–30 lpm bubble flow
cell (Sensidyne, St. Petersburg, FL) for sub-25 lpm
and by a dry gas meter (Harvard Apparatus,
Holliston, MA) for larger flow rates. The flow rate
was varied to determine a value at which particles
smaller than 4mm passed through the cyclone and
those larger were retained. The selected flow rate was
evaluated for effectiveness in approximating the
ICRP30–32 as described in the next section.

Cyclone performance comparison with the ICRP

At the selected flow rate, the cyclone was evaluated in
an aerosol chamber for its characteristic penetration
efficiency and ability to approximate the ICRP. The
evaluation was made in an aerosol chamber, rather
than the segregator system, because the chamber
allows for spatially uniform and temporally stable
aerosol concentrations for side-by-side measurements
of the cyclone and background (pre-cyclone) concen-
trations. Uniform concentrations are necessary for
consistent pre- and post-cyclone measurements and
accurate penetration efficiency measurements. The
measurement methods have been well established,38–40

and the current system, which includes the calm-air
chamber and associated instruments was described in
detail previously.41

Figure 1. Sketch of respirable dust segregator.
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Briefly, an aerosol composed of glass microspheres
(Cospheric, Santa Barbara, CA) was generated at a
constant rate using a fluidized bed dust generator
(Model 3400 A, TSI, MN). The charge of the aerosol
was neutralized by a Kr-85 source (Model 3012 A,
TSI Inc. MN) before entering the calm-air chamber.
The cylindrical chamber was made of fiberglass
(0.45-m diameter, 2.4-m height) and was supplied
with compressed, filtered air at a flow rate of 20 lpm.
The generated aerosol was fed at a constant rate and
was introduced at the same cross-sectional position
as the filtered air to aid in adequate mixing. The
calm-air conditions were maintained with a down-
ward air velocity of 2mm/s. To determine penetra-
tion efficiency, confirmation measurements were
made to ensure a uniform aerosol concentration in
the sampling zone.

Penetration efficiency was determined by dividing
the post-cyclone number concentration by the pre-
cyclone number concentration for a narrow size range
of particles. The concentration in a narrow range was
measured by the APS for 52 size channels between
0.5–20 mm. Each APS measurement was based on 10
scans with 20 seconds per scan. To account for small
fluctuations in number concentration, the average was
taken of pre-cyclone measurements made immediately
before and after the post-cyclone measurement. (This
led to the following series of measurements: pre—post

(1)—pre—post (2)—pre—post (3)—pre.) Using the
mean penetration efficiency measurement, cyclone
performance was compared to the ICRP curve given
by the International Standards Organization (ISO),
Comit�e Europ�e en de Normalization (CEN), and the
American Conference of Governmental Industrial
Hygienists (ACGIH). The conventional method for
comparing penetration efficiency to a size-selection
standard is through the use of bias maps and is
described by the following:

Assuming workplace aerosols are unimodal with a
lognormal distribution, they can be described by the
mass median aerodynamic diameter (MMAD) and
geometric standard deviation (GSD). For any combin-
ation of these two values, a difference in collection
efficiency can be calculated for the tested cyclone and
an ideal cyclone that performs exactly in accordance
with the size-selection standard. A plot of bias for all
points in a space bounded by reasonable ranges of
MMAD and GSD is called a bias map. The objective
is to find the cyclone flow rate that most minimizes
the ICRP bias rather than to best meet the diameter
associated with 50% particle penetration (50dae).

The estimated bias was calculated using Equations
1–3.42–44 A lognormal distribution was assumed and
the calculated ranges of the MMAD and GSD were
1–30 mm and 1.5–4, respectively. The bias of the sam-
pler (D) is defined as:

Figure 2. Sketch of segregator and isokinetic sampling system for respirable dust size distribution measurements by the aero-
dynamic particle sizer (APS).
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D ¼ C � Cst

Cst
, (1)

C ¼
ð1
0
E Dð ÞA Dð ÞdD, (2)

where C is the mean measured concentration, E Dð Þ
is the mean sampling efficiency of the sampler, and

A Dð Þ is the normalized size distribution.

Cst ¼
ð1
0
F Dð ÞA Dð ÞdD, (3)

where Cst is the ideal concentration, F Dð Þ is the sam-
pling efficiency of an ideal sampler, which perfectly
follows the desired sampling convention. Using
Equations 1–3, the cyclone penetration efficiency was
compared to the ICRP over relevant MMAD
and GSD.

The uncertainty due to the bias was determined
using criteria of CEN Standard EN 13205:2014 and
was calculated using following equation:45

lbias ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

NSD

XNSD

1

C � Cst

Cst

 !2
2
4

3
5

vuuut , (4)

where Nsd is the number of relevant size distributions
(i.e. 216) for workplace aerosols given by EN
13205:2014 (discretized unshaded area in Figure 4).
Samplers that effectively follow the ICRP have bias
values in the range of 0.05 – 0.10, while those that
diverge from the ICRP have bias values near 0.20
– 0.25.45

Segregator evaluation by the APS and CCSEM

The segregator was evaluated using the APS and
CCSEM to determine the particle size distributions of
the segregated samples. The APS measured the par-
ticle size distribution and concentration fluctuation
during the segregation process. The concentration
fluctuated because the dust feed rate varied at the
SSPD inlet due to the non-uniform dust distribution
on the sample platform, which is inherent to the
SSPD design. The APS was mounted within the segre-
gator (Figure 2) and particles were sampled isokineti-
cally (Section, “Cyclone flow rate selection”) for
particle size distribution measurements.

The particle size distribution of collected samples
was analyzed by CCSEM (PSEM eXpressTM, ASPEX,
PA). The CCSEM provides an automated measure-
ment process for particle sizing and counting by way
of a backscattered electron detector (BSED).46–49 The
BSED contrast results from atomic number differences

in the particle sample (mineral dust) and the back-
ground substrate (carbonaceous filter).

Dust collected on the 70-mm filter (Figure 1) was
prepared for CCSEM analysis. First, the dust cake was
removed from the filter with a spatula. Subsequently,
dust samples were prepared in a dilute slurry in iso-
propanol and de-agglomerated in an ultrasonic bath
for 1 hour. The slurry was agitated by a vortex mixer
while being pipetted onto the polycarbonate filter. The
sample was mounted in a glass filter holder and vac-
uum filtered. Filter samples were placed on aluminum
stubs with conductive carbon tape and sputter-coated
with a thin gold film (Desk V, Denton Vacuum, NJ).
Particles were analyzed at 2.5–7.5� 103 times magnifi-
cation and 20 keV to determine projected area diam-
eter and aspect ratio. About 3–5� 103 particles were
analyzed for each sample.

CCSEM measurements of projected area diameter
were expressed in terms of aerodynamic diameter.
Aerodynamic diameter was estimated from projected
area diameter by accounting for morphology effects
through the volume shape factor and dynamic shape
factor. The volume shape factor (kv) was calculated
using a general expression that includes aspect ratio
as a variable:50

kvma
ffiffiffiffiffi
na

p ¼ ke (5)

where na is the elongation aspect ratio, ma is the flaki-
ness aspect ratio, and ke is a value that depends on
particle angularity. A value of 0.43 was used as an
intermediate ke for particles between tetrahedral and
smooth shapes50 and the aspect ratio for flakiness was
assumed to be 1. The measured aspect ratios for
elongation were 1.58 for calcite and 1.63 dolomite.
Using the above values in Equation 5, the volume
shape factors were 0.34 for calcite and dolomite.

Dynamic shape factors were determined previously
for calcite and dolomite and were found to be 1.05
and 0.97, respectively.51 With the above shape factors,
aerodynamic diameters (dae) were determined using
the following expression (adapted from Wagner and
Leith, 2001):52

dae ¼ dpa
qp
q0v

� �1
2 p

6kv

� �1
3 Cc, dve

Cc, dae

� �
(6)

where q0 is unit density by definition of dae, qp is the
material density of 2.71 for calcite and 2.87 g/cm3 for
dolomite, v is the dynamic shape factor, and Cc,dve

and Cc,dae are slip correction factors for volume-
equivalent diameter (dve) and aerodynamic dimeter,
respectively. Cc,dve and Cc,dae were approximated with
a value of 1 because particle diameters were much
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larger than the air mean free path.53 The conversion
of CCSEM measurements to aerodynamic diameters
using Equation 6 allowed reporting data with the
same metric as APS measurements and ICRP criteria.

Results and discussion

Cyclone flow rate

The cyclone was calibrated for respirable dust separ-
ation by measuring the particle size distribution
downstream of the cyclone for several flow rates
(Figure 2). The lowest value tested (nominal value 16
lpm and actual value 16.3 ± 0.2 lpm) was limited by
the requirement of a sufficient flow rate for particle
de-agglomeration in the SSPD.54 The highest value
tested (54 lpm) was limited by the ability to maintain
the flow rate despite an increasing pressure drop
across the filter during particle collection. The com-
parison of the size distributions in Figure 3 shows
that a flow rate of 16 lpm enabled adequate respirable
dust separation and allowed for the inclusion of
2–4 mm particles, while larger flow rates exclude much
of the 2–4 mm size range. The flow rate of 16 lpm was
selected so that 2–4 mm particles were included in the
respirable dust sample in an effort to follow
ICRP criteria.

Cyclone performance

The ability of the cyclone to approximate the ICRP
was evaluated by determining the difference in collec-
tion efficiency for the tested cyclone and an ideal
sampler that performs in accordance with ICRP
through the bias (Equations 1–3). The overall goal
was to determine the uncertainty due to the bias

(Equation 4) that resulted from the calibration of the
cyclone at a flow rate of (16.3 ± 0.2) lpm. The evalu-
ation of the bias map (Figure 4) showed that bias val-
ues were within ±10% for sub-5 mm particles but
increased for larger MMAD. The increase for larger
particles occurred because the cyclone had a sharper
cut than the ICRP. The sharp cut provides a more
uniform sample, which helps to establish consistent
dose-response curves in health effects studies, while
the divergence from the ICRP was not appreciable.
The uncertainty due to the bias of the collected sam-
ple was 0.10 according to EN 13205:2014 criteria.
These results suggest that size selection by the segre-
gator effectively followed the ICRP. Similar to other
evaluators of respirable samplers, it was assumed that
the penetration curve is almost zero for particles
larger than 10–15 mm. This assumption is supported
by the lack of super-10 mm particles in aerosol
size distributions measured within the segregator
(Figure 2) since these particles were in the bulk dust
(Figure 7), were suspended by the SSPD, and were
most likely airborne at the cyclone inlet.

Although the bias is the primary indicator of per-
formance, the evaluation of 50% cutoff diameter is
useful for comparison with the ICRP recommendation
and conventional cyclones. The 50% cutoff diameter
was determined from pre-cyclone and post-cyclone
particle size distribution measurements made in an
aerosol chamber (Figure 5) to determine the sampling

Figure 3. Aerodynamic particle sizer measurements of the par-
ticle size distribution measured downstream of the cyclone as
shown in Figure 2.

Figure 4. Bias map obtained using cyclone penetration effi-
ciency measurements made in an aerosol chamber and calcula-
tions based on Equations 1–3. The unshaded area represents
particle sizes most relevant to workplace aerosol exposures (EN
13205-2:2014).
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efficiency (or penetration efficiency) as a function of
particle size. The sampling efficiency was plotted
alongside ICRP criteria in Figure 6 and indicated a

50dae of (3.7 ± 0.1) mm at (16.3 ± 0.2) lpm for the cur-
rent cyclone. In comparison, a 50dae of (3.8 ± 0.1) mm
at (1.7 ± 0.1) lpm was measured for a conventional
respirable dust cyclone (Dorr-Oliver) using the same
aerosol chamber system. The comparison suggests
that the current cyclone and conventional cyclone had
similar cutoff diameters and that both were near the
ICRP recommendation.

Segregator evaluation

Following the calibration, the cyclone was evaluated
within the segregator system. This was done using the

APS to measure the particle size distribution down-
stream of the cyclone (Section, “Cyclone flow rate
selection”, Figure 2). The evaluation by the APS
showed that the segregator produced respirable size
range particles as indicated by the comparison of the
bulk dust size distribution and the respirable dust size
distribution for dolomite in Figure 7. The comparison
shows that the segregator reduced the super-4-mm
range and retained the sub-4-mm range in consistency
with the ICRP. The fluctuation of the particle concen-
tration (indicated by the error bars) reflects the fluctu-
ation of the inlet dust concentration due to the
inherent design of the dust disperser. (The disperser
samples dust from a rotating platform with a variable
mass on the surface.) Despite this fluctuation, the con-
centration of super-4-mm particles remained low.
Consequently, the variability of the bulk dust concentra-
tion at the inlet was not problematic for the segregator.

In addition, the segregator was evaluated by
CCSEM to determine the particle size distribution of
dust collected on the 70-mm filter, which is shown
Figure 1. A sintered metal filter was employed for
dust collection because of its durability, but if a bio-
logically inert material is required, Teflon filters of the
design—Fluoropore (Model FMLW, Millipore Sigma,
MA)—were suitable for dust collection and removal.
Suitability for removal was determined by measuring
the mass loss of a blank filter after scraping the sur-
face with a spatula. The blank filters were weighed in
a temperature- and humidity-controlled chamber
using a microbalance with 0.1-mg resolution and a

Figure 5. Pre-cyclone and post-cyclone particle mass-size dis-
tribution measurements made in an aerosol chamber to char-
acterize penetration efficiency.

Figure 6. Sampling efficiency (or penetration efficiency) of the
cyclone (filled circles), its fitted curve (dotted line), and the cri-
teria given by the international (ACGIH/CEN/ISO) convention
for respirable particles (solid line).

Figure 7. Comparison of the bulk (solid line) and respirable
(filled circles) volume-size distributions for dolomite. The error
bars reflect the fluctuation in particle concentration from the
variation in bulk dust concentration at the SSPD inlet due to
its inherent design. Despite the fluctuation, the concentration
of super-4-mm particles remained low, in consistency with
the ICRP.
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static neutralizer with a Po-210 source. The filter mass
remained the same after scraping the entire surface
with the edge of a metal spatula (average mass loss
0.2 mg ± 1.0 mg), and therefore the filter should not
give off material to the respirable dust sample.

The CCSEM measurements confirmed APS results
for non-caking dust and demonstrated robustness for
caking dust as shown by the respirable dust volume-size
distributions and number-size distributions in Figures 8
and 9. Particles larger than the respirable size range
were infrequent and were attributed to particle bounce
in the cyclone. The frequency was about 1 per 3,500
particles for dolomite and 1 per 5,000 particles for cal-
cite (Table 1). The presence of these particles may be
reduced by the addition of an elutriator before cyclone,
and the addition is suggested for a future study.

Respirable dust yield

The segregator enabled the collection of a substantial
mass of respirable dust. The respirable dust yield was

50mg/hr for non-hygroscopic samples of dolomite and
30mg/hr for hygroscopic samples of calcite. The yield
for other samples will depend on the initial size distri-
bution of the bulk dust. Bulk dust produced by high-
energy processes often has an appreciable respirable
dust content, and its segregation can lead to greater
yields than observed in the current study. However,
using the current samples for a conservative estimate,
respirable dust can be amassed for chemical and toxi-
cological evaluations in two working days or less.
Specifically,10 hours of operation would provide a batch
of 500mg of non-caking dust. A batch of 500mg is ref-
erenced because it allows for a set of analyses, such as
characterization by inductively coupled plasma mass
spectrometry and in vitro toxicological assays, as indi-
cated by Veranth and colleagues.25 The current

Figure 8. Particle volume-size and number-size distributions
for segregated dolomite dust collected on the 70-mm filter as
measured by CCSEM for thousands of particles per trial.

Figure 9. Particle volume-size and number-size distributions
for segregated calcite dust collected on the 70-mm filter as
measured by CCSEM for thousands of particles per trial.

Table 1. Estimation of particle bounce based on CCSEM analysis.
Dust Analyzed
by CCSEM

Total Number of
Particles Analyzed

Frequency of Particles
Attributed to Bounce

Respirable Dolomite 14,305 1 per 3,500
Respirable Calcite 24,236 1 per 5,000
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segregator enabled the collection of substantial masses
according to the ICRP, such that routine sample prep-
aration is feasible for systematic health effects studies.

Alternatively, several conventional samplers may be
placed in an aerosol chamber to amass respirable
dust. However, conventional sampler performance
often degrades as large masses (order of tens of milli-
grams) are collected. The cause depends on the sam-
pler type, and for personal samplers with a cyclone,
the cyclone flow rate decreases due to the high pressure
drop across the dust-laden filter. In impactors, particle
bounce becomes frequent as the impaction plate is
laden with dust, and for foam filters, the sampling effi-
ciency for respirable dust changes as coarse dust is col-
lected. These effects lead to divergence from the ICRP
and were avoided by using the current segregator.

The segregator can be thoroughly purged to pre-
vent cross-contamination of samples by disassembling
and sonicating. In addition, purging the reservoir for
discarded dust (cyclone grit pot) should be done to
prevent re-entrainment of discarded particles into the
respirable dust sample. The cyclone grit pot was emp-
tied every 2 hours for the horizontal cyclone configur-
ation (Figure 1). If a vertical orientation is used, the
grit pot can be emptied less frequently because the set-
tled powder does not approach the top of the grit pot
as quickly. Use of vertical orientation is a viable option
because it did not affect size-separation performance.

The segregator was used to isolate the respirable
fraction of bulk dust. It can also be employed to gen-
erate surrogates for industrial or atmospheric dust.
Surrogates allow for the evaluation of respirable dust
property effects on analytical method performance. To
generate surrogates for method evaluations, bulk dust
of pure minerals can be segregated to generate pure
respirable minerals. Subsequently, accurate masses of
respirable minerals can be mixed to simulate indus-
trial or atmospheric respirable dust. This would allow
for the evaluation of real-world mixture effects on
analytical method performance. For example, mixing
accurate amounts of respirable dust allows the investi-
gation of mixture composition effects on RCS quanti-
fication by Fourier transform infrared spectroscopy.

Conclusions

A dust segregator was developed to approximate size-
separation criteria of the international convention for
respirable particles. Because the system allows for the
segregation of substantial masses of respirable dust
(e.g. 500mg) in a relatively short time (e.g. 2 working
days or less), it improves the feasibility of health

effects studies. It also makes the generation of respir-
able dust mixtures for analytical method development
and assessment a routine task. The dust segregator
consisted of a modified small-scale dust disperser,
sharp-cut cyclone, and 70-mm filter that can be thor-
oughly purged to prevent cross-contamination of sam-
ples. The uncertainty due the sample collection bias
was 0.10 according to EN 13205:2014 criteria, which
suggests that cyclone performance effectively followed
the convention. In addition, the 50% cutoff diameter
(3.7 ± 0.1mm) approximated the convention recom-
mendation of 4mm and that of a personal exposure
cyclone (Dorr-Oliver) (3.8 ± 0.1 mm). Respirable dust
size distributions were confirmed by aerodynamic par-
ticle sizer and computer-controlled scanning electron
microscopy measurements for airborne particles pene-
trating the cyclone and for particles collected on the
70-mm filter, respectively. The segregator generated
50mg/hr of non-caking respirable dust of dolomite
and 30mg/hr of caking respirable dust of calcite. The
frequency estimated for particle bounce was 1 per
3,500 particles for dolomite and 1 per 5,000 particles
for calcite. The reduction of particle bounce in the
segregator may be considered for a future study.

Notes

The findings and conclusions in this paper are those of the
authors and do not necessarily represent the official
position of the National Institute for Occupational Safety
and Health, Centers for Disease Control and Prevention.
Mention of any company or product does not constitute
endorsement by NIOSH.
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