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ABSTRACT: Exposure to respirable crystalline silica in the mining industry around the world is a recognized
occupational hazard. Operators are limited in monitoring exposure to silica by lengthy off-site laboratory
analysis of samples. The collection of samples for short periods of time during the worker’s shift and subse-
quent on-site silica quantification would allow for the timely identification of high-risk tasks. With the objec-
tive of testing more timely solutions for self-compliance and engineering monitoring, the performance of five
different samplers was investigated in a calm-air chamber. The quantification of silica was conducted via di-
rect-on-filter (DoF) analytical techniques, which have the potential to be employed at mine sites, and indirect
techniques, currently completed exclusively off-site. The experiments provided data for a statistical evalua-
tion of the efficacy of collecting respirable mine dust and crystalline silica by different samplers and the po-
tential use of'a DoF technique for the quantification of respirable crystalline silica on samples collected with

high-volume samplers was assessed.

I INTRODUCTION

Exposure to airborne aerosols in any occupational
environment can lead over time to debilitating res-
piratory diseases that can affect the health of work-
ers. Workers employed in the mining industry can be
exposed to high levels of respirable crystalline silica
(hereafter called silica) whose exposure is associated
with the development of silicosis (Leung et al.
2012), lung cancer (IARC 1997, Straif et al. 2009),
other pulmonary tuberculosis, and airway diseases
(NIOSH 2002).

Miners’ exposure to silica is currently quantified
in the United States by collecting a filter sample and
submitting it to an analytical laboratory, where it is
analyzed by an established method. If the sample
was collected in a coal mine, the analysis entails an
ashing and Fourier transform infrared (FTIR) pro-
cess known as the P7 analytical method (Mine Safe-
ty Health Administration (MSHA) 2008), while
samples from non-coal mines, such as metal mines,
are analyzed using an X-ray diffraction (XRD) tech-
nique (Mine Safety and Health Administration
(MSHA) 2004). Since these methods entail a time
lag of weeks before exposure data are received, the
information is often of little use to inform modifica-
tions to workplace conditions aimed at preventing
overexposures.

A more timely silica monitoring approach in min-
ing environments would help to identify high con-
centration levels and support the assessment of dust
control technologies. The National Institute for Oc-
cupational Safety and Health (NIOSH) Office for
Mine Safety and Health Research (OMSHR) is in-
vestigating technologies for field-portable silica
monitoring solutions. An analytical technique using
a portable FTIR has been investigated recently and
showed promising results (Miller et al. 2012, Miller
et al. 2013) on the analysis of silica in coal dust
samples. Because of the potential application in the
field, the technique requires the analysis of the
respirable dust, coal or non-coal, collected on a
sampling filter without any preparation. This ap-
proach, generally called direct-on-filter (DoF) is not
new and has been investigated and adopted by sev-
eral researchers and agencies around the world (HSE
- Health and Safety Executive 2005, Kauffer et al.
2005, Pretorius 2011). For any DoF technique, the
deposition uniformity of the analyte across the sam-
pled filter is essential (Chen et al. 2010, Miller et al.
2013). The uniqueness of the OMSHR approach is
the intention of proposing the technique for on-site
monitoring activities.

While a DoF approach can be the foundation for
silica field-based monitoring, the collection of a suf-
ficient amount of respirable dust containing silica for
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the analysis is another pressing issue. This is particu-
larly true for monitoring activities conducted by the
operator as self-compliance and engineering checks,
where generally the samples are collected for less
than a full shift. In such circumstances, high-volume
samplers might be a way to collect a sufficient
amount of respirable particles for subsequent silica
analysis. Samplers currently used in the mining in-
dustry are characterized by a flow rate of no more
than 2 liters per minute. Samplers with higher flow
rates could provide a sufficient amount of analyte in
a shorter time. A few evaluations of high-flow sam-
plers for the collection of respirable dust have been
published recently (Lee et al. 2010, Eypert-Blaison
etal. 2011, Lee et al. 2012, Stacey et al. 2014). The
studies showed that different samplers can provide
representative respirable samples comparable to the
ones collected by the low-volume samplers.

The present study investigates the combined use
of high-volume samplers for the collection of mine
dust and a DoF technique for the quantification of
silica in mine dust. As a first step, the deposition of
the dust on the filter media needs to be assessed for
each sampler—among the scientific community
there is the concern that DoF techniques can be used
only with small-size filters. High-volume samplers
generally use mid-size filters because of the generat-
ed pressure drops. Secondly, the quality of the DoF
technique estimation needs to be verified using the
P7 analytical method. Finally, the performance of
the high-volume samplers in providing representa-
tive respirable dust and silica samples needs be veri-
fied with mine dust.

2 METHODOLOGY
2.1 Chamber

The study was conducted in a calm-air chamber
(Marple &Rubow 1983) specifically designed for
dust sampling investigations. The chamber has a
hexagonal cross section 2.44 m high with an inside
diameter of 1.19 m. The dust is introduced at the top
of the chamber and thoroughly mixed in this region
by the energy of an air jet entering at the side of the
chamber. From this mixing area, the dust flows
downward through a 10-cm-thick honeycomb struc-
ture where turbulence in the air is reduced, providing
a low-velocity downward flow through the test sec-
tion portion of the chamber. A table supporting the
samplers can be rotated, reducing the effects of any
variation in the dust concentration within the cham-
ber. Past work (Marple &Rubow 1983) has shown
the sampling zone of the chambers, even without ro-

tation, to be very uniform (relative standard devia-

tion between samples <0.05). Dust collected in a sil-
ver mine was aerosolized using a fluidized bed dust
generator (3400A, TSI, Shoreview, MN) and dis-
pensed into the chamber. A preliminary study
showed that the generated dust has a mass median
diameter of 5.5 pm and a geometric standard devia-
tion of 2.3. The respirable fraction of the dust
showed 5% silica. Before entering the chamber, the
acrosol was neutralized by an NRC Aerosol Neutral-
izer (3012A TSI).

2.2 Samplers

Two low-volume samplers and three high-volume
samplers were used in the study. The low-volume
samplers were the 10-mm nylon Dorr-Oliver (DO)
cyclone (Sensidyne, Clearwater, FL, USA) and the
Higgins-Dewell (HD) cyclone (model: BGI4, BGI
USA Inc., Waltham, MA, USA). The three high-
volume samplers were the GK2.69 (BGI Inc., Wal-
tham, Massachusetts, USA), the GK4.162 (BGI Inc.,
Waltham, Massachusetts, USA), and the FSPI10
(Berufsgenossenschaftliches Institut fiir  Arbeits-
sicherheit (BIA), Sankt Augustin, Germany). The
samples were collected on 5-um pore size 37-mm
PVC filters (GLA5000, SKC Inc., Eighty Four, PA,
USA) except the GK4.162. Samples for the
GK4.162 were collected on 5-um pore size 47-mm
PVC filters (GLA5000, SKC Inc.). The flow rate for
each sampler was ensured by the use of a centralized
vacuum pump and critical orifices (BGI Inc.). The
nominal flow rates for each sampler are reported in
Table 1.

Table 1. The five dust samplers used for this study.
10-mm nylon BGI4L
Y cyclone | GK2.69 | GK4.162 | FSP10
cyclone -DO
- HD
(T G / i\
3 ‘ ; =
| 1 = T iy i 8 |
“ i | | #
1.7 Ipm 22 1pm | 4.4 Ipm 9 1pm 11.2 Ipm
37mm filter 37-mm | 37-mm | 47-mm fil- | 37-mm
2 mii filter filter ter filter

The flow rates for the GK2.69 and FSP10 were
optimized following the procedures from previous
studies (Lee et al. 2012). Five samplers of each type
were simultaneously tested inside the chamber for a
total of 25 samplers overall. The samplers were posi-
tioned in an annular disposition inside the chamber.
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2.3 Study conditions

The collection of respirable dust and silica was in-
vestigated for each sampler by varying the testing
operating variables. Three variables were selected:
1) respirable mass loading; 2) respirable mass con-
centration during the sampling event; and 3) relative
humidity inside the chamber during the sampling
event. Three levels of mass loading, with the HD cy-
clone selected as a reference, were employed; two
levels of mass concentration and relative humidity,
respectively, were employed. Table 2 summarizes
the operating variables for each test. A single test for
cach set of conditions was conducted.

Table 2. Testing operating conditions.

Test Respirable mass | Respirable mass Relative

number | loading (HD ref- concentration humidity
erence) (Rh)
1 0.4 mg 2 mg/m’ 50%
2 1 mg 2 mg/m’ 50%
3 2mg 2 mg/m’ 50%
4 0.4 mg 4 mg/m’ 50%
5 1 mg 4 mg/m’ 50%
6 2 mg 4 mg/m’ 50%
7 0.4 mg 2 mg/m’ 80%
8 1 mg 2 mg/m’ 80%
9 2 mg 2 mg/m’ 80%

2.4  Sample analyses

Samples were equilibrated, neutralized, and pre- and
post-weighed in a controlled environment set at 22 +
0.7 °C and 50% + 2% relative humidity. Gravimetric
analysis of the samples was conducted by a micro
balance (XP6, Mettler-Toledo, Columbus, OH,
USA) with a precision better than 5 pg, and overall
the gravimetric analysis had an LOQ = 14 ng in a
single weighing (Page &Volkwein 2009). Blank
filters were wused to correct the final mass
determination.

After the gravimetric analysis, the samples were
analyzed via a DoF technique developed by
OMSHR  (hereafter DoF-OMSHR) (Miller et al.
2012, Miller et al. 2013). The technique is focused
on the use of a portable FTIR spectrometer (Alpha,
Bruker) in transmission mode. The method entails
mounting the filter in a stainless steel holder placed
so that the filter is centered between the horizontal
IR source beam and the detector, where the beam
has a 6-mm focal diameter. The FTIR resolution has
been optimized at 4 cm-1. The DoF-OMSHR tech-
nique was recently used for the successful quantifi-
cation of silica in coal mine dust samples collected
with 10-mm nylon DO cyclones and 37-mm filters.
An excellent linearity was found between the area of
the characteristic silica IR doublet assessed via the
single analysis of the center of the filter and the en-
tire quantity of silica deposited on the filter.

A second study showed the importance of the

deposition of silica across the filter for its quantifica-
tion via the DoF-OMSHR technique (Miller et al.
2013). The accurate quantification of silica deposit-
ed on the filter is possible via the analysis of the cen-
ter of the filter only if the deposition profile is
known and consistent. For this reason, the deposition
of silica across the filters in the five samplers used in
this study was investigated. The investigation was
conducted by using a 9-point protocol previously
tested (Miller et al. 2013). The stainless steel holder
containing the filter was vertically adjusted in 3-mm
increments to allow analyses at nine locations across
the centerline of the filter. IR analyses were con-
ducted at 3-mm intervals (center-to-center overlap of
the 6-mm beam), with the fifth shot at the filter cen-
ter. The intensity of silica signal, in terms of area of
the characteristic silica FTIR doublet, in each of the
nine points was used to determine the deposition
profile for each sampler under each of the first six
tests. The effect of the relative humidity on the dep-
osition across the filter is assumed to be minor.

In a second separate phase, the DoF-OMSHR
technique was used to estimate the amount of silica
collected by the five samplers in each test. The
quantification via the DoF-OMSHR technique was
conducted by analyzing only the center of the filter.
As described above, the calibration for the technique
has been established only for the DO cyclone (Miller
et al. 2012) with its specific filter deposition. For
this reason, the information on the silica deposition
across the filter for the other four samplers was used
to adjust the DoF-OMSHR estimation.

Finally, a representative portion of filters collect-
ed by the five samplers during the first six tests were
sent to an external lab where XRD analysis was car-
ried out according to the NIOSH 7500 method for
quantification of silica (NIOSH 2003).

3 RESULTS AND DISCUSSION

The results of the quartz deposition analysis across
the filter for each sampler are presented in Figure 1.
The silica intensity data were normalized with the
first point that is the farthest from the center. Point
number five was verified to be the center of each fil-
ter. The profiles indicate the uniformity and con-
sistency of the deposition of silica on the filter. The
deposition is radially symmetric for all five sam-
plers. This is a very important preliminary step for
the implementation of a single-point transmission
FTIR analysis on the collected dust for the estima-
tion of silica.

The deposition profiles for DO cyclones are in-
line with the finding of a previously published work
(Miller et al. 2013). The deposition is more intense
in the center of the filter but the relative abundance
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is not affected by the respirable dust loading. The

deposition profile is also not affected by the
respirable mass concentration. The HD cyclones
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Figure 1. Averaged deposition profiles for silica for the five samplers from top to bottom: 10-mm nylon DO cyclone, BGI4L HD

cyclone, GK2.69, GK4.126, and FSP10.

A more centric silica deposition profile was found
in higher mass concentrations or mass loadings on
the filter.

This characteristic of the HD cyclone can poten-
tially be an issue for the DoF-OMSHR technique via
FTIR single-point analysis of the center of the fil-
ter—i.e., the single-point analysis assumes a con-
stant and known deposition. In the case of the HD
cyclone, the deposition profile should be derived by
the respirable mass concentration and mass loading
information, and this information is generally not
available in the field. The samples collected with the
GK2.69 and GK4.162 present uniform and con-
sistent silica deposition profiles. The difference in
relative abundance for different points on the filter is
less than 10%. In addition, the profiles were not a
function of either mass loading or mass concentra-
tion levels. This characteristic is optimal for poten-
tial use in combination with the DoF-OMSHR tech-

nique. Finally, the deposition profile of the samples
collected with the FSP10 is still radially symmetric
but the center is lighter in loading. This specific and
unique profile was not found to be affected by the
mass loading or mass concentration. It is possible
that the vortex of the cyclone creates this effect in
the center of the filter.

The results of the gravimetric analysis were used
to calculate the respirable mass concentration de-
tected by each sampler in different experimental
conditions. The data from the three high-volume
samplers were then compared to the data obtained
by the two low-volume samplers. A univariate anal-
ysis considering the mass concentration data as de-
pendent variable and the test conditions and the
samplers as fixed variable was used (alpha =0.01;
SPSS). Figure 2 summarizes the average ratios and
confidence levels (alpha 0.01) for th comparison.
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Figure 2. Average and confidence level of respirable dust mass
concentration ratios of the high-volume samplers (FSPI10,
GK2.69, and GK4.162) to low flow rate samplers (DO and HD
cyclones).

The FSP10 and the GK4.162 samplers on average
oversampled dust compared to the respirable DO cy-
clone, while the respirable mass concentration as-
sessed by the GK2.69 was not significantly different
from the DO cyclone. The finding is different when
mass concentration data are compared to the HD cy-
clone: In this case the FSP10 and the GK2.69 under-
sampled while the GK4.162 was not significantly
different from the HD cyclone. The different effects
can be explained by the different penetration effi-
ciencies of the five samplers. The ratio is the result
of the sampler penetration applied to the particle size
distribution of the dust.
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Figure 3. Average and confidence level of silica mass concen-
tration ratios of the DoF estimation and NIOSH7500 values for
the five samplers tested.

The second part of the analysis on the collected
samples was the estimation and quantification of sil-
ica. More than half of the samples collected in the
first four tests (Table 1) were analyzed via the DoF-
OMSHR  technique, followed by the NIOSH7500
method. The results of the two analyses were used to
assess the quality of the DoF-OMSHR estimation for

each sampler (Figure 3). On average, the estimation

assessed more than 90% of the quantity measured
via the standard analysis.The GK2.69 showed the
lowest confidence interval among the samplers and
this can be related to the extremely uniform distribu-
tion across the filter displayed by the two samplers.

The performance of the high-volume samplers in
collecting silica samples by comparison to that of
the low-volume samplers was assessed by using the
average silica mass concentration data obtained dur-
ing different testing conditions (Figure 4). For this
comparison, only the DoF-OMSHR technique re-
sults were used. The respirable silica concentration
measured by the high-volume samplers is on average
close to that measured by the DO cyclone. The
univariate analysis (alpha 0.01) showed that the rati-
os were not significantly different for all three high-
volume samplers. While the ratio for the GK2.69
sampler is in line with the one presented in Figure 2
for respirable mass concentration ratio, the ratios for
the FSP10 and GK4.162 are substantially lower
compared to the levels in Figure 2.
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Figure 4. Average and confidence level of silica mass concen-

tration ratios of the high-volume samplers (FSP10, GK2.69,

and GK4.162) compared to low-flow rate samplers (DO and

HD cyclones).

An explanation for the above results can be pro-
posed but it requires two assumptions: 1) the content
(percent) of silica is not constant in the dust and it
varies with the size of the particles and 2) the per-
centage of silica in larger-size particles is substan-
tially lower than the average. As described above,
the overestimation of respirable dust concentration
shown by the FSP10 and GK4.162 compared to the
DO cyclone is induced by higher penetration effi-
ciencies of these samplers for large particles close to
the respirable convention. Figure 4 shows that, in the
case of silica, the effect of higher penetration is min-
imized. To support this explanation, a comprehen-
sive and size-segregated analysis of the dust would
be necessary. Unfortunately a similar analysis is ex-
tremely complex and not exempt from biases. Nev-
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ertheless, the results show that the three high-
volume samplers can provide respirable silica sam-
ples comparable to the DO cyclone for this specific
dust, but only the GK2.69 is capable of providing
comparable respirable dust samples.

The ratios in Figure 4 relative to the HD cyclone
show different effects: All three high-volume sam-
plers collected significantly less silica than the HD
cyclone, and this is also true for the GK4.162, which
was found to measure the same respirable mass con-
centration (Figure 2). Penetration curves and as-
sumed size-dependent silica content in the dust can-
not explain this effect. To investigate the causes, the
respirable dust mass and silica net mass ratios for the
high-volume samplers compared to the low-volume
sampler were assessed (Figure 5). The data present-
ed are the average ratios of the net masses collected
by the high-volume samplers compared to the low-
volume samplers for both respirable dust and silica,
respectively. In other words, the ratios represent the
average relative increase in sample collection by the
high-volume sampler.
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Figure 5. Average and confidence level of respirable dust and
silica net mass ratios of the high-volume samplers (FSP10,
GK2.69, and GK4.162) compared to low-volume samplers
(DO and HD cyclones).

In each chart in Figure 5, the white boxes indicate
the ratios based on the average measured flow rates

of the samplers. Those values represent the theoreti-

cal increase in sample collection by the high-volume
samplers caused only by a higher flow rate. The
panel on the left refers to the respirable dust net
mass ratio while the panel on the right refers to the
silica net mass ratio. The actual net mass ratios tend
to confirm the interpretation given in the previous
paragraphs. The GK2.69 sampler collects around 2.6
times more than the DO cyclone in terms of both
respirable dust and respirable silica, and this value
corresponds to the flow rate increase. The FSP10
and GK4.162 collected amounts of silica in line with
the increase of flow rates, but they oversampled the
respirable fraction for this specific dust.

The average amount of silica collected by the
high-volume samplers compared to the low-volume
HD cyclone was substantially lower than the theoret-
ical increase induced by the higher flow rate. Wall
losses in the sampling cassettes for the high-volume
samplers could explain this effect if diffusion of
small particles, more rich in silica, is the phenome-
non. But if the high-volume samplers are subject to
wall losses and they collected the same amount of
silica relative to the DO cyclone, then the DO cy-
clone should be affected too. The direct comparison
of dust net mass ratio and silica net mass ratio for
DO and HD cyclones confirm this explanation (Fig-
ure 6). The theoretical net mass increase based on
the increased flow rate from the DO to the HD cy-
clones should be 1.29; however, the gravimetric
analysis of the samples shows an actual average in-
crease of 1.61. This discrepancy is simply the effect
of different penetration efficiencies applied to the
specific dust. The analysis on silica shows that the
HD cyclone collected 1.75 times more silica than the
DO cyclone. This could be explained by electrostatic
wall losses for the DO cyclone.

4 CONCLUSIONS

Five samplers, two low-volume and three high-
volume, were tested for the collection of respirable
mine dust and silica in calm-air chamber testing.
Testing variables were the respirable mass concen-
tration, the respirable mass loading, and the relative
humidity. A recently developed DoF technique was
used to estimate the amount of silica in the collected
samples. The study of the deposition of silica on the
filters showed that all the samplers provide a uni-
form deposition of silica across the filter. Only the
HD cyclone showed a deposition that was affected
by the testing variables. The deposition for the high-
volume samplers GK2.69 and GK4.162 was found
to be the most consistent across the filter and this
characteristic can benefit a DoF technique. The
comparison of the FTIR method and the results of
the NIOSH7500 analysis shows that the DoF ap-
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proach can be used successfully with the DO,

GK2.69, and GK4.162. The results were more com-
plicated for the HD and FSP10 cyclones because of
inconsistent and non-uniform distribution of the fil-
ter deposit (Figure 2). The three high-volume sam-
plers collected comparable amounts of silica com-
pared to the DO cyclone, but only the GK2.69
collected a comparable amount of respirable dust.
The different penetration efficiency of the samplers
and higher presence of silica in the smaller-size frac-
tion of the dust can explain this result. All the high-
volume samplers collected substantially less silica
than the HD cyclone and only the GK4.162 collected
a comparable amount of respirable dust. This result
is more difficult to explain and would require addi-
tional testing. A tentative explanation was proposed
that involves diffusion wall losses for the samplers.
The direct comparison of the results from the two
low-volume samplers supports this explanation.
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Figure 6. Average and confidence level of respirable dust and
silica mass net ratios of HD cyclone to DO cyclone.
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5 DISCLAIMER

The mention of any company or product does not
constitute an endorsement by the National Institute
for Occupational Safety and Health. The findings
and conclusions in this paper are those of the authors
and do not necessarily represent the views of the Na-
tional Institute for Occupational Safety and Health.
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