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Abstract

The objectives of this study are (1) to separate fibrous grunerite (amosite) by its length using
filtration and shaking techniques utilized in a previous study and (2) to create two distinct length
groups (short and long) of the amosite with higher output in a cost-effective way. The shaking
system included an electrodynamic exciter, a linear power amplifier, and an audio-frequency
signal generator and was attached to a cowl sampler as a funnel loaded with a polycarbonate
filter. A suspension of amosite was passed through the 10-um pore size polycarbonate filter in

the shaking system and was transferred to a filtration system through five different pore sizes

of polycarbonate membrane filters in series from the top: 10-, 5-, 2-, 1-, and 0.2-um pore sizes.
Each polycarbonate filter was tightly clamped with two conductive 25-mm spacers with a 25-mm
stainless steel support screen to prevent leakage. The amosite length and diameter were manually
measured with images from a field emission scanning electron microscope (FESEM). A sequence
of fields was selected at random locations, and an image of each field was acquired. The length
and width of approximately 500 fibers for each sample were measured with ImageJ software.
Two significantly different length groups (short and long) of amosite were collected (p <0.05).
Approximately 95% of separated amosite (n = 499) using the filtration system were shorter than 5
um (short fiber group), and approximately 80% of separated amosite (n = 503) using the shaking
system were longer than 5 um (long fiber group).
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Introduction

Inhalation exposure to respirable asbestiform elongate mineral particles (EMPs) leads
to chronic fibrotic lung disorders, cancer, including malignant mesothelioma, and other
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noncarcinogenic outcomes.2 This signifies a substantial healthcare and economic burden
worldwide. The National Institute for Occupational Safety and Health (NIOSH) published
a report, titled “Asbestos Fibers and Other Elongate Mineral Particles: State of the Science
and Roadmap for Research,” to outline a research agenda and projects for ashestos fibers
and other EMPs.3 The report recommended further research to understand health risks
associated with exposure to EMPs, including asbestiform, nonasbestiform, and cleavage
fragments. Currently, the Pittsburgh Mining Research Division (PMRD) is planning to
obtain and characterize respirable fractions of 12 different EMPs. The test materials
include the six regulated asbestos minerals—actinolite, amosite, anthophyllite, chrysotile,
crocidolite, and tremolite, as well as their nonasbestiform analogues—actinolite, grunerite,
anthophyllite, antigorite, riebeckite, and tremolite, respectively.

It would be desirable if these materials have similar physical characteristics for toxicological
evaluations (e.g., similar length distributions by separation). Our first investigation* was

to separate airborne glass fiber aerosols using commercially available instruments, the
Aerodynamic Aerosol Classifier (AAC) and the multicyclone sampling array. The study
concluded that glass fiber aerosols separation using the AAC might be able to produce two
distinct length fiber groups (short and long) for toxicology evaluations. The production rate
was similar to a previously published technique involving separation by dielectrophoretic
mobility,>~8 which is a limited amount for the toxicological evaluations. In addition, the
decontamination process of the instrument is difficult and may create an exposure risk

for laboratory personnel. Therefore, alternative methods were necessary to overcome these
disadvantages. Spurny et al. showed three different techniques for separating asbestos for
biological experiments, including (1) metallic micro-sieves for sieving in air, (2) nuclepore
filters for filtration in liquid, and (3) a complex procedure, involving a knife mill, vibrating
bed aerosol generator, cyclone, and sedimentation cylinder.® The study concluded that the
techniques were promising for size separation of chrysotile, crocidolite, amosite, and glass
fiber aerosols. These prepared materials were utilized in different studies.10-12

The present study is our second investigation (1) to separate EMP (amosite) by its length
using similar techniques utilized in the Spurny et al. study? (e.g., filtration and shaking), and
(2) to create two distinct length groups (shorter than 5 um and longer than 5 um) of the
EMPs with higher output in a cost-effective way.

Materials and Methods
FIBROUS GRUNERITE (AMOSITE)

Fibrous grunerite, known as amosite from the asbestos mines of South Africa, was utilized
in the present study, and the reference material was prepared by NIOSH in 1979.13 It was
described in the NIOSH publication as “GF-38, Ward’s Natural Science Establishment,
Lyndenburg, South Africa.” According to NIOSH,

This specimen, supplied as large rocks containing rows of fiber bundles
perpendicular to plates of massive, nonfibrous mineral, exhibited true fibrous
structure. Contaminants present included micaceous minerals (less than 4%),
carbonates (less than 5%), magnetite (less than 2%) and isotropic minerals (less
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than 1%). Thin section analysis demonstrated the presence of dense masses of
fiber, with sparse biotite, iron oxide (magnetite), small masses of silicate minerals
(possibly hornblende), and a trace of calcite. The geological occurrence of fibrous
grunerite is in banded ironstone formations of Precambrian age. Accompanying
minerals are magnetite, quartz, and grunerite and cummingtonite prisms, as well
as carbonate and alteration products, such as nontronite. The precise geographic
location from which this sample was obtained is not known. Its general source was
the Lyndenburg-Petersburg belt in the Transvaal, South Africa. The material was
processed by a centrifugal Knife Mill.

SEPARATION WITH SHAKING AND FILTRATION SYSTEM

A combination method of shaking and filtration was utilized to separate amosite. The
experimental setup of the shaking system is shown in figure 1. A suspension of the amosite
in type 1l pure water was placed in a cowl sampler as a funnel with a 10-um pore size
polycarbonate filter, and the polycarbonate filter was tightly clamped with two conductive
25-mm half-inch spacers with a 25-mm stainless steel support screen to prevent leakage.
The assembly of the cowl, polycarbonate filter, and filter holder was submerged in a

clean laboratory beaker filled with pure water. An electrodynamic exciter whose signal

was amplified by a linear power amplifier was vibrated at 100 Hz with an audio-frequency
signal generator. To transmit the vibration from the shaker to the assembly of cowl, an
interface block was printed with a 3D printer. The interface block was connected to the
shaker with a stinger rod. To determine shaking amplitude, an accelerometer was attached
to the 3D printed interface block, and the signal was measured with an oscilloscope through
an ICP sensor signal conditioner. The amosite concentration in pure water was 4 mg/mL,
and a total of 10 mL suspension was used for the shaking system and sonicated about 20
min before adding to the shaking system. Each 1 mL of suspension was added with time
intervals and pure water was added together while shaking. Fibers in the suspension, which
were passed through the 10-um polycarbonate filter in the shaking system, were transferred
to a filtration system with five different pore sizes of polycarbonate membrane filters in
series—from the top 10-, 5-, 2-, 1-, and 0.2-um pore sizes (fig. 2). Each cowl sampler loaded
with a polycarbonate filter stage was filled with pure water and the amosite suspension was
added to the top of the filtration system when the water level was in the middle of the cowl
with a 10-um pore size polycarbonate filter. No vacuum was applied to the filtration system,
and the filtered water was drained to a laboratory flask by gravity. Particle sizes were
initially checked for each size of polycarbonate filters with a phase contrast microscope
(PCM). When more than 50% of short fibers were observed in the large pore sizes of the
polycarbonate filter (10 and 5 um), the filters were vortex mixed and sonicated in pure water,
and filtration was repeated at least five times.

SEPARATION WITH SHAKING

The separation with shaking system entailed shaking with different pore sizes of
polycarbonate filters without the previously described filtration system, that is, one
individual pore size polycarbonate filter at a time. A suspension of the amosite in pure
water was placed in a cowl sampler (as a funnel) with a 10-um pore size polycarbonate
filter, and the filter holder was submerged in a clean laboratory beaker filled with pure water
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during shaking with 100 Hz and peak-to-peak displacement that ranged from 0.31 to 0.36
mm. Fibers in the suspension passed through the 10-um polycarbonate filter in the shaking
system and were transferred to a 5-um pore size polycarbonate filter with shaking. The
process was repeated with 2.0-, 1.0-, 0.6-, and 0.4-um pore size polycarbonate filters. The
final suspension through the 0.4-um pore size polycarbonate filter was collected on a 0.2-um
pore size polycarbonate filter using a filtration apparatus. The shaking procedure for each
pore size filter was repeated three times by washing collected materials with vortex mix and
sonication in pure water. Finally, shaking with a 1.0-um pore size polycarbonate filter was
repeated for additional separation of short amosite.

Both filtration and shaking procedures were conducted inside a ductless fume hood equipped
with high-efficiency particulate air (HEPA) filters.

FIBER DIAMETER AND LENGTH MEASUREMENTS

Each size-separated amosite was placed in a centrifuge tube, 10 mL of pure water was
added, and vortex mixed and sonicated to wash off the fibers from the polycarbonate

filter. The number of fibers in each sample was measured using a PCM, and the samples
were diluted or concentrated to make approximately 50 fibers/field for scanning electron
microscope analysis with an assumption of 2000 x magnification. Each sample was then
coated with a thin layer of gold/palladium utilizing a sputter coater. A sequence of fields was
selected at random locations and an image of each field was acquired using a field emission
scanning electron microscope (FESEM). The length and width of approximately 500 fibers
for each sample were manually measured with ImageJ software, from the National Institutes
of Health.14

AERODYNAMIC DIAMETER CALCULATION

The aerodynamic diameter of a fiber may be a good criterion to determine if that fiber is

in respirable fraction. Fiber aerodynamic diameter depends on the fiber physical dimensions
(diameter [d4 and length [L]) and on the orientation of the fiber in the measuring flow
field.1516 The aerodynamic diameter of the amosite was calculated with the fiber diameter
and length measured by the FESEM using the following equations:

1

) = df{ Z—f};[ln(Zﬁ) - 0.807]]2, &
1

d. . = df:z—l;i[ln(ﬂi) + 0.193]}2, @

where:
e = aerodynamic diameter when the fiber is parallel to relative gas motion,

dae1 = aerodynamic diameter when the fiber is aligned perpendicular to relative gas
motion,
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L .
p= 7= the aspect ratio, and
7

prand pg= the fiber (3450 Kg/m3) and unit densities, respectively.

For random orientation, the aerodynamic diameter was calculated as follows:

_ (deey +2d.. 1)
¢ 3

d, ®

Results and Discussion
SEPARATION WITH FILTRATION SYSTEM

The FESEM images of the amosite separated with the filtration system are shown in figure
3. Long and short amosite fibers were observed together in the large pore sizes stages of

the polycarbonate filters (10 and 5 um) in the filtration system, but only short fibers were
observed in the last stage (0.2—um pore size) of the filtration system. The cumulative length
fractions of the amosite separated with the filtration system are shown in figure 4, and
descriptive statistics are shown in table 1. The length of the separated amosite ranged from
0.08 to 71.43 um. Fibers longer than 100 um were not found because the long fibers were
removed from the shaking system (10-um pore size polycarbonate filter) before the filtration
system. Mean and geometric mean length of the separated amosite were not linearly
increased when the polycarbonate filter pore size was increased because short fibers were
not completely separated from the long fibers in the filtration system. For the fibers captured
on the smaller pore sizes of the filtration systems, approximately 95% of measured amosite
fibers (n = 499) were shorter than 5 um (table 1), and these may be utilized as a short fiber
group for a toxicological evaluation. It would be difficult to obtain long fiber samples (>
5um) by separating the short fibers and long fibers in the filtration system because shorter
fibers are generally dominant in their size distribution.1” All fiber-length data sets from

the filtration systems failed the normality test (Shapiro-Wilk test), and the Kruskal-Wallis
one-way analysis of variance on ranks (median value comparison) was used to compare
each sample. The samples from the 0.2-pum pore size polycarbonate filter were statistically
different in length (p <0.05) when compared to samples from the 1-, 2-, and 10-pm pore size
polycarbonate filters. The samples from the 0.2- and 5-um pore size polycarbonate filters
were not statistically different (p >0.05). The cumulative length fractions of 0.2- and 5-um
pore size polycarbonate filters were similar to each other up to a fiber length of 5 um (fig. 4).
Diameters of separated amosite ranged from 0.01 to 3.2 um, and the calculated aerodynamic
diameters, using equations (1) to (3), ranged from 0.15 to 12.67 pm. The 95th percentile
aerodynamic diameters from the 0.2- and 10-um pore size polycarbonate filters were 1.99
and 4.24 um, respectively, and the samples might both be included in the respirable fraction.
The normalized aerodynamic diameter distribution of each pore size of polycarbonate filter
for the filtration system is shown in figure 5.

SEPARATION WITH SHAKING SYSTEM

The FESEM images of amosite fibers separated with the shaking system are shown in figure
6, and cumulative length fractions for different pore sizes of the polycarbonate filters are
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shown in figure 7. Descriptive statistics of the amosite separated with the shaking system are
shown in table 2. A large number of short fibers were not observed in large pore sizes of

the polycarbonate filter in the shaking system compared with that from the filtration system.
The SEM images and cumulative plot show that approximately 80% of the samples with the
small size pore size filters (0.6, 0.4, and <0.4 um) in the shaking system were shorter than 5
um, indicating that the filtration system (~95%) would be better to collect the fibers <5 pm.
Approximately 80% of the samples with a 2.0-um pore size polycarbonate filter were longer
than 5 um, and a 25% percentile was 5.57 um (table 2), which may be utilized as a long fiber
group for a toxicological evaluation. All fiber length data sets from the shaking system failed
the normality test (Shapiro-Wilk test), and the Kruskal-Wallis one-way analysis of variance
on ranks (median value comparison) was used to compare each sample. Most of the pairs of
the group showed significant differences, except pairs of 2-um versus 10-um pore size, first
1-um versus second 1-um pore size, 0.6-um versus 0.4-um, and 0.4-pum versus <0.4-um pore
size. Based on the findings from the present study, two distinct length groups of fibers might
be collected when utilizing the filtration and shaking systems—a short fiber group (<5 pm)
with the filtration system and a long fiber group (>5 um) with the shaking system. Figure 8
shows a cumulative plot of short and long fiber groups from each method, and the length of
the two groups were significantly different in accordance with the Mann-Whitney Rank Sum
Test (p <0.05). Diameters of the amosite separated with the shaking system ranged from 0.1
to 13 um, and calculated aerodynamic diameters using equations (1) to (3) ranged from 0.3
to 45 um. The 95th percentile aerodynamic diameters from the <0.4-um and 10-pum pore
size polycarbonate filter with the shaking system were 2.65 and 10.7 um, respectively, and
not all the samples with a 10-um pore size polycarbonate filter might be considered to be a
respirable fraction. The normalized aerodynamic diameter distribution of each pore size of
polycarbonate filter for the shaking system is shown in figure 9. Relatively smaller length,
diameter, and aerodynamic diameters of amosite were observed in the filtration system
because long and thick amosite were screened out before adding into the filtration system.

The filtration system in liquids utilized in Spurny et al.? had a filter battery for removing
large-size fibers, a cylinder for holding the suspension, two or more nuclepore filters in
series, a vibration system, and a vacuum pump that was applied to the system to have a
flow rate of 0.7 L/h. Their optimal frequencies for glass fiber separation were from 80 to
120 Hz and the amplitude was 0.3 mm, which is similar to the present study. Spurny et al.
showed that the percentage of fibers (glass fibers and chrysotile) <5 um were from 0.8%

to 4.6%. Approximately 98% of the fibers (amosite, chrysotile, crocidolite, and glass fiber)
from the multiple procedures were <3 pm in length in the very fine fraction groups.® The
percentage fibers <5 pm were similar between Spurny et al. and the present study (~95%).
The shaking procedure was repeated three times in the present study for all pore sizes of the
polycarbonate filters. If the shaking procedure was repeated more than three times, it might
be expected that more fibers <5 um could be removed from the long fiber group.

Both filtration and shaking separation systems are relatively inexpensive compared with the
instrument utilized in our first investigation.* Employing multiple units of both systems and
larger diameter (47 mm) of the polycarbonate filter can shorten the collection time of these
materials for toxicological evaluations. Another advantage of the systems is that laboratory
personnel exposure to the toxic materials is less likely or very minimal because of their wet
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procedure. Personal and area air monitoring in accordance with the NIOSH 7400 method.18
was conducted during separation, and no fibers were identified in the laboratory air. Samples
separated by fiber length using a pore size polycarbonate filter should be checked with the
PCM for quality control before combining the samples. In addition, the respirable fraction of
the EMPs should be collected before the procedures of the shaking or filtration. Utilization
of respirable size-selective samplers operating at higher flow rates1®20 and the vortex mixer
shaking fiber generation method*21:22 might shorten the collection time for the respirable
fraction.

In the present study, a total of 6,567 fibers were measured manually for both length and
diameter, which is a limited measurement and a labor-intensive method. A faster and more
accurate fiber length and diameter measurement method would be helpful to determine
particle size distribution of the separated fibers. Cho et al. showed the capability of an
automatic counting of asbestos fibers (high-throughput microscopy), although the study
focused on fiber counting rather than on reporting fiber length or diameter information.23 In
addition, differential interference contrast microscopy might be able to reduce fiber counting
and detection time by increasing the contrast.2# Cossio et al. reported an unattended
SEM-energy dispersive X-ray (EDS) asbestos analysis method, and the study showed high
precision and reproducibility, which can reduce analytical time (maximum 2 h/sample).2>

Conclusions

FUNDING

This study was the second investigation to separate EMPs (amosite) by length using
shaking and filtration techniques as previously reported. The final output materials for the
toxicological evaluation is expected to be larger than the one from our first investigation.
Although the filtration and shaking methods are labor intensive, both systems have
advantages. They are relatively inexpensive, decontamination of the equipment is not
difficult, and laboratory personnel exposure to toxic materials is likely minimized because
of the wet procedures of these methods. By utilizing both methods, short (<5 pm) and long
(> 5 um) fibers can be collected utilizing the filtration and shaking methods, respectively.
Remoaving short fibers from the long fiber group and removing long fibers from the short
fiber group are likely achievable by repeating these procedures.

National Institute for Occupational Safety and Health, Project #9390BMJ: Understanding elongate mineral particle
exposure in mining.
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Experimental setup for elongate mineral particle separation with shaking system.
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FIG. 3.
Field emission scanning electron microscope images of amosite separated with the filtration

method (10.0-, 5.0-, 2.0-, and 0.2-um pore size polycarbonate filters). Please note that the
magnification of each image is different.
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FIG. 4.
Cumulative length fractions of the separated amosite with filtration system.
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Normalized aerodynamic diameter distribution of the filtration system.
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FIG. 6.
Field emission scanning electron microscope images of amosite separated with the shaking

method (10.0-, 2.0-, 1.0-, and 0.4-um pore size polycarbonate filters). Please note that the
magnification of each image is different.
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FIG. 7.

Cumulative length fractions of the separated amosite with shaking system.
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Cumulative length fraction of the separated amosite with filtration (shortest group) and

shaking system (longest group).
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TABLE 1

Descriptive statistics of separated amosite using filtration method

Polycarbonate Pore Size, um

| 0.2 | 1 | 2 | 5 | 10

Fiber length (um) N% 499 500 501 520 478
Mean 2.03 3.85 3.57 2.19 6.69
SDb 1.60 3.48 3.86 2.55 9.99
oM’ 1.63 2.77 241 1.58 3.57
osp? | 190 | 223 | 244 | 210 | 286
Minimum | 0.38 0.53 0.08 0.30 0.40
25% 1.02 1.48 1.30 0.93 1.57
Median 1.56 2.52 2.40 1.46 3.05
75% 2.46 4.95 4.56 2.37 7.25
95% 496 | 11.24 | 9.60 6.82 | 25.06
Maximum | 16.75 | 27.63 | 39.75 | 26.45 | 71.43
Fiber diameter (um) N% 499 500 501 520 478
Mean 0.33 0.47 0.29 0.32 0.45
SDb 0.14 0.22 0.19 0.15 0.38
oM’ 0.30 0.43 0.24 0.29 0.35
csp? 152 | 155 | 1.85 | 1.56 | 1.97
Minimum | 0.03 0.03 0.01 0.04 0.04
25% 0.23 0.33 0.17 0.21 0.23
Median 0.30 0.41 0.24 0.28 0.34
75% 0.40 0.56 0.34 0.39 0.53
95% 0.61 0.87 0.62 0.61 111
Maximum 0.88 1.46 2.01 1.15 3.20
Aerodynamic diameter (um) N% 499 500 500 520 478
Mean 1.07 1.58 1.02 1.03 1.65
SDb 0.47 0.78 0.62 0.53 1.46
oM’ 0.98 1.42 0.87 0.93 1.28
GSDd 1.53 1.60 1.80 1.58 1.99
Minimum | 0.15 0.15 0.03 0.18 0.18
25% 0.73 1.02 0.64 0.67 0.81
Median 0.97 1.38 0.88 0.90 1.20
75% 131 1.92 1.26 1.20 2.00
95% 1.99 3.07 2.06 2.13 4.24
Maximum | 3.15 4.79 5.61 4.00 | 12.67
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a . . .
Measured sample number with scanning electron microscope.
b, -
Standard deviation.
c .
Geometric mean.

a . -
Geometric standard deviation.

Asbestos Other Elongate Miner Part (2021). Author manuscript; available in PMC 2023 May 18.

Page 20



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Leeetal.

TABLE 2

Descriptive statistics of separated amosite using shaking method

Polycarbonate Pore Size, um

| <0.4| 0.4 | 0.6 | 1 | 1 | 2 | 5 | 10

Fiber length (um) NG 513 | 507 | 513 | 508 | 515 | 503 505 505
Mean 264 | 278 | 263 | 551 | 7.41 | 1986 | 12.99 | 23.76
sp? 299 | 224 | 226 | 504 | 808 | 16.38 | 23.96 | 30.46
om¢ 178 | 219 | 198 | 381 | 429 | 1286 | 622 | 12.74
csp? | 228 | 194 | 207 | 238 | 291 | 282 | 296 3.11
Minimum | 044 | 045 | 041 | 050 | 045 | 136 | 074 0.79
25% 089 | 135 | 117 | 193 | 172 | 557 | 271 4.99
Median | 151 | 203 | 177 | 351 | 388 | 1682 | 508 | 12.09
75% 3.04 | 334 | 337 | 740 | 11.10 | 30.04 | 11.63 | 32.06
95% 828 | 7.97 | 7.14 | 1568 | 23.04 | 49.95 | 52.45 | 80.07
Maximum | 21.97 | 15.72 | 13.31 | 29.13 | 60.69 | 91.22 | 223.08 | 227.49
Fiber diameter (um) NG 513 | 507 | 513 | 508 | 515 | 503 505 505
Mean 038 | 039 [ 040 | 053 | 063 | 1.10 | 081 0.91
sp? 020 | 015 | 017 | 025 | 036 | 071 | 0.99 1.03
oMm¢ 033 | 036 | 036 | 048 | 054 | 091 | 061 0.69
csp? | 160 | 147 | 154 | 160 | 176 | 1.83 | 1.90 1.96
Minimum | 0.0 | 011 | 011 | 014 | 012 | 016 | 0.2 0.12
25% 024 | 028 | 026 | 034 | 036 | 058 | 042 0.42
Median | 033 | 036 | 036 | 047 | 053 | 083 | 054 0.63
75% 046 | 047 | 052 | 067 | 085 | 147 | 074 0.97
95% 077 | 069 | 072 | 102 | 1.36 | 257 | 254 2.56
Maximum | 151 | 1.09 | 1.07 | 149 | 227 | 393 | 930 | 13.15
Aerodynamic diameter (um) NG 513 | 507 | 513 | 154 | 505 | 503 505 505
Mean 124 | 129 | 128 | 191 | 224 | 424 | 301 3.68
sp? 074 | 053 | 059 | 100 | 1.35 | 263 | 368 4.00
om¢ 107 | 119 | 116 | 168 | 1.88 | 352 | 222 2.77
csp? | 168 | 148 | 156 | 168 | 1.83 | 1.86 | 195 1.99
Minimum | 032 | 040 | 036 | 050 | 045 | 065 | 048 0.51
25% 071 | 091 | 083 | 116 | 1.17 | 218 | 148 1.70
Median | 101 | 117 | 114 | 167 | 1.86 | 346 | 1.94 2.57
75% 153 | 161 | 159 | 261 | 308 | 584 | 285 4.09
95% 265 | 233 | 249 | 389 | 478 | 928 | 9.06 | 1070
Maximum | 580 | 341 | 356 | 547 | 829 | 1394 | 37.99 | 45.07
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a . . .
Measured sample number with scanning electron microscope.
b, -
Standard Deviation.
c .
Geometric Mean.

a . -
Geometric Standard Deviation
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