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Background: Refractory ceramic fibers (RCFs) are a suspected carcinogen but have been widely used as
insulations. Depending on the temperature, RCFs can transform into crystalline SiO2, which is a
carcinogen that can be present in the air during bulk RCF handling. This study analyzed the physico-
chemical and morphological characteristics of RCFs at high temperatures and determined the exposure
levels during the semiconductor scrubber maintenance.
Methods: Sampling was conducted at a company that manufactures semiconductor scrubbers using RCFs
as insulation. Bulk RCF samples were collected both before and after exposure to a scrubber temperature
of 700�C. Airborne RCFs were collected during scrubber maintenance, and their characteristics were
analyzed using microscopes.
Results: The components of bulk RCFs were SiO2 and Al2O3, having an amorphous structure. Airborne
RCFs were morphologically different from bulk RCFs in size, which could negatively affect maintenance
workers’ health. 58% of airborne RCFs correspond to the size of thoracic and respirable fibers. RCFs did
not crystallize at high temperatures. The exposure caused by airborne RCFs during the scrubber frame
assembly and insulation replacement was higher than the occupational exposure limit.
Conclusion: Workers conducting insulation replacement are likely exposed to airborne RCFs above safe
exposure limits. As RCFs are suspected carcinogens, this exposure should be minimized through pre-
vention and precautionary procedures.
� 2022 Occupational Safety and Health Research Institute, Published by Elsevier Korea LLC. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Asbestos has been used in residential environments and in-
dustries for a long time, owing to its heat resistance and durability
[1]. Since the carcinogenic threat of asbestos to humans was
discovered, man-made vitreous fibers (MMVFs) have been used as a
safe substitute [2]. MMVFs can be categorized into various types,
such as glass wool, rock wool, and refractory ceramic fibers (RCFs),
depending on their chemical composition. Of these, RCFs are fibers
that contain silicon dioxide (SiO2) and aluminum oxide (Al2O3) as
their main components [3]. Compared to other MMVFs, RCFs have
greater success in high-temperature environments, i.e., 1000 �C or
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higher, owing to the presence of Al2O3, which accounts for more
than 40% of the RCF’s chemical composition [4].

Depending on the method of manufacturing, RCFs can be made
either as blanket or roll insulations; these forms consist of indi-
vidual fibers extruded in long structures with small diameters [5].
Workers may be exposed to these fibers when handling RCFs,
despite the fact that RCFs are classified as Group 2B substances (a
suspected carcinogenic agent that can cause lung disease if inhaled
by humans) by the International Agency for Research on Cancer
(IARC). The diameter of bulk RCFs is between 1.2e3 mm, which is
smaller than that of other MMVFs [3,4]. These fibers, therefore, get
deposited into the alveoli upon inhalation and may have the po-
tential to cause adverse health effects [3,6].
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RCFs are composed of amorphous SiO2; however, previous
studies have suggested that amorphous SiO2 in RCFs can be crys-
tallized depending on the heating temperature and time [7]. RCFs
are known to change to various forms of crystalline SiO2, such as
quartz, cristobalite, and tridymite, depending on the temperature
[8,9]; crystalline SiO2 is classified as a Group 1 human carcinogen
by the IARC [10]. Interestingly, these studies were conducted under
controlled temperature conditions, which do not reflect the high-
temperature conditions of the scrubbers. Considering the fact
that RCFs are used as insulation materials in the workplace, it is
necessary to investigate the changes in RCF structure due to
exposure to high temperatures.

RCFs are used as insulation for semiconductor scrubbers that
operate under high temperatures, i.e., 700�C or higher. The
scrubber, which is maintained at this high temperature, is used to
treat waste gases generated during the semiconductor
manufacturing process [12]. Since the scrubber is in constant use,
regular preventive maintenance is required to ensure safety, during
which workers could get exposed to RCFs. However, there is still an
insufficient number of studies on human exposure to hazards in the
semiconductor preventive maintenance [13,14]. As the semi-
conductor industry continues to grow and the emission of gaseous
pollutants generated from this growth increases, the demand for
treatment by scrubbers will also increase [15,16]. This makes an
assessment of the hazards of RCF exposure during semiconductor
scrubber maintenance necessary.

The aim of this study is to analyze the physicochemical and
morphological characteristics of bulk RCFs under high-temperature
in a semiconductor scrubber manufacturing factory. In addition,
this study investigates the characteristics and exposure levels of
airborne RCFs in such workplaces arising from handling bulk RCFs.

2. Materials and methods

2.1. Subject of study

Sampling was carried out in July 2020 at a semiconductor
scrubber factory located in South Korea. Blanket insulation using
RCFs was used to wrap the heater inside the scrubber, and this
insulation was handled by workers. The scrubber maintenance
process was categorized into three tasks: scrubber frame assembly,
insulation replacement, and the cleaning of scrubber parts. During
scrubber frame assembly, two workers assembled or disassembled
the scrubber frame and replaced the insulation. The scrubber parts
were then cleaned by three workers. The scrubber maintenance
was carried out in the workplace (Length � Width � Height ¼ 24
m � 5.4 m � 3.8 m ¼ 492.5 m3).

In this study, glass wool was used for insulation along with the
RCFs. In the workplace, however, RCFs provided primary insulation
for all scrubbers, which is why only the RCF content is presented in
the main text of this study. The glass wool is further described in
the supplementary material.

This study was conducted with the consent of the company and
its workers. The research ethics was approved by the Seoul National
University Institutional Review Board (IRB No. 2007/002-005).

2.2. Sampling strategy

Two types of bulk RCFs were collected: One set of unused
insulation RCFs that had not been exposed to the scrubber’s high
temperatures and another of bulk RCFs that had been exposed to
high temperatures while acting as insulation. Airborne RCFs were
collected during the assembly of the scrubber frame, replacement
of insulation, and cleaning of scrubber parts. Since these three tasks
deal with RCFs, airborne RCFs were sampled by selecting workers
who perform these tasks. Additionally, sampling was conducted
within the scrubber inspection workplace, the exhaust outside, the
general outdoors, and locations where RCFs were not handled.
Airborne RCF samples were measured by separating the samples
into personal and area samples.

Personal samples for airborne RCFs were collected using a
conductive polypropylene cassette equipped with mixed cellulose
ester (MCE; diameter 25 mm, pore size 0.8 mm) filters. After the
pump (GilAir Sampling Pump; Sensidyne, Florida, USA) was con-
nected to the cassette, the flow rate was 2 L/min. The pump was
then attached to the worker to sample their breathing patterns.

Area samples of airborne RCFs were sampled using poly-
carbonate (PC; diameter 37 mm, pore size 0.8 mm), polyvinyl
chloride (PVC; diameter 37 mm, pore size 5 mm), and MCE filters
(SKC, Pennsylvania, USA). The PC filters were linked to the three-
piece conductive polypropylene cassette, and the PVC filters were
linked to the three-piece cassette. Each filter was connected to a
pump, and sampling was performed at a height of 1.5 m from the
floor of the workplace, with a pump flow rate of 2 L/min.

All samples were collected to full-period consecutive sampling
in which two samples were collected by dividing the working hour
into morning and afternoon for three days. Temperature and rela-
tive humidity were measured using a thermo-hygrometer (TR-
72Ui; T&D, Matsumoto, Japan); the general ventilation system in
the workplace was investigated using a heated-element anemom-
eter (TSI 9545; TSI, Minnesota, USA). The average temperature of
the scrubber maintenance workplace was 24.6 � 3.1�C, and the
average relative humidity was 55.3 � 9.7%. Average wind speed at
the ground level of the workplace was 0.83 � 0.5 m/s, while the
wind speed measured at 1.5 m above the workplace floor was
0.18 � 0.1 m/s. The workplace was a negative air pressure room.

2.3. Analytical methodology

2.3.1. Physicochemical and morphological characteristics
Bulk and airborne RCFs collected using PC filters were analyzed

for their morphological and chemical composition using a field
emission-scanning electron microscope (FE-SEM; MERLIN
Compact; ZEISS, Oberkochen, Germany), along with an energy-
dispersive X-ray spectroscopy (Ultradry EDS detector; Thermo
fisher scientific, Massachusetts, USA). The bulk sample and parts of
the PC filters were attached to carbon tape. Considering that they
may be overlooked when counting airborne RCFs (n ¼ 300) on PC
filters, airborne RCFs on the walls of the conductive cassette were
also attached to the carbon tape. This carbon tape was then
attached to a stub, whichwas coatedwith Pt for 200 s at a current of
10mA. The prepared samplewas then analyzed for size distribution
using FE-SEM; acceleration voltage was set to 15.0 kV, and the FE-
SEM magnification ranged from 100 � to 20,000 �. The chemical
composition of the sample was also analyzed using EDS.

The structure of bulk and airborne RCFs collected with PVC fil-
ters was analyzed using a Raman microscope (DXR 3xi; Thermo
Scientific, Massachusetts, USA), without any sample preparation.
The images were then displayed using an electron-multiplying
charge-coupled device; the laser wavelength was 532 nm, the
laser power was 10 mW, and the magnification of the Raman mi-
croscope ranged from 100 � to 20,000 �.

2.3.2. Airborne RCF counting
Sample preparation of airborne RCFs, collected using MCE fil-

ters, was based on the National Institute for Occupational Safety
and Health’s (NIOSH) method 7400 [17]. The MCE filter placed on
the microscope slide was pretreated with acetone (SigmaeAldrich,
Missouri, USA) and triacetin (Kanto Chemical, Tokyo, Japan); the
prepared MCE filter was analyzed using a phase-contrast
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microscope (PCM; BH2; Olympus, Tokyo, Japan) equipped with a
WaltoneBeckett graticule. The fibers (length >5 mm, diameter <3
mm, aspect ratio �5:1) were based on the NIOSH 7400 B counting
rule, and the magnification of the PCM was 400 �. The fiber
quantity, calculated as the airborne RCF concentration, was deter-
mined by applying sampling flow rate and time [17].

The limit of detection (LOD) was 0.00071 f/cc, which was calcu-
lated by dividing aminimum-detectable 0.5 fiber fields of PCMwith
the average sample of air volume. Values less than LOD were
calculated as LOD/2 [18].
2.4. Statistical analysis

2.4.1. Distribution of airborne RCFs
Airborne RCF concentrations were compared for each process

using statistical analysis. In the KolmogoroveSmirnov test, the
sampled airborne RCFs showed a log-normal distribution; there-
fore, airborne RCF concentration was expressed as the geometric
mean (GM) and geometric standard deviation (GSD). The compar-
ison of concentrations for each task was statistically tested using
the ManneWhitney U test and KruskaleWallis test. The result of
the statistical test was considered statistically significant when
p < 0.05. Variations in exposure to airborne RCFs within and be-
tween workers were analyzed by using a one-way analysis of
variance. Statistical analysis was performed using the Statistical
Package for the Social Sciences (Version 25; IBM, USA) and Excel
(Office 365; Microsoft, Washington, USA); graphs were created
using Sigma Plot (Version 12.5; Systat Software, Illinois, USA).

2.4.2. Airborne RCFs exposure assessment
Bayesian decision analysis was used to estimate the exposure

range of airborne RCFs during scrubber maintenance. The upper
confidence limit of the estimated 95th percentile (X0.95) was
calculated based on professional judgment, sampling data, and the
occupational exposure limit (OEL) of RCFs in the workplace [19,20].
The OEL of RCFs is 0.2 f/cc, as per the American Conference of
Governmental Industrial Hygienists (ACGIH)’ threshold limit of a
value-time weighted average (TLV-TWA) for RCFs [21]. The expo-
sure range was confirmed by comparing estimated X0.95 values
with the American Industrial Hygiene Association exposure cate-
gories. The exposure categories were divided into four, corre-
Fig. 1. FE-SEM images of bulk RCFs. (A) Bulk RCFs before high-temperature exposure un
magnification; (C) FE-SEM-EDS spectra of bulk RCFs before high-temperature exposure; (D
sponding to 1%, 10%, 50%, and 100% of OEL, respectively. Bayesian
decision analysis was performed using an industrial hygiene data
analyst-student (Version 2020; EASi, USA).

3. Results

3.1. Effect of high temperature on the characteristics of bulk RCFs

The bulk RCFs that were used had blanket-type insulation.
Workers handled two types of RCFs during insulation replacement:
RCFs before and after exposure to 700�C temperatures; the former
represents new RCFs prior to wrapping inside the scrubber, and the
RCFs analyzed by the FE-SEM were in the form of an RCF bundle
(Fig. 1(A)). The manufacturer’s “normal” RCF diameter was 3 mm,
and the average bulk RCFs (n ¼ 300) diameter measured in this
studywas 2.6� 1.2 mm. Bulk RCFs had a length of 200 mmor greater,
but all fibers exceeded the area of the FE-SEM lens; thus, the exact
length could not bemeasured. SiO2 and Al2O3 comprisedmore than
89% of the total RCF composition, based on weight percentage
(Fig. 1(C) and (D)). RCFs before exposure to high temperatures were
amorphous (Fig. 2(A)). Broad SieO peaks in the Raman spectrawere
observed at 1080 cm�1, 808 cm�1, and 440 cm�1.

Workers disassembled the scrubber frame and removed the
insulation that had been exposed to 700�C. The average diameter of
high-temperature exposed RCFs (n ¼ 300) was confirmed by FE-
SEM as 2.9 � 1.4 mm (Fig. 1(B)). The main chemical components
were SiO2 and Al2O3, comprising 84% of the total (Fig. 1(D)). Similar
to RCFs before high-temperature exposure, broad SieO peaks were
observed at 1060 cm�1, 806 cm�1, and 442 cm�1 in Raman spectra
(Fig. 2(B)).

3.2. Physicochemical and morphological characteristics of airborne
RCFs

Whenreplacing insulation,workershad todisassemble, assemble,
and cut the insulation by hand. During this, RCF’s were physically
destroyed and released into the air. Airborne RCFs were morpholog-
ically different from bulk RCFs (Fig. 3(A)). The diameter and length of
airborne RCFs (n ¼ 300) were GM 2.10 (1.91) mm and GM 43.3 (2.17)
mm, respectively. Although the diameter of airborne RCFs was similar
to that of bulk RCFs, there was a significant difference in length
der 100X magnification; (B) Bulk RCFs after high-temperature exposure under 100X
) FE-SEM-EDS spectra of bulk RCFs after high-temperature exposure.



Fig. 2. Raman spectra of bulk RCFs. (A) Bulk RCFs before high-temperature exposure; (B) Bulk RCFs after high-temperature exposure.
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(p < 0.05). Transverse breakage was demonstrated in the cross-
section of airborne RCFs (Fig. 3(B)). Airborne RCFs comprised SiO2
and Al2O3 (77%) and had an amorphous structure, with broad SieO
peaks at 1067 cm�1, 789 cm�1, and 436 cm�1 (Fig. 3(D)).

3.3. Size distribution of airborne RCFs

The length and diameter of airborne RCFs (n ¼ 300) sampled
during the scrubber maintenance process were analyzed (Table 1);
RCFs of length 5e20 mm constituted 17% of the total (n ¼ 300).
Airborne RCFs with lengths 21e50 mm, 50e100 mm, and >100 mm
constituted 42%, 22%, and 19% of the total, respectively. Among
airborne RCFs, fibers having a diameter 1e3 mm comprised 60% of
the total. Fibers with diameters <1 mm and >3 mm constituted 11%
and 29%. Thoracic and respirable sized-RCFs with lengths >20 mm
and diameters <3 mm constituted up 58% of the total.

As shown inFig. 4, RCFswith anaspect ratioof 3e5constituted4%
(n ¼ 12), and those with an aspect ratio of 5e10 constituted 14%
(n ¼ 42) of the total (n ¼ 300). RCFs with an aspect ratio of 10e50
accounted for the largest proportion, i.e., 65% (n¼196). Additionally,
RCFs with an aspect ratio of 50 or greater constituted 16% (n ¼ 47).
Fig. 3. FE-SEM and Raman microscope images of airborne RCFs. (A) FE-SEM images of airbor
under 20,000X magnification; (C) FE-SEM-EDS spectra of airborne RCFs; (D) Raman spectr
Of the 300 fibers, 8% (n ¼ 24) were glass wool. The average di-
ameters of bulk glass wool before and after high-temperature
exposure were 9.25 � 1.7 mm and 8.69 � 2.0 mm, respectively
(Fig. S1). RCFs and glass wool exhibited different fiber diameters;
the two were classified based on diameter.

3.4. Exposure levels of airborne RCFs in the workplace

3.4.1. Airborne RCF exposure level comparison
As mentioned above, the scrubber maintenance process is

divided into three sub-tasks: scrubber frame assembly, insulation
replacement, and cleaning of scrubber parts (Table 2). Personal and
area samples of airborne RCFs were measured for each task.
However, for personal samples, the scrubber frame assembly and
insulation replacement tasks were all performed by the same
workers; their airborne RCF concentration was calculated by
considering these tasks as one.

The concentration of personal samples of airborne RCFs in the
scrubber maintenance process was GM 0.14 (2.7) f/cc and was
observed to reach as high as 0.61 f/cc, exceeding the TLV-TWA of 0.2
f/cc for RCFs [21], during the scrubber frame assembly and
ne RCFs under 3,000X magnification; (B) FE-SEM images of airborne RCFs cross section
a of airborne RCFs.



Table 1
Size distribution of airborne RCFs released during insulation replacement

Diameter Total

<1 mm 1-3 mm >3 mm

Length <5 mm 0 (0%) 0 (0%) 0 (0%) 0 (0%)
5-20 mm 8 (3%) 31 (10%) 13 (4%) 52 (17%)
21-50 mm 18 (6%) 90 (30%) 19 (6%) 127 (42%)
51-100 mm 3 (1%) 34 (11%) 28 (10%) 65 (22%)
>100 mm 4 (1%) 26 (9%) 26 (9%) 56 (19%)

Total 33 (11%) 181 (60%) 86 (29%) 300* (100%)

* Of the 300 fibers, 8% (n ¼ 24) was glass wool.
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insulation replacement processes. During cleaning, airborne RCF
concentration was GM 0.017 (2.3) f/cc, and the concentration even
went as high as 0.055 f/cc. In the ManneWhitney U test, there were
statistically significant concentrations of personal samples in each
task (p < 0.001).

In area samples, the highest concentration of airborne RCFs was
observed during the insulation replacement of the scrubber
maintenance process. Airborne RCF concentration was GM 0.033
(2.3) f/cc; it was in the range of 0.012e0.10 f/cc during the insu-
lation replacement. During the scrubber frame assembly and
cleaning, airborne RCF concentration was GM 0.0023 (8.9) f/cc and
GM 0.011 (2.2) f/cc, respectively. The KruskaleWallis test for area
samples of the three tasks showed statistically significant concen-
trations of airborne RCFs in each task (p < 0.05). The total con-
centration of airborne RCFs in the scrubber maintenance workplace
was GM 0.039 (3.9) f/cc in personal samples and GM 0.0054 (4.6) f/
cc in area samples. There was statistical significance between the
mean concentrations of personal samples and area samples
(p < 0.05).

In the workplace where RCFs are not handled, the highest
concentration of airborne RCFs, i.e., GM 0.0042 (1.6) f/cc, was
observed in the scrubber inspection workplace. The total concen-
tration in non-RCF-handling workplaces was GM 0.0029 (3.0) f/cc,
which was statistically significant when compared to the concen-
tration in RCF-handling workplaces (p < 0.001).

3.4.2. Airborne RCF exposure range estimation
Bayesian decision analysis was performed on personal samples

of five workers (Table 3). The X0.95 value of airborne RCFs (n ¼ 12)
during the assembly of the frame and replacement of the insulation
was 0.69 f/cc. The probability of X0.95 exceeding 0.2 f/cc, which is
the OEL for RCFs, was 100%. For workers A and B performing this
task, the probability of the X0.95 value of exposure exceeding the
OEL was 99.1% and 100%, respectively.

The X0.95 value of airborne RCFs (n ¼ 18) during the cleaning of
the scrubber parts was 0.069 f/cc. The probability of X0.95 exceeding
Fig. 4. Aspect ratio distribution of airborne RCFs in insulation replacement workplace.
the OEL was 0.8%; the probability of X0.95 residing between 10% and
50% of the limit was 80.1%, and that residing between 50% and 100%
was 19.1%. For workers C, D, and E cleaning, the probability of X0.95
between 10% and 50% of the OEL was 54.4%, 97.3%, and 67.1%,
respectively.

4. Discussion

This study shows that there are no physicochemical or
morphological differences between bulk RCFs before and after
high-temperature exposure because of the fact that no physical
force is applied when RCFs are used as heat insulation materials for
heaters in scrubbers except the high-temperature exposure. In the
bulk RCFs used in this study, the main components were SiO2 and
Al2O3, with similar proportions. The proportions of the components
were the same before and after high-temperature exposure.

While crystallization of the silica in RCFs is not anticipated at
700�C, the typical temperature in this application, we examined the
morphology of the RCF after-use for crystallinity because of the
uncertainty in the specific attributes of the application. The RCF
structure remained the same before and after high-temperature
exposure. The Raman spectra for both examples showed a broad
peak in similar wavenumbers. Recent evidence shows that the four
amorphous silicates exhibited a broad SieO peak in similar peak
positions as those exhibited by crystalline silicates, with different
degrees of polymerization; in contrast, sharp SieO peaks were
observed for crystalline silicates [22]. This may be since the tem-
perature was not high enough to crystallize the RCF’s structures.
Comodi et al. [8] showed that RCFs began to crystallize into mullite
at 950�C and cristobalite and tridymite at 1350�C. Additionally,
Gualtieri et al. [9] revealed that amorphous RCFs crystallized to
cristobalite when exposed to 1200�C or higher. The company’s
safety officer and workers handling RCFs in this study were con-
cerned that the blanket-type insulation would crystallize when the
temperature of the scrubber exceeded 700 �C. Contrary to the
controlled laboratory conditions of previous studies [7e9], the
temperature might be higher in the workplace because the tem-
perature is not precisely controlled. Additionally, there are few field
studies on crystallization in the field. Therefore, this study tried to
evaluate whether the structure of RCFs could be changed under
these conditions in the workplace.

Workers were exposed to airborne RCFs while handling bulk
RCFs. Airborne RCFs observed in the workplace were shorter, owing
to the traverse breakage of bulk RCFs. Crystalline minerals, such as
asbestos, have structural properties that cause longitudinal fracture
due to mechanical stress, resulting in smaller diameters; MMVFs,
such as RCFs, become transversely fractured owing to their amor-
phous structure, resulting in shorter lengths [3]. Linnainmaa et al.
[23] determined the diameter distribution of airborne RCFs in the
metal industry by using RCFs, and demonstrated that 51% of
airborne fibers had a diameter of 1e3 mm, similar to the results of
this study; thoracic and respirable fibers with diameters <3 mm
reach the lower respiratory tract through inhalation [3].

The level of exposure to airborne RCFs in each scrubber main-
tenance task revealed that personal samples were highly concen-
trated during the scrubber frame assembly and insulation
replacement processes. In area samples, high concentrations of
airborne RCFs were identified during insulation replacement,
which is a process inwhich workers disassemble, assemble, and cut
insulation. Since the task was carried out manually, relatively high
levels of airborne RCFs were confirmed in the workplace, despite a
functioning ventilation system. During this task, airborne RCF
concentration was observed to reach as high as 0.61 f/cc, exceeding
the TLV-TWA of 0.2 f/cc for RCFs [21]. When using RCFs, typical
tasks that were easily exposed to RCFs include assembly, auxiliary,



Table 2
Distribution of airborne RCF concentration in scrubber maintenance workplace

Sample type Task type n* Sampling time (min) Airborne RCF concentration (f/cc)y p-value

AM�SD 95% CI GM(GSD) Median Range

Personal sample Scrubber frame
assembly
and insulation
replacement

12 (12)* 177 � 41 0.20 � 0.19 0.083, 0.33 0.14 (2.7) 0.14 0.028-0.61 p < 0.001z

Cleaning of
scrubber parts

18 (18)* 165 � 50 0.022 � 0.014 0.015, 0.030 0.017 (2.3) 0.020 0.0032-0.055

Total 30 (30)* 170 � 46 0.096 � 0.15 0.040, 0.15 0.039 (3.9) 0.037 0.0032-0.61

Area sample
RCF handling
workplace

Scrubber frame
assembly

6 (3)* 175 � 49 0.013 � 0.024 -0.012, 0.038 0.0023 (8.9) 0.0036 <LOD-0.062 p < 0.05x

Insulation
replacement

7 (7)* 182 � 50 0.043 � 0.033 0.013, 0.074 0.033 (2.3) 0.040 0.012-0.10

Cleaning of
scrubber parts

11 (11)* 172 � 47 0.014 � 0.011 0.0073, 0.022 0.011 (2.2) 0.0093 0.0024-0.031

Total 24 (21)* 176 � 46 0.022 � 0.025 0.012, 0.033 0.0054 (4.6) 0.011 LOD-0.10
Non-RCF handling
workplace

Scrubber inspection 6 (6)* 172 � 52 0.0045 � 0.0021 0.0024, 0.0067 0.0042 (1.6) 0.0040 0.0023-0.0076 p ¼ 0.685x

Outside exhaust 12 (10)* 167 � 42 0.0049 � 0.0036 0.0026, 0.0072 0.0031 (3.3) 0.0047 <LOD-0.011
Outdoors 6 (4)* 162 � 42 0.0030 � 0.0029 0.000011, 0.0061 0.0017 (3.8) 0.0023 <LOD-0.0066
Total 24 (20)* 167 � 43 0.0043 � 0.0031 0.0030, 0.0056 0.0029 (3.0) 0.0036 <LOD-0.011

* Values within parentheses indicate the number of samples excluding those with concentrations less than LOD among all samples.
y Approximately 8% of airborne fiber was glass wool.
z ManneWhitney U test (p < 0.05).
x Kruskal-Wallis test (p < 0.05).
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finishing, installation, mixing forming, and removal [3]. Insulation
replacement in this study was a task type similar to assembly,
installation, and removal in a previous study. According to previous
studies, occupational exposure concentrations of airborne RCFs
were GM 0.10(5.3), 0.58(6.15), and 1.17 (3.54) f/cc in TWA for the
assembly, installation, and removal of RCFs, respectively [3,24].
Furthermore, Maxim et al. [11] identified that when occupational
exposures to RCFs over 10 years were classified according to func-
tional task categories, RCFs levels were above the OEL during fin-
ishing, installation, and removal. In this study, it was assumed that
theworker replacing insulation could assemble, install, and remove
RCFs at the same time; hence, they could be exposed to high con-
centrations of airborne RCFs.

In this study, Bayesian decision analysis was used to statistically
estimate the exposure range based on expert judgment and sam-
pling results using the number of limited samples. Bayesian deci-
sion analysis demonstrated that workers who perform insulation
replacement might be frequently exposed to high concentrations of
airborne RCFs exceeding 0.2 f/cc; however, relatively low concen-
trations of airborne RCFs were found in personal samples of
workers who cleaned scrubber parts and in all area samples. In
addition, from the Bayesian decision analysis of the cleaning task, it
was estimatedwith a greater than 50% probability that the personal
exposure of airborne RCFs would be 10%e50% of TLV-TWA. Since
the exposure level was evaluated with the ACGIH OEL of 0.2 f/cc in
this study, it was inferred that some workers could be exposed to
RCFs above the exposure limit. Exposure limits for RCFs vary by
Table 3
Bayesian decision distributions of exposure to airborne RCFs by task and worker in scru

Worker Task n Airborne RCF concentration (f/

GM(GSD) Median Ran

A Scrubber frame assembly
and insulation replacement

6 0.11 (3.1) 0.11 0.028-0

B 6 0.18 (2.3) 0.19 0.052-0

Total Scrubber frame assembly and
insulation replacement

12 0.14 (2.7) 0.14 0.028-0

C Cleaning of scrubber parts 6 0.017 (2.9) 0.028 0.0032-

D 6 0.020 (1.4) 0.020 0.014-0
E 6 0.014 (2.8) 0.019 0.0035-

Total Cleaning of scrubber parts 18 0.017 (2.3) 0.020 0.0032-

* Upper confidence limit of the estimated 95th percentile, y1% OEL < X0.95 � 10% OEL
country and institution; France, Germany, and Norway are 0.1 f/cc;
the Republic of Korea, Sweden, and ACGIH are 0.2 f/cc; Australia,
Austria, Belgium and NIOSH are 0.5 f/cc; Denmark, Netherlands,
and the United Kingdom: 1.0 f/cc [25]. If the exposure limit for
exposure assessment is set to 0.5 and 1.0 f/cc, all RCFs exposure
levels in this study were within the exposure limit. However,
considering the handling method of RCFs in this workplace, a strict
exposure limit was used because sufficient human exposure to RCFs
was suspected. In addition, NIOSH suggested a recommended
exposure limit for RCFs of 0.5 f/cc but emphasized an exposure level
of less than 0.2 f/cc in the workplace because of the residual risk of
cancer due to RCFs [3].

The high concentration of airborne RCFs in the workplace was
influenced both by the type of task and the type of ventilation. The
general ventilation system in the workplace is a structure that
collects air from the floor of the workplace and exhausts it through
the wall outlet; however, there was no air exerting pressure
downward from the upper part of the workplace, and the airflow in
the downstream direction was weak; thus, it was not possible to
prevent exposure from the scattering of RCFs. Airborne RCFs were
observed at the exhaust, despite the high-efficiency particulate air
filter of the general ventilation system.

Generally, the toxicity of RCFs is related to the dose, diameter,
and durability of fibers, known as the 3Ds [3,5,6]. RCFs with di-
ameters <3 mm can accumulate in high concentrations in the body
through the respiratory system, leading to a large deposition of
RCFs in the alveolar region [6], which can cause inflammation.
bber maintenance workplace

cc) X0.95
* (f/cc) Bayesian decision analysis exposure rating (%)

ge 1y 2z 3x 4||

.61 0.66 0 0 0.9 99.1

.54 0.70 0 0 0 100

.61 0.69 0 0 0 100

0.042 0.10 0 54.4 35.4 10.1

.036 0.034 0 97.3 2.3 0.4
0.055 0.081 0.1 67.1 27 5.8

0.055 0.069 0 80.1 19.1 0.8

, z10% OEL < X0.95 � 50% OEL, x50% OEL < X0.95 � 100% OEL, ||100% OEL < X0.95.
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Considering the morphological characteristics and exposure levels
of airborne RCFs identified in this study, RCFs exposed by scrubber
maintenance workers have the 3D toxicity characteristics
mentioned above. Falzone et al. [26] reported that the mechanism
of toxicity caused byMMVFs occurs after an incubation period of 20
to 60 years after continuous exposure. Therefore, since RCFs are
suspected carcinogens, the exposure of workers to RCFs should be
minimized through the prevention and precaution principle.

A limitation of this study is that the number of samples was
small, as the study considered only one company. However, the
characteristics of RCFs under high-temperature exposure were
analyzed using three microscopies; FE-SEM, Raman microscope,
and phase-contrast microscope. Additionally, it is useful that a few
samples were analyzed from various perspectives, confirming the
exposure levels of RCFs in maintenance workers through Bayesian
decision analysis. It is necessary to further study the characteristics
and occupational exposure to RCFs by conducting research in other
workplaces that handle RCFs under high temperatures.

5. Conclusions

Bulk RCFs handled in an industrial workplace were found to be
physicochemically and morphologically similar before and after
exposure to scrubber temperatures of 700�C. The airborne RCFs had
the same amorphous SiO2 structure and chemical composition as
bulk RCFs; however, their morphology differed from that of bulk
RCFs owing to the traverse breakage of fibers during the handling
process. More than 50% of the airborne RCFs sampled consisted of
thoracic and respirable-sized fibers. Workers were exposed to the
greatest concentrations of airborne RCFs during the scrubber frame
assembly and insulation replacement, in which the disassembly,
reassembly, and cutting of RCFs were donemanually. It is estimated
that the workers involved were exposed to RCF levels higher than
the OEL.
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