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1. Introduction
Although nanomaterials have unique properties that make them potentially useful in many applications,
there is a growing concern about their potential impact on health. At present, workers (and researchers)
involved in nanomaterial manufacture and handling are potentially exposed to elevated levels of
nanomaterials, mainly through inhalation. Information on airborne nanomaterial release is required in order
to evaluate and control nanomaterial exposure.
In the New Energy and Industrial Technology Development Organization (NEDO) project “Research and
Development of Nanoparticle Characterization Methods (P06041)” (2006-2011), we conducted “on-site
investigations” and “laboratory experiments (dustiness tests)” regarding the release and exposure of
nanomaterials in order to gather information on potential release and exposure, as well as the air
concentration, size, shape, and aggregation/agglomeration state of the released nanomaterials. The
advantages and disadvantages of both “on-site investigations” and “dustiness tests” are summarized in
Table 1.
This document presents the overview and results of “on-site investigations” (Chapter 2) and “dustiness
tests” (Chapter 3).

Table 1 Advantages and disadvantages of both “on-site investigations” and “dustiness tests”
On-site investigations
Actual process
Advantages

Disadvantages

Background aerosols
Limited opportunity
Difficulty in using of expensive or large
measuring instruments
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Dustiness tests
Small quantity of test material
Easy, simple, compact
No background aerosols
Comparison among materials
Use of expensive or large measuring instruments
Difference from actual processes

2. On-site investigations
Most of investigations were conducted in collaboration with the National Institute of Occupational
Safety and Health, Japan (JNIOSH). However, this document presents only the results obtained by the
National Institute of Advanced Industrial Science and Technology (AIST) in the NEDO project (P06041).

2.1 Methods
We generally sampled air in the vicinity of emission sources. The measured concentrations do not
necessary represent the actual personal exposure concentration to the worker and are the approximate
exposure concentrations in cases where appropriate exposure controls were not administered.

2.1.1 Real-time aerosol monitoring
The number concentrations and size distributions of aerosol particles were primarily measured using
portable, real-time aerosol monitoring instruments, a condensation particle counter (CPC; model 3007; TSI
Inc., USA; ~10 to >1000 nm) and an optical particle counter (OPC; Handheld 3016; Lighthouse Worldwide
Solutions Inc., USA; optical diameters of >300, >500, >1000, >3000, >5000, and >10000 nm), and partly
using an electrical low-pressure impactor (ELPI; Dekati Ltd., Finland; aerodynamic diameters of 7–10000
nm, 12 channels). A stainless pipe and conductive silicone tubing were used to transmit the particles from
the sampling point around the work area to the measuring instruments. The sampling flow rates of the CPC,
OPC, and ELPI were 0.7, 2.8, and 10 L/min, respectively.

2.1.2 Filter sampling and electron microscope observation
The aerosol particles were collected by a respirable dust sampler (GS-3 Multiple-inlet Cyclone; 4 µm
particles are cut by 50% at 2.75 L/min; SKC Inc., USA) with a polytetrafluoroethylene (PTFE) membrane
filter (diameter of 37 mm; pore size of 2 µm; 225-2709; SKC Inc., USA) to obtain the mass concentrations
of aerosol particles and by a cascade impactor (Sioutas Personal Cascade Impactor; aerodynamic diameters
of >0.25, >0.5, >1.0, >2.5 µm; 9 L/min; SKC Inc., USA) with PTFE membrane filters for 4 stages
(diameter of 25 mm; pore size of 0.5 µm; 225-2708; SKC Inc., USA) and a back-up PTFE membrane filter
(diameter of 37 mm; pore size of 2 µm; 225-2709; SKC Inc., USA) to obtain the mass-based size
distributions of aerosol particles. The filters were weighed before and after sampling by a microbalance.
For the on-site investigation at the facility where fullerene was used, aerosol particles were collected on
quartz filters and fullerene extracted with toluene was quantified by a high performance liquid
chromatography (HPLC).
For the on-site investigation at the zinc oxide (ZnO) production facility, the aerosol particles collected
by the cascade impactor were dissolved in nitric acid and the quantity of Zn was measured by an
inductively coupled plasma atomic emission spectroscopy (ICP-AES).
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In addition, the aerosol particles were collected on a Nuclepore membrane filter (diameter of 25 mm;
pore size of 0.080 µm; Nomura Micro Science Co. Ltd., Japan) with a stainless steel filter holder (available
filtration area of 380 mm2; KS-25F; Advantec Toyo Kaisha Ltd., Japan) for electron microscopy analysis.
The sampling flow rate was set at 1–2 L/min.
The aerosol particles collected on the Nuclepore filter were observed using a field-emission scanning
electron microscope (SEM; S-4300; Hitachi High-Technologies Corporation, Japan) under an accelerating
voltage of 1–3 kV. Before the SEM observation, the samples mounted on SEM grids were coated with
platinum–palladium (approximately 1 nm) to avoid image charging.

2.2 Results
The results of the on-site investigations are summarized in Table 2.1.
In most cases, the emitted particles mainly consisted of aggregate/agglomerate particles with sizes
ranging from several hundred nm to several µm. The number concentrations of particles having an optical
diameter of more than 300 nm according to OPC as well as the mass concentrations according to the
impactor and respirable dust sampler were confirmed to have risen in relation to work.
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Table 2.1 Summary of results obtained from on-site investigations (1/2)

Material

F1

F2

F3

F4

Single-wall
carbon
nanotubes
(SWCNTs)

a

Propaties

Tube diameter: 3 nm,
SSA: 1064 m2/g,
Purity: 99.95%
(thermogravimetric
analysis)

Multi-wall
polyester filaments
carbon
coated with MWCNTs,
nanotube
Average tube diameter
(MWCNT)
of MWCNT: 13 nm
-coated fibers

Fullerene
(C60)

Carbon
black (CB)

–

PPS: 24 nm, SSA: 110
m2/g

Working
scale

Exposure
control

Glove box,
Fume hood,
Laboratory
Local
exhaust

Plant

Pilot-plant

Plant

Process

Separating CNTs from
substrates and placing CNTs
in a container (in glove box)
Cleaning air filters with dust
that included CNTs using an
air gun (in fume hood)
Exhaust air from the cleaner
used to collect CNTs from
substrates. (in fume hood)
Opening the container of
CNTs (in fume hood)
Transferring CNTs from a bin
to a container (in glove box)

Ventilation

Weaving process of
CNT-coated fibers into fabric

Ventilation

Synthesizing
lithium-encapsulated fullerene
(closed system)
Weighing
lithium-encapsulated fullerene
and C60
Placing C60 in a crucible,
collection of synthesized
lithium-encapsulated fullerene
and unreacted C60, cleaning

Local
exhaust

Bagging (10 kg/bag, approx.
100 bags/h)
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Number
concentraionb
CPC
~10–>1,000
nm
[#/cm3]

Number
concentraionb
OPC c
300–1,000 nm
[#/cm3]

Number
concentraionb
OPC c
1,000–10,000
nm
[#/cm3]

Mass
concentraionb
(respirable)
[µg/m3]

p5,700 (1,400)

p200 (0.22)
(500–1000
nm)

p130 (0.0098)

–

p2,600 (1,100)

p300 (22)

p69 (0.097)

–

p520 (160)

p4.9 (0.79)

p0 (0.014)

–

p2,900 (2,800)

p65 (59)

p1.2 (0.16)

–

p900 (860)

p10 (5.8)

p1.8 (0.019)

–

15,000 (16,000)

190 (150)

6.3 (2.2)

70 (150)

860 (1,000)
1,200 (1,500)

16 (17),
11 (14)

0.045 (0.071),
0.035 (0.055)

1,600 (1,400)
1,200 (1,300)

17 (15),
6.2 (6.5)

0.060 (0.037),
0.062 (0.050)

p14,000 (1,400)
p1,100 (1,200)

p16 (18),
p5.4 (5.2)

p0.59 (0.066),
p1.0 (0.033)

Total dust of
C60
0.22–0.66

15,000 (18,000),
11,000 (9,700)
24,000 (20,000),
20,000 (25,000)

100 (79),
100 (51),
54 (26),
25 (24)

4.0 (2.3),
5.2 (1.6),
14 (1.0),
6.0 (2.2)

200–310 (50)

Total dust of
C60
0.0045–0.0065
Total dust of
C60
0.41

Published

Ogura et
al. (2011a)

Ogura et
al. (2011c)

Shinohara
et al.
(2009)

Table 2.1 Summary of results obtained from on-site investigations (2/2)

Material

F5

F6
F7
F8

Working
scale

a

Propaties

Exposure
control

Surface treatment, filtering
Drying

2

Titanium
dioxide
(TiO2)

PPS: 15 nm, SSA: 60 m /g,
rutile, lipophilic surface
treatment

Titanium
dioxide
(TiO2)
Zinc oxide
(ZnO)
Silicon
carbide
(SiC)

PPS: 15 nm, SSA: 110
m2/g, rutile, no surface
treatment
PPS: a few tens of
nanometers
PPS: 30 nm, SSA: 50 m2/g

Process

Number
concentraionb
CPC
~10–>1,000
nm
[#/cm3]
–
20,000 (21,000),
17,000 (36,000),
17,000 (85,000),
13,000 (35,000),
–

–
170 (210)
180 (220),
190 (95),
290 (140),
320 (230)

Number
concentraionb
OPC c
1,000–10,000
nm
[#/cm3]
–
6.8 (1.8)
55 (1.7),
39 (2.0),
100 (6.5),
79 (3.9)

Number
concentraionb
OPC c
300–1,000 nm
[#/cm3]

Mass
concentraionb
(respirable)
[µg/m3]
67 (51)
33–39 (51)

Plant

Local
exhaust

Plant

Local
exhaust

Bagging (10 kg/bag, approx.
50–100 bags/h)

26,000（33,000）

220 (190)

13 (1.5)

120 (51)

Plant

Local
exhaust

Bagging (approx. 3 drums/h)

19,000 (21,000)

190 (220)

1.9 (1.4)

PM2.5
35

Pilot-plant

Ventilation

Collection of SiC from
synthesis reactor

p680 (730)

p28 (11)

p7.8 (0.028)

–

Bagging (10 kg/bag, approx.
50–100 bags/h)

Published

980–1,500
(150–270)

Ogura et
Both LiFePO4 and
Filling and weighing of
3,700 (3500)
50 (52)
14 (1.0)
–
al.
(2011b)
precursor material mainly
precursor material
Lithium
consist of the primary
iron
F9
particles with a diameter of
Plant
Ventilation
phosphate
approximately a hundred
Bagging
p6,800 (5,900)
p320 (85)
p250 (1.0)
–
(LiFePO4)
to a few hundred
nanometers
PPS: primary particle size, SSA: specific surface area (BET)
a
The values are mainly given in the representative values provided by the manufacturer.
b
The figures in parentheses are the concentration for the corresponding background area (or before work), and the numbers in bold are those considered to be a rise in concentration due to
nanomaterial emissions (no other possible source of emissions, a correspondence between the work and the change in concentration over time is seen, etc.). The numbers in italics are those
considered to be a rise in concentration; however, not necessarily considered to be due to nanomaterial emissions. The values with 'p' are the concentrations during period when the
concentrations were highly elevated (for several tens of seconds or a minute). Other values are based on the average concentration during the work. To the extent possible, these concentrations
are those in the immediate vicinity of the source, but do not necessary represent the actual personal exposure concentration to the worker at each site and are the approximate exposure
concentrations in cases where appropriate exposure controls were not administered.
c
The 5% coincidence loss level of OPC is 141 particles/cm3, and if that is exceeded, there is a possibility that the number of particles is underestimated and that the particle size is overestimated.
Accordingly, with regard to the value of OPC, there is a qualitative meaning of whether or not the concentration has increased more than the background area, but the quantitative values
(concentration and size) are approximate figures.
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2.2.1 Research facility where single-wall carbon nanotubes are manufactured and handled (F1) (Ogura
et al. 2011a)
We conducted on-site aerosol measurements at a research facility where single-wall carbon nanotubes
(SWCNTs) were manufactured and handled. The SWCNTs are synthesized by the water-assisted CVD
method developed by Hata et al. (2004) and called super-growth CNTs. The high-efficiency growth of
CNTs results in the massive growth of superdense and vertically aligned nanotube forests with heights up
to 2.5 mm, which can be easily separated from the catalysts on the substrate, providing nanotube material
with a carbon purity exceeding 99.98%.
We investigated aerosol particles during the manufacturing and handling processes for CNTs. Most of
the tasks were carried out with exposure control equipment. We generally sampled air at points inside
protective enclosures such as a glove box and fume hood in order to estimate the potential release if the
protection did not exist.
The results (see Table 2.1 and Figures 2.1 and 2.2) revealed that airborne CNTs were generated when (1)
CNTs were separated from the substrates using a spatula and placed in a container in a glove box; (2) an air
gun was used to clean the air filters (containing dust that included CNTs) of a vacuum cleaner; (3) a
vacuum cleaner was used to collect CNTs (emission with exhaust air from the cleaner); (4) the container of
CNTs was opened; and (5) CNTs in the bin of the cleaner were transferred to a container. In these processes,
airborne CNTs were only found inside the enclosures, except for a small amount of CNTs released from the
glove box when it was opened. Electron microscopic observations of aerosol particles found CNT clusters,
which were fragments of CNT forests, with sizes ranging from submicrometers to tens of micrometers.

Figure 2.1 Number-based particle size distributions when air filters of cyclone vacuum cleaner
were cleaned inside fume hood
A vacuum cleaner was used to collect SWCNTs from the substrates. The elevated value is the concentration during period
when the concentration was highly elevated. The values were based on the results measured by OPCs and particle sizes are
expressed in terms of optical diameter. The number concentration measured by the OPCs exceeded the 5% coincidence loss
level (141 particles/cm3). Therefore, the number of particles is underestimated and the particle size is overestimated.
Accordingly, with regard to the value of OPC, there is a qualitative meaning of whether or not the concentration has
increased more than the background area, but the quantitative values (concentration and size) are approximate figures.
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Figure 2.2 Number-based particle size distributions when SWCNTs were transferred from bin of
cleaner to container inside glove box
The elevated value is the concentration during period when the concentration was highly elevated.
The values were based on the results measured by OPCs and particle sizes are expressed in terms of optical diameter.

I Ogura

I Ogura

10 um

I Ogura

I Ogura

1 um
I Ogura

Figure 2.3 Electron microscopic images of aerosol particles collected in glove box when CNTs were
separated from substrates with spatula and placed in container
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2.2.2 Weaving process of CNT-coated fibers into fabric (F2) (Ogura et al. 2011c)
A new type of electron conductive fiber, CNTEC, each of whose polyester filaments is coated with
multi-wall carbon nanotubes (MWCNTs), has been developed by Chakyu Dyeing Co., Ltd., Kurarayliving
Co., Ltd., and Matsubun Textile Co., Ltd. CNTEC has been applied to weft yarn for weaving the fabric
used in the fabric heater. We investigated aerosol release during the weaving process of the CNTEC fabric.
The aerosol particles at sites located close to and away from the weaving machinery of the CNTEC fabric
were measured simultaneously.
Real-time aerosol monitoring revealed that the number concentrations of nano-sized particles at sites
located close to the weaving machinery were at the same level as those at sites located away from the
weaving machinery, whereas those of submicron-sized and micron-sized aerosol particles at sites located
close to the weaving machinery were higher than those at sites located away from the weaving machinery
(see Table 2.1); however, it did not necessarily indicate the release of CNTs.
Electron microscopic analysis revealed the release of micron-sized aerosol particles with CNTs (see
Figure 2.4), which seemed to be attributed to the detachment of the CNT coating from the polyester
filaments during the weaving process of CNT-coated fibers into fabric. However, the estimated number
concentration of these particles was less than a few particles/cm3.

(The results of measurements taken from the same workplace obtained by National Institute of
Occupational Safety and Health, Japan (JNIOSH) have been published in a journal (Takaya et al. 2012)).

5 µm

10 µm

Figure 2.4 Electron microscopic images of particles with CNTs in the air collected near the weaving
machine
CNTs were morphologically identified.
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2.2.3 Lithium-encapsulated fullerene production facility (F3) (Shinohara et al. 2009)
We investigated aerosol release at a lithium-encapsulated fullerene production facility where fullerenes
were used as raw material.
Processes involved in lithium-encapsulated fullerene synthesis were as follows:
(1) Several grams of fullerene (C60) are weighed.
(2) The weighed C60 is then placed in a crucible.
(3) The crucible is placed in the reactor.
(4) Lithium-encapsulated fullerene is synthesized at a high temperature in vacuum (sublimed C60
collides with the lithium ions).
(5) A substrate with synthesized lithium-encapsulated fullerene and unreacted C60 is collected and
placed in a desiccator.
(6) The crucible is taken out from the reactor and cleaned.

The room has a ventilation system with a a high efficiency particulate air (HEPA) filter. The syntheses
were conducted twice a day during the measurement. Sampling was conducted within several tens of
centimeters of the potential emission source.
Real-time aerosol monitoring revealed that the number concentrations of micron-sized particles
increased during the collection and weighing process of lithium-encapsulated fullerene and C60 (see Figure
2.5 and Table 2.1). The number concentrations of nano-sized particles also increased when the reactor was
opened, but not always. This increase in the concentrations of nano-sized particles might have been due to
condensation particles of something volatilized by the high temperature of the reactor, rather than the C60
particles.
The mass concentrations of C60 were relatively high during placing, collecting, cleaning, and weighing
processes, whereas the mass concentrations of C60 were relatively low during the synthesis (see Figure 2.6
and Table 2.1). The low concentrations during the synthesis are reasonable because the reactor was closed
during the synthesis. The concentrations of C60O were around the detection limit. The ratios of C60O to C60
were low (<2%).
SEM analysis revealed the presence of micron-sized crystallized particles (probably C60 particles) (see
Figure 2.7) as well as unidentified, uncrystallized particles (see Figure 2.8).
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Figure 2.5 Number-based particle size distributions before and during collection of synthesized
lithium-encapsulated fullerene and unreacted C60 from synthesis reactor
The elevated value is the concentration during period when the concentration was highly elevated.
The values were based on the results measured by OPCs and particle sizes are expressed in terms of optical diameter.

Figure 2.6 Mass-based particle size distributions at lithium-encapsulated fullerene production
facility
The values were based on the results measured by the impactors and particle sizes are expressed in terms of aerodynamic
diameter. The concentrations are based on the results of samples collected for 6 hours x 3days including the period of time
spent doing unrelated tasks.
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5 µm

5 µm

10 µm

5 µm

Figure 2.7 Electron microscopic images of aerosol particles collected at lithium-encapsulated
fullerene production facility (1)
Micron-sized crystallized particles (probably C60 particles) were found.

5 µm

5 µm

10 µm

10 µm

Figure 2.8 Electron microscopic images of aerosol particles collected at lithium-encapsulated
fullerene production facility (2)
Unidentified, uncrystallized particles were found.
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2.2.4 Carbon black (CB) production facility (F4)
When the synthesized fine powder of CB was being bagged, aerosol particles at a distance of
approximately 50–100 cm from the work area and near the entrance of the facility were measured
simultaneously.
Real-time aerosol monitoring revealed that the number concentration of particles with a diameter of
approximately 10–>1,000 nm according to CPC exceeded 10,000 particles/cm3 both places and a clear rise
in the concentration associated with work was not seen (see Table 2.1). Meanwhile, the number
concentrations of particles having an optical diameter of more than 300 nm according to OPC as well as the
mass concentrations according to the impactor and respirable dust sampler were confirmed to have risen in
relation to work.
Figure 2.9 shows the number-based particle size distributions during the bagging of CB measured by the
ELPI and OPC. The number concentrations of submicron- to micron-sized particles at the bagging area
were higher than those near the entrance.
Figure 2.10 shows the mass-based particle size distributions during the bagging of CB.
Aggregates/agglomerates greater than 2.5 µm made up a large proportion of the total mass.
Figure 2.11 shows the electron microscopic images of the aerosol particles collected during the bagging
of CB. Submicron- and micron-sized aggregates/agglomerates were observed.

Figure 2.9 Number-based particle size distributions during bagging of CB
The values were based on the results measured by OPCs and particle sizes are expressed in terms of optical diameter.

15

Figure 2.10 Mass-based particle size distributions at CB production facility
The values were based on the results measured by the impactors and particle sizes are expressed in terms of aerodynamic
diameter.

Figure 2.11 Electron microscopic images of aerosol particles collected during bagging of CB
The primary particle size is about 24 nm.
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2.2.5 Titanium dioxide (TiO2) production facility (F5&F6)
An on-site investigation was conducted at a TiO2 nanomaterial production facility. There were two kinds
of TiO2 nanomaterials being manufactured at the time of the investigation. Both were rutile-type TiO2 with
a primary particle size of 15 nm used in cosmetics and other products. One had been given a lipophilic
surface treatment (F5, typical type), and the other had no surface treatment (F6). Both were manufactured
using a sulfate process. For F5, environmental surveys of processes ranging from surface treatment through
bagging (surface treatment, filtering, drying, micronizing, and bagging) were conducted, and for F6,
surveys of the bagging process were conducted. Surface treatment, filtering, drying, and micronizing were
24-hour operations (generally automatic), and bagging was conducted twice a day for 1-2 hours at a time,
during which approximately 100 ten-kilogram bags were manually prepared.
Real-time aerosol monitoring revealed that the number concentration of particles with a diameter of
approximately 10–>1,000 nm according to CPC exceeded 10,000 particles/cm3 both outside and inside the
facility (see Table 2.1). The concentration was higher outside rather than inside the facility and a clear rise
in the concentration associated with work was not seen. Meanwhile, the number concentrations of particles
having an optical diameter of more than 300 nm according to OPC as well as the mass concentrations
according to the impactor and respirable dust sampler were confirmed to have risen in relation to work. The
number-based particle size distributions during bagging are shown in Figures 2.12 and 2.13, and the
mass-based particle size distributions are shown in Figure 2.14. The concentration during bagging was high,
and the concentrations in the vicinity of the surface treatment, filtering, and drying processes were
comparatively low (see Table 2.1).
In Figure 2.15, electron microscopic images of aerosol particles collected in the bagging area are shown.
Aggregate/agglomerate TiO2 particles with sizes ranging from several hundred nm to several µm were
generally observed.
In the bagging area, there were local exhaust ventilations near the outlet of the hopper in which TiO2
powder accumulated and near the scale where the amount of TiO2 powder inserted into the bags was finely
adjusted. Nevertheless, the effective ranges of local exhaust ventilations were limited, and work was being
performed even at places where there was no local exhaust ventilation. The concentrations in the bagging
area for F5 were higher than those for F6. The bagging area for F5 was substantially enclosed, retaining
particles that were generated. On the other hand, the bagging area for F6 was a comparatively open space,
so the generated particles were not in a confined state. Also, as to properties of the particles, it appeared
that TiO2 for F5 (denoted as TiO2-5 in Chapter 3) could be aerosolized more easily than TiO2 for F6
(denoted as TiO2-6 in Chapter 3) (see the results of dustiness test in Chapter 3).
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Figure 2.12 Number-based particle size distributions during bagging of TiO2 (F5)
The values were based on the results measured by OPCs and particle sizes are expressed in terms of optical diameter. The
number concentration measured by the OPCs exceeded the 5% coincidence loss level (141 particles/cm3). Therefore, the
number of particles is underestimated and the particle size is overestimated. Accordingly, with regard to the value of OPC,
there is a qualitative meaning of whether or not the concentration has increased more than the background area, but the
quantitative values (concentration and size) are approximate figures.

Figure 2.13 Number-based particle size distributions during bagging of TiO2 (F6)
The values were based on the results measured by OPCs and particle sizes are expressed in terms of optical diameter. The
number concentration measured by the OPCs exceeded the 5% coincidence loss level (141 particles/cm3). Therefore, the
number of particles is underestimated and the particle size is overestimated. Accordingly, with regard to the value of OPC,
there is a qualitative meaning of whether or not the concentration has increased more than the background area, but the
quantitative values (concentration and size) are approximate figures.
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Figure 2.14 Mass-based particle size distributions at TiO2 production facility
The values were based on the results measured by the impactors and particle sizes are expressed in terms of aerodynamic
diameter.
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F5

F6
Figure 2.15 Electron microscopic images of aerosol particles collected during bagging of TiO2
The primary particle size is about 15 nm for both material F5 and F6, and they are both shaped like a spindle.
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2.2.6 Zinc oxide (ZnO) production facility (F7) (Ogura et al. 2011b)
When the synthesized ZnO was being bagged, aerosol particles at a distance of approximately 50–100
cm from the work area and outdoors were measured simultaneously. Although the hoppers of ZnO were
automatically emptied into drums, which were lined with plastic bags, the processes of disconnecting the
bags containing the synthesized ZnO from the hopper outlets, sealing the bags, and connecting the empty
bags in the drums to the hopper outlets were performed manually.
Real-time aerosol monitoring revealed that the number concentration of particles with a diameter of
approximately 10–>1,000 nm according to CPC were around 20,000 particles/cm3 both outside and inside
the facility (see Table 2.1). The concentration was higher outside rather than inside the facility and a clear
rise in the concentration associated with work was not seen.
Figure 2.16 shows the number-based particle size distributions during the bagging of ZnO (highest
10-s-average concentration) and before it near the work area measured by the ELPI and OPC. The number
concentrations of micron-sized particles during the bagging of ZnO were slightly higher than those before.
Figure 2.17 shows the mass-based particle size distributions during the bagging of ZnO.
Aggregates/agglomerates greater than 2.5 µm made up a large proportion of the total mass.
Figure 2.18 shows the electron microscopic images of the aerosol particles collected during the bagging.
Submicron- and micron-sized aggregates/agglomerates were observed.

Figure 2.16 Number-based particle size distributions during and before bagging of ZnO
The value for the bagging of ZnO is the concentration during period when the concentration was highly elevated. Particle
sizes are expressed in terms of aerodynamic diameter for ELPI and optical diameter for OPC. The number concentration
measured by the OPCs exceeded the 5% coincidence loss level (141 particles/cm3). Therefore, the number of particles is
underestimated and the particle size is overestimated. Accordingly, with regard to the value of OPC, there is a qualitative
meaning of whether or not the concentration has increased more than the background area, but the quantitative values
(concentration and size) are approximate figures.
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Figure 2.17 Mass-based particle size distributions at ZnO production facility
The values were based on the results measured by the impactors and particle sizes are expressed in terms of aerodynamic
diameter.

5 µm

5 µm

Figure 2.18 Electron microscopic images of aerosol particles collected during bagging of ZnO
The primary particle size is a few tens of nanometers.
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2.2.7 Silicon carbide (SiC) production facility (F8) (Ogura et al. 2011b)
During the collection of silicon carbide (SiC) from two reactors after synthesis by thermal plasma
chemical vapor deposition, the aerosol particles at a site near to the work area (approximately 50–100 cm)
and at a site far from the work area (approximately 5 m) were measured simultaneously. Because the room
had a ventilation system with a high efficiency particulate air (HEPA) filter, the aerosol particle
concentrations in the room during nonworking periods were generally low.
When collecting SiC from the two synthesis reactors, the number concentrations of submicron- and
micron-sized particles increased, whereas those of nano-sized particles did not (see Table 2.1).
Figure 2.19 shows the number-based particle size distributions during the SiC collection (highest
10-s-average concentration) and before it at the site near to the work area measured by the ELPI and OPC.
The number concentrations of particles with a diameter greater than a few hundred nanometers were higher
during the collection process than before.
Figure 2.20 shows the electron microscopic images of the aerosol particles collected during collection of
SiC from synthesis reactors. Submicron- and micron-sized aggregates/agglomerates were observed.

Figure 2.19 Number-based particle size distributions during and before collection of SiC from
synthesis reactors
The value for the collection of SiC is the concentration during period when the concentration was highly elevated.
Particle sizes are expressed in terms of aerodynamic diameter for ELPI and optical diameter for OPC.

23

5 µm

5 µm

Figure 2.20 Electron microscopic images of aerosol particles collected during collection of SiC from
synthesis reactors
The average primary particle size is 30 nm.
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2.2.8 Lithium iron phosphate (LiFePO4) production facility (F9) (Ogura et al. 2011b)
Lithium iron phosphate (LiFePO4), which is used as the cathode materials in lithium-ion batteries, is
synthesized by sintering a precursor material; the nature of this material is confidential. Aerosol particles
were measured at a distance of approximately 60 cm from the work area where the synthesized LiFePO4
was being bagged and approximately 100 cm from the work area where the precursor material was being
filled into containers and weighed. In addition, the aerosol particles in the air entering through the outside
air intake were simultaneously measured.
The number concentrations of submicron- and micron-sized particles increased when a bag containing
LiFePO4 was being disconnected from the hopper outlet and sealed and when filling and weighing the
precursor material (see Table 2.1).
Figure 2.21 shows the number-based particle size distributions during the filling and weighing of the
precursor material and before it near the work area measured by the ELPI and OPC. Figure 2.22 shows the
number-based particle size distributions during the bagging of LiFePO4 (highest 10-s-average
concentration) and before it near the work area measured by ELPI and OPC. Figures 21 and 22 indicate that
the number concentrations of particles with a diameter greater than several hundred nanometers increased
when filling and weighing the precursor material and when LiFePO4 was being bagged.
Figure 2.23 shows the electron microscopic images of the aerosol particles collected at LiFePO4
production facility. Submicron- and micron-sized aggregates/agglomerates were observed.

Figure 2.21 Number-based particle size distributions during and before weighing and filling of the
precursor material of LiFePO4
Particle sizes are expressed in terms of aerodynamic diameter for ELPI and optical diameter for OPC.
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Figure 2.22 Number-based particle size distributions during and before bagging of LiFePO4
The value for the bagging of LiFePO4 is the concentration during period when the concentration was highly elevated.
Particle sizes are expressed in terms of aerodynamic diameter for ELPI and optical diameter for OPC. The number
concentration measured by the OPCs exceeded the 5% coincidence loss level (141 particles/cm3). Therefore, the number of
particles is underestimated and the particle size is overestimated. Accordingly, with regard to the value of OPC, there is a
qualitative meaning of whether or not the concentration has increased more than the background area, but the quantitative
values (concentration and size) are approximate figures.

10 µm

5 µm

Figure 2.23 Electron microscopic images of aerosol particles collected at LiFePO4 production
facility.
Both LiFePO4 and precursor material mainly consist of the primary particles with a diameter of approximately a hundred
to a few hundred nanometers.
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3. Dustiness tests
Dustiness testing is a test method that simulates the release of particles (Hamelmann and Schmidt 2003:
Liden 2006). Dustiness means the propensity of a material to generate airborne dust during its handling.
Dustiness has been used to assess general powder materials, not necessarily nanomaterials, mainly from the
viewpoint of occupational hygiene. Various methods have been devised for dustiness testing (Hamelmann
and Schmidt 2003). Of these, the rotating drum method and continuous drop method are regarded as
standard methods by the EU (European Committee for Standardization 2006). These two methods simulate
typical handling processes during which particles fall (such as bagging, filling, and weighing). Dustiness is
expressed should be regarded as a relative value and depends on the test methods, apparatus, environmental
conditions, and particle measurement methods.
In the NEDO project (P06041), dustiness tests of various nanomaterials were conducted in accordance
with a method very similar to (without beads, however) the dustiness test used by Maynard et al. (2004)
(vortex shaker method), and the emission characteristics were evaluated. The preliminary results for eight
nanomaterials have been published in a journal (Ogura et al. 2009).
The vortex shaker method is simple and able to be constructed from generic items, and it also has the
advantage of being able to generate particles continuously with only a very small volume of a test material
being used for each test. It does not, however, directly represent the conditions of an actual process.
Nevertheless, test material powder rises and falls while swirling around inside a test tube, and collisions
occur between particles and against the walls inside the test tube, so the vortex shaker method has been
regarded as a simulated process involving falling and collisions. In addition, air is supplied, so it is thought
to partially reflect the aerosolization by the stream of air.

3.1 Methods
A schematic diagram of the experimental setup is shown in Figure 3.1. Approximately 1 cm3 of
nanomaterial (two 0.5 cm3 measuring spoons) was placed in a test tube having an outer diameter of 25 mm
and a length of 20 cm and agitated using a laboratory vortex shaker (Cole-Parmer Instrument Co., Vortex
Genie 2 Shaker). Aerosol particles released during agitation (~2500 rpm) with passing clean air (5 L/min)
through the test tube are continuously measured. A conductive silicone tubing was used to transmit the
particles to the measuring instruments.
The number concentration and number-based particle size distribution were measured by a scanning
mobility particle sizer (SMPS), comprising an electrostatic classifier (model 3080; TSI Inc., USA)
equipped with a long differential mobility analyzer (DMA; model 3081; TSI Inc., USA; electrical mobility
diameter of 13–770 nm; 64 channels/decade) and a condensation particle counter (CPC; model 3772; TSI
Inc., USA), an aerodynamic particle sizer (APS; model 3321; TSI Inc., USA; aerodynamic diameters of
500–20000 nm; 32 channels/decade), an optical particle counter (OPC; Handheld 3016; Lighthouse
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Worldwide Solutions Inc., USA; optical diameters of >300, >500, >1000, >3000, >5000, >10000 nm), and
a condensation particle counter (CPC; model 3007; TSI Inc., USA; ~10 to >1000 nm). The sampling flow
rates of the OPC, CPC, SMPS, and APS were 2.8, 0.7, 1.0, and 5.0 L/min, respectively. The sheath flow
rate of the SMPS was 3 L/min. The SMPS up-scan time and retrace time were 280 s and 15 s, respectively,
and the SMPS data were saved at 5-min intervals by one scan.
The mass concentration was also measured by a respirable dust sampler (SKC aluminum cyclone; 4 µm
particles are cut by 50% at 2.5 L/min; SKC Inc., USA; the inlet had been modified to connect the tube)
with a polytetrafluoroethylene (PTFE) membrane filter (diameter of 37 mm; pore size of 2 µm; 225-2709;
SKC Inc., USA). In addition, the aerosol particles were collected on a Nuclepore membrane filter (diameter
of 25 mm; pore size of 0.080 µm; Nomura Micro Science Co. Ltd., Japan) with a stainless steel filter holder
(available filtration area of 380 mm2; KS-25F; Advantec Toyo Kaisha Ltd., Japan) for electron microscopic
analysis.
The aerosol particles collected on the Nuclepore filters were observed using a field-emission scanning
electron microscope (SEM; S-4300; Hitachi High-Technologies Corporation, Japan) under an accelerating
voltage of 1–3 kV. Prior to the SEM observation, the samples mounted on SEM grids were coated with
platinum-palladium (approximately 1 nm) to avoid the image charging.

Figure 3.1 Schematic diagram of experimental setup

The list of the tested nanomaterial is shown in Table 3.1. The physical properties and other
characteristics of the tested nanomaterials are summarized in Tables 3.2 to 3.9.
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Table 3.1 List of nanomaterial samples for dustiness test
Type of material

Abbreviation
SWCNT
DWCNT
MWCNT

Single-wall carbon nanotube
Double-wall carbon nanotube
Multi-wall carbon nanotube
Fullerene (C60 and others)
Carbon black
Titanium dioxide
Zinc oxide
Silicon dioxide
Aluminum oxide
Others

CB
TiO2
ZnO
SiO2
Al2O3

Total

n
5
1
6
3
3
7
2
8
4
3
42

Table 3.2 Carbon nanotube (CNT) samples for dustiness testa
Manufacturing process

Tube diameter
[nm]

Tube
length
[µm]

Specific
surface area
[m2/g]

Bulk
density
[g/cm3]

SWCNT-1

HiPco, unpurified

0.8–1.2

0.1–1

312 b

0.022 c

SWCNT-2

HiPco, purified

0.8–1.2

0.1–1

400–1000

0.19 c

0.8–1.6

~0.5

–

0.24 c

90+%

1.2–1.5

2–5

–

0.11 c

50–70%

3

–

1064 b

0.012 c

99.95%(TG) b

1.5–3.0

0.2–2

–

0.18 c

>95% (TG),
DWCNT ratio vs.
total carbon: 2/3

SWCNT-3
SWCNT-4
SWCNT-5
DWCNT-1

CVD, 99％ open-ended
(Aldrich 652512)
arc discharge (Ni-Y catalyst)
(Aldrich 519308)
CVD
(AIST, Super-growth)
HiPco, purified

46%(TG) b,
Fe 35%wt b
93.5% (TG) b,
Fe 4.8%wt b

3–20 (inner
0.1–10
149 b
0.075 c
90+%, 97.9%(TG) b
diameter: 1–3)
10–30 (inner
CVD, purified
diameter:
1–10
–
0.16 c
MWCNT-2
90+%
(Aldrich 636517)
3–10),
b
10–>100
40–70 (inner
CVD, purified
MWCNT-3
0.29 c
diameter:
0.5-2
98 b
95+%, 93.2%(TG) b
(Aldrich 636843)
5–40)
GM44,
MWCNT-4
CVD
0.0072 c
–
–
69 b
GSD1.3b
GM70,
MWCNT-5
CVD
0.010 c
99.79% b
–
37 b
GSD1.3b
150,
MWCNT-6
CVD
–
10–20
13
0.069 c
100–>500b
a
The value when no specific description is given is the representative value provided by the manufacturer.
b
The value obtained from the measurement of the sample having the same lot number.
c
The approximate value obtained from the mass of two 0.5 cm3 measuring spoons for the dustiness test.
CVD: chemical vapor deposition, GM: geometric mean, GSD: geometric standard deviation, TG: thermogravimetric analysis
MWCNT-1

CVD, purified
(Aldrich 636541)

Purity
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Table 3.3 Fullerene samples for dustiness testa
Specific
Bulk
Primary
particle size surface area
density
[nm]
[m2/g]
[g/cm3]
b
b
Fullerene-1
Fullerene mixture, C60:58% , C70:21%
>~1000
–
0.35 c
b
b
Fullerene-2
C60, purified, 99.7%
>~1000
4.6
0.29 c
Fullerene-3
C60, sublimed (Aldrich 572500), 99.9%
–
–
0.72 c
a
The value when no specific description is given is the representative value provided by the manufacturer.
b
The value obtained from the measurement of the sample having the same lot number.
c
The approximate value obtained from the mass of two 0.5 cm3 measuring spoons for the dustiness test.
Component, purity

Table 3.4 Carbon black samples for dustiness test
Primary
Specific
Bulk
particle size surface area
density
[nm]
[m2/g]
[g/cm3]
a
a
CB-1
ink, paint, plastic
fine powder
24
110
0.12 b
a
a
CB-2
tire, rubber
beads
23
114
0.28 b
a
a
CB-3
standard
beads
30
77
0.30 b
a
The value is the representative value provided by the manufacturer.
b
The approximate value obtained from the mass of two 0.5 cm3 measuring spoons for the dustiness test.
Application

Form

Table 3.5 Titanium dioxide samples for dustiness testa
Manufacturing
process

Crystal
structure

TiO2-1
TiO2-2

Wet process
Wet process

Anatase
Anatase

TiO2-3

Gas phase
synthesis

TiO2-4

Gas phase
synthesis

TiO2-5

Sulfate
process

TiO2-6

Sulfate
process

Application

Photocatalyst
Photocatalyst
Photocatalyst, catalyst
Anatase /
carrier, heat stabilizer
Rutile (9:1)
for silicone rubber
Photocatalyst, catalyst
Anatase /
carrier, heat stabilizer
Rutile (8:2)
for silicone rubber
Rutile

Cosmetics
(sunscreen)

Rutile

Electrophotographic
material, coating,
inks, plastics,
ceramics, rubber,
fibers

Surface quality
(Surface
treatment)
Hydrophilicity
Hydrophilicity

Primary Specific
Bulk
particle
surface
density
size [nm] area [m2/g] [g/cm3]
Spherical
7
300
0.25 b
Spherical
20
50
0.34 b

Hydrophilicity

Grape-like
structure

14

90

0.067 b,
0.12

Hydrophilicity

Grape-like
structure

21

50

0.082 b,
0.13

Hydrophobicity
(aluminum
Spindlehydroxide, stearic shaped
acid)

15

60

0.23 b

Spindleshaped

15

110

0.26 b

70

0.16 b,
0.12

Hydrophilicity

Shape of
particles

Hydrophobicity
(silica, alumina, SpindleTiO2-7
Rutile
20×100
organic
shaped
polysiloxane)
a
The value when no specific description is given is the representative value provided by the manufacturer.
b
The approximate value obtained from the mass of two 0.5 cm3 measuring spoons for the dustiness test.
Sulfate
process

Cosmetics
(sunscreen)

30

Table 3.6 Zinc oxide samples for dustiness test
Primary
Specific
particle size surface area
[nm]
[m2/g]

Surface quality
(Surface treatment)
Hydrophobicity (silica, organic
polysiloxane)

ZnO-1
ZnO-2
a
b

Bulk
density
[g/cm3]

35a

25a

0.28a, 0.40b

a few tens

–

0.24b

The value is the representative value provided by the manufacturer.
The approximate value obtained from the mass of two 0.5 cm3 measuring spoons for the dustiness test.

Table 3.7 Silicon dioxide samples for dustiness testa
Primary
Specific
Bulk density
Surface quality
particle size surface area
(Surface treatment)
[g/cm3]
2
[nm]
[m /g]
SiO2-1
Gas phase synthesis
Hydrophilicity
7
300±30
0.05, 0.043 b
SiO2-2
Gas phase synthesis
Hydrophilicity
12
200±25
0.05, 0.040 b
c
SiO2-3
Gas phase synthesis
Hydrophilicity
12
207
0.05, 0.033 b
SiO2-4
Gas phase synthesis
Hydrophobicity
12
115–165 0.04, 0.043 b
SiO2-5
Wet process
Hydrophilicity
12
198 c
0.09, 0.12 b
SiO2-6
Gas phase synthesis
Hydrophilicity
20
90±15
0.05, 0.037 b
d
c
SiO2-7
Gas phase synthesis
Hydrophilicity
53
51
0.045 b
SiO2-8
Gas phase synthesis
Hydrophilicity
80
50
0.081 b
a
The value when no specific description is given is the representative value provided by the manufacturer.
b
The approximate value obtained from the mass of two 0.5 cm3 measuring spoons for the dustiness test.
c
The value obtained from the measurement of the sample having the same lot number.
d
The value calculated from the specific surface area.
Manufacturing process

Table 3.8 Aluminum oxide samples for dustiness testa
Manufacturing
process

Surface
quality
(Surface
treatment)

Primary
Specific
Bulk density
particle size surface area
[g/cm3]
2
[nm]
[m /g]

Gas phase
Hydrophilicity
(<13)
130±20 0.05, 0.036b
synthesis
Gas phase
Al2O3-2
Hydrophilicity
13
100±15 0.05, 0.040b
synthesis
Gas phase
Al2O3-3
Hydrophilicity
17
65±10
0.05, 0.049b
synthesis
Gas phase
Al2O3-4
Hydrophilicity
31
55
0.31, 0.22b
synthesis
a
The value when no specific description is given is the representative value provided by the manufacturer.
b
The approximate value obtained from the mass of two 0.5 cm3 measuring spoons for the dustiness test.
Al2O3-1

Table 3.9 Other samples for dustiness test

a
b

Primary
particle size
[nm]

Specific
surface area
[m2/g]

Bulk
density
[g/cm3]

SiC

30a

50a

0.067b

precursor material for
LiFePO4

~100

–

0.51b

LiFePO4

~100

–

0.56b

The value is the representative value provided by the manufacturer.
The approximate value obtained from the mass of two 0.5 cm3 measuring spoons for the dustiness test.
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3.2 Number and mass concentrations
The results of the number concentration (mean value from 1 minute to 31 minutes after commencement
of agitation) and mass concentrations (mean value for 31-minute agitation) are summarized in Table 3.10.
To evaluate differences in emission concentrations among the test nanomaterials, the number and mass
concentrations per the volume and mass of the test nanomaterials placed in the test tube are shown in
Figures 3.2 and 3.3, respectively.
There were almost two orders of magnitude difference in emission concentration even among the same
type of nanomaterials.
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Table 3.10 Results of the number and mass concentrations of emitted particles in dustiness test a

SWCNT-1

Number concentration [#/cm3]
SMPS:
CPC:
APS:
<100 nm
~10 nm–>1µm
1–10 µm
8.0 (2.0)
56 (2.0)
5.9 (1.5)

SWCNT-2

1.6 (1.2)

49 (1.4)

35 (1.3)

0.77 (1.3)

SWCNT-3

31 (1.4)

310 (1.4)

43 (1.4)

0.63 (1.4)

SWCNT-4

16 (1.2)

140 (1.2)

17 (1.1)

0.23 (2.1)

Mass concentration
(respirable)
[mg/m3]
0.39 (1.6)

SWCNT-5

0.23 (1.1)

9.3 (1.2)

1.5 (1.1)

0.070 (2.2)

DWCNT-1

1.4 (1.2)

11 (1.4)

6.7 (1.1)

0.30 (1.6)

MWCNT-1

270 (1.2)

550 (1.1)

3.0 (1.2)

–

MWCNT-2

120 (1.1)

3,300 (1.1)

120 (1.1)

1.2 (1.3)

MWCNT-3

38 (1.4)

1,800 (1.5)

450 (1.4)

6.2 (1.3)

MWCNT-4

2.8 (1.2)

300 (1.2)

1.9 (1.3)

0.077 (1.3)

MWCNT-5

30 (1.9)

450 (2.2)

21 (1.2)

0.21 (1.4)

MWCNT-6

9.5 (1.2)

570 (1.1)

58 (1.3)

0.70 (1.5)

Fullerene-1

–

12 (1.2)

14 (1.1)

0.41 (1.5)

Fullerene-2

0.14 (1.4)

200 (1.5)

120 (1.4)

0.65 (1.6)

Fullerene-3

4.2 (1.5)

1,000 (1.6)

560 (1.7)

5.3 (1.5)

CB-1

9.7 (1.2)

90 (1.2)

20 (1.2)

0.93 (1.5)

CB-2

190 (2.1)

531 (2.0)

2.4 (2.3)

0.28 (1.2)

CB-3

61 (1.6)

158 (1.5)

1.3 (2.0)

TiO2-1

0.18 (1.9)

58 (1.6)

109 (1.4)

0.027 (1.6)
0.89 (1.3)

TiO2-2

0.12 (1.2)

240 (1.3)

175 (1.1)

1.1 (1.4)

TiO2-3

0.53 (1.2)

49 (1.6)

18 (1.9)

0.19 (2.3)

TiO2-4

3.3 (3.8)

310 (2.1)

82 (2.4)

5.0 (2.7)

TiO2-5

0.042 (1.9)

290 (2.3)

158 (2.4)

2.9 (2.9)

TiO2-6

0.11 (1.5)

280 (1.2)

151 (1.2)

2.1 (1.1)

TiO2-7

2.3 (1.2)

250 (1.3)

48 (1.4)

0.91 (1.1)

ZnO-1

0.69 (1.5)

96 (1.9)

29 (2.4)

0.27 (1.3)

ZnO-2

0.26 (6.4)

18 (6.7)

12 (8.1)

0.10 (13)

SiO2-1

180 (1.2)

390 (1.2)

5.2 (1.5)

0.15 (2.1)

SiO2-2

540 (1.2)

1,200 (1.1)

0.93 (1.2)

0.21 (1.3)

SiO2-3

500 (1.6)

1,200 (1.6)

2.6 (1.4)

0.30 (1.4)

SiO2-4

38 (1.5)

330 (1.3)

130 (1.1)

5.1 (1.3)

SiO2-5

1.9 (1.9)

370 (1.7)

230 (1.9)

7.0 (1.5)

SiO2-6

180 (1.4)

2,900 (1.4)

1.1 (1.5)

0.035 (1.2)

SiO2-7

66 (1.2)

1,200 (1.1)

3.7 (1.2)

0.27 (1.8)

SiO2-8

170 (1.1)

480 (1.1)

18 (1.3)

0.78 (1.5)

Al2O3-1

14 (1.3)

220 (1.1)

11 (1.3)

0.42 (1.2)

Al2O3-2

16 (1.2)

250 (1.2)

14 (1.3)

0.73 (1.4)

Al2O3-3

5.6 (1.3)

120 (1.3)

8.4 (1.1)

0.21 (1.5)

Al2O3-4

0.17 (1.8)

59 (3.4)

100 (3.1)

1.6 (2.7)

12 (2.2)

0.36 (2.4)

2,200 (1.2)

16 (1.1)

1,100 (1.7)

8.7 (1.6)

SiC
4.8 (2.1)
22 (1.9)
precursor material for
1.5 (1.1)
2,400 (1.1)
LiFePO4
LiFePO4
0.026 (2.1)
700 (2.1)
a
Geometric mean and geometric standard deviation (n=3)
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Figure 3.2 Number and mass concentrations of emitted particles in dustiness test
(per volume of test nanomaterial)
The volume of each test nanomaterial was 1 cm3.
Plot represents GM and error bar represents the range from GM/GSD to GM·GSD (n=3).
GM: geometric mean, GSD: geometric standard deviation

Figure 3.3 Number and mass concentrations of emitted particles in dustiness test
(per mass of test nanomaterial)
Plot represents GM and error bar represents the range from GM/GSD to GM·GSD (n=3).
GM: geometric mean, GSD: geometric standard deviation
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3.3 Particle size distribution
The results of the number-based particle size distribution (mean value from 1 minute to 31 minutes after
commencement of agitation) are shown in Figure 3.4. Particle emissions were seen across a broad range of
sphere-equivalent diameters from several tens of nm to 10 µm, but the number concentration of particles
less than 100 nm was comparatively little, and many of the nanomaterials emitted in the air were
aggregations/agglomerations of several hundred nm to several µm.

Figure 3.4 Number-based particle size distribution for emitted particles in dustiness test (1/6)
Mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results, optical diameter for the OPC results, and aerodynamic diameter for the APS results. By
connecting a tube between the particle producer and measuring device, the number concentration of particles with a size
close to 10000 nm are underestimated due to loss along the tube.
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Figure 3.4 Number-based particle size distribution for emitted particles in dustiness test (2/6)
Mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results, optical diameter for the OPC results, and aerodynamic diameter for the APS results. By
connecting a tube between the particle producer and measuring device, the number concentration of particles with a size
close to 10000 nm are underestimated due to loss along the tube.
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Figure 3.4 Number-based particle size distribution for emitted particles in dustiness test (3/6)
Mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results, optical diameter for the OPC results, and aerodynamic diameter for the APS results. By
connecting a tube between the particle producer and measuring device, the number concentration of particles with a size
close to 10000 nm are underestimated due to loss along the tube.
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Figure 3.4 Number-based particle size distribution for emitted particles in dustiness test (4/6)
Mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results, optical diameter for the OPC results, and aerodynamic diameter for the APS results. By
connecting a tube between the particle producer and measuring device, the number concentration of particles with a size
close to 10000 nm are underestimated due to loss along the tube.
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Figure 3.4 Number-based particle size distribution for emitted particles in dustiness test (5/6)
Mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results, optical diameter for the OPC results, and aerodynamic diameter for the APS results. By
connecting a tube between the particle producer and measuring device, the number concentration of particles with a size
close to 10000 nm are underestimated due to loss along the tube.
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Figure 3.4 Number-based particle size distribution for emitted particles in dustiness test (6/6)
Mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results, optical diameter for the OPC results, and aerodynamic diameter for the APS results. By
connecting a tube between the particle producer and measuring device, the number concentration of particles with a size
close to 10000 nm are underestimated due to loss along the tube.

3.4 Electron microscopic image
Electron microscopic images of emitted particles in dustiness test are shown in Figure 3.5. Many of the
emitted particles consisted of aggregate/agglomerate particles ranging from submicron to micron in size.
For CNTs, SWCNTs, DWCNTs, or thin MWCNTs did not take the form of single, independent fibers but
were present as clumps that were intricately interwoven. Many were observed to be flocculated. On the
other hand, particles in single strands or in bundles of several strands were observed among thick
MWCNTs with a tube diameter of several tens of nm or larger.
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (1/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (2/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (3/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (4/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (5/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (6/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (7/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (8/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (9/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (10/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (11/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (12/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (13/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (14/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (15/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (16/17)
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Figure 3.5 Electron microscopic images of emitted particles in dustiness test (17/17)
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3.5 Comparisons of emitted particles in on-site investigations and dustiness tests
The comparisons of emitted particles in the on-site investigations and the dustiness tests are shown in
figure 3.6 to 3.13 and Table 3.11.
In the most on-site investigations, particles smaller than 300 nm could not be differentiated from
background particles, and no increase in concentration was observed. Therefore, the only direct
comparisons possible were for the values of particles larger than 300 nm obtained by OPC.
The OPC distributions of the on-site investigations and dustiness tests were roughly the same shape.

Figure 3.6 Comparison of emitted SWCNT particles in on-site investigation and dustiness test
results: number-based particle size distribution
See Chapter 2 and Chapters 3.1-3.4 for details on on-site investigation results (F1) and dustiness test results (SWCNT-5),
respectively. For the on-site investigation results, background concentration has been deducted. For the dustiness test results,
mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results and optical diameter for the OPC results.

Figure 3.7 Comparison of emitted CB particles in on-site investigation and dustiness test results:
number-based particle size distribution
See Chapter 2 and Chapters 3.1-3.4 for details on on-site investigation results (F4) and dustiness test results (CB-1),
respectively. For the on-site investigation results, background concentration has been deducted. For the dustiness test results,
mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results and optical diameter for the OPC results.
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Figure 3.8 Comparison of emitted TiO2 particles in on-site investigation and dustiness test results:
number-based particle size distribution
See Chapter 2 and Chapters 3.1-3.4 for details on on-site investigation results (F5) and dustiness test results (TiO2-5),
respectively. For the on-site investigation results, background concentration has been deducted. For the dustiness test results,
mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results and optical diameter for the OPC results.

Figure 3.9 Comparison of emitted TiO2 particles in on-site investigation and dustiness test results:
number-based particle size distribution
See Chapter 2 and Chapters 3.1-3.4 for details on on-site investigation results (F6) and dustiness test results (TiO2-6),
respectively. For the on-site investigation results, background concentration has been deducted. For the dustiness test results,
mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results and optical diameter for the OPC results.
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Figure 3.10 Comparison of emitted ZnO particles in on-site investigation and dustiness test results:
number-based particle size distribution
See Chapter 2 and Chapters 3.1-3.4 for details on on-site investigation results (F7) and dustiness test results (ZnO-2),
respectively. For the on-site investigation results, background concentration has been deducted. For the dustiness test results,
mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results and optical diameter for the OPC results.

Figure 3.11 Comparison of emitted SiC particles in on-site investigation and dustiness test results:
number-based particle size distribution
See Chapter 2 and Chapters 3.1-3.4 for details on on-site investigation results (F8) and dustiness test results (SiC),
respectively. For the on-site investigation results, background concentration has been deducted. For the dustiness test results,
mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results and optical diameter for the OPC results.
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Figure 3.12 Comparison of emitted precursor material for LiFePO4 in on-site investigation and
dustiness test results: number-based particle size distribution
See Chapter 2 and Chapters 3.1-3.4 for details on on-site investigation results (F9) and dustiness test results (precursor
material for LiFePO4), respectively. For the on-site investigation results, background concentration has been deducted. For
the dustiness test results, mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms
of electrical mobility diameter for the SMPS results and optical diameter for the OPC results.

Figure 3.13 Comparison of emitted LiFePO4 particles in on-site investigation and dustiness test
results: number-based particle size distribution
See Chapter 2 and Chapters 3.1-3.4 for details on on-site investigation results (F9) and dustiness test results (LiFePO4),
respectively. For the on-site investigation results, background concentration has been deducted. For the dustiness test results,
mean value of 30-minute agitation conducted three times. The particle sizes are expressed in terms of electrical mobility
diameter for the SMPS results and optical diameter for the OPC results.

Table 3.11 Comparisons of emitted particles in on-site investigation and dustiness test results

Material, process

Number concentration
OPC (0.3–10 µm)
[#/cm3]
On-site
Dustiness
investigation
Ratio
test
(around source)
(A/B)
B
A
40 a
51
0.79
170 a
320
0.53
40 a
250
0.16

CB-1, Bagging (F4)
TiO2-5, Bagging (F5)
TiO2-6, Bagging (F6)
Precursor material for LiFePO4,
15 a,b
Weighing, filling (F9)
a
Background concentration has been deducted.
b
0.5–10 µm

2,200
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0.007

Mass concentration
(respirable)
[mg/m3]
On-site
Dustiness
investigation
test
(around source)
B
A
0.27 a
0.93
0.95 a
2.9
0.072 a
2.1
–

16

Ratio
(A/B)
0.29
0.33
0.03
–
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List of abbreviations
AIST
Al2O3
APS
BET
CB
CNT
CPC
CVD
C60
DMA
DWCNT
ELPI
GM
GSD
HEPA
ICP-AES
LiFePO4
MWCNT
NEDO
OPC
PPS
PTFE
SEM
SiC
SiO2
SMPS
SSA
SWCNT
S(D)WCNT
TiO2
TG(A)
ZnO

National Institute of Advanced Industrial Science and Technology
aluminum oxide
aerodynamic particle sizer
Brunauer, Emmett, Teller
carbon black
carbon nanotube
condensation particle counter
chemical vapor deposition
fullerene
differential mobility analyzer
double-wall carbon nanotube
electrical low pressure impactor
geometric mean
geometric standard deviation
high efficiency particulate air (filter)
inductively coupled plasma - atomic emission spectrometry
lithium iron phosphate
multi-wall carbon nanotube
New Energy and Industrial Technology Development Organization
optical particle counter:
primary particle size
polytetrafluoroethylene
scanning electron microscope
silicon carbide
silicon dioxide
scanning mobility particle sizer
specific surface area
single-wall carbon nanotube
Single (double) -wall carbon nanotube
titanium dioxide
thermogravimetric (analysis)
zinc oxide
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