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Abstract A standard rotating drum with a modified
sampling train (RD), a vortex shaker (VS), and a SSPD
(small-scale powder disperser) were used to investi-
gate the emission characteristics of nano-powders,
including nano-titanium dioxide (nano-TiO,, primary
diameter: 21 nm), nano-zinc oxide (nano-ZnO, pri-
mary diameter: 30-50 nm), and nano-silicon dioxide
(nano-Si0,, primary diameter: 10-30 nm). A TSI
SMPS (scanning mobility particle sizer), a TSI APS
(aerodynamic particle sizer), and a MSP MOUDI
(micro-orifice uniform deposit impactor) were used
to measure the number and mass distributions of
generated particles. Significant differences in specific
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number and mass concentration or distributions were
found among different methods and nano-powders
with the most specific number and mass concentration
and the smallest particles being generated by the most
energetic SSPD, followed by VS and RD. Near uni-
modal number or mass distributions were observed for
the SSPD while bi-modal number or mass distribu-
tions existed for nano-powders except nano-SiO,
which also exhibited bimodal mass distributions.
The 30-min average results showed that the mass
median aerodynamic diameter (MMAD) and num-
ber median diameter (NMD) of the SSPD ranged
1.1-2.1 ym and 166-261 nm, respectively, for
all three nano-powders, which were smaller than
those of the VS (MMAD: 3.3-6.0 um and NMD:
156462 nm), and the RD (MMAD: 5.2-11.2 um
and NMD: 198479 nm). For nano-particles (elec-
tric mobility diameter < 100 nm), specific mass
concentrations were nearly negligible for all three
nano-powders and test methods. Specific number
concentrations of nano-particles were low for the RD
tester but were elevated when more energetic VS and
SSPD testers were used. The quantitative size and
concentration data obtained in this study is useful to
elucidate the field emission and personal exposure
data in the future provided that particle loss in the
generation system is carefully assessed.
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Introduction

Dust emitted in the processes of manufacture and
handling of nano-materials in nano-technology-
related workplaces may pose health risks to workers
(NIOSH 2009; Schulte et al. 2008; Tsai and Pui 2009).
However, actual exposure data are not enough to
assess the risks of NP exposure in the workplace.
Brouwer (2010) and Brouwer et al. (2009) concluded
that although previous exposure studies contributed to
a better understanding of the potential for exposure to
MNOs (manufactured nano-objects), quantitative
assessment of exposure MNOs was not possible.
A more harmonized approach for analyzing and
reporting of the results was recommended (Brouwer
et al. 2009). In particular, few attempts have been
made in establishing the practical relationship
between measured dustiness and actual dust exposure
at the workplace (Heitbrink et al. 1990; Brouwer et al.
2006; Tsai et al. 2011).

Therefore, it is important to measure the propensity
of nano-materials for exposure assessment, control,
and mitigation purposes. Different particle generation
methods were proposed for testing the dustiness of
nano-materials in the ISO standard (ISO/DIS 12025,
2011) including the rotating drum dustiness tester
(RD) (Mark 2005; Mark et al. 2007; Schneider and
Jensen 2008; Tsai et al. 2009, 2011), the vortex shaker
(VS) Maynard et al. 2004; Ogura et al. 2007), and the
dynamic methods. The RD tester described in
EN15051 (CEN (European Committee for Standard-
ization) 2006) was used by Mark et al. (2005, 2007) to
determine the dustiness of TiO, (150 nm), nano-CeO
(20-30 nm), and carbon nano-fibres (60-150 nm).
High-number concentration of 1 um particles mea-
sured by APS and low concentration of nano-particles
measured by SMPS were observed due to agglomer-
ation of the dust generated from the RD. A decreasing
trend for number concentration of generated particles
was found in Mark et al. (2007) when the crystallite
size of test nano-powder increased. This result was
also found in Schneider and Jensen (2008) who used a
combined single-drop and a small RD to characterize
the dustiness of ten different test materials. The size
distribution of the generated particles measured by
FMPS and APS in Schneider and Jensen (2008)
showed bimodal size distribution in which one mode
was located at 0.9 um while the other was located at
the size range from 100 to 220 nm. Similar bimodal
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size distribution was also observed in Maynard et al.
(2004) and Tsai et al. (2009). Maynard et al. (2004)
used VS tester to determine the dustiness of ablation
SWCNT and HiPCO SWCNT. The SMPS and APS
were used to determine the particle number concen-
tration and size distribution of aerosols, respectively.
The ablation SWCNT was found to be too compacted
to generate aerosol. For HIPCO SWCNT, the number
concentration of generated fine and nano-size particles
increased with increasing agitation level, while no
remarkable change was observed in the size distribu-
tion. Based on the technique by Maynard et al. (2004);
Ogura et al. (2007) used the VS to conduct dustiness
test and the experimental results also showed no
obvious changes in the particle-size distribution of
aerosols regardless of the level of agitation.

The above researches all focused on measuring the
number concentrations and distributions of generated
particles from test nano-materials. For exposure
assessment, the mass concentration of aerosols should
also be taken into consideration as is evident from the
recent published mass-based recommended exposure
limits for nano-sized and fine TiO, (NIOSH 2011).
Tsai et al. (2009, 2011) used a standard RD with a
modified sampling train to obtain the number and mass
distributions for nano-materials and compared the
distributions obtained in the field exposure study.
Results indicated that RD was able to generate similar
distributions as those in the workplace. Both field and
laboratory data showed that NP number and mass
concentrations of manufactured materials were close
to the background level. Number concentration was
elevated only for particles with the electrical mobility
diameter larger than 100 nm during bagging or
feeding processes. Large fraction of nano-materials
was found in the RPM (respirable particle mass) due to
the agglomeration of nano-materials or attachment of
nano-materials to larger particles. RPM concentration
measurements were suggested to be important for the
exposure assessment of nano-particles in workplace.
Similar suggestion was made by Schneider and Jensen
(2009).

However, in previous studies, no comparisons have
been made between different generation methods and
quantitative-specific particle concentrations (or the
concentrations of generated particles per unit mass of
dispersed nano-materials) have rarely been obtained,
in particular the mass distributions. The latter is
very important as nano-particles tend to become
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agglomerates in the micron-sized range which can also
deposit in the alveolar region of the lung and cause
health hazards. In this study, the dustiness of nano-
TiO,, -Zn0, and -SiO, were characterized by using the
standard RD, VS, and SSPD testers. The SMPS (TSI
model 3936), the APS (TSI model 3321), and the
MOUDI (MSP model 110) were used to obtain the
number and mass distributions simultaneously for
the generated particles. The specific number and mass
concentration distributions were calculated and the
results were compared among three generation
methods.

Materials and methods

Nano-TiO, (Degussa AEROXITE TiO, P25), -ZnO
(Yong-Zhen, QF-Zn(w)-30, Taiwan), and -SiO, (De-
gussa SIPERNAT 22S) nano-powders with the appar-
ent bulk density of 0.13 g/cm? for nano-TiO,, 0.35 g/
cm? for nano-ZnO, and 0.056 g/cm3 nano-Si0, were
used as the test nano-materials, which were dried in an
oven controlled at 105 °C for 2 h before the tests. The
specification of each test nano-powder is shown in
Table 1.

The RD-, VS-, and SSPD-testers were used to
aerosolize and de-agglomerate the tested nano-pow-
ders. The experimental set up for the RD tester is
similar to that described in Tsai et al. (2009), as shown
in Fig. la, except only two 20 ppi (pores per inch)
porous foams were placed in the filter holder. There-
fore, only particles smaller than the thoracic fraction
were tested in the sampling train consisting of a
MOUDI, an APS and a SMPS.

Table 1 Specifications of the test nano-materials

The VS tester was set up based on that in Ogura
et al. (2007) as shown in Fig. 1b. 1 cm? of each test
nano-powder was first placed in a 70 mL test tube and
agitated by using the VS (Vortex Genie 2, SI Inc.,
USA). 5 L/min of HEPA-filtered air was used to
deliver the airborne particles generated from the test
nano-powder during agitation to the sampling train.
An aerosol neutralizer (Model 3012, TSI Inc., St. Paul,
MN, USA) was used to neutralize the generated
particles in the VS and SSPD testers.

The experimental setup for the SSPD sharing the
same tubing and connections with the VS is also
shown in Fig. 1b. The SSPD comprising of a venturi
aspirator, a capillary delivery tube, and an aluminum
disk was used as the dynamic dust generation method.
The test nano-powder was first loaded onto one of
three concentric v-shaped grooves of 0.66 mm in
depth and 1.143 mm in width on the surface of
aluminum disk, and then drawn into the capillary
delivery tube by means of the venturi aspirator with
18.5 L/min of air flow rate. The entrained particles
were de-agglomerated in the venturi throat and
delivered to the sampling train.

The dispersed particles were sampled by the
MOUDI for 2 min in the RD and 30 min for the VS
and the SSPD to determine the mass distributions and
monitored by APS and SMPS for 30 min for the
number distributions. The tests were initiated after
particle concentration was reduced below 10 (SMPS)
and 1 #/cm® (APS) by drawing clean air through the
testers.

Particle loss may occur inside the dustiness testers
and in the tubing system which causes uncertainty
when the specific concentrations are calculated.

Nano-material ~ Manufacturer Primary size  Bulk density Crystallite Amount of powder used
and model density in the experiment (mg)
TiO,, nano Degussa, AEROXIDE® 21 nm 0.13 g/em® £ 0.004 ¢ 3.95 g/em® 4.5 g + 1 mg for RD
TiO, P25 130 mg £ 1 mg for VS
4.3 mg + 1 mg for SSPD
ZnO, nano Taiwan, Yong-Zhen, QF-  30-50 nm 0.35 g/cm3 +001g 5.61 g/cm3 12.3 g =+ 1 mg for RD
Zn(w)-30 350 mg £ 1 mg for VS
11 mg £ 1 mg for SSPD
Si0,, nano Degussa, SIPERNAT® 10-30 nm 0.056 g/cm® + 0.001 g 22 g/lem®  1.96 g + 1 mg for RD

228

56 mg £ 1 mg for VS
2.5 mg = 1 mg for SSPD
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Fig. 1 Experimental setup of a the RD tester and b VS- and SSPD-testers

Particle loss mechanisms include inertial deposition at
flow constrictions and bends, turbulent inertial depo-
sition, gravitational settling, and diffusion deposition
in pipes (Baron and Willeke 2001). In this study, the
theoretical equations taken from Baron and Willeke
(2001) were used to predict the particle loss in the
tubing system. For the RD tester, the transport loss
before sampling instruments were calculated to be
1.0% for SMPS, 1.4% for APS, and 1.8% for MOUDI
for 10 pum particles. For particles between 100 nm and
10 pum, the particle loss was calculated to be smaller
than 1%. Besides, there was no electrostatic
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neutralizer used in the RD system and the generated
particles were fed horizontally into the sampling lines
of the aerosol devices directly. Therefore, the total
sampling efficiency was assumed to be 100% for the
RD tester.

For the VS- and SSPD-testers, the transport loss in
the sampling line was calculated to be less than 24.5%
for particles in the size range of 10 nm-20 pm. There
are no theoretical equations to predict the particle loss
inside the VS and SSPD testers and the electrostatic
neutralizer. During the dustiness testing, large amount
of particles was observed to deposit inside the
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neutralizer, the transport tube connecting between the
neutralizer and the VS and SSPD testers, in the upper
section of the test tube of the VS and the venturi throat
of the SSPD, respectively. Therefore, it is important to
determine the total sampling efficiency (nr) for
calculating the specific particle concentrations, which
is given by

!

W
nT:WX 100% (1)

where W is the mass of nano-powder used in the
dustiness tester (g), W (ug) is the mass of nano-
particles dispersed by the dustiness tester and sampled
by the instruments. W' is calculated from the total
particle mass collected by the MOUDI as

9
ZAmj X DF x q1
J=1

!
v q2 @)
where Am; is the mass concentration of particle
sampled by each stage of the MOUDI (ng); DF is the
dilution factor (2.45 for the SSPD and 7.06 for the
VS); ¢, is the outlet air flow rate of the SSPD
(18.5 L/min) or the VS (5 L/min); g, is the sampling
flow rate of the MOUDI, 30 L/min. The nt for each
test nano-powder in the SSPD and VS are shown in
Table 2. For each nano-powder, nt of the SSPD
tester was higher than that of the VS tester because
the former has a higher dispersion energy than the
latter, which will be discussed in the “Results and
discussion” section.

The specific number (#/cm® g) and mass concen-
trations (ug/m> g) were calculated as

C = ¢
W x 5y

(3)

where C is the generated particle number (#/cm?) or
mass (jig/cm?) concentration.

Results and discussion
The RD test

The 30 min average specific number concentration
distributions measured in the RD dustiness test for three
generated particles are shown in Fig. 2. All test data
show bimodal distributions, which is similar to the
experimental results described in previous researches
(Maynard et al. 2004; Schneider and Jensen 2008; Tsai
et al. 2009). For nano-TiO, and nano-ZnO, the specific
number concentrations of particles below 100 nm
measured by SMPS were lower than 10 #/cm® g, which
suggested that nearly no nano-particles were generated
during 30 min test. Table 3a shows the NMD, NMAD,
and GSD of three generated particles at the sampling
time of 2 and 30 min during the RD dustiness test. After
30 min test, the NMD and GSD were 479 nm and 1.89,
respectively, for TiO, and 412 nm and 1.75, respec-
tively, for nano-ZnO. For nano-SiO,, the specific
number concentration distribution had NMD and GSD
of 198 nm and 2.28, respectively. No obvious changes
of NMD, NMAD, and GSD were observed suggesting
that particle-size distributions were stable during
30 min sampling time. The generated nano-SiO, parti-
cles are smaller than those from nano-TiO, and -ZnO
nano-powders due to more fluffy structure of nano-SiO,
nano-powder as compared with TiO, and ZnO nano-
powders (Ibaseta et al. 2007). The APS data show
similar specific number concentration distributions
among three generated particles with NMAD and
GSD of 1.7-1.9 pm and 1.6-1.7, respectively.

Figure 3a, b shows the total specific number
concentration versus time measured by SMPS and
APS, respectively. Both SMPS and APS data show a
decaying trend with test time for nano-TiO,, -ZnO,
and -SiO,. The most significant decaying trend for the
specific concentration occurred for nano-ZnO, which

Table 2 Total sampling efficiency (yr) for each test nano-powder in SSPD and VS

VS SSPD

Nano-TiO, Nano-ZnO Nano-SiO, Nano-TiO, Nano-ZnO Nano-SiO,
Am; (ug)  7038.8 £ 1207.7 4909.0 &+ 1597.2 582.9 + 165.8 888.8 = 199.6 1664.6 + 348.8 90.8 + 12.4
W (ug) 8282.3 + 1421.1 5776.2 £+ 1879.3 685.9 + 195.0 1342.8 £ 301.6 2515.0 &£ 527.0 1372 £ 18.7
W (ng) 116967 + 848.5 146666.7 + 14542.0  16933.3 + 9165.2 4290 + 1180 11083 & 1040 2520 £ 997
nt (%) 7.1 +£1.2 39+09 4.0+ 09 26.80 £+ 11.36 23.10 £ 6.91 5.80 + 1.23
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Fig. 2 The 30 min average specific number concentration
distributions of three generated particles, the RD tester

dropped from 2593.1 to 1613.0 #/cm> g for the SMPS
data and 374.8-150.3 (#cm’ g) for the APS data
during 30 min test. It is also shown in Fig. 3 that the
total specific number concentration of generated
particles in the RD test ranked from high to low as
nano-ZnQ, -Si0,, and -TiO,.

The VS dustiness test

Figure 4 shows the 30 min average specific number
concentration distributions of aerosols generated from
three test nano-powders by using the VS tester. The
dustiness of three generated particles in the VS test is
observed to be two orders of magnitude higher than
that in the RD test. It is because the dispersion force
exerted on the nano-powders in the VS tester is higher
than that in the RD tester, as will be discussed later. It
is noted that the average specific number concentra-
tion distributions measured by the SMPS show a
lognormal distribution for nano-TiO, and -ZnO with
NMD and GSD of 360 nm and 1.86, respectively, for
nano-TiO,, and 462 nm and 1.72, respectively, for
nano-ZnO. In comparison, the SMPS data for nano-
SiO, show a random distribution since the total
number concentration of aerosols was observed to
decrease abruptly within the first 2 min. As shown in
Fig. 5a, the total specific number concentration of
nano-Si0, decreased abruptly from 1.99 x 10° to
7.38 x 10* #/cm® g from 0 to 5 min and fluctuated
very much during the rest of the 30 min test. It can be
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attributed to the fluffy nano-SiO, structure with much
smaller apparent density as compared to that of nano-
TiO; and -ZnO (Table 1). Nano-SiO, nano-powder is
easily dispersed as soon as the inlet air flow is first
introduced into the VS tester. Subsequently, generated
nano-Si0O, particles concentration drops significantly
as nano-Si0, nano-powder was lost in the upper part
of the test tube leaving less nano-powder for agitation
and particle generation.

The APS data show lognormal distributions for all
three generated particles with the NMAD and GSD of
1.4-1.6 pm and 1.6-1.7, respectively, which are
similar to the results obtained in the RD test.

Table 3b shows the NMD, NMAD, and GSD of
three generated particles at the sampling time of 2 and
30 min during the VS dustiness test. The NMD and
GSD measured by SMPS were found to increase
slightly from 331 to 360 nm and 1.68 to 1.86,
respectively, for nano-TiO, and from 408 to 462 nm
and 1.5 to 1.72, respectively, for nano-ZnO with
increasing time. The APS data also show a slight
increasing trend for NMAD with increasing time, in
which NMAD was 1621-1626 nm for TiO, and
1392-1436 nm for ZnO, and the GSD was 1.69-1.7
for TiO, and 1.54-1.55 for ZnO. These results
suggested that the number concentration of nano-
sized or submicron particles generated from nano-
TiO, and -ZnO nano-powders decreased as the
agitation time increased. For nano-SiO,, the size
distribution was unstable during the 30 min VS test.

Figure 5a, b shows the total specific number
concentration as a function of agitation time measured
by SMPS and APS, respectively. Both SMPS and APS
data show that the total specific number concentration
of three generated particles decreased with increasing
agitation time. These results are similar to that
obtained in the RD dustiness test.

The SSPD dustiness test

Figure 6 shows the 30 min average specific number
concentration distributions of aerosols generated from
three test nano-powders by using the SSPD tester. The
combined SMPS and APS data show nearly uni-modal
lognormal distributions for all three generated particles,
which are very much different from those of the RD and
VS dustiness tests. For nano-TiO,, higher particle
concentration in the size range of 30-1000 nm was
generated compared to that of nano-ZnO and -SiO,.
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Table 3 NMD, NMAD, and GSD for three generated particles at the sampling time of 2 and 30 min during the (a) RD dustiness

test, (b) the VS test, and (c) the SSPD test

Rotating 0-2 min, ave All 30 min, ave
Drum
SMPS APS SMPS APS
NMD (nm) GSD NMAD GSD NMD GSD NMAD GSD
(nm) (nm) (nm)
a
TiO,, nano 422 + 29 1.56 & 0.11 1800 + 99 1.7+ 011 479 +£27 1.89+£0.05 1840+47 1.69 +0.1
ZnO, nano 410 £ 38 1.67 £ 0.05 1833 + 10 1.54 +0.003 412 +£22 1.75 + 0.004 1740 + 2 1.55 4+ 0.001
SiO,, nano 194 £ 404 23 4+021 1936 35 1.75+0.02 198 £32 228 +0.16 1943 +£29 1.74 + 0.01
Vortex shaker 0-2 min, ave All 30 min, ave
SMPS APS SMPS APS
NMD (nm) GSD NMAD (nm) GSD NMD (nm) GSD NMAD (nm) GSD
b
TiO,, nano 331 + 81 1.68 £ 0.03 1621 £ 6 1.70 £ 0.01 360 + 62 1.86 + 0.03 1626 £ 11 1.69 £ 0.001
Zn0O, nano 408 + 49 1.5 £ 025 1392 4+ 82 1.58 £ 0.01 462 + 35 1.72 £ 0.18 1436 + 26 1.58 + 0.01
Si0,, nano 133 + 43 249 £ 1.72 1565 + 132 1.61 £ 0.06 NA NA 1478 4+ 98 1.69 £ 0.06
Vortex shaker 0-2 min, ave All 30 min, ave
SMPS APS SMPS APS
NMD (nm) GSD NMAD (nm) GSD NMD GSD NMAD GSD
(nm) (nm)
c
TiO,, nano 260 + 68 225+ 136 547+9 1.47 £+ 0.03 233 +£48 222+ 044 561 +£4 1.41 £+ 0.002
Zn0, nano 276 + 51 1.76 £ 029 753 £3 1.39 + 0.002 261 + 4 1.62 £ 0.12 755+ 7 1.38 4+ 0.004
Si0,, nano 125 + 20 1.90 £ 0.88 751 + 13 1.5 £ 0.09 166 £ 26 226 +£0.13 712+ 16 1.42 £+ 0.06

The NMD and GSD was measured to be 225 nm and
2.13, respectively, for TiO,, 305 nm and 1.98, respec-
tively, for ZnO and 164 nm and 2.22, respectively, for
Si0;.

Table 3¢ shows the NMD, NMAD, and GSD of
three generated particles at the sampling time of 2 and
30 min during the SSPD dustiness test. The NMD and
NMAD were quite stable during the 30 min dustiness
test. The average NMD and GSD in the range of
164-305 nm and 1.60-2.20, respectively, and NMAD
and GSD in the range of 561-755 nm and 1.38-1.42,
respectively, are smaller than those of the RD and VS
dustiness test. Figure 7a, b shows the total specific
number concentrations as a function of test time
measured by the SMPS and APS, respectively. Both
SMPS and APS data show relative stable particle
concentrations with test time since nano-powder was
carefully distributed evenly on the groove of the disk

and the nano-powder was aspired completely by the
capillary tube of the SSPD.

Comparison of three dustiness testers

The time-average specific mass concentration distri-
butions of the aerosols generated by three dustiness
testers are shown in Fig. 8a for the RD, Fig. 8b for the
VS and Fig. 8c for the SSPD. The total specific mass
concentrations were ranked from high to low as the
SSPD, VS, and RD with nano-particle mass concen-
trations (diameter less than 100 nm) being very small
for all testers. The MMAD of the SSPD of three
generated particles falls between 1.1 and 2.2 pm,
which is smaller than 3.3-6.0 um for the VS and
5.2-11.2 um for the RD, as shown in Table 4. The
first mode MMAD:s of the VS and RD for the lightest
nano-SiO, with the apparent density of 0.056 g/cm®,

@ Springer
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Fig. 3 Total specific number concentrations versus test time
measured by a SMPS and b APS, the RD tester

1.9 and 1.8 um, were quite similar to that of the
SSPD, 2.1 um.

For comparison purpose, the MMAD and GSD for
nano-TiO, obtained by Tsai et al. (2009) by using the
RD dustiness tester are also listed in Table 4. The
MMAD of 4.45 um obtained by Tsai et al. (2009) is
shown to be smaller than MMAD of 6.45 obtained in
this study. It is because only respirable particles were
sample by the MOUDI in Tsai et al. (2009), while in
this study both thoracic and respirable particles were
allowed to be sampled by the MOUDI.

The SSPD was found to generate the highest
number concentration of aerosols, followed by the
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Fig. 4 The 30 min average specific number concentration
distributions of three generated particles, the VS tester

VS and RD. It is because the SSPD has the highest
dispersion energy among three testers, in which the
particles are de-agglomerated by shear force generated
between the high-velocity gas of 230 m/s at the
venturi throat and the lower velocity aerosol stream of
32.5 m/s exiting the capillary tube. In comparison,
both gas velocities of 0.81 m/s for the VS and
0.001 m/s for the RD are lower than that in the SSPD,
resulting in smaller drag force for particle dispersion.
The drag force for particles in the porous medium
(Faporous) 1s calculated based on the Kozeny and
Carman equation, which is shown as follows (Chen
and Tsai 1998)

3nudyvy  2K(1 —¢
Fd,porous = C P x ( )

- @
where p is the gas viscosity (Pa s), dj, is the particle
diameter (m), v, is the relative velocity between
particles and gas (m/s), C. is the Cunningham
correction factor, x is an empirical constant (5.0 for
irregular particles), and ¢ is the porosity of agglom-
erates, which needs to be further investigated for the
three test materials. At present, ¢ is assumed to be 0.5.
Figure 9 shows the drag force on particles in three
dustiness testers. As can be seen, the SSPD can
produce the highest drag force on particles resulting in
smaller and higher generated specific particle concen-
trations, followed by the VS and RD.

Figures 2, 4, and 6 show the average specific
number concentrations of the generated particles
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Fig. 5 Total specific number concentrations versus test time
measured by a SMPS and b APS, the VS tester

during the 30 min dustiness tests as measured by the
SMPS and APS, respectively. For the VS tester, the
combined SMPS and APS data show that the number
concentration of generated particles ranks from high to
low as nano-TiO, (3.28 x 10° #/cm’ g), nano-ZnO
(1.88 x 10° #/cm® g), and nano-SiO, (2.83 x 10* #/
cm® g). The order of generated particles number
concentration for the SSPD tester is observed to be
the same with the VS tester as nano-TiO, (2.26 x
107 #/cm® ), nano-ZnO (4.75 x 10° #/cm® g), and
nano-Si0, (3.77 x 10° #/cm® g). For the RD tester,
the nano-ZnO has the highest dustiness of 2,726 #/
cm’® g, followed by SiO, of 1061.4 and TiO, of
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Fig. 6 The 30 min average specific number concentration
distributions of three generated particles, the SSPD tester

291.9 #/cm® g. That is, different test methods could
result in different dustiness ranking in terms of specific
particle number concentrations.

The experimental data show that nano-particles are
indeed generated during dustiness tests if the disper-
sion energy is high enough. The RD tests show that
nano-particle concentrations are low with the 30 min
average nano-particle concentration ranking from
high to low as nano-SiO, (183.8 #/cm® g), nano-
ZnO (6.7 #/cm® g), and nano-TiO, (4.8 #/cm> g). The
data are similar to previous study by Tsai et al. (2009,
2011). In comparison, generated nano-particle con-
centration increases for the VS tester and the extent of
increase is substantial for the SSPD tester. The order
changes as nano-Si0, (6.4 x 10° #/cm® g), nano-TiO,
(54 x 10° #lem® g), and nano-ZnO (2.1 x 10° #cm® g)
for the VS tester and nano-TiO, (2.7 x 10° #cm?® 2),
nano-Si0, (9.5 x 10° #/cm® g), and nano-ZnO
(1.4 x 10° #/cm® g) for the SSPD tester. These data
imply that higher dispersion energy such as in the VS
and SSPD could lead to nano-particle generation
with high concentrations. Therefore, high-dispersion
energy practices, such as cleaning by high-pressure air
jet, should be avoided in workplaces.

Conclusions
In this study, the RD, VS, and SSPD testers were

used to determine the dustiness of the nano-TiO,,
-ZnO, and -SiO,. The specific number and mass

@ Springer
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concentration distributions were measured by using
the SMPS, APS, and MOUDI. Results showed that
different test methods could result in different specific
concentrations and size distributions due to the
differences in the dispersion energy and sampling
efficiency of the generated particles in the test system.
For the same nano-powder, different dustiness ranking
in terms of specific particle number concentrations
could also be different among different generation
methods. In general the highest specific number and
mass concentrations and the smallest particles were
generated by the most energetic SSPD method,
followed by the VS and RD.
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Test results showed that total specific mass concen-
trations were ranked from high to low as the SSPD, VS,
and RD with nano-particle mass concentrations (diam-
eter less than 100 nm) being very small for all testers.
The mass median aerodynamic diameter (MMAD) and
number median diameter (NMD) of the SSPD ranged
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Table 4 MMAD and GSD of generated particles for three dustiness testers

MOUDI SSPD Vortex shaker Rotating drum
MMAD (nm) GSD MMAD (nm) GSD MMAD (nm) GSD
TiO,, nano 1090 £ 27 2.11 £ 0.05 5408 £+ 129 1.94 £ 0.02 4450* 1.83%
6450 £ 100° 1.96 £ 0.01°
Zn0O, nano 1320 £ 21 1.84 + 0.02 3280 £ 218 1.96 + 0.03 5160 + 17° 2.18 + 0.01°
SiO,, nano 2140 £ 375 2.73 £ 0.11 1908 £ 73 1.88 £ 0.18 1847 + 113° 3.0 £0.19°
5995 £ 174 1.97 £ 0.02 11181 + 1254° 2.62 £ 0.31°
# Tsai et al. (2009)
® This study
1x10* 3 aerosol devices so that specific particle concentrations
E and size distributions can be obtained with improved
1x10° confidence. It is also worth conducting further tests on
3 the influence of the amount of test materials and the
1x10° E electrostatic charge of the generated particles on the
z ] specific particle concentrations and size distributions.
§ 1x107 E
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