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ENGLISH ABSTRACT

In this study, engineered nanoparticle (ENP) and respirable particles exposure
measurements were conducted at three different ENP-related workplaces, including the
mixing area of nano-SiO, epoxy molding compound plant, two bagging areas of the
nano-CaCOg3 and nano-carbon black (nano-CB) manufacturing plants. Results show that NP
mass concentration at the nano-CB manufacturing plant was the highest due to diesel forklift
exhaust. The highest respirable particle mass (RPM) concentration was observed to be

1591+1051 pg/m® at the nano-SiO, epoxy molding compound plant, which was much higher

than 159+52 and 154474 ug/m® at the bagging areas of the nano-CB and nano-CaCOs,
respectively, due to higher NP emission rate and ineffective ventilation system at this location.
The mass median aerodynamic diameters (MMADS) at these workplaces were supermicron
rather than nano-sized, which-was also confirmed by-chemical analysis of the collected
particles and the results of-the rotating drum testing. The NP number concentration
maintained at background level unless there were material handling activities or if the diesel
forklifts were used in the workplaces.. The-TEM analysis showed that nano-sized particles
indeed existed. However both the field exposure data and results of rotation drum test showed
that although nanoparticle concentration was much higher than that of supermicron particles,
its mass concentration was much lower due to agglomeration of nanoparticle into
micron-sized particles. Therefore, it is suggested that both number and mass concentrations of
nano-sized and respirable particles be considered when assessing the exposure of
nanopowder-related workplaces.

Keywords: exposure assessment, aerosol sampling, nanoparticle, respirable particle, rotating

drum test



CONTENT

CHINESE ABSTRACT ...ttt n et e e ne e e e nee s i
ENGLISH ABSTRACT ...t i
CON T ENT et h e et e ns e e ne e s s e e n e e nnn e e nneennnas iii
TABLE CONTENT .ottt iv
FIGURE CONTENT ...t %
CHAPTER 1 INTRODUCTION ..ottt 1
1.1 TOXiCity OF NANOPAITICIES ......ccvveiieie e 1
1.2 Workplace measurement MethOUS ...........ccviieiiieiiecece e 2
1.3 DUSEINESS TEST ...ttt r s 3
1.4 ODbjectives Of thiS STUAY ......c it denreeseeeeseesteeeesee e e eessae e eaesseesreensesseesseens 3
CHAPTER 2 MATERIALS AND METHODS ... ...oi e 5
2.1 SamMPIiNg SIte UESCIIPTION ©eiveiieireeieristaitaessaesaseraainseseesseesseaseesseessesseesseessesseesseessesseesseens 5
2.2 Sampling and analytical Method i i 6
2.3 DUSTINESS TEST ...l bt iiuns st Eastane sttt r e nn et 8
CHAPTER 3 RESULTS AND DISCUSSION ..ot 10
3.1 Respirable particle mass concentrations and mass distributions.............c.cccceeeevene.n. 10
3.2 NP CONCENTIATIONS ...ttt 10
3.3 Chemical COMPOSITIONS ......cccveiveiieieerie et e e aesneenne e 11
3.4 DUSEINESS TEST ...ttt 12
CHAPTER 4 CONCLUSIONS ... 16
REFERENGCES ... .ottt 17
APPENDIIX ettt et e nr e 35



TABLE CONTENT

Table 1 Characteristic 0f the WOrKPIACES.........cccveveiieiicie e 21
Table 2 Particle concentrations at the WOrkpIaces...........ccoovvevveieiiieieeie e 22
Table 3 Chemical composition analysis at different workplaces...........cccccevvvvvviieiveicciiennen, 23
Table 4 Comparison of different dispersion methods and field exposure data......................... 24



FIGURE CONTENT

Figure 1 Schematic diagram of the three workplaces (a) Mixing area of the nano-SiO, epoxy
molding compound plant; (b) Bagging area of the nano-CB manufacturing plant; (c)
Bagging area of the nano-CaCO3 manufacturing plant.............cccceveveiiiiieeie e, 25

Figure 2 Experimental setup of dustiness test (a) standard rotating drum tester with a modified

SAaMPliNg train (D) SSPD .......cooiiieiicceee e 26
Figure 3 Particle mass distributions measured by MOUDI at different workplaces................ 27
Figure 4 Number concentrations with sampling time measured by SMPS...........c.ccccevviienen. 28
Figure 5 Particle number distributions measured by SMPS at different workplaces............... 29

Figure 6 Particle number distributions measured by SMPS and APS for rotating drum test (a)
2-min average (1) 30-MIN AVEIAGR.. . urumireais ihaereerreseesueeieseesteeseesseesseessesseesseensesseesseens 30
Figure 7 Particle mass distributions measured by MOWUDI for rotating drum test................... 31
Figure 8 Dispersed size distributions of different powders based on unit mass (a) SSPD (b)
(0] =V [T 0 [ (1 3o I oS e SRS 32
Figure 9 Dispersed mass distributions.of different powders based on unit powder mass (a)
SSPD (D) rotating ArUM ........cceiieee e re e e e e sne e 33
Figure 10 TEM pictures (a) Nano-SiO; (b) Nano-CB (c) Nano-CaCO3 .......ccccceeveiverivanenen, 34
Figure A 1 Spatial RPM concentration distributions at different workplaces (a) mixing area of
the nano-SiO, epoxy molding compound plant (b) bagging area of the nano-CB
manufacturing plant (c) bagging area of the nano-CaCO3; manufacturing plant ............. 36
Figure A 2 Total particle number concentrations versus time (a) SSPD (b) rotating drum......37
Figure A 3 Total particle number concentrations versus sampling time (a) SSPD (b) rotating

drum, based on per unit mass of dispersed POWETS ..........ccoueererirenereneseseeee e 38



CHAPTER 1 INTRODUCTION

The development and commercialization of nanotechnologies are proceeding at an
incredible pace. Many consumer products are being produced and more sophisticated
products, processes and applications are under development (Tsai and Pui, 2009; PEN, 2009)
As of August 2009, the nanotechnology consumer products inventory contains 1015 products
in health and fitness, home and garden, food and beverage, electronics and computers
categories, etc (PEN, 2009). These products are very beneficial to our life and increasing at an
amazing production rate yet the potential negative side effects of nanotechnology-related
products are being increasingly questioned during production, use, handling, storage and
cleaning. In particular workers in the workplace may have the greatest potential to expose to
nanoparticles (NPs) and lead to health'risks (Schulte et al., 2008; Tsai and Pui, 2009a).

1.1 Toxicity of nanoparticles

Many toxicological studies have shown that NPs are more harmful to health than
large-sized particles because of ‘ their -order—of ' magnitude higher particle number
concentrations and surface area than large particles of the same mass. Airborne NPs can be
inhaled and subsequently deposited in the respiratory tract and lung that could cause
inflammation and tissue injury (Donaldson et al., 1998; Maynard and Kuempel, 2005;
Oberddster et al., 2005). They can penetrate through the bloodstream to the other organs such
as liver and spleen and result in adverse effects (Ballou et al., 2004; Oberddster et al., 2005).
Distribution to heart, kidney and immune-modulating organs (e.g. spleen and bone marrow)
has also been reported (Cagle et al., 1999; Ballou et al., 2004). Thus it is very important to
measure NP exposure for assessing its possible health effects. So far, experience on
occupational monitoring during NP production is still in its infancy (The Royal Society, 2004).
Better exposure measurement methods are yet to be developed and there is a critical need to

collect more exposure data at different workplaces,



1.2 Workplace measurement methods

Traditional exposure monitoring uses gravimetric technique when assessing airborne
particle exposure, thus occupational thresholds for exposure are almost mass based (e.g.
mg/m®) (NIOSH, 2005). Scientific reviews found that bulk mass concentration is insufficient
and suggest particle number and possibly surface area are better indicators (Aitken et al., 2004;
Brouwer et al., 2004; Oberdoster et al., 2005). However, the actual exposure data are not
enough to assess the risks of NP exposure in the workplace. Hence it is urgent to establish an
appropriate  sampling method and conduct exposure measurements at NP associated
workplaces.

The National Institute for Occupational Safety and Health (NIOSH) proposed a novel
nanoparticle emission assessment technique (NEAT) by using an optical particle counter
(OPC, HHPC-6), a condensed particle counter (CPC, TSI 3007) and a filter-based sampler
(Methner et al., 2010a). These “hand-held CPC and OPC are very convenient for field
exposure measurement. However the particle concentrations in the workplaces are usually
higher than the detected limits of these two devices. Brouwer (2010) reviewed many field
exposure studies which showed bimodal size distributions in terms of particle number with
size modes often around 200-400 nm and 1-20 um, respectively. It was found that particle
number, surface area and mass concentrations were not consistent except some associations of
large particle number concentrations with mass concentrations. The available data for
different number, surface area and mass concentrations were not sound enough to test mutual
correlations (Brouwer, 2010). Therefore, actual correlations between these parameters need to
be confirmed by more exposure measurements. In addition, there are several incidental
sources which could result in high background concentration and prevent precise
determination of NPs emitted from the processes. The incidental NPs sources in the

workplace include diesel powered forklifts, natural gas heating units, vacuum pumps and NPs



infiltrated from other areas (Kuhlbusch et al., 2004; Peters et al., 2006; Brouwer, 2010;
Methner et al., 2010b).
1.3 Dustiness test

Dustiness is one of the key factors to determine NP emission which influence NP
exposure in the workplaces. Different dustiness testing methods have been developed to
simulate powder handling processes (Hamelmann and Schmidt, 2003) but the results from
different methods may not be consistent (Tielemans et al., 2008). The European standard EN
15051 (CEN 2006) specifies two reference test methods: the rotating drum and the continuous
drop methods, in which the dustiness index is based on the respirable, thoracic, and inhalable
mass per mass of tested material. The rotating drum method is a frequently employed method
because of its ability to simulate a wide range of material handling processes for the
estimation of dustiness (Mark, 2005; Petavratzi et al., 2007). Tsai et al. (2008) tested
nano-TiO, and fine ZnO using the EN15051 rotating drum with a modified sampling train
where the respirable dust was characterized by a scanning mobility particle sizer (SMPS,
Model 3936, TSI Inc., MN, USA), an aerodynamic-particle sizer (APS, Model 3321, TSI Inc.,
MN, USA), and a micro orifice uniform deposit impactor (MOUDI, Model 110, MSP Corp.,
St. Paul, USA). It was found that very few particles in mass below 100 nm were generated.
The mass median aerodynamic diameters (MMADSs) obtained by the MOUDI were 4.45 and
4.01 um for TiO, and ZnO, respectively. So far, few attempts have been made in establishing
a practical relationship between measured dustiness and actual dust exposure at the work site
(Heitbrink et al., 1990; Brouwer et al., 2006) It would be very valuable to conduct the
dustiness tests using the actual nanopowders handled in the workplaces, and relate the
dustiness test results to the field data for the particle number and mass distributions.
1.4 Objectives of this study

The main objectives of this study are: (1) to characterize number and mass concentration



distributions, and chemical compositions at different nanopowder manufacturing or handling
processes. (2) to relate the field exposure data to the results of dustiness test of nanopowders

in the laboratory.



CHAPTER 2 MATERIALS AND METHODS

In this study, three different workplaces were selected, including a mixing area of the
epoxy molding compound plant for nano-SiO;, and two bagging areas of the nano-CB and
nano-CaCO3z manufacturing plants. NP number distributions were measured in real time,
while each workplace was tested for 3 times, particle mass distribution and respirable mass
concentrations were measured for 6-8 hours. After sampling, samples were analyzed for
chemical compositions concentration of NPs to determine the actual engineered nanoparticle
(ENP) exposure concentration in these workplaces. Dustiness tests were conducted using the
rotating drum and a SSPD (Model 3433, TSI Inc., MN, USA) system in the laboratory to
compare the dustiness of different powders; nano-SiO,, nano-carbon black (nano-CB) and
nano-CaCOg. Finally, the field exposure data were compared with the results of the dustiness
tests for particle number and mass concentration.

The three workplaces are-shown schematically in Fig. 1 and their characteristic is shown
in Table 1. To maintain confidentiality, each-of the-workplaces has been coded.

2.1 Sampling site description
Mixing area of the nano-SiO, epoxy molding compound plant

The mixing area of the epoxy molding compound plant is coded as Site A, which was an
enclosed space (dimensions: 14 m length x 7.4 m width x 4.2 m height) with limited general
ventilation by using only an air conditioner as shown in Fig. 1(a). The main process was
feeding raw materials such as coarse SiO, and fumed silica (nano-SiO;) and epoxy resin into
a ball grinder for mixing then into the epoxy molding compound. The feeding weight of
coarse-SiO,, nano-SiO, (HDK, N20) and resin per batch were 600, 40 and 120 Kg,
respectively. In one day, they were 2~5 batches of feeding and mixing and each batch took
almost 40-min. There were two kinds of inlets for feeding the materials into the ball mill.

Four inlets for coarse SiO, were located about 8 m away from the ball grinder control box



while an inlet of nano-SiO, was located next to the box. A plastic tube with a diameter of 13
cm, which was positioned near the inlet, was connected to a small baghouse for reducing
nano-SiO, and epoxy resin emissions. There was no local ventilation control for coarse SiO,
inlet. All raw materials used in the process were delivered by an electrical forklift.
Bagging area of the nano-carbon black manufacturing plant

The bagging area of the nano-CB manufacturing plant is coded as Site B as shown in Fig.
1(b). The bagging machines were equipped with local ventilation hoods and the bagging
continued through 8:00~17:00 except lunch break. The weight per container bag was 600 kg,
and there were about 100 bags packed on each 8-h working day. The bags were transported by
diesel forklifts to the storage area. The floor was cleaned using a vacuum cleaner at the end of
each working day.
Bagging area of the nano-calcium carbonate manufacturing plant

The bagging area of the calcium carbonate manufacturing plant is illustrated in Fig. 1(c).
The generated CaCO3; was bagged: by the machines and the bags were transported by a
conveyor to the storage area. Bagging process continued except during lunch. The capacity of
bag was 25 kg and there were about 900 bags on each 8-h working day. The local ventilation
hood was used to reduce particle emission near the outlet of the bagging machine. In addition,
the windows and doors at this area were closed during the process, where generation
ventilation was limited.
2.2 Sampling and analytical method

Each sampling was conducted for 6-8 hours to measure particle number and mass
concentrations simultaneously. Each workplace was tested for three times. The sampling
devices used included four pairs of IOSH cyclone (the Institute of Occupational Safety and
Health, Taiwan), two MOUDIs and a SMPS. The MOUDIs and SMPS were positioned as

close to the particle emission source as possible to present the worseicase-case scenario NP



exposure, while the cyclones were placed at different locations of the workplaces for area
sampling.
The MOUDIs have the cutoff aerodynamic diameter of 18, 10, 5.6, 2.5, 1.8, 1.0, 0.56,

0.32, 0.18, 0.10 um, and <0.01 um (after filter) and operated at 30 L/min. Silicone grease

(KF-96-SP, Topco Technologies Corp., Taiwan) coated aluminum foils were used as the
impaction substrates from the inlet to the 9" stages to reduce solid particle bounce, and the
10" stage was removed such that only NPs were collected on the after filter. In one of the
MOUDIs, Teflon filters (Zefluor P5PJ047, Pall Corp., New York, USA) were used on the after
filter for gravimetric analysis, quartz filters (Tissugartz 2500QAT-UP, Pall Corp., New York,
USA), mixed cellulose ester (MCE) filters (A500A047A, ADVANTEC MFC, Inc., Japan) or
Teflon filters were used on the after stage for the chemical analysis of metal (Site C), carbon
(Site B) or Si content (Site A), respectively.

Three to four pairs of IOSH cyclones operated at-1.7 L/min were positioned at each
workplace for area sampling of respirable particle-mass (RPM) (Tsai et al., 1999a; Tsai et al.,
1999b). Similar to MOUDIs, one of-the pair of 1OSH cyclones was equipped with Teflon
filter for determining RPM concentration at each location, while the other was equipped with
different filters for different chemical species.

The SMPS system obtained particle number concentration at every 2 minutes. The
diameter of the SMPS ranged from 14~673 nm when the aerosol and sheath flow rates were
set at 0.3 and 3 L/min, respectively.

Before and after sampling, the aluminum substrates and Teflon filters were conditioned
at 22+1 °C and relative humidity of 40+5 % for 24 hours. A microbalance (Model CP2P-F,
Sartorius, Germany) was used to determine particle mass. The samples collected by the MCE

and Teflon filters were digested by a micro oven before chemical analysis. Afterwards, MCE

filters were analyzed using an inductively coupled plasma-optical emission spectrometer



(ICP-OES, OPTIMA 2100 DV, PerkinElmer, Shelton, CT, USA) based on the NIOSH 7300
protocol for elements (NIOSH, 1994). Teflon filters were analyzed by a UV-Vis
spectrophotometer (Model U-3010, Hitachi, Japan) based on NIOSH 7601 protocol for silicon
content. The recovery of Ca and silicon ranged from 94.2~103.1 % and 91.2~101.5 %,
respectively. The method detection limit determined in this study for Ca and Si was 0.0008
and 1.04 pg/m®. In addition, quartz filter samples were analyzed by the thermal-optical
reflectance (TOR) method for organic carbon (OC) and elemental carbon (EC) concentrations
without gravimetric analysis based on the NIOSH 5040 protocol (NIOSH Manual of
Analytical Method 5040, available at
http://www.cdc.gov/niosh/docs/2003-154/pdfs/5040f3.pdf). The quartz samples were stored in
a-18 “C freezer immediately after sampling.-The detection limits for OC and EC in this study
were 0.018 and 0.03 pg/m?, respectively-(Cheén et al., 2010; Zhu et al., 2010).
2.3 Dustiness test

Nano-SiO,, nano-CB, and nano-CaCOs-powders were tested for dustiness. The test

powders were dried in an oven contrelled at 105-°C for 2 hours prior to the tests. Dustiness

test was conducted by both the rotating drum and SSPD to relate the test results to the
exposure data.
Rotating drum

The experimental setup is similar to that described in Tsai et al. (2009) as shown in Fig.
2(a), except only 20 ppi (pores per inch) porous foam was kept in the filter holder. To avoid
particle overloading in the instrument, only particles smaller than the thoracic fraction were
tested by the sampling train consisted of a MOUDI, an APS and a SMPS. The dispersed
particles sampled by the MOUDI for 2-min to determine mass concentration and monitored
by the APS and SMPS for 30-min for the number distributions. The SMPS and APS

monitored the particle concentration before the test was started until after the concentrations



reduced below 10 #/cm® and 1 #/cm?®, respectively.
SSPD

The experimental setup of the SSPD system is illustrated in Fig. 2(b). The SSPD
disperses powder by lifting particles from a turntable using a venturi aspirator. Shear forces
created in the SSPD are sufficient to deagglomerate most dry particles in the range of 0.5~50
pum. Dispersed particles were measured by the MOUDI for 2-min for mass concentration
distribution and the APS and the SMPS for 30-min for number concentration distribution. A
dilutor (Aerosol Diluter, TSI Model 3302, MN, USA) was used before the APS with the
dilution ratio of 100 to reduce particle concentration entering the APS.

To observe the morphology of dispersed NPs, an electrostatic particle sampler was used
to collect monodispersed particles with the electrical mobility diameter of 100 nm classified
by the SMPS. TEM pictures were taken by a JEOL-2100F (JEOL Ltd., Tokyo, Japan)
transmission electron microscope (TEM) under an accelerating voltage of 30 kV. Particles

were collected on copper grids (PELCO®,“1801-F Lacey Formvar/Carbon, 200 mesh, Copper)

placed in the ESP.



CHAPTER 3 RESULTS AND DISCUSSION

3.1 Respirable particle mass concentrations and mass distributions

Spatial average RPM concentrations determined by 3-4 I0SH cyclones at different
workplaces are shown in Table 2 The highest concentration of 1963+1051 ung/m® was
observed at Site A, followed by Site B and Site C, whose concentration was 15952 and
154+74 ng/m?®, respectively. Site A was an enclosed space with limited general ventilation,
which was much higher than the background RPM concentration of 169+116 ug/m?®
determined by an IOSH cyclone. Emitted particles were controlled by an ineffective local
ventilation device of powders. Local ventilation utilized near the bagging machines for
reducing particle emission at Site B-C seemed to be more effective than Site A, which led to
much lower RPM concentrations.

The total particle mass concentrations at Site A-C are shown in Table 2, which are

4653+376, 732+373 and 935+112 pg/m®, respectively, also show much higher concentration

at Site A. The mass distributions measured by the MOUDI at three workplaces are shown in
Fig. 3. The MMADs of Site A-C were 4.6,-6.1 and 5.2 um with the geometric standard
deviations (GSDs) of 2.4, 2.3 and 2.7, respectively. These values are closed to those in Huang
et al. (2010), who found that the MMAD of particles measured near the bagging machine of
the fine TiO, manufacturing plant was 5.89+1.04 um with the GSD of 2.43+0.48, respectively.
Thus, airborne particles at the nanopowder workplaces are supermicron rather than nano-sized,
in terms of mass concentration. Previous study also found that loading and bagging of a
metal-based nanomaterial were related to the RPM and total mass concentrations (Peters et al.,
2009).
3.2 NP concentrations

NP concentrations at different workplaces measured by the MOUDI are shown in Table 2,

NP concentration at Site B averaged 10.0+3.4 nug/m®, followed by the Site A and Site C,

10



whose average was 2.8+1.4 and 1.5+0.4 ug/m?, respectively. Diesel forklifts were used at Site
B which led to higher NP concentration than Site A where electrical forklifts were used and
Site C where no diesel forklifts were used.

Number concentrations of each location varied with sampling time as shown in Fig. 4,
where it shows number concentrations of NPs maintained near background level unless there
were material handling activities or if the diesel forklifts were used in the workplaces (Site B).
Fig. 5 presents normalized time-averaged particle number distributions at the workplaces, and
diesel forklift exhaust obtained in this study. At Site B, a bimodal distribution was observed
which peaked at 35 and 184 nm, while Site A and C had a unimodal distribution. The 1% peak
at Site B could be resulted from the diesel forklift exhaust, since it was nearly equivalent to
the number median diameter (NMD). of the diésel forklift exhaust. The 2™ peak was from the
particle emission during bagging, as will be confirmed later by the rotating drum test results.
Similar results were also found in‘the measurement of bag-filling activities of three CB plants,
NPs detected in the bag filling area were mostly attributed to non-CB source such as forklift
and gas heater emissions, and theforklift engine emitted ultrafine particles in the size range of
20~50 nm (Kuhlbusch et al., 2004). NMDs measured at Site A and C are shown in Table 2,
which are 85.0 and 55.5 nm with the GSDs of 2.7 and 2.8, respectively. Time-averaged
particles number concentrations (dp: 14~673 nm) were 1.1x10* and 1.2x10* #/cm?® for Site A
and Site C, which were near the background particle number concentration. These NMDs
were similar to that of the background. Much higher time-averaged particle number
concentration of 5.2x10* #/cm® measured at Site B due to diesel forklift exhaust. Many factors
would influence the field exposure concentration such as ventilation condition, powder
handling period and amount, diesel forklift exhaust, etc.

3.3 Chemical compositions

All sampling filters were analyzed for chemical compositions except silicone grease

11



coated aluminum foils. Results are shown in Table 3. At Site A, the average SiO,
concentrations in the RPM and NPs were 904+390 pg/m® and N.D. (< 2.23 upg/md),
respectively. Feeding nano-SiO, was controlled by the local ventilation leading to rare
nano-SiO, collected. The mass ratio of SiO; in the RPM was 57 %, which was due to the
agglomeration of nano-SiO, during bagging activity. At Site B, EC and OC in nano-size range
were 4.3+1.9 and 2.4+1.7 pug/m®, respectively, the total of which accounted for 67 % of NPs.
In comparison, OC and EC in the respirable range were 39.1+15.8 and 45.0+20.0 ug/m?, each
of them contained approximately 25 % in the RPM. At Site C the average CaCOsj
concentration in the respirable range was 66.9+44.9 png/m®, accounting for 43 % of RPM. The
CaCOj; content in the NPs analyzed was lower than the detection limit of the ICP-OES. This
indicates that NPs collected could ‘from-infiltration of other area, probably from outside
airborne NPs instead of the bagging activity.

The above chemical analyses results may support that NPs collected at these workplaces
were rare except diesel forklift exhaust. Most particle emission was resulted from the
agglomeration of NPs.

3.4 Dustiness Test

The characteristic of test powders are given in Table 4, including usage amount, apparent
density, etc. The apparent density is 0.004 g/cm® for nano-SiO>, 0.310 g/cm® for nano-CB, and
0.464 g/cm® for nano-CaCOs3, respectively, as determined according CEN 15051.

During the 30-min test, 10 sets of 2-min SMPS and APS data, were obtained for each
powder and only the data at 2 and 30-min are illustrated in Fig. 6. It can be seen that the
number distribution of nano-SiO,, nano-CB and nano-CaCOg3 decrease from the peak values
of 1954, 33820 and 26820 #/cm® at 2-min to 1339, 14511 and 3169 #/cm® at 30-min for the
SMPS data. For the APS data, the peak values of nano-SiO,, nano-CB and nano-CaCOs3

decrease from 277, 2298 and 3120 #/cm?®at 2-min to 253, 1479 and 372 #/cm?®at 30-min. For
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the nano-SiO, powder, the shape of the distribution function does not change very much with
the NMD of 208 to 222 nm and the GSD of 2.09 to 2.35 for the SMPS data, and the NMAD
(number median aerodynamic diameter) changes slightly from 1668 to 1757 nm and the GSD
of 1.84 to 1.86 for the APS data. For the other two powders, the distribution functions also do
not alter very much, the NMDs of nano-CB and nano-CaCOj3 change from 336 nm and 272
nm at 2-min to 319 nm and 276 nm at 30-min, and the GSDs were from 1.91 and 1.79 at
2-min to 1.89 and 1.78 at 30-min for the SMPS data. Similar trend of size distributions were
also found in the APS data for nano-CB and nano-CaCOs. In general, there were bimodal
particle size distributions for all test powder. Several studies have reported an overall bimodal
particle size-distribution during aerosolization of various powders (Maynard et al., 2004;
Schneider and Jensen, 2008; Tsai et al,, 2008).

The 2-min average MOUDI mass_distributions.are shown in Fig. 7. It shows nano-CB
had the highest dispersed concentration with the peak value of 8.7x10* pg/m®, followed by
nano-SiO, and nano-CaCO3 with 3:5x10* and 3.3x10* ug/m?®, respectively. The MMADs of
the powders dispersed by the rotating-drum tester-are shown in Table 4, which are 5.49, 7.53
and 7.02 um for the nano-SiO,, nano-CB and nano-CaCOg3, respectively, based on the 2-min
standard test. In comparison with the field data, showed MMADs at Site A-C were 4.61, 6.15,
and 5.23 um, respectively, which were slightly lower than the results of rotating drum. The
reason is beacuse the distance between the field sampling location and the emission source
was much longer than in dustiness test. Therefore, large MMAD:s in the field data is expected.
Tsai et al. (2008) found that the MMADs obtained by MOUDI were 4.45 and 4.01 pum for
nano-TiO, and fine ZnO using the rotating drum with the 20 and 80 ppi porous foams.
Smaller MMADs were due to the fact that the results of the 80 ppi foam removed particles
larger than 4 um leading to MMADs of almost 4 um. In addition, the NP mass concentrations

of all test powders were nearly zero. This coincides with field exposure data except the source
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of diesel forklift exhaust.

Particle number concentrations of more energetic SSPD system are shown in Fig. 8(a),
where it shows unimodal distributions are for all tested dust. The number concentrations of all
test powders were very stable during 30-min measurement. Test powders are ranked by their
dispersed concentrations per unit mass as: nano-SiO, >nano-CB>nano-CaCOj;. Number
distributions of the rotating drum test based on unit mass of nanopowder illustrated in Fig. 8(b)
are bimodal. For nano-CaCOgs, it can be seen in Figs. A2 and A3 the decaying rate was more
obvious than other nanopowders during the 30-min period. The concentration of particles

dispersed by the rotating drum tester is ranked as: nano-CaCOj3;>nano-SiO, >nano-CB.

Because the nano-CaCOgj; had the largest primary diameter and apparent density, and
gravitational settling speed of the agglomeration was the highest. For nano-SiO, and nano-CB,
similar dispersed concentrations.andnumber distributions per unit mass were observed.

Mass distributions of NPs per unit mass of nanopowders dispersed by the SSPD are

shown in Fig. 9(a). Test powders are ranked-as:-nano-CaCO3 >nano-SiO, >nano-CB, similar

to the ranking in the SMPS and APS data. The MMADs of different powders fall in the range
of 0.94~1.71 um as shown in Table 4, which are much smaller than the field, 4.6~6.1 um.
This is due to much higher dispersion energy created in the SSPD which deagglomerate
nanoparticles more effectively. Fig. 9(b) shows the mass distributions based on unit mass of
nanopowders dispersed by the rotating drum. Mass concentrations of test powders were
ranked as: nano-SiO;, >nano-CB >nano-CaCOs, this is which are similar to ranking in the
APS and SMPS data. The MMADs range from 7.02~8.46 um as shown in Table 4, which are
only slightly larger than the field exposure data. Therefore, it can be concluded that the
rotating drum method generates dispersed particle number and mass distributions similar to
that observed at the field study. The more energetic SSPD system may not suitable for

simulating normal powder handling scenario.
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The above observations are supported by the TEM pictures as shown in Fig. 10 for
nano-SiO,, nano-CB, and nano-CaCOj; powders on the copper grids of the electrostatic
particle sampler. It can be seen that nano-SiO, powders have an amorphous structure, while
nano-CB and nano-CaCOg3 are more compact. Among these three powders, nano-CB has the
smallest primary diameter of about 20 nm, followed by nano-SiO, and nano-CaCO3;, whose
diameter was 64 and 94 nm, respectively. This is to saying that nano-sized particles indeed

existed in large number during material handling processes.
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CHAPTER 4 CONCLUSIONS

Based on use of I0SH cyclone, MOUDI sampling devices and SMPS, this study
attempted to evaluate respirable dust and NP concentrations at three different ENP-related
workplaces. Particle size distributions and chemical compositions were also measured. At the
bagging areas of the nano-CB manufacturing plant, a diesel forklift was used for bag
transportation leading to higher NP mass concentration than the other two workplaces where
no diesel forklifts were used. The highest RPM concentration was observed at the nano-SiO,
epoxy molding compound plant due to higher NP emission rate and ineffective ventilation
system at this location. The MMADs at these workplaces were supermicron rather than
nano-sized, which was also confirmed by chemical analysis of the collected particles and the
results of the rotating drum testing. Number .concentrations of NPs maintained near
background level unless there were material handling activities or if the diesel forklifts were
used in the workplaces. The TEM analysis showed that nano-sized particles indeed existed in
large number. However both the field exposure data and results of rotation drum test showed
that although NP number concentration was much higher than that of supermicron particles,
its mass concentration was much lower due to agglomeration of NP into micron-sized
particles. Therefore, it is suggested that both number and mass concentrations of nano-sized
and respirable particles be considered when assessing the exposure of nanopowder-related
workplaces. Number concentration measured by real-time instrument can reflect temporary
variation and relate to the working scenario. In most exposure limits for chemicals are based

on mass, thus it may support a reference for NP and respirable particle field exposure.
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Table 1 Characteristic of the workplaces

Site Workplaces Process General Local Incidental
code P description ventilation  ventilation source
Nano-SiO; epoxy n'\:r:)él-g?c()) f
A molding o No Limited None
coarse SiO; and
compound plant epoxy resin
Nano-CB Diesel
B manufacturing Bagging Yes Hood forklift
plant exhaust
Nano-CaCO;
C manufacturing Bagging No Hood None
plant
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Table 2 Particle concentrations at the workplaces

Nano-SiO; epoxy molding Nano-CB Nano-CaC()_:,
Workplaces . manufacturing
compound plant manufacturing plant plant

Total 4653376 7324373 9354112
(ng/m”)

RPM 1963+1051 159452 154474
(ng/m”)

PM.s 2.8+1.4 10.043.4 1.5+0.4
(ng/m’)
MMAD 461141671 614641700 523241767

(nm)

GSD 2.4+03 2.3%0.2 2.7+0.6

NMD 85.0432.8 183.0+65.8% 55.547.2

(nm)

GSD 27406 1.620.1% 2.840.3

GSD: geometric standard deviation; *Another NMD mode at 35.4+4.6 nm (GSD=2.6+0.6)

PMy.1: particle mass concentration for diameter less-than 100 nm

RPM: respirable particle mass concentration for diameter less than 4 um
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Table 3 Chemical composition analysis at different workplaces

Unit: ug/m3
Nano-SiO; PM,, SiO, RPM SiO,
epoxy molding
compound 2.8+1.4 N.D. 1963+1051 9044390
plant
Nano-CB PM,, oC EC RPM oC EC
manufacturing
plant 10.0+3.4  2.4+17 4.3%19 159452 39.1+15.8 45.0+20.0
Nano-CaCO; PMy.1 CaCOs; RPM CaCOs;
manufacturing
plant 1.5+0.6 N.D. 154+74 66.9+44.9

N.D.: not detectable
MDL=2.23 ug/m?® for SiO,, 0.18 pg/m® for OC, 0.03 pg/m® for EC, and 0.002 ug/m?® for

CaCOs;
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Table 4 Comparison of different dispersion methods and field exposure data

Powder Nano-SiO; Nano-CB  Nano-CaCO;
Apparent density (g/cm’) 0.04 0.31 0.464
Usage amount (mg) 3.15 9.32 11.98
SSPD MMAD (um) 1.71 1.33 0.94
GSD 2.47 2.54 2.05
Usage amount (g) 1.37 10.85 16.25
Rotating drum MMAD (pm) 5.49 7.53 7.02
GSD 3.62 2.47 2.28
MMAD (pm) 4.61 6.15 5.23

Field

GSD 24 2.3 2.7
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(a) Nano-SiO; (b) Nano-CB

(c) Nano-CaCOs;

Figure 10 TEM pictures (a) Nano-SiO; (b) Nano-CB (¢) Nano-CaCQO3;
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APPENDIX

Spatial RPM concentration distributions

The RPM concentration spatial distributions at different workplaces are shown in Fig. Al.
At Site A, the RPM concentration was in the range of 1534~2422 pg/m®. More closer to the
nano-SiO; loading port, higher RPM concentration was measured. In this study, there was no
IOSH cyclone located near the coarse SiO, loading port. The highest RPM concentration
occurred at this location was because more coarse SiO, was fed into the ball mill At site B
and C, the RPM concentrations ranged from 191~204 pg/m*and 87~310 ug/m?, respectively,
were much lower than Site A due to more effective ventilation control. Only the left-most
bagging machine of Site B and the right-most bagging machine of Site C were used during the
sampling period. That’s why the RPM concentrations. were the highest near these bagging
machines.
Temporal number concentration variation with sampling time

The total number concentrations. dispersed by the SSPD and rotating drum tester are
presented in Fig. A2 (a) and (b), which show: the concentration dispersed by the SSPD was
more stable than the rotating drum during the 30-min period due to different mechanisms. In
the result of rotating drum, the decaying rate of nano-CaCO3; was much faster than nano-CB
and nano-SiO, due to its higher apparent densities and larger diameter. Especially, the
apparent density of nano-SiO, was much less than others, this could account for the
concentration was more stable, even it has a slight increasing trend.

The total number concentrations based on unit mass of powders by the SSPD and
rotating drum are shown in Fig. A3(a) and (b), which show the ranking of dispersed number
concentration based on unit mass of powders was similar to those without considering powder

usage amount.
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