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a  b  s  t  r  a  c  t

The  aims  of  the  present  study  were  set out  to  measure  size  distributions  and  estimate  workers’  exposure
concentrations  of  oil  mist  nanoparticles  in  three  selected  workplaces  of  the  forming,  threading,  and  heat
treating  areas  in  a fastener  manufacturing  plant  by  using  a modified  electrical  aerosol  detector  (MEAD).
The results  were  further  compared  with  those  simultaneously  obtained  from  a  nanoparticle  surface  area
monitor  (NSAM)  and  a  scanning  mobility  particle  sizer  (SMPS)  for the  validation  purpose.  Results  show
that  oil  mist  nanoparticles  in the  three  selected  process  areas  were  formed  mainly  through  the  evapo-
ration  and  condensation  processes.  The  measured  size  distributions  of  nanoparticles  were  consistently
in  the form  of uni-modal.  The  estimated  fraction  of  nanoparticles  deposited  on  the  alveolar  (AV)  region
was  consistently  much  higher  than  that on  the  head  airway  (HD)  and  tracheobronchial  (TB)  regions  in
odified electrical aerosol detector
il mist

both  number  and  surface  area  concentration  bases.  However,  a significant  difference  was  found  in the
estimated  fraction  of  nanoparticles  deposited  on each  individual  region  while  different  exposure  metrics
were  used.  Comparable  results  were  found  between  results  obtained  from  both  NSAM  and  MEAD.  After
normalization,  no  significant  difference  can  be found  between  the  results  obtained  from  SMPS  and  MEAD.
It is  concluded  that  the  obtained  MEAD  results  are  suitable  for assessing  oil  mist  nanoparticle  exposures.
. Introduction

The manufacture of fasteners involves seven industrial pro-
esses, including the wiredrawing, forming, threading, cleaning,
eat treatment, surface treatment, and packaging and shipping.
mong them, the mineral oil-based metalworking fluids (MWFs)
re used in forming, threading, and heat treatment processes, and
hus might result in the emissions of oil mists to the workplace
tmosphere and cause workers’ exposures [1,2]. Epidemiologi-
al and animal studies have indicated that oil mist exposures
ight result in the laryngeal cancer, asthma, bronchial hyper-

esponsiveness, lipoid pneumonia, and lung cancer [3–6].
In principle, machining operations would mainly generate
erosols with particle sizes greater than 1 �m.  However, the emis-
ions of sub-micron and nano-sized particles could still be possible
7–10]. Heitbrink et al. have reported that aerosols generated from
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an engine machining and assembly facility fell to the range from
0.023 �m to 0.1 �m [11]. In particular, for those involve ‘hot’ pro-
cesses, such as welding, heat treatment, and high-speed machining
processes, are known to generate nanoparticles [1,12–14]. It is
known that MWFs  are semi-volatile in nature, nanoparticles could
be formed by the evaporation and condensation mechanisms after
MWFs  being “heated” during manufacturing processes [15,16].
However, it should be noted that very few studies have been con-
ducted to address workers’ exposures to nanoparticles arising from
MWF  emissions in workplaces.

Nanoparticles are known for particles with diameters less than
0.1 �m (or 100 nm)  [17]. Nanoparticles might cause serious inflam-
mation in the deep lung because of their large particle numbers
and surface areas [18–20].  Recent toxicological studies have sug-
gested that they can easily penetrate cells or tissues and result
in many irreversible pulmonary health effects [21–23].  It has also
been found that nanoparticles can penetrate to the brain via nasal
mucosa and olfactory buds [23]. It is known that both surface area

and number concentrations are better exposure metrics for assess-
ing adverse health effects caused by nanoparticle exposures than
the mass concentration [24–28].  In addition, adverse health effects
associated with nanoparticle exposures are also affected by their

dx.doi.org/10.1016/j.jhazmat.2011.10.028
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pjtsai@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jhazmat.2011.10.028
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eposited regions in the respiratory tract. Therefore, simultane-
usly estimating both the surface area and number concentrations
f nanoparticles exposed to different regions of the respiratory
ract is considered a better approach for characterizing nanopar-
icle exposures.

Many instruments, such as the condensation particle counter
CPC; Model 3020, TSI Inc., Shoreview, MN,  USA), scanning mobil-
ty particle sizer (SMPS; Model 3934, TSI Inc., Shoreview, MN,
SA), electrical low-pressure impactor (ELPI; Dekati Ltd., Tam-
ere, Finland), and nano-micro-orifice uniform deposit impactor
Nano-MOUDI; Model 110, MSP  Corp., Shoreview, MN, USA), have
een used in the field for providing data to predict nanopar-
icle exposures to workers of various industries. However, the
forementioned devices cannot be directly used to estimate the
urface area nanoparticle concentrations deposited in different
egions of the respiratory tract. Recently, a nanoparticle surface
rea monitor (NSAM; Model 3550, TSI Inc., Shoreview, MN,  USA)
as been developed, based on the particle charging characteris-
ics of an electrical aerosol detector (EAD; Model 3070a, TSI Inc.,
horeview, MN,  USA), to directly estimate surface area concen-
rations of nanoparticles deposited on both TB and AV regions of
he respiratory tract [29,30]. However, it should be noted that the
bove instrument can neither simultaneously estimate the surface
rea concentration of the HD region, nor the number concentra-
ions of the HD, TB, and AV regions. More recently, a modified
AD (MEAD) has been developed by our research group to over-
ome the above mentioned shortcomings [31,32],  and the device
ad been successfully used in the carbon black manufacturing
orkplaces [33].

The purposes of the present study were set out to use the
EAD to characterize size distributions of oil mist nanoparticles

nd estimate their exposure concentrations to different regions of
he respiratory tract. Considering both surface area and number
oncentrations are better exposure metrics than the mass concen-
ration for assessing adverse health effects caused by nanoparticle
xposures [24–28],  only the first two metrics were used to assess
astener manufacturing workers exposures in the present study.
or the validation purpose, the measured surface area and number
oncentrations were further compared with those simultaneously
btained from SMPS and NSAM.

. Materials and methods

.1. Sampling sites

Field samplings were conducted at the three manufacturing pro-
esses of the forming, threading, and heat treatment associated
ith the use of MWFs. For the former two processes, they might

esult in the increase in wire temperatures since both impaction
nd compression processes were involved. As a result, MWFs  are
sed for the purpose of reducing the wire temperature and extend-

ng machine life. After the threading process, the treaded products
re quenched by passing through MWFs. Then, the products are
nnealed to room temperature. Finally, they are tempered by rais-
ng temperatures from 650 ◦C to 1500 ◦C to obtain products with
equested hardness and toughness [34].

In the present study, an outdoor sampling site, located at the
utside of office building of the selected fastener manufacturing
lant, was also selected to determine the background nanoparticle
oncentration.
.2. Sampling instruments

A MEAD was used to conduct samplings for nanoparticles
n the present study. The MEAD was installed with a high
s Materials 198 (2011) 182– 187 183

voltage power supply (Stanford Research Systems Inc., Model
PS325/2500 V–25 W,  Sunnyvale, CA, USA) to have its voltages of the
ion trap become variable (range: 20–2500 V). During samplings, the
readings of the electrometer were recorded while the voltages of
the ion trap were consecutively set at 20 V, 100 V, 200 V, 500 V,
1000 V, 1500 V, 2000 V, and 2500 V (each for 10 s), respectively,
for each run [31]. Two  reference instruments were simultaneously
used to measure nanoparticles in order to validate results obtained
from the MEAD. The first one was  the NSAM (TSI Inc., Model 3550,
St. Paul, MN,  USA) which was  used to estimate surface area con-
centrations of nanoparticles deposited on both TB and AV regions
of the respiratory tract [30]. The detectable particle size range for
the NSAM is 10–1000 nm and surface area concentration range for
TB and AV regions are 0–2500 �m2 cm−3 and 0–10,000 �m2 cm−3,
respectively. The second one was  the SMPS (TSI Inc., Model 3936,
St. Paul, MN,  USA) which was  used to measure the number concen-
trations of nanoparticles of different particle sizes. The detectable
particle size range for the SMPS is 14.1–737 nm and maximum
particle concentration is 107 particles cm−3.

2.3. Sampling methods

For all selected workplaces (including the forming, threading,
heat treatment processes, and outdoor sampling site), samplings
were conducted for continuous four days. On each sampling day
for each selected workplace, one MEAD, one NSAM and one SMPS
were placed side-by-side at the location nearest to worker’s breath-
ing zone (i.e., location ∼1.5 m above the ground level). Samplings
were conducted from 08:00 AM to 10:00 AM and from 08:00 AM
to 12:00 AM to determine the outdoor atmospheric background
concentration and workers’ daily exposure concentrations, respec-
tively. Considering production activity in these three selected areas
was  constant (i.e., contains three eight hour workshifts), no work-
place background concentrations could be measured.

2.4. Data analyses

In the present study, a data-reduction scheme was  used to
retrieve the size distribution of sampled nanoparticles based on
readings obtained the eight preset voltages of the MEAD. Detailed
computation processes can be seen in our previous publication [31].
The resultant size distributions were used to predict depositions
of nanoparticles at the HD, TB, and AV regions of the respiratory
tract using the UK National Radiological Protection Board’s (NRPB’s)
LUDEP Software [35]. The above software was established based
on ICRP 66 lung deposition models [36]. In the present study, we
assumed the breathing pattern of workers can be described as
follows:

– Breathing type: nose only
– Functional lung residual capacity: 3301 mL
– Breathing rate: 20 breath/min
– Ventilation rate: 1.5 m3/h
– Activity level: light exercise.

The above criteria were the same as that prescribed for NSAM
[30]. Fig. 1 shows three predicted deposition curves of the HD, TB,
and AV regions based on the above assumptions, respectively. Here,
it should be noted that the above predicted deposition curves are

only suitable for workers under the light exercise with the nose-
only breathing condition. The above working scenario was quite
comparable to those workers in the three selected processes via
our field observations.
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Fig. 1. Calculated particle deposition curves as a function of particle size for the
Head Airway (HD), Tracheobronchial (TB), and Alveolar (AV) regions of a human
lung (based on the model given in ICRP [36]).

Table 1
Number-based size distributions of nanoparticles (1–1000 nm)  measured by the
MEAD in the three selected workplaces and background ambient environment
(n = 6).

Work area Number-based size distribution (nm)

CMD  (range) �g

Forming 26.9 (25.3–30.1) 2.64
Threading 23.2 (21.1–25.2) 2.86
Heat treating 22.5 (20.3–25.2) 2.98
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heat treating process would be theoretically plausible.
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Ambienta 41.1 2.21

a n = 1.

. Results and discussion

.1. Size distributions of nanoparticles

Table 1 shows size distributions of nanoparticles (measured
article size range: 1–1000 nm)  in the atmosphere of the three
elected workplaces and the outdoor ambient air. It can be seen
hat the count median diameter (CMD) and the corresponding
eometric standard deviation (�g) for nanoparticles of the out-
oor ambient air were 41.1 nm and 2.2, respectively. The above
esults were similar to the results obtained from Heitbrink et al.
11] and Wake [37]. As shown in Fig. 2, size distributions of
anoparticles were consistently in the form of the uni-modal for
amples collected from the forming area, threading area, and heat
reating area with CMD  and its corresponding �g as 26.9 nm and
.64, 23.2 nm and 2.86, and 22.5 nm and 2.98, respectively. The
bove results were similar to the results obtained from SMPS mea-
urements (the forming area, threading area, and heat treating
rea with CMD  and its corresponding �g as 28.6 nm and 2.54,

4.3 nm and 2.77, and 21.9 nm and 2.62, respectively). In an engine
achining and assembly facility workplace atmosphere, Heitbrink

t al. found that the resultant uni-modal nanoparticles could be

able 2
stimated total number concentrations (105 particles cm−3) and total surface area concen
orkplaces and background ambient environment (n = 6).

Work area Total number concentration (105 particles cm−

Mean ± SD Range 

Forming 2.13 ± 1.05 1.23–3
Threading 1.42 ± 0.572 0.772–2
Heat  treating 3.47 ± 1.22 2.05–4
Ambienta 0.126 – 

a n = 1.
s Materials 198 (2011) 182– 187

mainly contributed by the evaporation/condensation because of
MWFs  being heated at the interface between the tools and the com-
ponents during the machine operations [11]. At this stage, it might
not be possible to explain the intrinsic differences in CMD  among
three studied industrial processes because factors associated with
the evolution of aerosols in the field were very complicated (such as
saturated vapor pressure, surface tension, and molecular weights
of the involved MWFs, etc.) [38,39].  However, our results are quite
comparable to those conducted by Heitbrink et al. (i.e., particle size
range = 20–40 nm) [11].

3.2. Number concentrations and surface area concentrations of
nanoparticles

Table 2 shows the number and surface area concentrations
of nanoparticles for the outdoor atmospheric background and
the three selected workplaces. The mean number concentra-
tions for the forming area, threading area, and heat treating
area (=1.42–3.47 × 105 particles cm−3) were significantly higher
than that of the outdoor environment (=0.126 × 105 particles cm−3)
(p < 0.05). The above results clearly indicate that process emis-
sions could effectively elevate the number concentrations of
nanoparticles in workplace atmospheres. However, we also
found that their workplace concentrations fell within the
range obtained from an engine machining and assembly plant
(=0.29–4.4 × 105 particles cm−3) [11].

The mean number concentrations obtained from the forming
area (=2.13 × 105 particles cm−3) were significantly higher than
the threading area (=1.42 × 105 particles cm−3) (nonparametric
Mann–Whitney test, p < 0.05). Based on our previous study [38],
the measured surface temperatures on the molder of the forming
machine (=75.8 ± 19.8 ◦C) were higher than that on the surface of
the threading gear (=69.6 ± 17.1 ◦C). In addition, we also found that
the workplace area of the threading process (=734.4 m2) was much
larger than that of forming process (=194.7 m2). Therefore, it could
be expected that the forming area had higher number concentra-
tions than that of the threading area by considering the generation
of oil mists due to the evaporation and condensation processes, and
the dilution effect associated the volumes of the above two work-
places. Finally, we found the heat treating area had the highest
number concentration among the three selected industrial pro-
cesses (p < 0.005). In the present study, the temperatures measured
from those MWFs  tanks used in quenching and tempering steps
of heat treating operations (850–1300 ◦C and 650–1300 ◦C, respec-
tively) were much higher than the temperatures measured from the
other two processes (as described above). Indeed, both tempera-
tures of fluid and air would affect how semi-volatile substances can
evaporate and condensate in the workplace atmosphere [40,41].
Since the workplace temperatures of the heat treating process were
still less than 30 ◦C, the highest number concentration found in the
Finally, the trends found in the number concentrations
(as described above) can also be seen in their corresponding
surface area concentrations. In the present study, significant

trations (103 �m2 cm−3) for nanoparticles (1–1000 nm) found in the three selected

3) Total surface area concentration (103 �m2 cm−3)

Mean ± SD Range

.35 3.06 ± 1.14 1.77–4.82

.33 2.03 ± 0.733 1.11–3.33

.80 5.39 ± 1.46 3.18–7.48
0.218 –
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Fig. 2. Particle number-based size distributions estimated by using the ME

ifferences can be found between the mean surface area
oncentration of the outdoor atmospheric background
=0.218 × 103 �m2 cm−3) and that of the three selected areas
=1.11–7.48 × 103 �m2 cm−3) (p < 0.05). Moreover, workplace
oncentrations of the threading area (=2.03 × 103 �m2 cm−3) and
he forming area (=3.06 × 103 �m2 cm−3) were lower than that of
he heat treating area (=5.39 × 103 �m2 cm−3).

Furthermore, we compared the estimated number concentra-
ions of the three workplaces obtained from MEAD with that
btained from SMPS. Significant differences can be found between
alues (paired t-test, p < 0.05) obtained from MEAD and that from
MPS. In particular, values obtained from the MEAD were consis-
ently higher than that from SMPS (Fig. 3a). Considering measuring
rinciples of the MEAD were different from those of SMPS, the exis-
ence of systemic differences between their measured results could
e theoretically plausible. A similar result can also be found in a

tudy conducted by Woo  et al. in measuring atmospheric nanopar-
icle concentrations [42]. In this study, the measured number
oncentrations obtained from the SMPS were used as the reference
o normalize the corresponding values obtained from the MEAD.

able 3
stimated number concentrations (105 particles cm−3) deposited in the HD, TB, and AV 

elected workplaces (n = 6).

Work area Total deposited conc. HD 

Conc. Fraction (%) 

Forming 1.38 ± 1.07 0.252 ± 0.203 18 

Threading 0.922 ± 0.372 0.191 ± 0.083 21 

Heat  treating 2.27 ± 0.791 0.515 ± 0.176 22 
 the three selected workplaces and the background ambient environment.

No significant difference can be found between the measured val-
ues obtained from SMPS and the corresponding normalized MEAD
values (paired t-test, p > 0.05) (Fig. 3b). The relationship between
the results obtained from SMPS (i.e., x) and the normalized MEAD
results (i.e., y) was found as y = 0.93 x (n = 18, corrected-R2 = 0.74).
Therefore, the number concentrations obtained from MEAD could
be further validated.

3.3. Estimated concentrations of nanoparticles deposited on
different regions of the respiratory tract

In this study, the measured size distribution data was further
used to estimate both the number and surface area concentrations
of nanoparticles deposited on different regions of the respiratory
tract for the three selected workplaces. Table 3 shows the esti-
mated number concentration results. Obviously, it can be seen that

the estimated number concentrations (and fractions) of nanopar-
ticles deposited on the three regions shared the same trend for
three selected workplaces as: AV > TB > HD. In particular, the frac-
tion of nanoparticles deposited on the AV region was much higher

regions of the respiratory tract for nanoparticles (1–1000 nm)  found in the three

TB AV

Conc. Fraction (%) Conc. Fraction (%)

0.275 ± 0.221 20 0.861 ± 0.643 62
0.204 ± 0.082 22 0.536 ± 0.212 57
0.517 ± 0.183 22 1.27 ± 0.454 56
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Table 4
Estimated surface area concentrations (102 �m2 cm−3) deposited in the HD, TB, and AV regions of the respiratory tract for nanoparticles (1–1000 nm)  found in the three
selected workplaces (n = 6).

Work area Total deposited conc. HD TB AV

Conc. Fraction (%) Conc. Fraction (%) Conc. Fraction (%)

1.64 ± 0.873 15 6.71 ± 3.57 60
0.705 ± 0.298 14 2.89 ± 1.17 58

1.77 ± 0.627 14 7.34 ± 2.57 56
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han that of the other two regions for all selected workplaces.
able 4 shows the results associated with the estimated sur-
ace area concentration. It can be seen that the estimated surface
rea concentrations also shared the same trend for three selected
orkplaces as: AV > HD > TB. Again, the fraction of nanoparticles
eposited on the AV region was also much higher than that of
he other two regions for all selected workplaces. However, by
omparing the results shown in Tables 3 and 4, significant dif-
erences can be found in the fractions of nanoparticles deposited
n each individual region while different exposure metrics were
dopted. Our results clearly indicate the importance for simultane-
usly measuring both the surface area and number concentrations
f nanoparticles deposited on different regions of the respiratory
ract for nanoparticle exposure assessments.

Fig. 4 compares the results of the surface area concentrations
eposited on both the TB and the AV regions obtained from MEAD
ith that obtained from NSAM. For the concentrations estimated

or the TB region, the results obtained from the NSAM for the form-
ng area, threading area, and heat treating area quite comparable to

hose corresponding values obtained from MEAD (t-test, p > 0.05).
he same trend can also be found for the concentrations esti-
ated for the AV region (t-test, p > 0.05). Considering both NSAM

nd MEAD sharing the same measuring principles (i.e., particle
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Fig. 4. Confirmations of nanoparticles deposited on (a) TB region and (b) AV region
for samples collected by the MEAD and NSAM.

charging efficiency and particle electrical mobility), comparable
results obtained from both instruments could be theoretically
expectable.

4. Conclusions

We  found that size distributions of nanoparticles were consis-
tently in the form of uni-modal for the three selected process areas.
It could be mainly explained by the evaporation and condensation
processes of MWFs. For both number and surface area concentra-
tions, the fractions of nanoparticles deposited on the AV region
were much higher than that of the other two regions of the TB
and HD for all selected workplaces. However, a significant differ-
ence was  found in the fractions of nanoparticles deposited on each
individual region of the respiratory tract while different exposure
metrics were adopted. Our results clearly indicate the importance
for simultaneously measuring both the surface area and number
concentrations of nanoparticles deposited on different regions of

the respiratory tract for nanoparticle exposure assessments. In the
present study, results obtained from both NSAM and MEAD were
quite comparable. In addition, no significant difference could be
found between the measured values obtained from SMPS and the
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