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This study compared respirable dust and nanoparticle concentrations measured by different sampling devices at a titanium dioxide
pigment factory. Respirable particle mass concentrations, nanoparticle concentrations, particle size distribution and particle metallic
content were measured at different sampling locations. The sampling results of the Multi-orifice Uniform Deposit Impactor (MOUDI)
showed that the particle size distribution at this titanium dioxide production factory fell in the range of 1-10 um. Generally, the
higher levels of the respirable particle mass concentrations and nanoparticle number concentrations were near the packing site of the
pigment titanium dioxide production factory. Metal analysis results revealed that the titanium dioxide concentrations in respirable
dust and nanoparticles were within the limits specified by National Institute for Occupational Safety and Health (NIOSH). During
sampling, particle metallic content analysis is essential for identifying the source of particles and for measuring respirable dust and

nanoparticle concentrations.
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Introduction

Titanium dioxide is widely found in consumer and in-
dustrial products. For instance, titanium dioxide is used
in white pigments, coating materials, food colorants,
sunscreens and cosmetic creams.!'=# Worker exposure
to titanium may occur during production and applica-
tion processes such as packaging, grinding, cleaning and
maintenance.!31 Garabrant et al.l’l indicated that 50%
of all workers exposed to titanium dioxide suffered from
respiratory symptoms and impaired pulmonary function.
Epidemiological studies have demonstrated the relation-
ship between the titanium dioxide particles in the air and
increased morbidity from respiratory.8=1% Ultrafine tita-
nium dioxide particles (particle diameters smaller than
100 nm), or “nanoparticles”, may cause inflammation,
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fibrosis, and impaired pulmonary function.''=13 Ultra-
fine titanium dioxide particles might be able to enter the
human stratum corneum and have the interaction with
the immune system.['%15] Studies showed that exposure to
nano-sized titanium dioxide, even without UV irradiation,
can cause proinflammatory effects in human endothelial
cells.l'% Studies also confirmed that ultrafine particles may
penetrate the respiratory tract more deeply compared to
larger particles and that ultrafine particles can easily reach
the alveoli region of the lung, where they interact with ep-
ithelial cells.'’=20]

Toxicological studies of male and female rats also indi-
cated that 2 years of continuous exposure to 250 mg/m?
pigmentary titanium dioxide particles increases the prob-
ability of pulmonary tumors, impairs particle clearance
from the lung, and causes a persistent inflammatory
response.?!-22l Compared to controls, inflammation and ep-
ithelial response is more evident in rats exposed to airborne
pigmentary titanium dioxide.[”’! Compared to fine particles
(less than 2.5um in diameter), ultrafine particles of tita-
nium dioxide are more likely induce lung inflammation in
rats.?!! Rat studies also indicated that lung overload with
particulate material may cause tumorigenesis towards the
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end of the lifetime.> Therefore, after conducting in-depth
research and probabilistic risk assessment of titanium diox-
ide toxicity, the United States National Institute for Occu-
pational Safety and Health (NIOSH) suggested limits for
occupational exposure to titanium dioxide (recommended
exposure limit, REL).?) The RELs for titanium dioxide
fine particles and ultrafine particles are expressed in terms
of time-weighted average concentration (time-weighted av-
erage concentration, TWA). The limits specified by NIOSH
are 1.5 mg/m? for fine particles and 0.1 mg/m? for ultrafine
particles.

A study regarding a titanium dioxide pigment produc-
tion factory in the United States showed that workers were
exposed to different levels of titanium dioxide.*” Their re-
sults showed that packers, maintenance mechanics, and dry
and wet treatment had the titanium dioxide measured lev-
els of 6.2 + 9.4 mg/m? (sample number, n=686), 2.5 + 6.9
mg/m3(n = 59), and 1.1 &+ 1.1 mg/m*(n = 117), respec-
tively, with packers having the most exposure to titanium
dioxide. Furthermore, studies also showed that workers ex-
posed to titanium dioxide dust in yearly averaged estimated
were 0.1-1.0 mg/m? for titanium dioxide pigment produc-
tion factories in Europe. The mass concentrations of the
individual occupational titles exposed to titanium dioxide
dust were about 5 mg/m?>.?® Few studies investigated the
titanium dioxide concentration by analyzing the metallic
content of the respirable dust and the nanoparticles in ti-
tanium dioxide pigment factories. It is thus important to
conduct onsite measurement and metallic content analysis.

The main focus of this study is the concentration mea-
surement of respirable particulate matter (RPM) and
nanoparticles in a titanium dioxide pigment production
factory. IOSH cyclone, MOUDI sampling device, and
FMPS were used to measure the concentration of respirable
particulate matter and nanoparticles, and to measure the
particle size distribution. This work also compared the par-
ticle concentrations obtained by different sampling devices
and analyzed the metallic content in particles.

Materials and methods

In this study, samples of respirable particulate matter and
nanoparticles were obtained from a titanium dioxide pig-
ment production factory for four times between April 2008
and February 2009. Figure 1 illustrates the sampling venue
of the titanium dioxide pigment production factory. This
study also investigated the particle size distribution and an-
alyzed the metal content in particles at the titanium dioxide
pigment factory. The sampling devices used is this study in-
cluded a cyclone (IOSH cyclone, Institute of Occupational
Safety and Health, Taiwan),””’ a Multi-orifice Uniform
Deposit Impactor (MOUDI, Model 110, MSP Corp., St.
Paul, USA), and a Fast Mobility Particle Sizer (FMPS,
TSI Model 3091). The production process of the titanium
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Fig. 1. Schematic diagram of titanium dioxide pigment factory.

dioxide pigment factory includes splitting and classifying
titanium dioxide, removing the scattered salt particles from
the substance, smashing the substance to obtain smaller
particles, and transporting the titanium dioxide pigment to
the pigment bagging area for packaging.

In the field sampling, two collocated IOSH cyclones used
polytetrafluoroethylene (PTFE, SKC Inc., pore size of 2.0
um and 37 mm) and mixed cellulose ester (MCE, SKC
Inc., pore size of 0.8 um and 37 mm) filters to obtain sam-
ples for weight measuring and metal concentration mea-
suring, respectively; the flow rate was set at 1.7 L/min. The
wind speeds at various sites were measured using a hot
wire anemometer (Model: YK-2005AH, Pedak meettech-
niek, The Netherlands). When particles went into the [OSH
cyclone, those over the size of 4 um were collected by cy-
clone, while those less than 4 um were collected by the bot-
tom filter of the device. The concentration of the particles
collected by polytetrafluoroethylene is equal to the weight
concentration of respirable particulate matter. The sam-
ples collected by the mixed cellulose ester filter were then
processed according to standard digestion proceduresi%;
afterwards, they were analyzed for metal content using in-
ductively coupled plasma - optical emission spectrometer
(ICP-OES, OPTIMA 2100 DV, PerkinElmer, Shelton, CT,
USA). In addition, the 0.056 pum filter and after filter of
MOUDI, mixed cellulose ester filters, used ICP-OES to
analyze the metal concentration of nanoparticles.

The containers used in the metal analysis were made of
Polypropylene and Teflon. During the pre-treatment pro-
cess, the containers were washed with mild detergent and
immersed overnight in a solution made by 1 part nitric acid
and 5 parts deionized water. The chemicals used were all
specialized chemicals that are used for analyses produced
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by the European company PANREAC Chemicals. The ion
standard products used as the calibration and recovery were
produced by Merck. The recoveries of metals varied be-
tween 94.2% and 103.1%. The detection limits of the appa-
ratus were identified using a blank filter and were processed
the same way as the samples. The Fe, Ti and Al detection
limit of the IOSH cyclone for respirable particulate mat-
ter was 0.019, 0.0059 and 0.081,.g/m?>, while the Fe, Mg,
Ti and K detection limit of the MOUDI sampling device
for nanoparticles was 0.0011, 0.0005, 0.0003 and 0.0031
png/m?, respectively.

The MOUDI sampling device used polytetrafluoroethy-
lene and aluminum foil as filters for the particle size distri-
bution measuring, and used mixed cellulose ester as filter
for the metal concentration measuring. When the MOUDI
sampling device is set at 30 L/min, it can obtain nomi-
nal cutoff aerodynamic diameters: 18, 10, 5.6, 3.2, 1.8, 1.0,
0.56, 0.32, 0.18, 0.10, 0.056 and <0.056 um (after filter),
respectively. After 24 hours of equilibration at 23 4+ 3°C
and relative humidity of 40 + 5%, the MOUDI and IOSH
cyclone samples used in the measuring process were pre-
and post-weighed using a Microbalance (Mettler Toledo
Inc, Switzerland). The weight concentration of particles
collected by the MOUDI sampling device can be converted
into the concentration of respirable particulate matter by
the rate of respirable particle (RF) defined by the American
Conference of Governmental Industrial Hygienists as the
following equation.3!]

RF=(F) (- F(x) (1

IF (da, Up) = 0.5(1 + exp (—0.06da)) + 107> U;-"
exp (0.055da) )
F(x)=1—0.5(140.1969x + 0.1152x> 4 0.0003x>
+0.0195x")™* for x>0 (3)

F(x) = 0.5(1 — 0.1969x + 0.1152x% — 0.0003x°
+0.0195xH™* for x<0 4)
X = 2.466 In (da) — 3.568 (5)

where IF is the inhalable fraction; F(x) the cumulative frac-
tion for a standardized normal variable x; da the cutoff
aerodynamic diameter(um); and U is the air speed (m/s).

In this study, FMPS was mainly used to conduct mobile
measurements. Six sampling points (F; ~F¢) were estab-
lished according to the locations of the interior and pigment
bagging area of the titanium dioxide pigment factory. The
main items measured included the number concentration of
particles and their size distribution. The FMPS spectrome-
ter accomplished particle size sorting based on differential
electrical mobility classification. Particle concentration and
size distribution can be obtained every second. Normal-
ized particle number concentrations were then calculated
in each channel according to the average concentration.
The diameters of the particles measured by the FMPS were
in the range of 5.6-560 nm.

1229
Results and discussion

Particle size distribution

Figure 2 illustrates the particle size distribution obtained by
the MOUDI sampling device at different time periods (Test
I — Test 1V) at sampling point F5 of the titanium dioxide
pigment factory. The mass median aerodynamic diameters
(MMAD:s) of particles at sampling point F3 observed in
Tests I-1V were 5.52, 7.25, 4.79, and 6.0 um, respectively;
geometric standard deviations were 2.61, 2.84, 2.54, and
1.74, respectively. The sampling results showed that for each
session, particle size was within the 1-10 um range, and
only a small proportion of particles at this work location
were nanoparticles. The ratio of nanoparticle to submicron
particle was 1.1% to 7.9%. The highest concentration of
particles with diameters ranging from 1.0 to 1.8 um was
observed during Test I, probably because the fan was not
operating during this test.

Respirable concentration comparison

Tests I-1V indicated that respirable dust concentrations ob-
tained by the IOSH cyclone at sampling point F5 of the tita-
nium dioxide pigment factory were 487 jug/m?, 688 j1g/m3,
268 ug/m?, and 314 ug/m?. Those obtained by MOUDI
sampling device were 485 ug/m?, 695 pug/m3, 214 pug/m?,
and 321 ug/m?. Figure 3 compares the concentrations ob-
tained by the IOSH cyclone with those obtained by the
MOUDI sampling device. The sampling devices obtained
very similar respirable dust concentrations. Since the res-
pirable dust concentration obtained by the IOSH cyclone
approximated those obtained by the MOUDI sampling de-
vice, IOSH cyclones were used for further measurements of
respirable dust mass concentrations at various stationary
sampling points. The correlative equation for these two de-
vices was Y=0.904X+51.7, and the R-squared was 0.988,
which indicated a strong correlation between respirable
dust concentration obtained by IOSH cyclone and that
obtained by MOUDI sampling device.

Respirable concentrations at different locations

Table 1 shows the respirable dust mass concentrations
obtained through the stationary sampling points Fj,

Table 1. Respirable dust concentrations of IOSH cyclone at var-
ious sampling points.

Site F\ Site F3 Site Fy Site Fg

pg/m’ pg/m’ pg/m’ pg/m?
Test I 335 487 375 295
Test 11 195 688 587 233
Test 111 80 268 224 80
Test IV 350 314 324 370
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Fig. 2. Particle size distribution from MOUDI device at F3 (Test [-Test IV).

F5;, F4, and Fg. The results show that the concentra-
tion of the first measurement fell in the range of 295-
487 pg/m3; the second measurement fell in the range
of 195-688 ug/m’, the third measurement fell in the
range of 80-268 ug/m?, and the fourth measurement
fell in the range of 314-370 ug/m?. The concentration
distribution shows that for the sampling points F3 and
F4, the concentration of the second measurement was
higher than that of the first measurement. Apparently,
when the first measurements were made, the factory was
packaging small 25-kilogram packages; when the second
measurements were made, the factory was packaging large
800-kilogram packages. When packaging large amounts of
titanium dioxide, a diesel fuel forklift moving from the front
door towards the packing site was used to squeeze the air
out of the wrapping. Such an action leads to a considerable
amount of dust being released into the air. The forklifts
also make several more trips than when processing small
packages, leading to dust settling on the ground or on the

packaging surfaces. For this reason, the second measure-
ment had higher concentrations than the first measure-
ment. Furthermore, the titanium dioxide pigment factory
had natural ventilation and a floor-mounted fan was used
during packaging process in the pigment bagging area. The
wind speeds were about 0.3-1.4 m/s and the wind direc-
tions were from gate G towards the south in Test II. The
concentration for sampling points F3 and F4 were higher
because wind blowing from gate G resulting a stream circu-
lation brought considerable amounts of respirable dust to
sampling points F3 and F4. In the field, the wind speed mea-
sured at sampling site is less than 0.3 m/s, and the effect of
wind speed on the measured respirable dust concentrations
of the IOSH cyclones is negligible.l*”]

The third measurement was conducted during the pro-
cessing of small packages. The sampling results showed
similar trends, but the concentrations were lower than that
in the first measurement. The reason could be that the wind
blowing from gate G was stronger and thus dispersed the
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Fig. 3. Respirable dust concentration correlation between IOSH
cyclone and MOUDI device at F3 (Test [-Test IV).

dust better. Additionally, the fan was turned on for a con-
siderably longer time (205 minutes) during the third mea-
surement than during the first measurement (100 minutes),
leading to a lower concentration level during the third mea-
surement. The fourth measurement is different to the other
three measurements in that sampling points Fg and F had
higher concentration levels. This could be due to the wind
from gate G blowing towards a different direction. The
wind was blowing towards the southeast (SE) from gate
G during the third measurement, and towards the east (E)
from gate G during the fourth measurement. This leads to a
significant amount of respirable dust landing on sampling
points F; and Fg, thus raising the concentration levels for
the fourth measurement. In addition, the wind direction
made it difficult for the respirable dust to exit from door H.
Moreover, the fan was turned on for a considerably shorter
period than that during the third measurement, leading to
higher concentration levels.

Nanoparticle concentrations at different locations

In this study, mobile measurements were conducted at 6
measurement points (sites F; ~ Fg) for the first measure-
ment in the pigment bagging area. Measurement results
showed that the nanoparticle number concentration fell in
the range of 4.9 x 10* ~ 1.1 x 10° particles/cm?>. Fig-
ure 4 shows the particle size distribution as measured by
FMPS at site F3. The particle sizes mainly fell in the range
of 10 nm to 80 nm, with the majority being close to 30-
50 nm. The size distribution showed multiple peaks with
one peak for most particles at the particle size of about
35 nm based on the average curve. Ultrafine particle emis-
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Fig. 4. Particle size distribution from FMPS measurements.

sions detected in the areas might be attributed to forklifts
running or ambient atmosphere. It is worthwhile to inves-
tigate the attribution of ultrafine particles in the titanium
dioxide pigment factory. Similar results can be found in the
measurements of the bag filling activities of three plants.!”]
Their results demonstrated that the forklift engine emitted
ultrafine particles in the size range of 20-50 nm. Figure 5
shows the concentration map in the factory as measured
through FMPS. The concentration distribution at the tita-
nium dioxide pigment factory showed that the concentra-
tion levels at mobile points Fy4, F5, and Fg were lower, and
that higher concentration levels were found near points F;
and F3, especially near the packaging apparatus A;. The
concentration levels were elevated at A; probably because
the wind blowing from gate G transported considerable
amounts of nanoparticles.

Metal analysis

Table 2 shows the metal analysis results of the IOSH cyclone
for Test [-Test I'V. The metals detected at the pigment bag-
ging area included titanium, aluminum, lead, iron, magne-
sium, and potassium. During the first measurement, three
metals were identified (Fe, Ti, Al); the concentration levels
were at their highest because the fan was not operating at
this time, thus raising the titanium concentration levels at
site F3. Since the packaging process did not stop, some of
the metals might have been generated through friction dur-
ing the operation process. Test II-Test IV metal analyses
results showed that Ti and Al were the main metal compo-
nents. During these three sessions, the concentration levels
of titanium were lower than Test I analysis. This is because
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the fan was turned on and the titanium was blown away
from the pigment bagging area for Tests II-IV.

In addition, the concentration levels of aluminum were
not elevated relative to later tests due to titanium was the
main component in the titanium dioxide pigment powder.
However, the respirable dust concentration levels through-
out the four sessions didn’t differ as much. The reason
is, during the four measurement sessions, the movement
of the forklift and the workers raised the dust from the
ground due to air turbulences, and the dust on the pack-
aging also raised from its surface. In this study, titanium
concentration was converted into titanium dioxide concen-
tration, deriving 142.62 pg/m?, 11.21 pg/m?3, 7.78 ug/m3,
and 5.99 ug/m? for Test I-Test IV, respectively. The values
were within the 1500 wg/m?limit for fine particles suggested
by NIOSH.

Table 3 summarizes the metal analysis results of samples
smaller than 100 nm obtained by the 0.056 um-stage filter
and after filter by the MOUDI sampling device at site F;.
Multiple analyses revealed that the nanoparticles detected
during the four sessions were mainly Fe, Mg, Ti, and K.
When converted into titanium dioxide concentration, the
titanium dioxide mass concentrations of the nanoparticles
detected in the study were 0.050 pg/m?, N.D., 0.293

Table 2. Metal concentrations of IOSH Cyclone at F3.

Fe (ug/m’) Ti (ng/m’) Al (ug/m’)
Test I 3.52 84.49 4.92
Test 1T N.D.* 6.64 3.95
Test 11 0.15 4.61 0.33
Test IV N.D. 3.55 0.65

* N.D.: Not detectable.

Huang et al.

Table 3. Metal concentrations of MOUDI device for
nanoparticles.

Fe (pug/m’) Mg (ug/m’) Ti(ug/m’) K (ug/m’)
Test I 0.2446 N.D.* 0.0296 0.0063
Test 11 N.D. N.D. N.D. N.D.
Test II1 0.1682 0.2302 0.1738 0.4805
Test IV N.D. 0.0680 0.1043 N.D.

* N.D.: Not detectable.

ung/m?, and 0.176 pg/m3. The values were within the
100 pg/m’limit suggested by NIOSH. Thus, in this
titanium dioxide pigment factory, the titanium dioxide
mass concentration in the nanoparticles was expected to
be low. The main metal components in the nanoparticles
are slightly differed from those in the respirable particulate
matter, possibly due to their different emission sources.
Number concentrations of nanoparticles were detected at
the titanium dioxide pigment factory and their values fell
in the range of 4.9x10*-1.1x10° particles/cm?, possibly
due to nanoparticles emitted from diesel forklift exhaust
or nanoparticles in the outdoor environment. Generally,
titanium dioxide concentrations in the respirable partic-
ulate matter and nanoparticles at this pigment factory
were within the limits suggested by NIOSH. Additionally,
the mass ratio of titanium dioxide concentrations in the
nanoparticles to those in the respirable particulate matter
ranged from 0.04% to 3.8%.

Conclusions

Based on use of IOSH cyclone, MOUDI sampling de-
vice and FMPS, this study attempted to evaluate respirable
dust and nanoparticle concentrations in a titanium diox-
ide pigment production factory. This work also measured
particle distributions and particle metallic content. The
sampling results indicated that the IOSH cyclone and the
MOUDI sampling device obtained similar measurements
of respirable dust concentrations. Particle metallic content
analysis results showed that the titanium dioxide mass con-
centrations in respirable dust and nanoparticles were within
the limits suggested by NIOSH. Meanwhile, the nanopar-
ticle number concentration results showed that the most
common particle size of the titanium dioxide pigments was
30-50 nm, and concentrations were of 4.9x10*-1.1x10°
particles/cm?, possibly due to nanoparticles emitted from
diesel forklift exhaust or blown into the workplace from
outdoors. In addition, respirable dust concentration dis-
tributions were primarily subject to the impact of factors
such as dust raised from diesel forklift movements, person-
nel movements and packaging surfaces, as well as external
air entering the factory. Therefore, particle metallic content
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analysis is essential to elucidating the source of the particles
in the titanium dioxide pigment factory.
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