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Abstract: Several studies have shown an increased mortality rate for different types of tumors,
respiratory disease and cardiovascular morbidity associated with foundry work. Airborne particles
were investigated in a steelmaking foundry using an electric low-pressure impactor (ELPI+™), a
Philips Aerasense Nanotracer and traditional sampling equipment. Determination of metallic
elements in the collected particles was carried out by inductively coupled plasma mass
spectrometry. The median of ultrafine particle (UFP) concentration was between 4.91 x 10° and 2.33
x 10° part/cm?® (max. 9.48 x 10¢ part/cm?). Background levels ranged from 1.97 x 104 to 3.83 x 10*
part/cm?. Alveolar and deposited tracheobronchial surface area doses ranged from 1.3 x 102 to 8.7 x
10> mm?, and 2.6 x 10" to 1.3 x 10 mm?, respectively. Resulting inhalable and respirable fraction and
metallic elements were below limit values set by Italian legislation. A variable concentration of
metallic elements was detected in the different fractions of UFPs in relation to the sampling site, the
emission source and the size range. This data could be useful in order to increase the knowledge
about occupational exposure to fine and ultrafine particles and to design studies aimed to
investigate early biological effects associated with the exposure to particulate matter in the foundry
industries.

Keywords: ultrafine particles exposure; steelmaking factory; chemical composition

1. Introduction

The exposure to contaminants generated by iron and steel melting processes has been included
in the monograph of the International Agency for Research on Cancer (IARC) as a Group 1 human
carcinogen [1]. Several studies have shown an increased mortality rate for different types of tumors,
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respiratory disease and cardiovascular morbidity associated with foundry work [2-6]. Foundry
workers, during the processing stages, could be exposed to a multitude of breathable dust types and
aerosols, such as metal fumes, polycyclic aromatic hydrocarbons (PAH), mineral powders, resins and
isocyanates [7]. Among the several toxic and carcinogenic substances contained in foundry dust,
heavy and transition metal fumes represent a major health concern, as they can induce local
inflammation in the lung tissue, lipid peroxidation of cell membranes and oxidative damage to the
genome [8,9].

Several studies have shown that different hot processes in the metallurgical industry have the
capacity to generate high concentrations of sub-micrometric particles. In particular, important
number concentrations of ultrafine particles (UFPs, <100 nm in diameter) were generated as
combustion products or in saturated vapors [10-18]. UFPs may have more pronounced toxic effects
than larger particles, due to their larger surface area to unit mass ratio, which determines their
peculiar physicochemical properties and increased biological activity [19-23]. Recently, some studies
have shown an association between ultrafine particulate exposure and health effects on the
cardiovascular and respiratory tract [24-26], however, epidemiological evidence on UFP-related
adverse health effects is still limited and subject to disagreement [27-31].

Some studies have focused on surface-related effects [24,32-34], particle-related effects [25,35-
37], mass-related effects[38] or effects related to metallic elements contained in the particulate matter
[39—41]; however, the role that the different (size- or non-size-related) components in particulate
matter play in determining the adverse health effects observed, and the most appropriate metric (or
metrics) for exposure assessment and control, remain unclear [42-44].

Although in recent decades research has increased into UFP exposure in living and working
environments [45,46], there is limited evidence of the epidemiological studies about UFP-related
adverse health effects, probably attributable to the lack of available data for UFP exposure
assessment. Therefore, more knowledge is needed on the different metrics that may be associated
with health effects, which may provide data for the realization of job-exposure matrices. The latter
are indispensable for designing epidemiological studies aimed at investigating the health effects of
the airborne dispersed particulate matter and of the various components that make it up. The main
objective of this study was to assess the occupational exposure to fine and ultrafine particles in a
steelmaking factory, with a multi-metric and multi-instrumental approach, in order to increase
knowledge about sources of fine and ultrafine particles and possible health implications.

2. Materials and Methods

2.1. Sampling Site and Study Design

Sampling was performed in a foundry that uses the "Mini Mills" electric arc furnace technology
(EAF) for the treatment of molten steel in the ladle and subsequent continuous casting line for the
production of steel billets intended for feeding the rolling plant. Iron scrap is used as raw material
for feeding the furnace. The factory produces steel of different qualities and diameter intended for
concrete reinforcing in the construction industry.

The exposure assessment strategy was mainly based on a previous study conducted in the same
working environment for testing assessment of fine and ultrafine particle emissions [47].
Furthermore, the deposited particle surface area per unit volume of inhaled air in some regions of
the respiratory tract (particularly in the tracheobronchial and alveolar regions) was assessed.

The basic strategy combined with additional monitoring equipment to obtain additional
information is described below. The monitoring strategy (for six days in the summer season)
consisted of stationary, quasi-personal and personal samples in 16 different work environments
during standard working conditions. The sampling time varied according to work activities. For
logistical reasons, it was not possible to use all the sampling equipment at all sampling sites at the
same time. The sampling sites were identified as the areas where worker exposure could be more
relevant. The quasi-personal samplings were carried out in the welding laboratory at approximately
30 cm from the worker’s breathing zone. In addition, where stationary sampling was not feasible,
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personal samplings were carried out close to the worker’s breathing zone. Table 1 summarizes all the
sampling methods, sampling sites, sampling equipment, and sampling times.

Table 1. Summary of sampling methods carried out in steelmaking foundry.

Samplin . Samplin Sampling Samplin, ) Samplin Samplin
Sir:e ’ Equipment Metﬁodf TiIP;e s Si};e ’ Equipment Metflodsg Tifne ’
IF and RF Stationary 6 h 26 min IF and RF ND ND
BG ELPI+ Stationary 6 h 4 min W2 ELPI+ Quasi-personal 1h 18 min
NT Stationary 6 h 26 min NT Quasi-personal 1h 18 min
IF and RF Stationary 5 h 34 min IF and RF  Quasi-personal 1h 33 min
P-EAF ELPI+ Stationary 5h 34 min W3 ELPI+ Quasi-personal 1h 33 min
NT Stationary 1h 9 min NT Quasi-personal 1h 33 min
IF and RF Stationary 4 h 14 min EAF NT Stationary 1h 27 min
LF ELPI+ Stationary 4h 14 min P-LF NT Personal 2 min
NT Stationary 4 h 57 min P-CC NT Personal 51 min
IF and RF Stationary 3 h 51 min AG NT Personal 1 h 41 min
CC ELPI+ Stationary 3 h 51 min BT NT Personal 41 min
NT Stationary 2 h 21 min 0C1 NT Personal 25 min
IF and RF  Quasi-personal 1h 24 min 0C2 NT Personal 35 min
W1 ELPI+ Quasi-personal 1 h 24 min QDW NT Personal 25 min
NT Quasi-personal 1h 24 min SC NT Personal 1h

Abbreviations: IF = inhalable fraction; RF = respirable fraction; ELPI+ = electric low pressure impactor;
NT = Philips Aerasense Nanotracer; ND = not detected. Sampling sites are described below in the text.

Figure 1 shows sampling sites inside and outside the plant. Monitoring was carried out in the
following areas or workstations:

e outside the plant, to measure general environmental background levels (BG) not influenced
by the factory emissions;

e ata distance of 50 meters from the electric arc furnace (EAF), 2 meters from the ladle furnace
(LF), 2 meters from the continuous casting (CC), and within the control consoles (respectively
P-EAF, P-LF and P-CC);

¢ in three welding stations (W1, W2, W3), respectively, with CASTOLIN 5006 electric welding
on steel (55 electrodes), Nicro HLS on cast iron and electrode welding on knife (special iron)
(21 electrodes);

¢ inside the mechanical workshop (BT), in which various activities were carried out, including
the use of an oxide flame and a grinder;

¢ inside the rolling mill department (AG), welding station with use of angle grinder;

¢ inside the overhead crane cabin in the finished product department (OC1);

e inthe scrap yard and in the overhead crane in the scrap yard (OC2);

¢ inside the quality department workshop (QDW);

¢ inside the company canteen during the lunch break (SC).
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Figure 1. Sampling sites inside and outside the factory.

2.2. Sampling Equipment

The UFP distribution and number concentration were measured using an electric low pressure
impactor and a portable particle counter. The electric low pressure impactor, model ELPI+™ (electric
low pressure impactor —Dekati Ltd., Kangasala, Finland) allows the measurement of particulate matter
at a stationary location. This instrument, through the dimensional selection of airborne particulates,
detects in real time the particle diameter (sizes between 6 nm and 10 pm), the concentration and, based
on the data collected, provides an estimate of the concentration in surface area/mass/volume of sampled
particulates [48]. The ELPI+ was connected to an air intake pump with 0.6 m%h flow rate and a pressure
of 40 mbar at the final stage of the impactor (absolute filter). The number of ultrafine particles was
calculated as the sum of the particles having a central geometric mean diameter (Di) between 10 nm
and 314 nm (D50% range 6 nm—257 nm), assuming a density of 1 g/cm?. Data provided by ELPI+ were
processed with the ELPI+ VI 2.0 software (Dekati Ltd., Kangasala, Finland). It was not possible to carry
out measurements with the ELPI+ in all workstations investigated due to logistical reasons. From the
second to the fifth stage of the ELPI+, the polycarbonate foils not greased were mounted for subsequent
chemical analysis of the collected particulate matter, in order to determine the concentration of metals
contained in it, by inductively coupled plasma inductivity mass spectrometry (ICP-MS). In this study
the substrates were not greased to avoid any potential interference with the chemical analyses [49].

Personal samplings were carried out using a Philips Aerasense Nanotracer (NT—Koninklijke
Philips Electronics N.V., Eindhoven, Netherlands) portable particle counter, which allows the real time
measurement of particles number concentration with a diameter between 10 nm and 300 nm. The NT
is a portable sampler that measures particle concentration up to 1 x 10° cm? in the 10 nm to 300 nm size
range for an airflow 0.3-0.4 L/min. The NT design and operation characteristics, as well as sensitivity
and limitations, were discussed in detail in a previous study [50]; charging time and battery life is seven
hours. The NT was operated in advanced mode, measuring particle concentration and average particle
diameter at a fixed sampling interval of 10 seconds.

The lung-deposited surface area concentration was calculated using data recorded by NT. The NT
monitor provides real time information about their concentration, average size, and surface area per
unit volume of inhaled air that deposits in the various compartments of the respiratory tract [50]. Marra
etal [50] report that the data are obtained from the International Commission on Radiological Protection
(ICRP) Publication 66 [51] with an air volume assumed for normal flow (light exercise) of workers of
1.5 m3/h. The dose (in terms of deposited alveolar or tracheobronchial surface area particles per mm?)
received by workers in different areas was determined with the means of the particle surface area
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concentration in the alveolar or tracheobronchial tract (um?/cm3), weighted for a time of six hours
exposure. In addition, samples of powders, inhalable and respirable fraction (respectively, IF and RF),
were performed, according to the Italian UNI EN 481 standard method [52], by means of samplers with
2 L/min constant flow for the inhalable fraction and 1.7 L/min for the respirable fractions. The airborne
inhalable fraction was collected by filtration, using the Institute of Occupational Medicine (IOM)
selector (IOM Sampler, SKC Inc., Eighty Four, PA, USA), while a Dorr-Oliver selector was used for the
respirable fraction. Both fractions were collected on cellulose ester membranes with a diameter of 25
mm and porosity of 0.8 um, according to the Unichim 1998:13 and 2010:11 methods [53,54]. The dust
analysis was conducted with the microgravimetric method on the conditioned membranes, before and
after collection, in the Activa Climatic box (at constant temperature and humidity for 24 hours) and
weighed with a fifth decimal place electronic analytical balance. The difference in weight, related to the
volume of air intake, allowed the calculation of dustiness in mg/m3. The limit of detection of the method
is 0.03 mg and the coefficient of variation is 0.2%.

2.3. Chemical Characterization

Particulate collected through sampling performed by ELPI+ and through the traditional methods
(inhalable fraction) was analyzed by ICP-MS for the determination of the metallic elements. The
analysis was aimed at determining the following metallic elements: Al, Mn, Co, Ni, Cu, Zn, As, Sr, Mo,
Cd, Sn, Sb, Ba, Hg, Pb, Be, Fe and Cr. These particle samples were analyzed by ICP-MS analysis on a
Perkin Elmer ELAN DRC Il instrument (Perkin Elmer Sciex, Woodbridge, ON, Canada) equipped with
dynamic cell reaction (DRC) to analyze chromium and iron. The analytical method and specific
technical details have been reported in previous studies [47,55]. The mixed cellulose ester membrane
filters and the polycarbonate foil substrates were extracted overnight in a nitric acid (HNOs) American
Chemical Society (ACS)Reagent (Purity 90.0%; Sigma, Milan, Italy) 70% (v/v), and the extracted samples
were diluted into Ultrapure deionized water (Tracepure® water for inorganic analysis, Merck, Rome,
Italy). The reagent blank was made from blank membranes, acid, and deionized water used for the
sampled membranes The limits of detection (LOD) were determined on the basis of three standard
deviations (SDs) of the background signal; LOD ranged from 0.0001 ug to 0.0006 pg and the coefficient
of variation ranged from 6.5% to 9%. The accuracy of the method was determined on the basis of the
mean values obtained on certified reference materials submitted to the same treatment as the samples
(trace elements in water National Institute of Standards and Technology (NIST) 1640). Our method of
determination of metallic elements in environmental and biological samples is validated and the
laboratory participates in the inter-comparison program for toxicological analysis in biological
materials (G-EQUAS of the German Society of Occupational and Environmental Medicine). The limit
of detection of the laboratories was accredited (ISO 9001:2000 no. 9122 SP 16).

3. Results

3.1. Particle Size Distribution

Figure 2 shows the distribution of particle number concentration measured by ELPI+ in the BG,
P-EAF, LF, CC, W1, W2 and W3 samples.
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Figure 2. Number distribution measured by ELPI+ in sampling sites: BG, P-EAF, LF, CC, W1, W2 and
W3.

The BG and P-EAF distributions show a modal value at 10 nm. Measurements carried out near
the ladle furnace (LF) show a bimodal distribution, with the highest peak centered at 10 nm and a
second peak at 41 nm. The distribution measured near the continuous casting shows a modal value
at about 71 nm, with an additional peak at 10 nm. The distributions of W2 and W3 show a mode at
about 22 nm, while W1 shows a bimodal distribution with two peaks at 41 nm and 314 nm.

3.2. Particle Number Concentration

Figure 3 shows median, interquartile range, minimum and maximum UFP number
concentration, measured by ELPI+ and NT.
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Figure 3. Median, interquartile range, minimum and maximum UFP number concentration measured
through stationary, quasi-personal and personal samplings. Red boxes show the highest UFPs median
number concentrations measured.

The UFP median of background levels was found to range from 1.97 x 104 to 3.83 x 10* part/cm?.

The median of UFP ranged from 4.91 x 10° to 2.33 x 10° part/cm?, respectively, inside the EAF control

pulpit and next to the ladle furnace sampling site. The maximum concentration was measured in
close proximity to the continuous casting line (9.48 x 106 part/cm?), while in the welding positions the
median of UFP ranged between 3.15 x 10* and 1.57 x 10°. Finally, the UFP median measured during

the lunch break was 9.64 x 104 part/cm3.

3.3. Particle Surface Area Concentration

Table 2 shows average particle size range, median and mean of particle surface area

concentration (um?/cm?) deposited in the alveolar and tracheobronchial tract.

Table 2. Particle size range (average, nm), particle surface area concentration deposited in alveolar
and tracheobronchial tract (um?/cm3) measured by NT in each sampling site.

Particle Surface Area Concentration (um?/cm?3)

Sampling Site Particle Average Size Range Alveolar Tract Tracheobronchial
(nm) Tract

Mean Median Mean Median
BG 41.3 3.93x101  391x10" 7.95x100 7.90x10°
P-EAF 56.5 145x101  1.30x10' 293 x10° 2.63 x 10°
LF 29.87 379x102  3.01x102 7.65x101  6.09 x 10
ccC 32.68 466x102 3.08x102 942x101 6.23 x 10
W1 52.39 716x102 4.28x102 145x10> 8.64x 10!
W2 38.17 1.73x102  1.06 x10> 3.50 x 10*  2.14 x 10!
W3 59.19 1.05x102 9.10x10' 212x10' 1.84 x 10!
EAF 46.71 422x102 3.12x102 853 x101  6.30 x 10
P-LF 42.83 224 %10 2.08x102 4.52x10" 4.20 x 10!
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P-CC 47.58 3.52x10" 291x10" 7.11x10°0 5.88 %100
AG 34.7 1.49 x 10> 1.19x10> 3.01x10' 241 x10!
BT 61.4 9.69 x10> 4.52x102 933x10' 9.13 x10*
0C1 33.04 520x10" 4.79x10" 1.05x10" 9.68 x10°
0oC2 43 213 x102 2.01x102 4.31x10" 4.07x10!
QDW 61.4 1.62x102 753 x10" 3.28x10" 1.52x 10!
SC 40.69 1.68 x102 1.73x10>2 3.40x10' 3.49 x10!

The maximum UFP surface area concentration (im?2/cm?) in the alveolar tract was found in BT,
and the maximum UFP surface area concentration (um?/cm?) in the tracheobronchial tract was found
in W1 (mean) and BT (median). The minimum value of UFP surface area concentration was found in
P-EAF. Figure 4 shows the estimated doses of UFP surface areas in the alveolar and tracheobronchial
tracts for each measuring point. The highest average values of surface area, in terms of dose deposited
in the alveolar tract, were measured at BT, W1, CC, EAF and LF, whereas, the highest average surface
area values, in terms of dose deposited in the tracheobronchial tract, were measured at W1, CC, BT,
EAF and LF.

M Alveolar surface area dose (mm~2) O Tracheobronchial surface area dose (mm~2)
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Figure 4. Alveolar deposited surface area dose (mm?) and the tracheobronchial deposited surface area
dose (mm?). Both values were weighted for a six-hours exposure.

3.4. Particle Mass Concentration

Table 3 shows the mass concentration (mg/m?) of inhalable and respirable fraction measured by
gravimetric method. The concentrations measured for both fractions collected in the external
environment (BG) were found to be below the analytical detection limit. The highest concentrations
were measured at welding station 1 (W1), both for the inhalable and the respirable fractions.

Table 3. Mass concentration (mg/m?) of the inhalable and respirable fractions measured in BG, P-EAF,
LF, CC, W1 and W3 sampling locations.

Sampling Site BG P-EAF LF CC W1 W3
Inhalable Fraction <LOD 0.11 0.7 0.77 1.63 0.5
Respirable Fraction <LOD 0.11 0.46 0.08 0.92 0.59
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3.5. Chemical Composition

Table 4 shows metallic element concentration (pg/m?®) determined in the inhalable infraction
sampled at the sampling sites corresponding to BG, P-EAF, LF, CC, W1 and W3. Different
concentrations of the analyzed metal elements were observed in relation to the different sampling
sites investigated. Overall, the concentrations of the determined metallic elements, for which
occupational exposure limits are available, were below the limits set by Italian legislation [56]. The
highest levels of Al, As, Ba, Cu, Mo, Pb, Sb and Sn were found in the particles collected near the
continuous casting line. The highest levels of Cd and Zn were determined in the particle collected
inside P-EAF. The highest levels of Co, Mn and Sr were measured close to LF. The highest levels of
Cr and Fe were found in W1 and the highest levels of Ni in W3. Overall, the lowest levels were
measured in the background (BG).

Table 4. Concentration in pg/m? of the metallic elements determined in the inhalable fraction.

. Sampling Site
Metallic Element BG P-EAF LF cC W1 W3
Al 0.43 0.46 3.58 6.4 2.59 4.82
As <LOD <LOD 0.078 0.136 0.087 <LOD
Ba 0.05 0.034 0.24 0.248 0.07 <LOD
Be <LOD <LOD <LOD <LOD <LOD <LOD
Cd 0.0006 0.007 0.001 0.002 0.001 0.001
Co 0.001 0.002 0.042 0.024 0.031 <LOD
Cr 0.07 0.009 0.21 0.078 38.2 3.63
Cu 0.07 0.13 1.1 2.7 0.97 0.21
Fe 0.01 1.16 15.7 14.11 129.1 2.64
Hg <LOD <LOD <LOD <LOD <LOD <LOD
Mn 0.18 0.63 44.64 16.21 3.94 8.05
Mo 0.009 0.013 0.08 0.157 0.02 <LOD
Ni 0.05 0.053 04 0.346 1.5 6.47
Pb 0.09 1.82 0.64 1.83 0.42 0.07
Sb 0.003 0.004 0.02 0.048 0.01 <LOD
Sn 0.01 0.066 0.22 0.288 0.22 0.03
Sr 0.01 0.005 0.08 0.066 0.07 0.02
Zn 0.68 7.89 1.74 6.19 1.04 0.73

Figure 5 shows the concentration of the metal elements analysed in the ultrafine particulate
collected by ELPI+. Variable concentrations of the metallic elements were observed in relation to the
different sampling sites and to the different granulometric fractions analysed. In particular, Al 38%,
Fe 33%, Zn 9%, Ni 5% and Cu 4% were the metallic elements most represented in BG. Fe 38%, Zn
26%, Cu 10%, Mn 8% and Pb 8% were the metallic elements most represented in P-EAF. Fe 44%, Cu
17%, Mn 11% and Zn 10% are the most represented metallic elements in LF. Fe 70%, Cu 14%, Zn 6%,
Mn 3%, Pb 3% were the most represented metallic elements in CC. Fe 67%, Cr 20% and Fe 61%, Mo
11%, Cr 10% were the major metallic elements represented in W1 and W3, respectively. Figure 5
shows the concentrations of the metallic elements (in percentage) analysed in the ultrafine particulate
collected in BG, P-EAF, LF, CC and in two welding stations (W1 and W3).
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Figure 5. Concentration of metallic elements (percentage values) analysed in the ultrafine particulate

collected by ELPI+ at the several sampling sites.

Table 5 shows mass concentration (ng/m?) of the metallic elements determined in the UFPs

collected by ELPI+ in BG, P-EAF, LF, CC, W1 and W3.
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Metallic Elements

Sampling site  Dinm —— As Ba cd Co Cr Cu Fe Mn Mo Ni Pb Sb Sn Sr Zn
BG <OD <LOD <LOD  <LOD _ 011 118 0.93 4022 033 0.14 1003 038 005 049 <LOD 371
P-EAF 239 <OD <LOD <lOD <LOD <LOD 042 371 0.24 0.24 <OD 021 <LOD <LOD <LOD <LOD
LF 2 209 <LOD <LOD <LOD <LOD <LOD 803 <LOD <LOD 102 40D 354 016 272 <LOD  7.95
cC 40D 173 069 <LOD <LOD <LOD  17.1 26.49 1.13 2.64 03 1039 03 095 <LOD 757

w1 <LOD <LOD <LOD <LOD 047 7.71 1008 1044 047  <LOD 534 047 <LOD 13 <LOD <LOD
w3 40D <OD 264 <LOD 082 31.32 214 36.27 0.49 198 <OD <OD <lOD 239 <LOD <LOD
BG 659  <LOD 069  <LOD <LOD  <LOD 137  <LOD __ 0.19 0.08 0.16 03 005 055 <LOD 261
P-EAF 054 <LOD <LOD <lOD <LOD <LOD 263 21.55 0.75 0.48 <LOD 15 009 <LOD <LOD 192
LF » 5.4 1.69 169 <LOD <LOD <LOD 2579 3.74 2.09 327 40D 1197 051 1047 012 1433
cC 433 7.23 121  <OD <OD 117 11687 37224 1039 7.79 844 3246 173 1472 <LOD  39.39
w1 486 3.56 166  <LOD 036 7.94 1897 1755 285 225 6.52 379 <0OD 225 <OD 688
w3 <4OD <LOD 297 <LOD 181  <LOD 593 65.94 495 7.75 <OD <LOD <LOD <LOD <LOD <LOD
BG 0D <LOD 022  <LOD 008  <LOD  2.14 495 113 0.41 071 137 008 321 049 247
P-EAF 2051 051 <LOD <LOD <LOD <LOD 123 28.74 65 0.57 141 838 021 272 <LOD 229
LF . 48 508  <LOD <LOD <LOD <LOD 7264 12539 197 7.76 858 2618 114 2067 016 3583
cC 3.46 2857 195  <LOD 134 736 71635 318571 107.34  30.08 7055 11687 1255 7683 013  227.24
w1 <OD 949 166  <LOD 095 2882 2075 58342 285 237 1601 2016 095 2016 <LOD  13.04
w3 <LOD  <LOD 33 40D 857 15 1401 10551 478 32.15 099  <LOD 049 445 <LOD <LOD
BG 7184  <LOD 343  <LOD <lOD  <LOD 371 21.98 3.02 03 40D 33 016 115 005 1008
P-EAF 8.23 153 036  <LOD <LOD 239 3248 13172 3158 15 239 3143 054 299 015  101.93
LE 1 5.71 7.00 0.2 <OD 028 <LOD 8996 37618 1189 8.07 866 3799 173 2717 024 5591
cC 9.52 24.46 195  <LOD 156 1753 66874 405139 18612 2532 7834 17097 1017 6774 026 3809
w1 7.11 1245 <LOD <LOD 095 41504 2016 75892 889 2.49 1542 1838 071 1779 <LOD  10.08
W3 495  <LOD 28 <OD 2572 4616 1731 32971 989 52.75 5.44 214 <LOD 577 066 <LOD




Metals 2019, 9, 163 12 of 21

Overall, the metallic elements determined in LF, CC and P-EAF showed a trend comparable
with a greater concentration of metallic elements in the fractions of 71 nm and 121 nm. The metallic
elements determined in the particles collected outside the plant did not show a clear trend. Some of
these elements are more present in particulates of 22 nm, others in the fraction of 71 nm or 121 nm.
The metallic elements determined in the UFPs collected in W1 show a trend similar to that observed
in the other sampling sites inside the plant, however an important concentration is present in the size
range of 41 nm. In W3, the metallic elements show a less clear trend compared to the elements
determined in W1, however, most of the metallic elements are present in the size range between 71
and 121 nm. Figure 6 shows the chemical composition in percent (left) and in ng/m3 (right) of the
metallic elements in the different particle size ranges, for each area and working station.
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Figure 6. Distribution of the metallic elements (percentage value (left) and ng/m? (right) for each
fraction) in the different UFP size ranges collected by ELPI+, for each area and working station. The
percentages shown in the figure represent the fraction of each metallic element on the total of the
metallic elements determined in each size range for each sampling site.

Overall, considering the total of the metallic elements determined in all the fractions of UFPs, in
the particles collected near the LF, Mn and Co were present at more than 95% in the size range of 121
nm. Ba was present at more than 89% in the size range of 41 nm. Al showed a substantially
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homogeneous distribution in all size fractions. The others metallic elements were present for more
than 75% in the size range between 71 nm and 121 nm.

In the particles collected near the CC, Al and Ba were present at more than 65% in the size range
between 71 nm and 121 nm. As, Mo and Pb were present at more than 80% in UFPs of 71 nm and 121
nm. Co and Sr were present at 100% in the size range of 71 nm and 121 nm. The other metallic
elements were present at more than 90% in the size range between 71 nm and 121 nm.

In the UFPs collected in the P-EAF, Cr, Ba and Sr were present at 100% in the size range of 121
nm. Ni, As and Sn were found at 100% in the size range between 71 nm and 121 nm. Fe, Sb, Mo, Al,
presented a homogeneous distribution in the nanometric fractions, although Al was present at about
64% in the size range of 71 nm. The other metallic elements were present at more than 90% in particles
between 71 nm and 121 nm.

Overall, the metallic element concentrations determined in the UFPs collected outside the plant
were lower than the concentrations determined in the samples collected inside the plant. The
determination of the different nanometric fractions allowed the observation that Cr, Fe, Co, and Ni
were present at higher concentrations in the size range of 22 nm (100%, 59%, 57%, 91%, respectively).
Al, Mn, Pb were present at about 90% in particles between 71 nm and 121 nm. Sr was present at 90%
in the particles of 71 nm, whereas Ba was present at 79% in the size range of 121 nm. As was below
the limit of detection. The other metallic elements showed a substantially homogeneous distribution
in the UFPs.

In the UFPs collected in W1, Mn, Co, Ni and Cu showed a substantially homogeneous
concentration distribution. Zn, As and Mo showed a homogeneous distribution in the particles
between 41 nm and 121 nm. Sn, Fe and Pb were present at 90% in the size range of 71 nm and 121
nm. Al was present at 100% in the size range of 41 and 121 nm, Sb was present at 100% in the fractions
of 71 and 121 nm, and Ba was present at 100% in particulate matter between 41 nm and 71 nm. Cr
was present at 90% in the 121 nm fraction. Sr was below the limit of detection.

In the nanometric particles collected in W3, As and Zn were below the limit of detection. Al, Sr
and Pb were present at 100% in 121 nm particles. Sb was present at 100% in the 71 nm fraction, while
Sn was present at 70% in the 22 nm fraction. Co, Ni and Mo were present at more than 85% in the
fractions of 71 nm and 121 nm. Mn, Cu, Ba, Fe and Cr showed a homogeneous concentration
distribution.

Cd was lower than the limit of detection in all UFPs collected in all sampling sites.

4. Discussion

The assessment of occupational fine and ultrafine particles carried out in the steelmaking factory
allowed the detection of variations in particle number distribution, number, mass and surface area
concentration and chemical composition, in different areas and work stations in the factory.

The particle number distribution measured next to continuous casting (CC) shows a main mode
around 71 nm, with additional peak at 10 nm (Figure 2). Measurements performed near the ladle
furnace (LF) show a bimodal distribution, with the highest peak centered at 10 nm and a second peak
at41 nm. A previous study has observed a higher presence of small particles in the size range between
72 and 316 nm and an additional peak in the 22 nm size range next to the casting process [47],
whereas, next to the ladle furnace, particle number distribution measured showed a peak at 10 nm,
accounting for 63% of the total particle number. As suggested by previous studies, the largest particle
size of the emission fumes of the casting process could depend on a vapor species available for
condensation and coagulation. In contrast, the smallest particles measured next to the ladle furnace
(diameter 10 nm) fumes were likely composed of freshly nucleated particles [18]. The distributions
of W2 and W3 show a mode about 22 nm, while W1 shows a bimodal distribution with two peaks at
41 nm and 314 nm. A previous study has showed that the particle number size distributions resulting
from gas metal arc welding activity was multi-modal and may change with respect to time. The
authors have highlighted that welding particles are initially formed from the nucleation of vapors
emanating from the superheated metal droplets located within the arc, and from spatter particles
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ejected from the welding process, and they suggest that coagulation can be responsible for
scavenging of smaller particles by larger particles [57].

Background UFP number concentrations have proved to be similar to UFP levels measured by
three previous studies of similar areas outside plants [12,47,58], which measured levels ranging from
3.30 to 3.69 x 10* and 1.26 to 1.89 x 104 and of 4.00 x 104, respectively.

Some studies have shown that particle bounce could lead to an increase in particle number at
the lower working range of the ELPI with greased foil and not greased foil [59,60]. Although the
concentration and number distribution measured are in agreement with previous studies, further
studies are needed in order to estimate if and how the particle bounce that could occur in the different
stages of the ELPI influences the particle number concentration measured in a steelmaking foundry.
The melting, casting, and welding operations and the activity inside the mechanical workshop
resulted in the primary sources of UFPs, compared to all the investigated activities, with UFPs’
number concentration higher than for the outdoor background. These findings are in agreement, in
terms of concentration and number distribution, with previous studies, which were conducted in
similar working environments, such as iron and steel foundries, engine machining and assembly
facilities [12-14,47,58]. In particular, Evans et al. [12], in an automotive grey iron foundry, and Cheng
et al. [58] in the casting area in an iron foundry, have measured particle number concentration
between 7.0 x 10* and 2.39 x 105 particles/cm? and between 2.07 x 10* and 2.82 x 105 particles/cm?,
respectively. In a previous study carried out in a steelmaking foundry it was observed that next to
the ladle furnace and continuous casting the median UFP number concentrations were 1.64 x 10°
particles/cm?® and 2.92 x 105 particles/cm?, respectively [47]. Heitbrink et al. [13] have observed in an
engine machining and assembly facility a very fine particle concentration which ranged from 3.0 x
105 to 7.5 x 10° (geometric mean); Peters et al. [14] have measured the maximum particle number
concentrations (>1,000,000 particles/cm?) from the operation of direct-fire natural gas burners. In the
present study, the highest UFP number concentration was measured next to continuous casting (9.48
x 106 particles/cm®). However, UFP number concentrations above 1,000,000 particles/cm? were
measured in, LF, W1, EAF, AG and BT. Several studies have observed that welding activity can
determine a high emission of UFP. Zimmer et al. [57], during a characterization of the aerosols
generated by arc welding processes, measured an average number concentration range from 1.6x 107
particles/cm?® near the arc (0 cm horizontal, 4.8 cm vertical) to 3.2x 10¢ particles/cm? at the point
corresponding to the farthest point measured (15 cm horizontal, 19.2 cm vertical). A previous study,
carried out in automotive plants at a distance of 3 meters from welding activities, showed an average
UFP concentration of 1 x 10° particles/cm? with a peak of concentrations, particularly for surface area
(3 x 10> mm?/cm?, max. 3 x 10* mm?/cm?) observed in the area characterized by high density of manual
resistance welding activities or close to oxyacetylene welding activities [61]. Others authors [62] have
reported high concentrations of fine particles in welding and grinding activities at a distance of 1.5
m from the job activities (total particles between 9.9 x 10* and 1.0 x 105 particles/cm?), highlighting
that the welding and/or grinding activities can produce a greater number of UFPs compared with
brazing operations. In the present study, welding activities showed UFP number concentrations and
surface area concentrations in the alveolar tract from 3.15 x 10* (W3) part/cm? to 1.57 x 10° part/cm?
(W1) (median), and from 9.10 x 10" pm?/cm? to 4.28 x 102 um?/cm?® (median), respectively. While the
grinding activity resulted in a lower average concentration compared to welding activity, in
agreement with previous studies, a concentration of 3.51 x 10* particles/ cm?® during abrasive
blasting/grinding operations has been reported [12].

Furthermore, it has been possible to observe that in some work stations in the steelworks, in
particular in the control consoles (P-EAF, P-CC), in the cabin of the overhead crane used for the
finished products (OC1), and in the quality department workshop (QDW), the median UFP number
concentrations were comparable with outdoor background levels.

The UFP number concentrations measured in QDW may depend on the restricted use of
particulate sources. The main activities carried out in QDW mainly involve the assessment of the
quality of the finished products. The UFP number concentration measured in control consoles (P-
EAF, P-CC) and in the cabin of the overhead crane used for handling finished products (OC1), may
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be influenced by the efficiency of the ventilation system installed inside such work environments.
The UFP number concentrations measured inside the pulpit of the ladle furnace were found to be
higher than the outdoor background, however, the median concentration measured was low
compared to the concentration detected near the ladle furnace (LF) and substantially overlapping the
levels measured during the lunch break in the company canteen (far from industrial emission
sources).

The dose estimated, in terms of deposited alveolar or tracheobronchial surface area in particles
per mm? received by workers in the different working stations (weighted for a 6-hour exposure),
ranged from a minimum of 1.3 x 10> mm? for the alveolar tract and a minimum of 2.6 x 10" mm? for
the tracheobronchial tract to a maximum of 8.7 x 10° mm? for the alveolar tract and a maximum of 1.3
x 10° for the tracheobronchial tract. The highest deposition levels for the alveolar tract and the
tracheobronchial tract were recorded in the mechanical workshop and in the first welding station
(Figure 4). Several studies have suggested that a large surface area or number may play an important
role to causing adverse health effects [24,26,32,37,63-65]. The respiratory dose could be a key factor
for assessing potential health effects of inhaled particles. Lung dose assessment can help to verify the
effective dose relating to possible subclinical and clinical adverse health effects [34]. In this study, the
dose of UFPs in terms of surface area deposition in the alveolar tract is greater by one order of
magnitude compared to the dose values measured in Italian children living in urban or rural areas
[66] and below the total daily deposited dose for typical Italian smokers [67].

Indoor levels of mass concentration of the inhalable and respirable fraction and airborne
concentrations of metallic elements in the inhalable fraction were higher than those measured outside
the plant, even if they were below the limits established by the Italian legislation [56]. Dust
concentration and metallic element concentration were in line with other studies carried out in the
iron and steel industry in Italy [68], but they differ from the findings of Nurul et al. [69], who reported
for a steelmaking plant, a mean concentration and a range of total particulate matter of 2.76 mg/m3,
and 0.13-11.18 mg/m?3 respectively, with Co, Cr (VI) and Ni concentration at 2.36 mg/m?, 8.36 mg/m?
and 1.10 mg/m?, respectively. In our study, the highest dust concentration, in terms of inhalable and
respirable fractions, was measured in W1 (IF 1.63 mg/m?, RF 0.99 mg/m?), while in the steelmaking
section (next to LF and CC), dust concentration did not exceed 0.77 mg/m? (Table 3). The highest
metal concentration measured in the inhalable fraction was found in W1 (Fe 129 pg/m?) and in P-EAF
the highest metal concentration measured was Zn (7.89 pg/m?), which was the highest measured
concentration of Zn among all samples. The highest metal concentration measured in the inhalable
fraction collected in LF, CC and W3 was Mn with a concentration of 44.64 ug/m?16.21 ug/m?and 8.05
pg/m3, respectively. In the inhalable fraction collected outside the plant (BG) the highest metal
concentration was Zn (0.68 pg/m?) (Table 4).

Overall, the chemical characterization of UFPs shows that the highest total metallic element (of
the all metallic elements determined) mass concentration was found in the UFPs collected in CC,
followed by UFPs collected in W1 and LF, while the lowest was measured in the UFPs collected in
BG and P-EAF (Table 5 and Figure 5). However, the distribution of metallic elements in the different
fractions of UFP collected in P-EAF shows a pattern more similar to LF and CC compared to the trend
observed in the UFPs collected outside the plant. This could show a greater contribution of the
melting and casting operations in the issuance of UFPs within the control consoles compared to the
UPFs measured outside the plant, which means the particles may have different sources. In the UFPs
collected during welding activity, an important presence of chrome was detected compared to the
UFPs collected in the other sampling sites. Moreover, except for the UFPs collected in BG, which
showed a greater presence of Al than the other elements, in UFPs collected in LF, CC, P-EAF, W1 and
W3, iron (Fe) was found to be relatively higher compared to metals across all size ranges (Figure 6),
which was consistent with results from previous studies [47,62,70,71].

Although further studies are needed in order to investigate more and other workstations and
also to include chemical characterization (not only of metallic elements) in different fractions of
particulates through personal sampling, this study provided useful information on the possible
exposure to particulate-dispersed and metallic elements of workers within the steel factory. Indeed,
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to the best of our knowledge, this is the first study to measure airborne particle exposure in a steel
factory by simultaneously assessing size distribution, number, mass, surface area concentration, dose
deposited in the respiratory system, and the composition of the airborne metals, and also with
reference to different nanometric fractions.

The exposure assessment carried out allowed observation of a wide spatial distribution of the
airborne particulate levels and the contained metallic elements, thus allowing identification of the
main sources of exposure in term of mass, number and lung-deposited surface area of particles (in
terms of deposited alveolar or tracheobronchial surface area, mm?). Furthermore, it was possible to
detect the concentration of low doses of metallic elements in the different fractions of UFPs. Chemical
composition in terms of metallic elements determined in the UFPs varied depending on the sampling
site, the emission source and the size range. In particular, Fe, Cu, Mn, Zn, Pb and Al were the most
represented elements in that context and this result is in agreement with other studies conducted in
foundries [47,71,72].

An in-depth assessment that takes into account the different chemical-physical characteristics
of the airborne particulate may provide useful information for increasing the knowledge about
occupational exposure to fine and ultrafine particles. In addition, although further research is needed
to confirm the observations, the results achieved could also prove useful for designing studies aimed
to investigate early biological effects associated with exposure to particulate matter and to several
components within metal industries. Future studies based on job-exposure matrices could clarify the
role of the different components (both size and non-size related) which could determine adverse
health effects on respiratory and cardiovascular systems, in particular.

5. Conclusions

This study measured and assessed the occupational exposure concentrations of fine particles in
a steel factory. Stationary and personal samples were carried out in different workstations and during
different work phases in standard working conditions. UFP number, surface area concentration and
metallic element composition were measured. Results confirmed the findings of previous studies
conducted in similar industrial contexts, and improved the knowledge about ultrafine particle
exposure and the fractions of metallic elements in nanometric particles.

These results may be useful for identifying preventive measures aimed at limiting workers’
exposure and could lead to a better knowledge of the characterization of occupational exposure to
UFPs. Furthermore, our results provided relevant information for the development of work-based
exposure matrices, for epidemiological studies design, and for the planning of studies on early
biological effects, in order to improve knowledge on health effects related to exposure to UFPs in the
workplaces.
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