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Abstract. In this study, fine particulate matter (PM2.5) was collected inside the metal workshop located in the
suburb of the City of Rijeka, Croatia. The high intensity of welding and plasma cutting is characteristic for this metal
workshop and, therefore, high levels of very fine metal aerosols were expected. The fine aerosol sampling on thin
Teflon filters and subsequent XRF elemental analysis were performed. The sampling in the workshop was conducted
in two sampling periods in May and November 2016. In total, 64 samples were collected, out of which 28 were 12-
hours samples and 36 were hourly samples. Additionally, Trotec Optical Particle Counter PC220 was used to measure
concentrations for 6 different optical sizes (0.3 um, 0.5 um, 1 um, 2.5 um, 5 um and 10 um) to obtain the particle size
distribution. The sample analysis was carried out with X-Ray Fluorescence technique at the Laboratory for Elemental
Microanalysis at the Department of Physics, University of Rijeka. Heavy metals such as Ti, Cr, Mn, Fe, Ni, Cu, Zn and
Pb were detected. The results were compared to the average daily concentrations measured in the city centre.
Concentrations of all measured metals in indoor air in our study were significantly higher than in the samples
collected outdoors. The highest indoor/outdoor ratio was obtained for Fe and Mn. Weekly and daily variations of
heavy metal concentrations were also analysed. As expected, the results showed that weekly and diurnal variations of
metal concentrations follow the work intensity in the workshop. The particle size distribution shows that sub-micron
particles are present in much higher concentrations than coarse particles. This indicates the harmfulness of welding

fumes.

Key words: Heavy metals, metal workshop, particle size distribution, welding aerosols, working environment

1. INTRODUCTION

One of the most important air constituents for
human health is particulate matter (PM), a mixture of
particles and liquid droplets in the atmosphere. A fine
fraction of aerosols, containing particles of
aerodynamic diameter smaller than 2.5 um, is the most
harmful because it can easily enter the human
respiratory system.

Many studies have been conducted to monitor the
air quality in different indoor working environments,
like chemical laboratories, dental clinics and metal
workshops [1-3].

The ambient air in a mechanical workshop often
has a high concentration of fine particles with
potentially harmful composition [1, 4, 5], causing
multiple health problems [6-10]. The most important
source of fine aerosols in metal workshops is welding
fume, a mixture of various gases and solid particles of
elements such as iron and manganese. The risk of
exposure and adverse effects is primarily from
inhalation of manganese. The American Conference on

Governmental Industrial Hygienists (ACGIH) advised a
threshold limit value for respirable manganese of
20 pug/ms3 for an average concentration measured over
8-h period.

Concentrations of fine particulate matter (PMa.)
were monitored in a metal workshop in a suburb of the
city of Rijeka, Croatia. The most important activities of
this workshop are electric arc welding and plasma
cutting of steel components. The aim of this research
was to investigate the levels of occupational exposure of
workers to heavy metals in fine particulate matter in
order to examine whether it is necessary to implement
additional protective measures for workers.

2. MATERIALS AND METHODS

2.1. Sample collection

To obtain elemental concentrations in PMoas,
particulate matter was collected on thin Teflon filters
(Pall Corporation R2P1025, diameter of 25 mm, pore
size of 0.3 pm) using a cyclone sampler developed at
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Australian  Nuclear Science and  Technology
Organisation (ANSTO) [11] with the average flow rate
of 18 1/min. This flow rate was selected because it was
as close as possible to the nominal rate for the 2.5 um
cut-off size.

The sampling was performed during two separated
periods. From May 14t (Saturday) to May 27t
(Thursday) 2016, 26 half-day samples were collected.
Samples were collected during daytime (5AM-5PM)
and night-time (5PM-5AM). The sampler was
positioned in an open store-room, at a distance of at
least 30 m from the closest welding worker.

In order to get a better time resolution during the
working hours, we performed the second sampling
campaign from November 13t% (Sunday) to November
17t (Thursday) 2016. Hourly samples were collected
from 6AM to 6PM, while 12h-samples were collected
from 6PM to 6AM. 12-hour sampling periods were
chosen for non-working periods because the pollution
during non-working time was not high enough to be
measurable on hourly samples. In total, 36 hourly and
four 12h-samples were collected. In this sampling
period, the sampler was positioned in the workshop at
the distance of about 5 m from the closest welding
machine. The sampler inlet was positioned at the
average breathing height of 1.7 m above the floor level.
Additionally, in this sampling period the Trotec
particle counter PC220 was used to obtain the particle
size distribution. Aerosol number concentrations were
measured for 6 optical sizes: 0.3 pm, 0.5 ym, 1 pm,
2.5 um, 5 um and 10 um. The sampling was performed
at the flow rate of 2.83 I/min. It was programmed to
measure the number concentrations of each size every
260 s but, due to some technical problems, it did not
work properly through the whole sampling period.

The workshop has two floors. The welding is
performed on the ground floor while the plasma
cutting is placed on the first floor of the workshop.
There is no ventilation, nor heating in the workshop.
The usual working-time starts at 6AM and finishes at
2PM, although sometimes some additional work was
often done after the usual working-time. Workers
usually take a half-hour break for lunch around 11 or
12AM.

The concentrations of metals in aerosol within the
workshop  were compared to the average
concentrations in the city center. Average elemental
outdoor concentrations were obtained from the
continuous aerosol monitoring which has been
performed in the center of the city of Rijeka since 2013
[12].

2.2. Analysis

Each Teflon filter was weighted before and after the
sampling to obtain the total aerosol mass. The filters
were held under stable conditions (22°C and relative
humidity of 19%) for at least 24 hours before weighting
with the Mettler Toledo XA105 Dual range balance
(readability 10 pg).

PM..; samples were analyzed by Energy Dispersive
X-Ray Fluorescence technique (ED-XRF) at the
Laboratory for Elemental Microanalysis at the
Department of Physics, University of Rijeka to obtain
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concentrations of eight heavy metals (Ti, Cr, Mn, Fe,
Ni, Cu, Zn and Pb). A low power rhodium X-ray tube
was used under 50 kV and 1 mA and with the
collimator of 2 mm in diameter perpendicular to the
sample. A silicon drift detector positioned at 45° to the
sample was used to measure X-rays from the sample
[12, 13]. To avoid any inhomogeneities in the sample,
area of 8x8 mmz? (7x7 overlapping pixels) was scanned
on each sample. For each sample, the sum of 49 spectra
was used for further analysis. The resulting X-ray
spectra were analyzed using the AXIL software [14]. In
order to perform quantitative analysis, the system was
previously calibrated using thin multi-elemental
standards.

For the first sampling period minimum detection
limit (MDL) for Pb was 0.0063 pg/m3 and for other
elements MDL ranges from 0.0019 pg/m3 to
0.0027 pg/m3. For the second sampling period MDL
for Pb was 0.14 ug/ms3 and for other elements in range
from 0.29 ug/ms3 to 0.44 pg/ms.

Statistical analysis of data including Pearson
correlation analysis was carried out using the Statistica
13.1 statistical software.

3. RESULTS

Table 1 shows the average daytime and night-time
elemental and PM.s concentrations for the first
sampling period and their ratios. Iron was found as the
dominated metal followed by Mn, Zn and Cu. Average
concentrations of metals during working day were from
4 to 23 times higher than during night-time or
nonworking period. Fitting errors of concentrations
ranged from 11% for Cu to 27% for Fe.

Table 1. Average daytime (Ca) and night-time metal
concentrations (Cy) their standard deviations (SD) and their
ratios for the first sampling period. Concentrations are
expressed in pg/ms3

Cax SD Cn£SD Ca/Cn
Ti 0.075 + 0.056 0.019 + 0.049 3.9
Cr 0.033 £ 0.025 0.0039 £ 0.0019 | 8.2
Mn 2.5+2.3 0.11+ 0.11 22.6
Fe 22 + 15 1.17 £ 0.95 18.6
Ni 0.028 + 0.021 0.0029 + 0.0017 | 9.9
Cu 0.497 + 0.374 0.033 + 0.035 14.9
Zn 0.52 + 0.53 0.043 + 0.024 11.9
Pb 0.083 + 0.054 0.0109 * 0.0069 7.6
PM.5 173 + 85 35 +11 4.9

Elemental concentrations from the first sampling
period show weekly changes. The variation of
manganese (Mn) concentrations through the first
sampling period, from May 14t (Saturday morning) to
May 27t (Thursday evening) are presented in Fig. 1.
Daytime samples are marked with black columns,
while night-time samples are marked with grey areas.
It is evident that concentrations of metal during
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working time are much higher than concentrations for
non-working time (nights and weekends). In the first
week, the highest concentration was achieved on
Thursday, but in the second week it was achieved on
Monday, while the concentration on Thursday was very
small. This shows that Mn concentration is highly
dependent on the working schedule, which is very
changeable.
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Figure 1. Weekly variations of manganese concentrations in
the samples collected from May 14th to May 27th

The main results of elemental analysis for the
second sampling period are presented in Table 2. All
given concentrations are in pg/ms3. The highest
concentrations and ratios were measured for Fe and
Mn. Again, Fe was found to be the dominant metal in
PM2.5 and contributed significantly to the total
detected metal mass loading. Iron is followed by Mn
and Cu. Fitting errors of concentrations ranged from
5% for Mn to 13% for Pb.

Table 2. Average elemental and PM..5 concentrations
in the workshop (cw) and city center (cc) and their ratios
for the second sampling period. Concentrations are
expressed in pg/ms3

cw+ SD cc+ SD Cw/Ce
Ti 0.58 + 0.44 0.0031 + 0.0044 187
Cr 0.48 £ 0.41 0.00078 + 0.00064 600
Mn 13+12 0.0037 + 0.0091 3 641
Fe 430 + 370 0.075 + 0.059 5748
Ni 0.37 £ 0.30 0.0014 + 0.0016 264
Cu 5.5+ 4.4 0.0037 + 0.0093 1478
Zn 0.60 + 0.42 0.012 + 0.010 51
Pb 0.39 £ 0.25 0.006 * 0.023 63
PM. .5 2200 + 1900 20.8 £ 7.8 106

Figure 2 shows temporal variations of Mn, Fe and
Zn concentrations during the second sampling period.
Iron is a dominating constituent of metal components
that are processed in the workshop and manganese is
an important constituent of welding electrodes. Fe and
Mn concentrations are highly connected to the working
activities in the workshop. Zn concentrations also
follow the working schedule, but variations are not so
dramatic, especially for the first day of sampling. Gray
columns correspond to non-working time. The line
represents an average city concentration for Mn, Fe

and Zn. It can be seen that concentrations of Mn, Fe
and Zn during the working time in the workshop are
few order of magnitude higher than in the city center.
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Figure 2. Temporal variations of Mn, Fe and Zn

concentrations in the PM2 5 samples collected in the second
sampling period. Gray areas represent non-working time

Figure 3 shows the average diurnal variation in the
concentration of Mn and Fe. Minimum concentrations
are obtained during the night, but the second
minimum appears between 11 and 13 h, which
corresponds to the period for lunch break. Other
elements show a very similar daily pattern. Fe
concentrations are also elevated in the afternoon
period (17-18 PM), probably because of some
additional work which was done on the second day of
sampling.
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Figure 3. Diurnal variations of Mn and Fe concentrations

In order to obtain the size distribution, the optical
particle counter measured the number concentrations
of 6 different optical size ranges every 260 s. Box-
whisker plots of number concentrations for each
optical size are shown in Figure 4. The majority of the
particles are fine and ultrafine particles. These results
are in a good agreement with the results of some
previous studies [4].
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Figure 4. Typical particle size distribution of fine particulate
matter (PM- ) in metal workshop obtained by optical particle
counter

The size distribution of heavy metals can be
obtained by comparing the results of elemental analysis
to the data of the particle counter [15]. For that
purpose, we calculated the correlations between the
concentrations of a given element and of particles of a
given optical size. Distributions of R2 values for Fe, Mn
and Zn are given in Figure 5. For Fe, Mn and almost all
the other elements, the strongest correlations are
obtained for the smallest optical sizes. Therefore, it can
be concluded that the metals most commonly form fine
and ultrafine particles. Zn is the only element that
shows a different pattern.

;o
g —8— Fe
0.8 ] —— Mn
dEdr —— 7n
0,6
A
0,4 -
0,2
D_ T T T I T T T T I
1 10

d/fpm

Figure 5. Distribution of R2 values between Fe, Mn, Zn and
different particle sizes

Each regression analysis was based on 25 points
and all correlations were statistically significant at the
0.05 level. An example scatter plot of number
concentration for optical size of 0.3 pm and Mn
concentrations is given in Figure 6.
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Figure 6. Correlation between number concentrations (optical
size of 0.3 pm) and Mn concentrations in pug/ms3

In order to find out inter-elemental correlations,
Pearson’s correlation coefficients of heavy metals in
PM.; were calculated for every pair of elements.
Results are presented in Table 3. The calculation was
done only for a second sampling period and included
only samples measured during the working period of
the day. Most of the correlation coefficients between
the metals were found to be strong and statistically
significant. However, there are no apparent
correlations between Zn and Cr, Ni, Cu. This indicates
that these elements may come from different sources.

Table 3. Correlation matrix for heavy metals in PM> 5 samples
collected in metal workshop from November 13t until
November 17th 2016. Bold entries indicate correlations higher

than 0.8.
Ti Cr Mn Fe Ni Cu Zn Pb

Ti 1 0.89% | 0.83* | 0.92* | 0.89% | 0.94* | 0.49* | 0.89*
Cr 1 0.66* | 0.84* ] 0.85* | 0.83* [ 0.31 | 0.76*
Mn 1 0.71* | 0.66* | 0.86* | 0.43**| 0.77*
Fe 1 0.96* | 0.92% | 0.48%*| 0.81%
Ni 1 0.93*| 0.32 | 0.87*
Cu 1 0.39 [0.91*
Zn 1 0.36
Pb 1
* Correlation is significant at the 0.01 level.

** Correlation is significant at the 0.05 level.

Moving the sampler position from a store-room to a
distance of 5 m from the closest welding machine
significantly affected metal concentrations. Table 4
shows average concentrations measured during
working time for the first and second sampling period
and their ratios. Concentrations were up to 27 times
higher in the second sampling period when sampler
was positioned closer to the welding machines.
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Table 4. Average elemental and PM. 5 concentrations +

standard deviation (SD) for the first (c¢:) and second (c2)

sampling location during working time and their ratios.
Concentrations are expressed in ug/ms3

¢+ SD c.+ SD C1/C2
Ti 0.075 £ 0.056

0.81+0.34 10.78

Cr 0.033 + 0.025 0.65 £ 0.35 19.82
Mn 25+23 19.9 + 11.6 7.87
Fe 22+15 586 + 296 26.96
Ni 0.028 + 0.021 0.50 + 0.23 17.68

Cu 0.497 £ 0.374
7n 0.52 + 0.53

Pb 0.083 £+ 0.054

7.7+ 3.3 15.46
0.75 + 0.46 1.46

0.54 £ 0.17 6.51

PMzs 170 + 85 2980 + 1520 17.29

Average manganese concentrations during 8h-
working periods for each sampling day in the second
sampling period are presented in Table 5. The
threshold limit value (TLV) for Mn in working
environments according to ACGIH is also shown in the
table for comparison.

Table 5. Average Mn concentrations + standard deviation
(SD) for 8h-working periods in the second sampling period
and threshold limit value (TLV) according to ACGIH.
Concentrations are expressed in ug/ms3

¢(Mn) £SD
TLV 20.00
14 November 12.6 + 4.8

15 November 19 + 11
16 November 28 + 13

4. DISCUSSION

During the first sampling period, heavy metal
concentrations showed significant changes between
working and non-working time. Working time average
concentrations were up to 22 times higher than during
nights and weekends (Table 1).

Hourly samples from the second sampling period
show diurnal variations of aerosol concentrations,
which correspond to the working schedule. Measured
concentrations were significantly higher than the
average values in the city center (Table 2) and the
highest ratio was obtained for Fe (5 700 times).

Inter-elemental correlations are mostly strong and
significant. Correlations between Zn and other
elements are the weakest. Additionally, Zn shows the
smallest indoor/outdoor ratio, as well as the smallest
change within the distance. This suggests that Zn is the
least connected to workshop activities.

Metal concentrations measured app. 5 m from the
welding machines were up to 27 times higher than
those measured app. 30 m from the machines. This
indicates that the personal exposure to aerosols could

be even higher than those measured. To confirm that,
personal exposure studies should be performed.

During the second sampling period, the threshold
limit value for 8h-working time has been exceeded in
one out of three days (Table 6). This suggests that
workers are probably in a high risk environment. Air
quality could be improved by implementing the room
ventilation [16].

5. CONCLUSIONS

Heavy metals in PM.; collected in the indoor
working environment were analyzed. Concentrations of
all measured metals in indoor air in our study were
significantly higher than in the samples collected in the
city center. The average concentrations of all measured
heavy metals in indoor working environment were
from 51 to 5748 times higher than those measured in
the city center. The highest indoor-outdoor ratio was
obtained for Fe and Mn.

Considering the heavy metal concentrations
measured in indoor working environment, the
attention should be paid to the health risk. Particular
attention should be paid to the concentration of
manganese because the preliminary measurement
showed that the concentration of manganese in the
indoor working environment is often approaching the
permitted limit, and sometimes even exceeds that
limit. An extended study should be performed in this
field, including the investigation of personal exposure.
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