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Abstract

During metal welding and cutting, large amounts of particulate matter (PM) are produced that might 

represent a significant health risk for the exposed workers. In the present pilot study, we performed an 

elemental analysis of fine PM collected in a metal workshop. Also, elemental analysis of the hair and nail 

samples collected from workers exposed to the workshop dust and control group was done. 

Concentrations of 15 elements in PM were measured with X-Ray Fluorescence (XRF) and Particle 

Induced X-ray Emission (PIXE), whereas Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was 

used to determine 12 elements in hair and nail samples. Mean 8-h concentrations of PM2.5, Fe, and Mn in 

the vicinity of welders were up to 1803 μg/m3, 860 μg/m3, and 30 μg/m3, respectively, whereas in the 

nearby city, daily PM2.5 concentrations are on average 11 μg/m3. We found that several elements, 

especially Fe and Mn, had substantially higher concentrations in hair and nail samples of exposed 

workers than in the control group, which indicates the accumulation of metals in workers’ tissues, 

although limit values were not exceeded.

Key words: metal workshops, particulate matter, XRF, PIXE, ICP-MS

1. Introduction

Particulate matter (PM) is a mixture of particles and liquid droplets suspended in the atmosphere 

and it stands as one of the most important air pollutants, especially its fine fraction (PM2.5), which 

consists of particles less than 2.5 μm in diameter. These fine particles can enter the human respiratory 
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system and can, therefore, have harmful effects on human health [1]. Many studies have been conducted 

so far to monitor PM outdoors, but since people spend most of their time indoors, it is especially 

important to investigate indoor pollution. It is known that metal processing techniques such as welding, 

cutting, turning, grinding, and polishing produce significant amounts of PM. 

Limit values (LV) for different pollutants are set for indoor working environments in many 

countries. For selected pollutants that are measured in the present study, we have found in the literature 

LVs from several countries (Croatia, Estonia, Germany, Hungary, Poland, and the USA). Overall, LVs 

from different countries are comparable, being of the same order of magnitude. However, some 

exceptions exist, among which the most pronounced differences are for Mn [2,3]. Therefore, potentially 

inadequate LVs are not country-specific but are typically a global problem. 

In Croatia, where this study was performed, regulation for indoor pollutants in working 

environments sets LVs for many components of particulate matter [4], and those considered in this study 

are listed in Table 1. LVs are defined as mean concentrations during an 8-h working shift. 

In metal workshops, welding and cutting are the most important sources of PM. The International 

Agency for Research on Cancer (IARC) classified welding fume as carcinogenic for humans (Group 1) 

[5]. Hazardous by-products of welding are many: fume components (fluorides, Al, SiO, Ti, Cr, Mn, Fe, 

Ni, Cu, Zn, Mo, Cd, Pb), gases (CO2, CO, NOx, NO2, O3), radiant energy (UV, visible, IR), and other 

(heat, noise, vibration) [6]. Moreover, PM can also contain all components from outdoor sources, 

including organic, but these components depend on outdoor air quality, since they are not produced by 

metal processing. All these components can have a negative effect on human health, depending on their 

solubility, metal content, surface area, and reactivity [1], but here we focus on metal components as the 

most characteristic ones for the workshop. Health effects can be investigated through epidemiological, in 

vitro, or animal studies, but also by analysing tissue samples of the exposed workers. Tissue samples can 
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give some valuable information on different paths that metals take in organisms, especially on their 

possible deposition in the body. 

Several studies have found a connection between occupational exposure to metals and metal 

levels in biological samples, but in many cases, the analysed samples were blood and/or urine of exposed 

workers [7–9], which show recent and acute exposures. In other studies, hair and/or nail samples were 

analysed [10–19], which are more appropriate biological samples for this purpose, since they can give 

information on the long-lasting accumulation of metals in human tissues [20,21]. In order to assess the 

connection between work exposure and accumulation of metals in tissues, it is important to monitor both 

metal levels in tissues and in PM, which was done only in three studies [12,14,17]. However, we have 

found only one study with a control group [14], but only the concentration of Mn was measured. 

The aim of the present study was to determine the level of workers’ exposure to metals in a metal 

workshop by elemental characterisation of indoor particulate matter and by evaluation of elemental 

concentrations in biological samples. The results of the pilot study with measurements of 15 elements in 

PM2.5 and 12 elements in hair and nail samples are presented. This paper is a continuation of our earlier 

work [22], where we published concentrations of some elements in particulate matter samples.

2. Materials and Methods

2.1. Sample collection

Fine particulate matter was collected inside the metal workshop located in the suburb of the City 

of Rijeka, Croatia. The workshop has a ground and a first floor. The main metal processing activities in 

the workshop are welding (on the ground floor) and plasma cutting (on the first floor) of iron and steel. 

The ground floor is mostly confined. The workshop was neither ventilated nor heated during the 

sampling. The usual working shift starts at 6 am and finishes at 2 pm, but there is often some residual 

work to be done even after regular working time. Workers usually take a half-hour break for lunch around 

11 or 12 am. 
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The sampling was performed during two separate periods. In total, 66 samples were collected, out 

of which 30 were 12-h and 36 were 1-h samples. The first sampling period lasted 13 days (Saturday, May 

14–Friday, May 27, 2016). Twelve-hour samples were taken during the daytime (5 am–5 pm) and night-

time (5 pm–5 am). The sampler was positioned on the ground floor in a separate room that is used as a 

storeroom and not for metal processing. The sampler inlet was positioned at 1.7 m above the floor, as an 

approximation of the average breathing height.

In order to obtain a better time resolution during working hours, in the second sampling campaign 

(Sunday, November 13–Thursday, November 17, 2016), hourly samples were taken from 6 am to 6 pm. 

For hourly samples collected during the night, it would be difficult to perform elemental analysis due to 

the low amount of collected deposit, so a single 12-h sample was taken from 6 pm to 6 am for each 

sampling day. In total, 36 hourly and four 12-h samples were taken. This time, the sampler was moved to 

the main working room where welding was performed, at about 5 m distance from the closest welding 

process. The sampler inlet was again at 1.7 m. 

The sampling of PM2.5 was performed using a cyclone sampler based on the ANSTO ASP 

sampler [23]. PM2.5 was collected on thin polytetrafluoroethylene (PTFE) membrane filters (d = 25 mm).

Samples of hair and nails were collected from two groups of people. The experimental group for 

biological samples included 8 male workers from the metal workshop, aged from 25 to 69 years (median: 

55 years) and with 5 to 45 years of working experience. Since the composition of hair and nails can 

depend on age, sex, ethnicity, and environmental pollution [21,24,25], the control group included 9 male 

volunteers aged from 26 to 63 years (median: 43 years) who lived in the same area as the workshop 

workers, but none of them was exposed to PM from metal workshops. The hair was cut into approx. 0.3 

cm pieces, washed with 1:200 dilution of Triton X-100, after that rinsed with acetone and water, drained, 

and dried in an oven at 45 °C. Fingernails were cleaned with acetone for 20 minutes in an ultrasonic bath 

and then by ultrapure water for 20 minutes, dried, and cut into small pieces. 
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This study was done in accordance with the Helsinki Declaration and approved by the Ethical 

Committee for Biomedical Research of the Faculty of Medicine in Rijeka. The examined participants 

agreed to be involved in the research at their free will. Each volunteer signed an informed consent form 

prior to participating and filled out a short survey that covered basic questions including gender, age, 

smoking status, duration of work at this workplace, type of profession, and the most common activity 

during working hours.

2.2. Analysis

PM2.5 concentrations were obtained by gravimetric measurements with a Mettler Toledo XA105 

Dual Range balance (readability 10 μg) at the Laboratory for Macromolecular Research (University of 

Rijeka, Centre for Micro and Nano Sciences and Technologies). Each Teflon filter was weighed before 

and after sampling to obtain the total PM2.5 mass. Before weighting, all samples were conditioned for at 

least 24 h, at a temperature of 22 °C and relative humidity of 20%. Since there was no specially equipped 

weighing room available for this purpose, the samples were conditioned in a desiccator, where the 

relative humidity of 20% was the most stable achievable one. 

Elemental analysis of the PM2.5 samples was performed with the Energy-Dispersive X-Ray 

Fluorescence technique (ED-XRF) at the University of Rijeka, Department of Physics. A rhodium X-ray 

tube was used under 1 mA and 50 kV, with a 2 mm diameter collimator placed perpendicularly to the 

sample. A silicon drift detector was positioned at 45° to the sample. An area of 8 × 8 mm2 was scanned to 

avoid possible inhomogeneities in the sample. The analysis was performed in air. The QXAS program 

was used to analyse the spectra [26]. With this technique, concentrations of S, Cl, K, Ca, Sc, Ti, V, Cr, 

Mn, Fe, Co, Ni, Cu, Zn, and Pb were obtained. 

Additional elemental analysis was performed with Particle Induced X-Ray Emission (PIXE) at the 

Ruđer Bošković Institute to determine concentrations of several additional elements. A proton beam of 

1.8 MeV was used for the excitation and the samples were placed in a vacuum chamber. A silicon drift 
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detector was used for low Z (Na-S) and a Si(Li) detector was used for higher Z elements (K-Pb). Analysis 

of the spectra was performed with the GUPIX software [27]. With this technique, concentrations of Na, 

Mg, Al, Si, P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Pb were obtained. 

In order to determine concentrations of Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, and Zn in 

biological samples, the Inductively Coupled Plasma Mass Spectrometer (ICP-MS) NexION 300X 

(PerkinElmer Instruments, Waltham, MA, USA) was used at the Teaching Institute of Public Health of 

Primorsko-goranska County in Rijeka. Approx. 0.1 g of nail or hair sample was digested using an Anton 

Paar Multiwave 3000 microwave system (Anton Paar GmbH, Graz, Austria) equipped with pressurised 

vessels, using 5 mL of 65% nitric acid (HNO3 Suprapur, Merck, Germany), 4 mL of 30% hydrogen 

peroxide (H2O2 Suprapur, Merck, Germany), and 1 mL of 30% hydrochloric acid (HCl Suprapur, Merck, 

Germany) per sample over a 20-minute operation cycle at 1400 W. The digested samples were transferred 

to 25 mL volumetric flasks and filled to the mark with ultrapure water (Siemens Water Technologies 

Corp, Warrendale, PA, USA). Analytical blanks were prepared and run in the same way as the samples. 

The mass fractions of metals were determined using external standards, with standard solutions prepared 

in the same acid matrix. Standards for the instrument calibration were prepared on the basis of a 

multielement certified reference solution for ICP (PerkinElmer Instruments). The calibration curves with 

r2 > 0.999 were accepted for concentration calculation.

Considering the small-size biological samples, we tested the normality using the Kolmogorov-

Smirnov test. Since the variables were not normally distributed, we used the nonparametric Mann-

Whitney U test to test the differences between the experimental and control group. 

3. Results

3.1. Particulate matter samples

Since the elements from S to Pb were measured with both XRF and PIXE, the obtained elemental 

concentrations were compared. The results were consistent, with the systematic error between the 
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methods comparable to the measurement uncertainties. The correlations between the two results were 

very good (r2 > 0.8). For future analysis, PIXE concentrations were used for Na to P and XRF 

concentrations for all other elements. The concentrations of Cl, K, Sc, V, Co, and Pb were usually lower 

or very close to the limit of detection (LOD) or hardly detectable because of interference with other, 

usually much stronger lines in the spectra (Co), which is why these elements were not considered (except 

K for the first sampling period). Uncertainties of measurement were calculated from the uncertainty of 

flow measurement during the sampling, uncertainty of spectra fitting (statistical and systematic), 

uncertainty of mass, and uncertainty of system calibration. Overall uncertainties were estimated to be less 

than 10% for concentrations well above the LOD. For trace elements like Na or Mg, the uncertainties 

were 20% or higher. 

During the first sampling period, the 12-h concentrations of elements and PM2.5 (Figure 1) showed 

a pattern clearly connected to the working activities. The concentrations during the night and weekends 

were almost constant, but the daytime concentrations during the weekdays were on average 6 times 

higher for PM2.5 and up to 27 times higher for the concentrations of some elements. Most of the elements 

followed a similar trend as PM2.5. Manganese, an element that typically occurs in the workshop dust 

during welding operations, had the biggest day-night increase. The time series for S, on the other hand, 

showed no relationship with the working pattern, which was expected, since S mostly originates from 

outdoor sources. 

The better time resolution during the second sampling period, which included both 12-h and 1-h 

samples, provided more detailed information. Much higher concentrations were measured compared to 

the first period because the sampler was moved closer to the welders. The temporal changes in elemental 

and PM2.5 concentrations are shown in Figure 2. At the beginning of the working shift (grey areas), the 

concentrations of PM2.5 and most elements increased rapidly compared to the non-working hours. The 

concentrations of elements varied according to the changes in the work intensity and at the end of the 
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working shift, there were clearly visible decreases of concentrations on the first and third day. However, 

on the second day, those decreases were not so pronounced for many elements due to additional work 

performed at the workshop. The variations of Fe and Mn concentrations follow variations in PM2.5. The 

hourly Mn concentrations were up to 250 times higher than during the night. 

In order to compare these concentrations with the limit values, 8-h equivalent concentrations were 

calculated for each element and each sampling day, and the results are presented in Table 1. These 8-h 

concentrations can be compared to the LVs for the respirable fraction, if existing, also reported in Table 

1. Our 8-h concentrations did not exceed the LVs. More precisely, they were for at least one order of 

magnitude lower than the LVs. However, the Mn concentrations in the second and third day exceeded the 

German and ACGIH limit value of 20 μg/m3.

3.2. Biological samples

Table 2 shows the median values and ranges of metal concentrations in hair and nail samples of 

workshop workers and controls. Samples with concentrations below the LOD were replaced with 1/2 

LOD for calculating median values. Elemental concentrations are shown in Figures 3 and 4. A 

comparison of these two groups was done with the Mann-Whitney U test (Table 2). Several elements had 

substantially higher concentrations in hair and nails of workers than in the control group, but the lowest p 

values were obtained for Fe and Mn in hair samples and for Ti, Fe, and Mn in nail samples. 

Concentrations of Cr and Mn in hair and of Mn in nails in almost all samples of the control group were 

below the LOD, whereas for workers, they were around two orders of magnitude larger than the LOD. 

4. Discussion

4.1. Particulate matter samples

As expected, elemental and PM2.5 concentrations in the workshop were substantially higher than 

in the outdoor air. In the recent outdoor study in the City of Rijeka, medians of daily PM2.5, Fe, and Mn 
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concentrations were found to be 11 μg/m3, 0.1 μg/m3, and 0.0053 μg/m3, respectively, whereas their third 

quartiles were 14 μg/m3, 0.18 μg/m3, and 0.0079 μg/m3, respectively [28]. 

Comparing the two sampling sites in the workshop, the mean concentrations were about 10 times 

higher in the working room than in the storeroom during the working hours, but in non-working periods 

the concentrations were comparable for all elements except for Fe, which was still several times higher in 

the working room. This could mean that, during the non-working time, most of the particles deposit 

relatively quickly and the remaining particles are mixed through all the rooms. 

Elements typical for steel processing, such as Fe, Mn, Cu, and Si, have shown the greatest day-

night increase. Other elements had lower production in the workshop but higher outside sources or 

resuspension inside. Resuspension can be an important source of PM even in residential houses [29]. The 

only element that did not show any day-night increase in the first period was S, but when the sampling 

was performed close to the welding in the second period, S showed some small daily variation, which 

points to at least some production of S from steel. 

We believe that the days that have been selected for the second period are representative of the 

workshop. Although on some working days PM concentrations can be very low, as the last two days in 

the first sampling period, days like these are not so common. 

The mean elemental concentrations during the second sampling period were not higher than the 

LVs in Croatia for any of the elements, but the Mn levels exceeded the German and USA ACGIH LV of 

20 μg m-3 [2,3] in the second and the third day (Table 1). The Croatian LV for Mn is set only for the 

inhalable fraction as 500 μg m-3, whereas the German LV for inhalable Mn is 200 μg m-3. In our opinion, 

the currently valid limit values in Croatia are not adequate in two major points. The LVs are not set for 

thee respirable fraction for most of the species, although this fraction should be of major concern for its 

health effects. In addition, the present LVs are very high for specific species, as high as PM 

concentrations in a sand storm. This implies that the overall allowed PM concentration is even higher 
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than that when all species are included. Moreover, the current regulation does not follow the recent 

concern about welding fume being carcinogenic nor the concern about Mn, which recently led to 

lowering the ACGIH LV for PM2.5 and Mn from 200 to 20 μg m-3 in the USA. 

It is important to note that the LVs are set as 8-h means through the working period, but in this 

study, high concentrations were prolonged even after official working hours, so it is possible that the 

workers were often exposed to high concentrations of Mn and other elements for periods longer than 8 h 

per day (in the case of overtime work). Moreover, in the second period, the sampler was moved closer to 

the welders but was still several meters from them, so the actual exposure was probably even higher than 

the measured one, as one study [30] found that PM concentrations in the vicinity of the welding process 

can be up to 40% lower than concentrations obtained by a personal sampler. 

During all three days in the second period, elemental and PM2.5 concentrations showed a clear 

pattern, closely connected to the working activities (Figure 2). The concentrations of P, Ti, Cr, Mn, Fe, 

Ni, and Cu showed almost the same changing behaviour as PM2.5. The most interesting components of 

PM2.5 are Fe and Mn, since Fe makes about 50% of the total mass, probably in the form of oxides, and 

Mn is a characteristic compound of welding fume as it is one of the constituents of steel and welding 

electrodes. 

Mean concentrations during the working shifts were within previously reported ones found in the 

literature [7,8,30–35]. In most of these studies, personal sampling was performed, which usually yields 

higher concentrations than stationary ones [30,36], but even in this way, it can be concluded that the 

workshop in the present study is not an extremely polluted one compared to the others. 

4.2. Biological samples

In the present study, in almost all cases, the median metal concentrations were higher in the 

workers’ group than for the control one. When regarding both hair and nail samples, this difference is the 

most significant for Fe and Mn, which were also the most abundant elements in PM2.5 in our case. This 
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suggests that Mn and Fe were accumulated because of the overexposure to these metals in PM2.5 at the 

workplace. It is known that Mn-overexposure can lead to Mn-neurotoxicity and symptoms such as motor 

and cognitive deficiencies, tremors, gait problems, memory loss, psychotic behaviour, etc. [37,38] and, 

because Mn and Fe share some important membrane transporters [39,40], the two metals can influence 

each other’s homeostasis and toxicity [38,39,41]. For example, it has been shown that iron loading could 

alter the physiological function of Mn in the brain and could further modify Mn-induced brain 

dysfunction [42]. 

Furthermore, higher levels of Fe and Mn were found in hair and nail samples, although Mn and Fe 

concentrations in PM2.5 were not even close to current Croatian LVs. However, at the same time, the 

German LV for Mn was exceeded during two out of three sampling days, which could suggest that the 

German regulations are possibly better adjusted, at least in the case of working environments with 

significant metal processing. Metal workshops could be of special concern regarding Mn production, not 

only because of high Mn production but also because of the simultaneous high production of Fe, which 

can further enhance absorption of Mn within the body. At this stage, we have not examined a possible 

link between the accumulation of metals and potential health problems of examined workers, but we think 

that such a study could be interesting. If further studies confirm negative impacts on health, we suggest 

lowering the LVs in Croatia and many other countries with similar regulations.

We were able to find only one study which analysed both PM and hair samples of exposed 

workers [12]. Similar to our results, the estimated exposure to Mn in this study was in the range of 0.2–

44.7 μg/m3, whereas Mn in hair was in the range of 0.1–51.5 μg/g. In the study of PM and nail samples 

[14], Mn in PM4 was in the range of 8–477 μg/m3 with a mean value of 129 μg/m3, whereas Mn in 

toenails was in the range of 3.53–15.56 μg/g with a mean value of 6.87 μg/g. Although our airborne Mn 

was much lower than this one, much higher Mn levels were found in the nails. 
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The elemental concentrations in hair samples for the control group were compared to the values 

previously reported in the literature for the unexposed, healthy population [11,15,43–48]. As expected, 

the reported ranges vary considerably. In almost all cases, our results are inside the reported ranges. It 

can, therefore, be concluded that our control group is typical. 

The concentrations of Cr, Mn, and Fe in the hair samples taken from workshop workers are 

significantly higher in the present study than in similar studies that can be found in the literature 

[13,15,16,18,19], whereas other elements have comparable levels. Since these studies did not perform 

PM2.5 sampling, one possible reason for this could be that these workshops had lower metal pollution than 

the one in the present study. Other studies reported Fe concentrations in hair in the range of 15–27 μg/g 

[16], 4.35–61.1 μg/g [15], 32.0–380 μg/g [18], and 40.1–277.8 μg/g [19]. Our results for Mn 

concentrations in hair are similar to those reported by [19], where Mn was in the range of 7.5–29.7 μg/g. 

Other studies reported Mn in the range of 0.26–2.4 μg/g [16], 0.07–9.85 μg/g [15], and 4.10–10.9 μg/g 

[18]. Information about concentrations of Al, Ti, and V for exposed workers was not found in the 

literature. 

The concentrations for the nail samples from the control group for most of the elements were 

found to be within the previously reported data [11,14,45,49–51], with few samples outside these ranges, 

and only V concentrations were much higher than values that can be found in the literature. 

The concentrations for the nail samples of workers can hardly be compared to the values from the 

literature. We found only four studies that analysed nail samples from welders, which were just for Mn, 

Ni, Cd, and Pb [10,11,14,17]. Our results for Mn and Ni are much higher, but for Cd and Pb they are 

within the range reported in those studies. 

5. Conclusions

Occupational exposure to metals can have an adverse impact on health, and studies on metal 

accumulation in biological samples of workers could be the first step in metal overload investigation. 

Page 12 of 24

John Wiley & Sons

X-RAY Spectrometry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

13

However, so far, such investigations are scarce and not many can be found in the literature. We believe 

that the study presented here gives a valuable contribution to the field of occupational health because we 

simultaneously measured the total amount and concentration of elements in the PM together with the 

appropriate biological samples (hair and nails) of exposed workers and a control group. 

PM2.5 and elemental concentrations in the chosen metal workshop have shown a clear pattern 

connected to the workshop activities, being significantly higher during the working shift than during the 

night. The most abundant elements were Fe, constituting about one half of the total mass, and Mn, typical 

for arc welding. In hair and nail samples, the differences between the experimental and control group 

were the most significant for Fe and Mn. 

Since elevated values of Fe and Mn were determined in our study in both air and biological 

samples (hair and nails), it could be suggested that the accumulation in the examined tissues could come 

from the overexposure to both metals at the working place during working hours. 

Elevated concentrations of Fe and Mn were found in tissues although the LVs were not exceeded 

for these elements (the measured concentrations were at least one order of magnitude lower than the 

LVs), according to Croatian regulations. Moreover, the regulations in Croatia, as in many other countries, 

do not consider Mn as a neurotoxic element, nor they consider welding fume as carcinogenic. We believe 

that regulations should be revised and more studies on this topic should be performed. 

This study is a pilot study because only one workshop was involved in PM sampling and only 8 

workers and 9 controls participated with their biological samples. For a thorough examination of air 

quality in workshops and deposition of metals in tissues, both more workshops and more participants 

should be included. Therefore, we are continuing the investigation in additional metal workshops. 
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Tables 

Table 1. Eight-hour working-shift mean concentrations of elements and PM2.5 for each day in the second 

sampling period, and limit values (LV) for inhalable (I) and respirable fraction (R) of PM valid in 

Croatia. All concentrations are expressed in μg/m3. Results are rounded to two significant digits.

November 14th November 15th November 16th LV(I) LV(R)
Na 1.9 2.6 2.8
Mg 0.27 0.39 0.48
Al 1.9 2.2 2.5 10 000 4 000
Si 8.4 14 22 10 000 4 000
P 0.31 0.40 0.46 100
S 1.0 1.5 1.8

Ca 6.3 5.5 4.1
Ti 0.73 0.89 1.1
Cr 0.42 0.66 0.82 2 000
Mn 15 22 30 500
Fe 500 600 860
Ni 0.39 0.44 0.54 500
Cu 6.0 7.1 9.2 1 000
Zn 0.70 0.71 0.83

PM2.5 990 1200 1800
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Table 2. Median values and ranges of metal concentrations in hair and nail samples of metal workers (n = 

8) and controls (n = 9), along with the p values obtained from the comparison with the Mann-Whitney U 

test.

Hair samples Nail samples
Median [range] Median [range]

Workers Controls 
p

Workers Controls 
p

Al 180 [31–930] 13 [<10–170] 0.003 120 [<10–1200] 53 [<10–560] 0.470
Ti 31 [12–38] 11 [4.6–33] 0.011 73 [38–870] 12 [8.6–39] < 0.001
V 2.5 [<5–41] 2.5 [<5–160] 0.962 100 [<5–7000] 25 [11–150] 0.194
Cr 11 [<0.5–36] 0.25 [0.5–4.5] 0.014 58 [<0.5–140] 1.3 [<0.5–17] 0.008
Mn 8.1 [3.6–32] 0.25 [<0.5–0.79] < 0.001 36 [<0.5–130] 0.25 [<0.5] 0.003
Fe 650 [250–1300] 37 [15–180] < 0.001 5500 [2300–15000] 78 [24–170] < 0.001
Co 0.25 [0.16–6.1] 0.18 [<0.1–1.6] 0.194 1.6 [<0.1–2.7] 0.050 [<0.1–0.18] 0.003
Ni 2.4 [<0.5–11] 0.78 [<0.5–3.6] 0.112 20 [<0.5–72] 1.0 [<0.5–87] 0.124
Cu 27 [21–42] 20 [6.5–95] 0.194 31 [20–72] 11 [9.1–200] 0.008
Zn 190 [99–290] 220 [56–890] 0.163 160 [130–1600] 130 [83–190] 0.024
Cd 0.14 [0.078–0.36] 0.076 [<0.05–0.28] 0.470 0.36 [0.060–0.73] 0.076 [<0.05–0.19] 0.011
Pb 2.0 [0.83–27] 0.40 [0.11–4.7] 0.024 3.8 [<0.1–11] 0.61 [<0.1–12] 0.054
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Figure captions

Figure 1. Weekly variations of PM2.5 and elemental concentrations during the first sampling period.

Figure 2. Temporal variations of elemental and PM2.5 concentrations during the second sampling period. 

Grey areas indicate working hours; dashed lines indicate one missing sample. 

Figure 3. Metal concentrations in hair samples of exposed workers and control group. Concentrations 

lower than the limit of detection (LOD) are replaced with ½ LOD and indicated by squares.

Figure 4. Metal concentrations in nail samples of exposed workers and control group. Concentrations 

lower than the limit of detection (LOD) are replaced with ½ LOD and indicated by squares. 
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Figure 1. Weekly variations of PM2.5 and elemental concentrations during the first sampling period. 
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Figure 2. Temporal variations of elemental and PM2.5 concentrations during the second sampling period. 

Grey areas indicate working-hours; dashed lines indicate one missing sample. 
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Figure 3. Metal concentrations in hair samples of exposed workers and control group. Concentrations lower 

than the limit of detection (LOD) are replaced with ½ LOD and indicated by squares. 
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Figure 4. Metal concentrations in nail samples of exposed workers and control group. Concentrations lower 

than the limit of detection (LOD) are replaced with ½ LOD and indicated by squares. 
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