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ABSTRACT 

Nanometric particles that are unintentionally released into the workplace are potentially toxic to 
workers. They can easily settle in the respiratory system and are distinctive because of their large 
surface area and high potential for causing pulmonary inflammation. The purpose of this study 
was to characterize unintentionally released nanometric particles (URNPs) found in six 
workplaces using a broad range of indicators. 

Concentrations were assessed according to numerical and mass metrics using an array of direct-
reading instruments (DRIs). Time-averaged measurements were also taken, based on the type 
of contaminant specific to each workplace. These measurements included (i) respirable and 
submicron carbon (elemental and organic) fractions, as well as respirable combustible dust from 
diesel engine exhaust (DEE) found in an underground mine (M1), in maintenance operations in 
an underground transit system (M2) and in a truck repair garage(M3); (ii) gravimetric 
measurements and concentrations of 12 metals (aluminum, cadmium, chromium, cobalt, copper, 
iron, magnesium, manganese, nickel, lead, vanadium, zinc) in fumes and metallic dust released 
in a foundry (M4), as well as in a machine shop (welding, grinding and cutting) (M5); (iii) paraffin 
wax (C18-C36) from fumes released in a wax-moulding shop (M6). In parallel, measurements for 
microscopy characterization were taken in the six workplaces. 

For the measurements taken by DRIs, the daily number concentrations in the six workplaces 
ranged between 12,900 and 228,600 particles/cm³ and the mass concentrations between 0.01 
and 3.22 mg/m³. In terms of number of particles, the underground mine was the environment with 
the highest concentrations, while the wax-moulding shop had the highest mass concentrations. 
In environments where DEE was found, daily concentrations of elemental carbon (EC) ranging 
from 0.002 to 0.503 mg/m³ were measured with DRIs. 

For the time-averaged measurements, the concentrations of total carbon (TC) measured in this 
study were lower than the Quebec regulated level of 0.4 mg/m³ stipulated in the Regulation 
Respecting Occupational Health and Safety in Mines, with the exception of a level of 0.7 mg/m³ 
recorded in workplace M1. A comparison of the metal concentrations from workplaces M4 and 
M5 with the recommendations of the American Conference of Governmental Industrial Hygienists 
(ACGIH) found that all the concentrations were 10% below recommended levels, with the 
exception of one measurement of manganese (respirable fraction) in the foundry (M4). The 
paraffin wax fume concentrations measured were below the occupational exposure limit of 
2 mg/m³ set by the ACGIH. 

Workers exposed to DEE (M1, M2 and M3) are exposed to mostly nanometric-size airborne 
particles whose mass concentration is largely in the submicron fraction. In the presence of foundry 
fumes (M4), workers are exposed to airborne particles that are mostly nanometric in size and 
whose mass concentration is chiefly in the submicron fraction for chromium, cobalt, copper, iron, 
manganese, lead, vanadium and zinc. The workers in the machine shop (M5) are exposed to 
fumes and dust particles from machining, most of which are nanometric in size, but some of the 
processes they use generate larger, micrometric particles. The contribution of larger particles to 
the mass concentration is significant in this environment and, as a result, the mass concentration 
is to be found in the inhalable fraction, especially for chromium, copper, iron and nickel. Workers 

http://legisquebec.gouv.qc.ca/en/ShowDoc/cr/S-2.1,%20r.%2014
http://legisquebec.gouv.qc.ca/en/ShowDoc/cr/S-2.1,%20r.%2014
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in the wax shop (M6) are exposed to fumes that are chiefly nanometric in size and whose mass 
concentration is mostly in the submicron fraction. 

Our innovative strategy enabled us to characterize the URNPs released in the different 
workplaces with respect to both number and mass concentrations. Microscopy studies on particle 
samples from the microscope grid taken with a Mini Particle Sampler® were used to characterize 
the particles collected based on their morphology and chemical composition. 
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1.  INTRODUCTION 

This research is a logical continuation of various studies conducted by the team at the Laboratoire 
d'hygiène industrielle et de métrologie des polluants (LHIMP) of the École de santé publique de 
l'Université de Montréal (ESPUM) on occupational exposure to nanoparticles. 

The first, IRSST project 0099-7890, used condensation nucleus counters (CNCs) to characterize 
worker exposure to unintentionally released nanoparticles (URNPs) and manufactured 
nanoparticles (MNPs) (Debia, Beaudry, Weichenthal, Tardif and Dufresne, 2012a). The project 
demonstrated that CNCs are suitable for assessing nanoparticle concentrations, but that several 
uncertainties remain in assessing exposure to MNPs, mainly due to their agglomerated form. 

Subsequently, IRSST project 2013-0059 focused on MNPs. It evaluated different methods for 
sampling and characterization of these particles in the air and on surfaces in workplaces (Debia, 
L'Espérance et al., 2017). In particular, it contributed to the study of specific tasks and industrial 
processes, as well as to the study of certain MNPs that have not yet been extensively examined, 
such as nanocellulose. These investigations have made it possible to propose a more precise 
strategy for evaluating MNP exposure using electron microscopy techniques requiring a minimum 
of pre-analysis manipulations. 

The ExproPNano project, now under way, is funded by the French National Agency for Food, 
Environmental and Occupational Safety (ANSES) and is conducted in partnership with research 
teams in France under the direction of Alain Garrigou. This project aims to develop and test a 
harmonized approach to assessing occupational exposure to nanoparticles. 

Based on this research, it appears that a characterization and control study of occupational 
nanoparticle exposure should include an assessment of mass and number concentrations, 
measurement of particle size distribution, and characterization by electron microscopy. 

From this perspective, the present study provides new data on a wide range of indicators of 
exposure to URNPs. 
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2.  STATE OF KNOWLEDGE 

2.1 Definitions 
Nanoparticles are usually defined as particles of matter between 1 and 100 nanometres (nm) in 
diameter (U.S. Environmental Protection Agency). There is a distinction between manufactured 
nanoparticles (MNPs) and unintentionally released ones (URNPs, also known as ultrafine 
particles or UFPs). The former are the result of commercial production in the field of 
nanotechnology, while the latter are natural (e.g. evaporation, erosion, volcanic eruption) or 
anthropogenic (welding fumes or diesel emissions) in origin. In industrial environments, URNPs 
are mainly generated during hot processes or combustion in the form of more or less 
agglomerated primary particles produced by condensation and nucleation. 

URNPs are the specific subject of the investigations summarized in this report. It is understood, 
however, that the term "URNPs" here may sometimes include fractions of fine particles. 

2.2 Health effects  

Because of their small size, URNPs have the ability to penetrate blood vessels and then reach 
other targets such as the cardiovascular system, liver and central nervous system (Bakand, 
Hayes and Dechsakulthorn, 2012; Kreyling, Semmler-Behnke, Takenaka and Moller, 2013). They 
also have a larger surface area (compared with larger particles on a mass basis), a strong 
tendency to form deposits on the lungs, a high potential for lung inflammation and enhanced 
oxidant capacity (Frampton et al., 2004). 

Some health effects from exposure to URNPs have been identified in epidemiological studies. 
These include: (i) mortality (Atkinson, Fuller, Anderson, Harrison and Armstrong, 2010; Breitner 
et al., 2011; Breitner et al., 2009); (ii) cardiovascular effects (e.g., arrhythmia, ischemia, blood 
pressure changes) (Barclay et al., 2009; Delfino et al., 2011; Delfino et al., 2009; Rich et al., 
2012); (iii) respiratory effects (e.g., effects on lung function and allergies) (Andersen et al., 2008; 
de Hartog et al., 2010; Song et al., 2011). 

The effects of URNP exposure on various measures of lung function (e.g., maximum 1-second 
forced expiratory volume [FEV1] and forced vital capacity [FVC]) and lung inflammation (e.g., 
exhaled nitric oxide fraction [FeNO]) have been examined in environmental exposure studies. 
Karottki et al. (2014) found that a 32,109-particle/cm3 increase in exposure was associated with 
a 2.1% (95% IC: -3.7 to -0.2) reduction in the FEV1/FVC ratio in an elderly population in Denmark. 
Gong et al. compared levels of URNP exposure before and after the implementation of air quality 
control measures at the 2008 Beijing Olympics and studied the relationship between these levels 
and exhaled FeNO measurements in 125 young adults. The authors reported that a 5,340-
particle/cm3 increase was associated with a 23.3% increase in exhaled FeNO (95% CC: 12.9 to 
39.0) immediately after exposure (Gong et al. 2014). 

As for measurements conducted in a context of occupational exposure assessment, Haluza et al. 
found a significant decrease (-2.91 mL) in FEV1 in welders for each year of exposure (Haluza, 
Moshammer and Hochgatterer, 2014). Hoffmayer et al. reported changes in biomarkers in 
exhaled air following exposure to welding fumes. They suggested that lower respiratory tract 
irritant effects were increased in welders of mild steel parts using the flux-cored arc welding 
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process (FCAW) compared to those using gas metal arc welding (GMAW) (Hoffmeyer et al. 2012). 
Dierschke et al. also identified changes in the various inflammatory markers (LT-B4, IL-6 and IL-
8) in the exhaled air or nasal lavage of workers exposed to welding fumes in a controlled-exposure 
chamber (Dierschke et al. 2017). 

Moreover, several contaminants found mainly in nanoscale form are considered carcinogenic to 
humans. For example, diesel exhaust and welding fumes have been classified as Group 1 
contaminants by the International Agency for Research on Cancer (IARC) (Benbrahim-Tallaa et 
al. 2012; Guha et al. 2017). 

2.3 Occupational exposure assessment 

Worker exposure to nanoparticles is assessed by different methods. The first is real-time 
measurement with a direct-reading instrument (DRI) that reports mass, number or surface area 
concentrations of fine and ultrafine particles. The second is the conventional method for assessing 
worker exposure; it is based on a set of measurements performed on samples taken in the 
worker’s breathing zone, followed by analysis of the contaminants according to a mass metric. 
This second type, referred to here as “time-averaged measurement”, is widely used to compare 
results with regulatory exposure or industrial hygiene standards. 

2.3.1 Real-time measurement 

2.3.1.1 Instrumentation 

A condensation nucleus counter (CNC), such as a P-Trak® or CPC 3700 (TSI Inc.), can be used 
to measure number particle concentrations (particle count/cm³). Several papers have reported on 
the use of CNCs in the workplace and the external environment (Brouwer, Gijsbers and Lurvink, 
2004; Cattaneo, Garramone, Taronna, Peruzzo and Cavallo, 2009; Cena and Peters, 2011; 
Debia, Neesham-Grenon, Mudaheranwa and Ragettli, 2016; Debia, Trachy-Bourget, et al., 2017; 
Dewalle, Vendel, Weulersse, Hervé and Decobert, 2010; Handy, Jackson, Robinson and 
Lafreniere, 2006; Schmoll, Peters and O'Shaughnessy, 2010; Szymczak, Menzel and Keck, 
2007). 

Light-scattering laser photometers such as the DustTrak™ (TSI Inc.) are used to estimate mass 
concentrations of different predefined aerosol particle size fractions (i.e., for different particle size 
classes). They are widely used for measuring dust in the outdoor environment or in various indoor 
environments, such as offices and industrial plants (Bello et al. 2009; Bello et al. 2010; Debia et 
al. 2016; Debia, Trachy-Bourget et al. 2017; Debia, Weichenthal and Dufresne 2014; Evans, Ku, 
Birch and Dunn 2010; Raynor et al. 2012). 

Going up a notch in terms of size and cost, the scanning mobility particle sizer (SMPS), the fast 
mobility particle sizer (FMPS) and the electrical low pressure impactor (ELPI) have also been 
used in characterization studies (Bello et al. 2009; Bello et al. 2010; Brouwer et al. 2012; Dahm, 
Yencken and Schubauer-Berigan 2011; Debia, Beaudry, Weichenthal, Tardif and Dufresne 
2012b; Koivisto 2010; Kuhlbusch, Neumann and Fissan 2004). These instruments measure both 
number and mass concentrations in different particle size classes. Aerosol particle size 
distribution is also a key parameter for characterizing the health risk of nanoparticles, considering 
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that, during inhalation, the site of deposition in the respiratory tract is strongly related to size 
(Ostiguy, Debia, Roberge and Dufresne, 2014). 

2.3.1.2 Exposure levels 

Viitanen et al. conducted a literature review on worker exposure to URNPs (Viitanen, 
Uuksulainen, Koivisto, Hameri and Kauppinen, 2017). They reported 72 studies that specifically 
measured occupational exposure and provided particle counts per cm³ using a DRI. The papers 
covered 314 occupational exposure situations including asphalt/bitumen work, machining, metal 
manufacturing, painting and coating, power plants, transportation and diesel exhaust, welding, 
office work, catering and cooking fumes, and various services. The authors reported that the 
highest concentrations were found during welding and other activities related to the metal 
industry, with concentrations that were over 100 times the average background levels, or more 
than 1,000,000 particles/cm³. 

Debia et al. described the concentrations of URNPs released during various welding activities. 
They reported daily mean concentrations ranging from 50,000 to 150,000 particles/cm3, with 
peaks reaching the instrument ceiling of 500,000 particles/cm3 (Debia et al., 2014). 
Concentrations of more than 100,000 particles/cm³ were also measured in a carbon black 
production and pelletizing plant (Kuhlbusch and Fissan, 2006). Jarvela et al. looked at URNP 
emissions during the production of stainless steel and ferrochromium. They measured 
concentrations ranging from 58,000 to 662,000 particles/cm3 (Järvelä et al., 2016). Freund et al. 
estimated peak concentrations of 467,000 particles/cm³ during paving activities (Freund, 
Zuckerman, Baum and Milek, 2012). 

Jorgensen et al. used an FMPS to evaluate the number concentration and particle size distribution 
of particles during work in a tunnel. They reported geometric means (GMs) of 240,000 to 
3,000,000 particles/cm3 during welding operations. Mobility diameters at the maximum particle 
concentration were 10.8 nm during welding and 60.4 nm during finishing work (Jorgensen, 
Buhagen and Foreland, 2016). 

Number concentrations of URNPs emitted by diesel engines have also been measured in several 
occupational exposure settings including port facilities (daily concentrations of 36,000 
particles/cm3 average and 67,000 particles/cm3 maximum), school bus parking lots (116,000 
particles/cm3 average and 186,000 particles/cm3 peak), and diesel locomotives (126,000 
particles/cm3 average and 693,000 particles/cm3 peak) (Bujak-Pietrek, Mikolajczyk, Kaminska, 
Cieslak and Szadkowska-Stanczyk, 2016; Debia et al. 2016; Jeong, Traub and Evans, 2017). 

Mass concentrations in different aerosol fractions were also measured using DRIs. 
Concentrations ranging from 22 to 483 μg/m³ of fine particles smaller than 1 μm (referred to as 
PM1) were reported in a carbon black production and pelletizing plant (Kuhlbusch and Fissan, 
2006). Geometric mean concentrations of 300 μg/m³ of PM2.5 were measured at a welding school 
and a power plant (Kim, Magari, Herrick, Smith and Christiani, 2004). Particulate mass 
concentrations of diesel emissions have also been reported in the various settings mentioned 
above. In port facilities, mean daily concentrations of 40.4 μg/m³ and 37.7 μg/m³ were measured 
for the respirable and PM1 fractions, respectively (Debia et al., 2016). In a school bus parking lot, 
mean daily concentrations ranging from 25 to 45 μg/m³ were also reported (Debia, Trachy-
Bourget et al., 2017). 
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2.3.2 Time-averaged measurement 

2.3.2.1 Instrumentation 

Worker exposure to URNPs is also measured from various types of samples subjected to 
laboratory analysis. These measurements are used primarily to assess compliance with 
regulatory standards or to make comparisons with industrial hygiene recommendations. Possible 
analyses include gravimetric measurements for dust and fumes, inductively coupled plasma mass 
spectrometry (ICP-MS) for metal fumes, and specific thermo-optical analysis of elemental carbon 
(EC) and total carbon (TC) for DEE (TC = EC + organic carbon (OC)). 

Time-averaged measurement may require particle size selectors, such as cyclones to sample the 
respirable fractions and impactors to select the submicronic particles (PM1). For example, 
methods for assessing exposure to DEE include measurement of the respirable or PM1 fractions 
of EC and TC (NIOSH, 2003). 

There is also the nanoparticle respiratory deposition sampler (NRD), designed to specifically 
sample the nanoparticle fraction deposited in the respiratory tract. Cena et al. tested this 
instrument to assess the Cr, Ni and Mn exposures of welders in comparison to conventional 
measurements using a 37-mm cassette (Cena, Chisholm, Keane and Chen, 2015). They 
concluded that most of the Cr and more than half of the Ni and Mn consisted of fume particles 
less than 300 nm in aerodynamic diameter. The authors proposed that future work could focus 
on sampling these fine and ultrafine fractions (which tend to deposit in the respiratory tract) in 
order to establish links with measured health effects. 

2.3.2.2 Exposure levels 

Readers interested in obtaining more quantitative information on worker exposure to the various 
contaminants characterized by a dominant ultrafine fraction may refer to review documents or 
scientific articles. One example is the IARC document on exposure to diesel engine exhaust 
(International Agency for Research on Cancer, 2014), which reports on EC exposure levels 
measured in many workplaces. These environments include the mining industry, where 
concentrations ranging from 148 to 637 μg/m³ were reported for underground work and from 3.5 
to 23 μg/m³ for surface work. Other literature documents levels of exposure to welding fumes. 
Hoffmeyer et al. (2012), for example, indicated that welders using FCAW are exposed to 
significantly higher respirable fume concentrations than those using GMAW, with median 
concentrations of 7.14 mg/m³ and 3.05 mg/m³, respectively. 

2.3.3 Microscopy analysis 

Nanoparticle characterization by transmission electron microscopy (TEM) or scanning electron 
microscopy (SEM), followed by energy dispersive X-ray spectroscopy (EDS), is also performed 
on samples mounted on grids, filters or other media (Debia, L'Espérance, et al., 2017; Kouassi et 
al., 2017). Members of our research team have performed numerous electron microscopy 
characterization studies. IRSST report R-1009 presents a review of methods for particle sampling 
and analysis by electron microscopy (Debia, L'Espérance, et al., 2017). 

https://www.irsst.qc.ca/media/documents/PubIRSST/R-1009.pdf?v=2020-03-23
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2.3.4 Metrology paradigm and evaluation strategy  

Determining the most appropriate indicator of nanoparticle exposure remains a challenge today, 
due to their specificities and continuing uncertainty about which parameters are the most 
indicative of toxic effects. As mentioned earlier, two metrics dominate the measurements used to 
assess occupational exposure to nanoparticles: number measurement (particle count per cm³) 
and mass measurement (mg/m³). 

Debia et al. (2016) demonstrated in a field study that the numerical metric accurately described 
seasonal and spatial differences in terms of DEF contamination. In a second study, number 
concentrations were also shown to correlate better with different determinants of exposure than 
mass concentrations of the same contaminant (Debia, Trachy-Bourget, et al., 2017). However, 
mass concentrations are widely used, and most regulations and recommendations issued are 
expressed in this metric. DRIs, which estimate mass concentrations, are therefore widely used in 
industrial hygiene. Kim et al. evaluated the predictive quality of a laser photometer (DustTrak™, 
TSI Inc.) by performing parallel gravimetric measurements. They concluded that these 
instruments are good predictors of gravimetric measurements, but that correction factors may be 
required, depending on the type of contaminant being assessed (Kim et al. 2004). 

Viitanen et al. (2017) identified gaps in the assessment of exposure to URNPs and maintained 
that, due to the limited representativeness of the measurements and the differences in the way 
DRIs function, the current data do not allow the creation of job/exposure matrices specific to 
URNP exposure. 

Consequently, there are still many uncertainties surrounding the interpretation of exposure data; 
further studies are needed. In this context and as a logical continuation of the work already done, 
the present research aims to fill certain gaps (little usable data on URNP exposure, workplaces 
still insufficiently studied), while taking into account the latest developments in exposure studies 
and nanoparticle measurement in particular (comparison of various indicators, need for 
standardization of strategies). It provides new data that will make it easier to identify, through the 
critical application of an original and innovative approach, the health risks attributable to URNPs. 
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3.  RESEARCH OBJECTIVES 

The objective was to evaluate various situations of potential exposure to URNPs in six Québec 
workplaces. This was carried out using an innovative strategy combining various exposure 
indicators to characterize and study, both qualitatively and quantitatively, the aerosols to which 
workers are potentially exposed. 

More specifically, our aim was to: 

 measure many different indicators and produce as accurate a picture of URNP 
concentrations as possible; 

 characterize the morphology and chemical composition of URNPs by electron microscopy; 

 assess the evaluation strategy used. 
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4.  METHODOLOGY 

The same measurement plan, consisting of a combination of real-time and time-averaged 
measurements, was repeated six times in six different workplaces with two simultaneous 
sampling sites. 

4.1 Workplaces 

The six workplaces assessed were ones with a high probability of finding URNPs. These 
workplaces were selected based on data already produced by the research team and on data 
from the literature. Three are affected by the presence of diesel-powered equipment: an 
underground gold mine (M1), an underground environment with diesel locomotives and diesel 
auxiliary engines (M2), and a truck repair and maintenance shop (M3). The other three are 
different areas within the same company: a stainless steel foundry (M4), a machine shop using 
TIG welding, grinding and cutting (M5), and a paraffin wax casting shop (M6). M4 and M5 had 
metal fumes and dust while M6 had paraffin wax fumes. Table 1 summarizes the six workplaces. 

Table 1. Workplaces and main URNPs assessed 

Workplace Description URNPs 
M1 Underground gold mine Diesel engine exhaust  

M2 Underground environment with diesel 
engines Diesel engine exhaust  

M3 Truck repair shop Diesel engine exhaust  
M4 Steel foundry Metal fumes and dust 

M5 Machine shop (TIG welding, 
grinding, cutting) Metal fumes and dust 

M6 Wax-moulding shop Paraffin wax fumes 

4.2 Measuring devices 

The measuring devices were installed in two portable suitcases specially designed for this 
research project. Figure 1 shows an example of a setup. Each suitcase was fitted identically, but 
some adjustments were made depending on the type of contaminants and workplace. Contents: 

i. a set of DRIs for recording a wide range of parameters in real time throughout the process;  

ii. sampling trains for subsequent analysis of different sample media to produce time-averaged 
measurements of the aerosol mass concentrations in different fractions. 

At the same time, samples were taken and placed on microscopic grids for subsequent analysis 
of particle morphology and elemental chemical characterization. 
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Figure 1. Environmental measuring setup. 

4.2.1 Real-time measurements 

Table 2 lists the DRIs used in this project, along with the characteristics of each and the 
parameters measured. With the exception of the engine exhaust particle sizer (EEPS), shown in 
Figure 2, the instruments were arranged in the cases described above and the sampling heads 
were held vertical outside the case with aluminum rods (Figure 1). 

CNCs (P-Trak® 8525, TSI Inc.) and laser photometers (DustTrak™ DRX and DustTrak™ 8520, 
TSI Inc.) were used for each procedure. These instruments measure the number (particles/cm3) 
and mass (mg/m3) concentrations of fine and ultrafine particles for different fractions (PM1, PM2.5, 
PMResp, PM10 and PMtot). The Airtec uses light transmission to obtain equivalent EC 
measurements. This type of instrument has been used in environments where DEE was being 
measured (M1, M2 and M3). The Airtecs were connected with impactors and with series-
connected cyclones to specifically measure submicron fractions of elemental carbon (EC1). In 
these workplaces, the DustTrak™ 8520 units were connected to nylon cyclones to specifically 
measure respirable fractions (PMResp), with the instrument pump adjusted to 1.7 L/min. At M4, M5 
and M6, the DustTrak™ 8520 units were equipped with a 10-μm impactor. The EEPS was used 
from time to time at M3, M4, M5 and M6; it could not be transported to M1 or M2. 

The instrumentation was regularly maintained and calibrated, in accordance with good industrial 
hygiene practices, for the purposes of this investigation. The instruments were set to record 
measurements every 10 seconds during operation. 
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Table 2. Direct-reading instruments (DRIs) 

Model Parameter measured  
(unit of concentration) Type of instrument Measured particle size 

(in nm) 

P-Trak® 8525 
(TSI Inc.) Number concentration (particles/cm3) Condensation nucleus 

counter (CNC) 20 – 1000 

DustTrak™ DRX 
8533 (TSI Inc.) 

Mass concentration (mg/m3) 
for 4 particle size fractions (PM1, 
PM2.5, PMresp, and PM10) 

Laser photometer 100 – 15,000 

DustTrak™ 8520 Mass concentration (mg/m³) Laser photometer 100 – 15,000 

Airtec (FLIR) EC mass concentration (mg/m³) Light transmission < 1,000 

EEPS 3090 
(TSI Inc.) 

Number concentrations (particles/cm3) 
for 32 particle size fractions 

Engine exhaust particle 
sizer 56 – 560 

 

 
Figure 2. Engine exhaust particle sizer (EEPS). 

4.2.2 Time-averaged measurement 

Gravimetric and specific measurements were taken in the six workplaces. The sampling pumps 
were placed inside the suitcase, and the sampling heads were held upright outside the suitcase 
with aluminum rods (Figure 1). 

Table 3 shows the parameters measured using the multi-device sampling approach in the six 
workplaces. The pumps used to draw air through the sampling medium were systematically 
calibrated before and after each sampling. These samples were all taken simultaneously and at 
the same time as the DRI measurements. 

The mounting media were then analyzed at the laboratory of the Institut de recherche Robert-
Sauvé en santé et en sécurité du travail (IRSST). TC and EC levels were measured using the 
method IRSST 388, which is equivalent to NIOSH Method 5040 (Version 3, 2003). Respirable 

https://www.irsst.qc.ca/en/laboratories/infolabo
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dust (DR) and respirable combustible dust (CDR) were analyzed gravimetrically, using the method 
IRSST 384. The concentrations of metals (aluminum, cadmium, chromium, cobalt, copper, iron, 
magnesium, manganese, nickel, lead, vanadium and zinc) were determined by inductively 
coupled plasma mass spectrometry (ICP-MS) using the method IRSST 362. Paraffin wax fumes 
(C18-C36) were also measured by the IRSST laboratory, but the analyses were done by the SGS 
Galson laboratory (East Syracuse, NY), using a method adapted from OSHA PV2047. 

Table 3. Mounted-sample analyses performed for each visit to the workplaces 

 Parameter measured Sampling device 

M1, M2 and 
M3 

Respirable fractions of elemental carbon (ECR),  
organic carbon (OCR) and total carbon (TCR) 

Gilair pump (1.7 L/min) with a 37-mm closed 
cartridge and quartz fibre filter, equipped with a 
Dorr-Oliver cyclone 

PM1 fractions of elemental carbon (EC1),  
organic carbon (OC1) and total carbon (TC1) Same setup with the addition of an impactor 

Respirable fractions of dust (DR) and  
combustible dust (CDR) 

Gilair pump (1.7 L/min) with a 37-mm closed 
cartridge and quartz fibre filter, equipped with a 
Dorr-Oliver cyclone 

M4, M5 

Total and inhalable dust, and metals concentration 
(gravimetry and ICP-MS) 
Particle masses and metals impacted on filters: 50% 
cut-off diameter: 2.5 µm, 1.0 µm, 0.5 µm and 0.25 
µm 

Gilair pump (1.5 L/min), 37-mm closed cassette 
with mixed cellulose ester (MCE) filter and IOM 
cassette (SKC Inc.) with MCE filter 
Sioutas impactor and Leland Legacy pump (9 
L/min), 25-mm and 37-mm MCE filters 
 
 

M6 
Total dust and C18-C36 concentration 
Particle masses impacted on filters: 50% cut-off 
diameter: 2.5 µm, 1.0 µm, 0.5 µm and 0.25 µm 

Gilair pump (1.5 L/min), 37-mm closed cartridge 
with fibreglass filters 
Sioutas impactor and Leland Legacy pump 
(9L/min), 25-mm and 37-mm fibreglass filters 
 

4.2.3 Microscopy analysis 

Aerosol samples on microscopy grids were taken using the Mini Particle Sampler® (MPS). This 
device, developed by the Institut national de l'environnement industriel et des risques (INERIS) in 
France, can sample on porous microscopy grids (R'mili et al., 2013b). It was used to collect the 
particles directly on numbered microscopy observation grids. A Gilair pump was used for sampling 
at a flow rate of 0.3 L/min. Three 1-minute samples were taken each day at M1, M4, M5 and M6. 
Two samples a day were taken at M2 and M3. TEM observations were then made against a bright 
field, and characterizations were performed through EDS analysis. 

First, the grid was inspected for homogeneity of the deposit and distribution of particles and 
agglomerates. Subsequently, three holes were chosen for observation at a higher magnification. 
A 50X magnified image showing the locations of the selected holes and their surroundings was 
systematically recorded (Figure 3). Higher-magnification images were then captured for each 
selected hole to see the particle distribution there. 

https://www.irsst.qc.ca/en/laboratories/analysis/air-contaminants/substance/i/307
https://www.irsst.qc.ca/media/documents/PubIRSST/MA-362-en.pdf
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Figure 3. TEM bright-field images: low-magnification (50X) of a numbered grid (A) 

and high-magnification(400X) of a hole in the grid. 

Particle analysis was then performed at a magnification of 5,000X to 25,000X. For each particle 
or particle agglomerate, an image was taken and an EDS analysis performed (Figure 4). Seven 
particles per hole were analyzed for three holes, for a total of 21 particles per grid. The particles 
were selected by the operator, randomly but with the aim of ensuring good representation of the 
diversity of particles found on the grid during the initial scan. For each image, the state of the 
particle (alone or agglomerated), its size and the elements present were recorded.  
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Figure 4. TEM high-magnification bright-field image of a particle agglomerate and 

corresponding EDS spectrum. 

4.3 Data analysis 

The geometric mean (GM), geometric standard deviation (GSD), and maxima (MAX) and minima 
(MIN) of the daily concentrations were used to describe the distributions of concentrations in the 
six workplaces. The undetected values were processed by dividing the quantification limit by the 
square root of 2. The distributions were represented in the form of boxplots. In each box, the 
central value represents the median while the lower and upper edges are the 1st and 3rd quartiles 
respectively and the ends of the moustaches are the maximum and minimum values or 1.5 times 
the interquartile range (between the 1st and 3rd quartiles). Values outside the zone of 1.5 times 
the interquartile range are represented by dots. 

Mass median aerodynamic diameter (MMAD) calculations were performed for measurements 
taken with Sioutas impactors, with the assumption that the mass distribution follows a lognormal 
distribution as described by Hinds (1998). 
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To evaluate the monotonic relationship between the parameters, Spearman’s correlation 
coefficients were calculated. Linear regression analyses were used to assess the relationships 
between certain parameters. Seasonal comparisons of concentrations were made using 
Student's t-test with log-transformed concentrations. 

The significance level for statistical analyses was set at 5%. Most of the statistical and graphical 
analyses were performed using R software (version 3.4.2, R Development Core Team, Vienna, 
Austria). 
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5.  RESULTS 

5.1 Real-time measurement 

5.1.1 Number concentrations 

5.1.1.1 Condensation nucleus counters (P-Trak®) 

The geometric means, geometric standard deviations, and minimum and maximum daily number 
concentrations measured with the P-Trak® in each of the six workplaces are presented in Table 4. 
Figure 5 shows the distribution of daily number concentrations measured with the P-Trak® in the 
workplaces. These concentrations varied considerably, with daily averages ranging from 12,900 
to 228,600 particles/cm³. The three workplaces with the highest concentrations were, in 
descending order, the underground mine (M1), the foundry (M4) and the wax casting shop (M6), 
with averages of 128,200, 80,400 and 75,500 particles/cm³, respectively. The workplace with the 
lowest concentrations was the truck repair shop (M3) with a daily average of 22,800 particles/cm³. 
M4 had the highest GSD (2.3) while in M6 a GSD of 1.2 was calculated for the number 
concentrations.  

Table 4. Descriptive statistics of daily number concentrations measured with  
P-Trak® 

Workplace 
 n 

GM 
(particles/cm3) GSD 

Min 
(particles/cm3) 

Max 
(particles/cm3) 

M1 11 128,200 1.6 51,200 228,600 

M2 10 32,800 1.8 12,900 58,600 

M3 12 22,800 1.3 14,700 33,800 

M4 12 80,400 2.3 23,700 262,200 

M5 12 41,000 1.5 17,000 63,600 

M6 12 75,500 1.2 50,600 105,700 
n: number of daily averages 
GM: geometric mean  
GSD: geometric standard deviation  
MIN: minimum MAX: maximum 

Figure 6 shows the distributions of the instantaneous (averaged over one minute) number 
concentrations measured with the P-Trak® in each workplace. In M1, M2, M3, M4 and M5, 
concentrations of nearly 500,000 particles/cm³ were estimated, which is at the top of the 
instrument scale. At M6, relatively high levels (on the order of 75,000 particles/cm3) were 
measured, but some homogeneity of concentrations was noted and none exceeded 350,000 
particles/cm3.  
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Figure 5. Distribution of daily number concentrations (particles/cm3) measured with 

P-Trak®. 

 
Figure 6. Distribution of instantaneous (one-minute averaged) number 

concentrations (particles/cm3) measured with P-Trak®. 

 

Figure 7 gives an example, for each workplace, of the typical concentration profile using P-Trak® 
measurements. In general, many peak particle concentrations and relatively high levels can be 
seen throughout the sampling period for M1 and M6. In many workplaces, a decrease in particle 
emissions is easily observed during shutdowns (shown by blue arrows). For example, at M5, 
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when machining activities are stopped, the ventilation system brings about a rapid decrease in 
number concentrations. 

 
Figure 7. Typical daily profiles of number concentrations (particles/cm3) measured 

with P-Trak®. 

5.1.1.2 EEPS 

The geometric means, geometric standard deviations, and the minima and maxima of the number 
concentrations measured with the EEPS are presented in Table 5 (note that the instrument could 
not be transported into M1 and M2). M4 and M6 show higher levels than M3 and M5; this is 
consistent with what was observed with the P-Trak®. 

Figure 8 compares the number particle concentrations measured with the P-Trak® and the EEPS 
on the same sampling day. There is good agreement between the data from the two instruments; 
however, the CNCs (P-Trak®) appear to underestimate the concentrations compared to the EEPS, 
especially in M4 and M6, where higher contamination was observed.  
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Table 5. Descriptive statistics of instantaneous number concentrations measured 

using EEPS 

Workplace GM 
(particles/cm3) GSD Min 

(particles/cm3) 
Max 

(particles/cm3) 

M3 30,000 1.71 10,300 217,000 

M4 222,000 1.39 29,700 392,000 

M5 60,100 1.58 33,500 305,000 

M6 204,000 1.15 157,000 458,000 
GM: geometric mean  
GSD: geometric standard deviation  
MIN: minimum; MAX: maximum 

 
Figure 8. Comparison of number concentration distributions (particles/cm³) 

measured with P-Trak® and EEPS. 

5.1.2 Particle size distributions of number concentrations (M3 to M6) 

Figure 9 shows the particle size distributions of the number particle concentrations measured with 
the EEPS in workplaces M3 to M6. For M3, the two observed modes corresponded to electric 
mobility diameters of 22.1 nm and 107.5 nm. For M4 and M5, the main modes were 9.31 nm and 
10.8 nm respectively, while the estimated main mode for M6 was 60.4 nm.  
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Figure 9. Mean particle size distributions of number particle concentrations 

measured with EEPS in workplaces M3 to M6. 

Figure 10 shows the particle size distribution measured at M3 with the EEPS at the highest peak 
concentration. This peak (the main mode was then at 60.4 nm) can be traced to a truck entering 
near the instrument. 

 
Figure 10. Particle size distribution of number particle concentrations measured with 

the EEPS at the main concentration peak at M3.  
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5.1.3 Mass concentrations 

The geometric means, geometric standard deviations, minima and maxima of the daily mass 
concentrations measured at each workplace with the DustTrak™ 8520 and the DustTrak™ DRX 
are presented in tables 6 and 7, respectively. 

Table 6. Descriptive statistics of daily mass concentrations measured with 
DustTrak™8520 

Workplace n GM 
(mg/m3) 

GSD Min 
(mg/m3) 

Max 
(mg/m3) 

M1 * 12 0.59 2.34 0.19 2.22 
M2 * 12 0.05 1.93 0.02 0.15 
M3 * 12 0.02 1.76 0.01 0.07 
M4 ** 12 0.16 2.09 0.04 0.42 
M5 ** 12 0.15 1.52 0.08 0.29 
M6 ** 12 1.10 1.39 0.65 1.69 

n: number of daily averages  
GM: geometric mean  
GSD: geometric standard deviation  
MIN: minimum; MAX: maximum 
* The respirable fraction (PMResp) was assessed for M1, M2 and M3. 
** The PM10 fraction was assessed for M4, M5 and M6. 

Measurements taken with the DustTrak™ show a wide range of concentrations, with daily 
averages ranging from:  

• 0.01 to 2.22 mg/m³ for PMResp fractions measured with the DustTrak™ 8520 (M1, M2 and 
M3) 

• 0.04 to 1.69 mg/m³ for PM10 fractions measured with the DustTrak™ 8520 (M4, M5 and 
M6) 

• 0.01 to 1.78 mg/m³ for PM1 fractions measured with the DustTrak™ DRX 

• 0.01 to 1.97 mg/m³ for PM2.5 fractions measured with the DustTrak™ DRX 

• 0.01 to 2.19 mg/m³ for PMResp fractions measured with the DustTrak™ DRX 

• 0.01 to 3.22 mg/m³ for PM10 fractions measured with the DustTrak™ DRX 

The two workplaces with the highest concentrations were the underground mine (M1) and the 
wax moulding shop (M6), with geometric mean concentrations of the PM1 fraction of 0.50 mg/m³ 
and 0.84 mg/m³, respectively. The workplace with the lowest concentrations was the truck garage 
(M3) with a geometric mean concentration of 0.02 mg/m³ for the PM1 fraction. 

It should be noted that for all fractions, the highest daily concentrations measured with the 
DustTrak™ DRX were detected at M1 (Table 7). However, the highest daily mean concentration 
was measured at M6 with the same instrument, especially for the PM1 fraction (Figure 11). 
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Table 7. Descriptive statistics of daily mass concentrations (mg/m3) measured with a DustTrak™DRX 

 
N: number of daily means; GM: geometric mean; GSD: geometric standard deviation; MIN: minimum; MAX: maximum 
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Figure 11. Distribution of daily mass concentrations (mg/m3) measured in the PM1 

fraction using a DustTrak™ DRX. 

Figure 12 shows the distributions of instantaneous (averaged over 1 minute) mass concentrations 
measured for the PM1 fraction with the DustTrak™ DRX in the six workplaces. Very high values 
(> 2.5 mg/m³) were measured at M1. As observed for the number concentrations measured with 
the P-Trak®, M6 can be seen to have a different profile from the other five workplaces, in the 
sense that its concentrations seem to be more homogeneous (less dispersion of measurements 
and the lowest GSD for the PM1 fraction, at 1.4 mg/m3). 

 
Figure 12. Distribution of instantaneous (averaged over 1 minute) mass 

concentrations (mg/m3) measured in the PM1 fraction using the DustTrak™ DRX.  
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Based on the DustTrak™ DRX readings, the estimated  mass concentrations measured in the 
PM1 fractions represent, on average, 65% (M1), 67% (M2), 67% (M3), 67% (M4), 57% (M5) and 
80% (M6) of the mass concentrations in the total fractions. 

5.1.4 Concentrations of submicron elemental carbon EC1 (M1, M2 and M3) 

EC1 was measured using Airtec devices in the environments where DEE was present. The 
geometric means, geometric standard deviations, minimum and maximum daily mass 
concentrations of EC are presented in Table 8. Figure 13 shows the mass concentration 
distributions of daily mean EC1 concentrations in these three workplaces. The concentrations 
range from 0.004 to 0.148 mg/m³. M1 (underground mine) again stands out with the highest 
concentration level, while M3 (machine shop) again has the lowest contamination.  

Table 8. Descriptive statistics of daily EC1 mass concentrations measured with 
Airtecs in workplaces M1 to M3 

Workplace n GM 
(mg/m3) GSD Min 

(mg/m3) 
Max 

(mg/m3) 

M1 12 0.148 2.0 0.044 0.503 
M2 12 0.025 2.8 0.003 0.120 
M3 11 0.004 2.0 0.002 0.011 

n: number of daily averages GM: geometric mean  
GSD: geometric standard deviation MIN: minimum; MAX: maximum 

 
Figure 13. Distribution of daily EC1 mass concentrations measured with Airtecs at M1, 

M2 and M3.  
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5.2 Time-averaged measurement 

The following section presents the results of time-averaged measurement for each category of 
URNP, i.e. DEE (M1, M2 and M3), metal fumes and dusts (M4 and M5) and paraffin wax fumes 
(M6). 

5.2.1 Diesel engine exhaust (DEE) (M1, M2 and M3) 

The daily means, geometric standard deviations, and minimum and maximum time-averaged 
measurements of ECR, TCR, EC1, TC1, DR and CDR are presented in Table 9. Workplace M1 is 
characterized by higher concentrations compared to M2 and M3. 

Table 9. Descriptive statistics of daily mass concentrations of ECR, TCR, EC1, TC1, DR 
and CDR in workplaces M1, M2 and M3 

Parameter Workplace n GM 
(mg/m3) 

GSD Min 
(mg/m3) 

Max 
(mg/m3) 

 M1 11 0.137 2.3 0.037 0.580 
ECR M2 12 0.025 2.4 0.008 0.072 

 M3 12 0.003 2.4 <0.002 0.009 

 M1 11 0.188 2.1 0.062 0.700 
TCR M2 12 0.059 2.3 0.020 0.170 

 M3 12 0.016 3.6 <0.003 0.054 

 M1 12 0.133 2.3 0.033 0.510 
EC1 M2 12 0.015 2.2 0.006 0.055 

 M3 12 0.002 2.0 <0.002 0.005 

 M1 12 0.173 2.1 0.051 0.600 
TC1 M2 12 0.036 2.1 0.016 0.110 

 M3 12 0.010 3.3 <0.003 0.039 

 M1 11 0.530 2.2 0.260 3.30 
DR M2 11 0.061 2.6 <0.023 0.340 

 M3 12 0.036 1.5 0.018 0.062 

 M1 9 0.244 1.9 0.080 1.00 
CDR M2 11 0.100 2.5 0.040 0.470 

 M3 12 0.019 1.7 <0.015 0.045 
n: number of daily averages  
GM: geometric mean  
GSD: geometric standard deviation  
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MIN: minimum; MAX: maximum 

Table 10 shows the ratios TCR/ECR, TC1/EC1, TC1/TCR, EC1/ECR and CDR/DR for the three 
workplaces. The higher the TC/EC ratios, the more organic carbon there is in the total carbon 
measurement. TC/EC ratios greater than 2 were calculated for M2 and M3, indicating that other 
sources of organic carbon are present and contribute significantly to total carbon concentrations. 
On the other hand, ratios of 1.30 and 1.37 were obtained for M1. 

The higher the TC1/TCR or EC1/ECR ratio, the more carbon is present in the submicron fraction. 
The elemental carbons in the submicron fraction (EC1) for M1 account for 97% of those in the 
respirable fraction (ECR). Only 60% of the carbon in M2 and 67% of the carbon in M3 appears to 
be submicron in size. Similar results were obtained for total carbon. This indicates that the carbon 
aerosol in workplace M1 is finer and that the submicron fraction occupies a greater proportion. 

Table 10. Calculated ratios between the different concentration estimators 

 M1 M2 M3 
TCR/ECR 1.37 2.36 5.33 
TC1/EC1 1.30 2.40 5.00 

TC1/TCR 0.92 0.61 0.63 
EC1/ECR 0.97 0.60 0.67 

CDR/DR 0.46 0.61 0.53 

The higher the CDR/DR ratio, the more combustible dust is in the respirable fraction. This ratio 
was established at 46% for M1 and slightly higher for M2 and M3, indicating the presence of non-
combustible dust sources other than DEE in all three workplaces, but more specifically in M1, 
where the majority of aerosols are found in the non-combustible fraction. 

5.2.2 Metal dust and fumes (M4 and M5) 

5.2.2.1 Mass concentrations of metal dust and fumes  

The mass concentrations of total dust (37-mm cassettes) and fine and ultrafine particles (Sioutas, 
<10 μm) were measured at M4 and M5. The average concentrations are reported in Table 11. 
Concentrations in M5 appear to be higher than those in M4 for both sampling devices. The mean 
concentrations measured with the Sioutas impactor were 28% and 55% lower, respectively, than 
those obtained with the 37-mm cassettes at M4 and M5.  
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Figure 14 shows the relationship between the measurements made with the two types of samplers 
(37-mm cassette and Sioutas impactor). A good correlation is obtained, but the 0.3 slope of the 
regression line confirms that the Sioutas concentrations were lower than those of the 37-mm 
cassettes. 

Table 11. Descriptive statistics of daily mass concentrations of fumes and metal 
dust, measured with 37-mm cassettes or Sioutas impactors in workplaces M4 and M5 

Workplace Instrument n GM 
(mg/m3) 

GSD Min 
(mg/m3) 

Max 
(mg/m3) 

M4 Cassette 12 0.188 3.3 <0.080 1.20 
 Impactor 12 0.135 2.3 0.036 0.56 

M5 Cassette 12 0.321 1.9 <0.074 0.92 
 Impactor 11 0.145 3.0 0.009 0.38 

n: number of samples;  
GM: geometric mean  
GSD: geometric standard deviation  
MIN: minimum; MAX: maximum 

 
Figure 14. Correlation between mass concentrations measured with 37-mm cassettes 

and Sioutas impactors in workplaces M4 and M5. 

Table 12 presents the distributions of mass concentrations over each of the impactor stages in 
workplaces M4 and M5, as well as the MMAD calculated for each workplace. For M4 and M5, 
51% of the dust mass was collected on the first impactor stage (i.e. between 2.5 and 10 μm). A 
MMAD of 1.8 μm was calculated for M4 and 2 μm for M5.  
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Table 12. Mean distribution (%) of mass concentrations of particles on various 

impactor stages, and MMAD values for M4 and M5 

 M4  
(n=12) 

M5  
(n=11) 

2.5–10 μm 51 51 
1.0–2.5 μm 19 23 
0.5–1.0 μm 11 10 
0.25–0.5 μm 19 16 

<0.25 μm – – 
   

MMAD (μm) 1.8 2.0 
n: number of samples;  
MMAD: Mass median aerodynamic diameter 

5.2.2.2 Metal concentrations 

Of all the metals measured, only chromium, cobalt, copper, iron, manganese, nickel, lead, 
vanadium and zinc were identified at M4 and/or M5 in the inhalable dust (IOM cassette), total dust 
(37-mm cassettes), and fine and ultrafine particles (Sioutas, <10 μm) (Table 13). Aluminum, 
cadmium and magnesium were not detected and are therefore not covered in this section.  

At M4, iron, copper, manganese and lead were found in almost every sample. Zinc was also very 
prevalent, but mainly on the last impactor stages. Occasional occurrences of iron, cobalt and 
chromium were also observed. Nickel was not measured at this workplace.  

At M5, copper, iron and chromium occurred very frequently. There were also occasional 
occurrences of manganese, cobalt, and nickel. Lead and zinc, both substantially present at M4, 
were not detected at M5, nor was vanadium. 

Table 13 presents the metal concentrations measured in each workplace. Concentrations are 
reported when at least one sample contained the element. Whereas the choice of sampling device 
had little effect on concentrations in the case of M4, significant differences were observed for M5. 
There, the 37-mm cassettes yielded metal concentrations that were, on average, 30% lower than 
those measured with the IOMs, while the concentrations measured with the Sioutas impactors 
averaged 50% lower. These results suggest that the particles collected from M5 (machining) are 
coarser than those from M4 (foundry). 
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Table 13. Descriptive statistics of daily mean concentrations of metals measured with 

IOM cassettes, 37-mm cassettes and Sioutas impactors at M4 and M5 

   M4     M5   

  GM 
(µg/m3

) 

GS
D 

Min 
(µg/m3

) 

Max 
(µg/m3

) 

 GM 
(µg/m3

) 

GS
D 

Min 
(µg/m3

) 

Max 
(µg/m3

) 
Chromium IOM 

37 mm 
Siouta

s 

1.73 
N.D. 
2.1 

1.2 
– 

1.3 

<2.2 
– 

<1.8 

2.8 
– 

2.7 

 24.3 
11.2 
4.0 

1.6 
2.2 
1.6 

11 
3.4 
2.3 

45 
38 

10.5 

Cobalt IOM 
37 mm 
Siouta

s 

0.09 
0.09 
0.10 

1.6 
1.1 
1.3 

<0.09 
<0.11 
<0.04 

0.2 
0.1 
0.1 

 0.11 
0.10 
0.10 

1.6 
1.4 
1.3 

<0.1 
<0.11 
<0.04 

0.24 
0.20 
0.13 

Copper IOM 
37 mm 
Siouta

s 

4.3 
3.5 
3.4 

2.3 
2.1 
2.0 

<1.0 
<1.3 
1.4 

8.8 
8.0 
8.3 

 
 
 

5.9 
3.4 
2.6 

2.5 
2.4 
2.2 

1.7 
<1.3 
1.2 

24 
21 
15 

Iron IOM 
37 mm 
Siouta

s 

23.9 
23.1 
22.6 

1.6 
1.2 
1.5 

<22.3 
<29.8 
<9.7 

52 
34 
49 

 225 
124 
50 

1.7 
2.3 
1.8 

110 
40 
25 

510 
490 
170 

Manganes
e 

IOM 
37 mm 
Siouta

s 

10.8 
10.4 
9.0 

2.3 
1.6 
1.8 

<2.4 
5.8 
<3 

26 
25 
23 

 2.8 
2.9 
2.2 

2.0 
1.6 
1.4 

<2.4 
<3.1 
<1.8 

9.9 
9.3 
4.7 

Nickel IOM 
37 mm 
Siouta

s 

N.D. 
N.D. 
N.D. 

– 
– 
– 

– 
– 
– 

– 
– 
– 

 7.3 
5.3 
4.2 

1.8 
1.5 
1.3 

<4.9 
<5.7 
<2.4 

16 
15 
7.2 

Lead IOM 
37 mm 
Siouta

s 

0.6 
0.6 
0.5 

2.0 
1.6 
1.5 

<0.2 
<0.3 
<0.3 

1.4 
1.2 
1 

 N.D. 
N.D. 
N.D. 

– 
– 
– 

– 
– 
– 

– 
– 
– 

Vanadium IOM 
37 mm 
Siouta

s 

N.D. 
N.D. 
0.2 

– 
– 

1.4 

– 
– 

<0.1 

– 
– 

0.3 

 N.D. 
N.D. 
N.D. 

– 
– 
– 

– 
– 
– 

– 
– 
– 

Zinc IOM 
37 mm 
Siouta

s 

2.1 
2.8 
2.9 

1.5 
1.6 
1.6 

<2.2 
<3.0 
<1 

4.6 
7 

5.6 

 N.D. 
N.D. 
2.1 

– 
– 

1.3 

– 
– 

<1.2 

– 
– 
3 

IOM:  N=10 for M4 and N=8 for M5 
37 mm:  N=12 for M4 and N=12 for M5 
Sioutas:  N=12 for M4 and N=11 for M5 
N.D.:   Not detected 
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The characterization can be refined through a detailed analysis of the metals deposited on the 
different impactor stages (Table 14). MMAD values were seen to vary depending on the 
workplace and the type of metal. At M4, all MMADs remained below 1 μm regardless of the metal. 
At M5, the MMADs were higher; for example, the values for chromium, cobalt, iron and nickel 
were 1 μm or greater. 

Table 14. Mean distribution (%) of metal concentrations deposited on various 
impactor stages, and MMAD values for M4 and M5 

 Chromium Cobalt Copper Iron Manganese Nickel Lead Vanadium Zinc 

M4 n=2 n=2 n=12 n=3 n=11 n=0 n=11 n=3 n=8 

2.5–10 μm 18 28 6 24 4 – 24 17 16 

1.0–2.5 μm 18 18 7 15 4 – 10 17 13 

0.5–1.0 μm  18 18 8 31 7 – 9 17 13 

0.25–0.5 μm 22 18 30 15 48 – 17 17 20 

<0.25 μm  22 18 49 15 37 – 39 33 37 

          

MMAD (μm) 0.7 0.9 0.2 0.9 0.3 – 0.6 0.5 0.4 

M5 n=11 n=2 n=11 n=11 n=3 n=2 n=0 n=0 n=1 

2.5–10 μm 44 31 13 46 29 31 – – 18 

1.0–2.5 μm 15 17 8 19 15 16 – – 18 

0.5–1.0 μm 11 17 8 10 15 16 – – 18 

0.25–0.5 μm  12 17 9 10 20 16 – – 18 

<0.25 μm 18 17 63 14 22 20 – – 26 

        –  

MMAD (μm) 2.2 1 0.2 2.4 0.9 1 – – 0.6 
n: number of samples;  
MMAD: Mass median aerodynamic diameter 

5.2.3 Paraffin wax fumes 

A concentration of 0.2 mg/m3 was measured in the wax workshop with a 37-mm cassette. The 
other seven measurements made with these cassettes all remained below the limit of 
quantification, with concentrations of less than 0.2 mg/m3. Ten measurements were then 
performed with the impactors and yielded a geometric mean concentration of 0.15 mg/m3, with 
levels ranging from 0.07 to 0.37 mg/m3. 

Table 15 shows the mean distribution of paraffin wax concentrations on the different impactor 
stages, and the MMAD of particles captured at M6. It can be seen that 51% of the particles in the 
impactor were deposited on stages smaller than 0.5 μm, and that the MMAD was 0.8 μm.  
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Table 15. Mean distribution (%) of paraffin wax concentrations on various impactor 

stages, and MMAD value for M6 

 M6 (n=10) 

2.5–10 μm 20 

1.0–2.5 μm 15 

0.5–1.0 μm 16 

0.25–0.5 μm 28 

<0.25 μm 23 

  

MMAD (μm) 0.8 
n: number of samples; 
MMAD: Mass median aerodynamic diameter 

5.3 Microscopy analysis 

Nearly 1,300 particles or particle agglomerates were analyzed: 60 in M1, 20 in M2, 20 in M3, 419 
in M4, 409 in M5 and 360 in M6. Each analysis included a particle image and an EDS analysis. 

5.3.1 Mine (M1) 

Figure 15 shows a sample image of the hole in one of the grids sampled at M1. The particles 
identified here were essentially spherical carbon particles about 10 nanometers in size, 
agglomerated in a long chain. Figure 16 gives an overview of this type of particle, which was 
observed in abundance. Fine silica particles several hundred nanometres in size (Figure 17, left) 
and highly agglomerated metallic particles (Figure 17, right) were also identified at the mine. The 
metallic particles were found to consist mainly of iron, manganese and zinc. 

 

Figure 15. TEM bright-field image (400X) of a hole in a grid used for particle sampling 
at M1.  
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Figure 16. Examples of TEM bright-field images of the type of carbon particles 
predominantly identified at M1. 

 

Figure 17. Examples of TEM bright-field images of particles identified at M1. 

5.3.2 Underground environment and mechanical workshop (M2 and M3) 

M2 and M3 are discussed in the same section, since the diesel exhaust particulate matter had 
the same characteristics. Figure 18 shows an example of an image of a hole in one of the grids 
exposed at M2 and M3. The particles identified are essentially spherical carbon particles about 
10 nanometers in size, agglomerated in a long chain. Figure 19 gives an overview of this type of 
particle. Salt particles (NaCl) in the micrometre range were also identified at M3 (Figure 20, left). 
Spots were observed on the grids at M2 and M3. These spots are associated with liquid aerosols 
composed of carbonaceous elements (Figure 20, right).   
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Figure 18. TEM bright-field image (400X) of a hole in a grid used for particle sampling 

at M2 (subsurface workplace). 

 
Figure 19. Examples of TEM bright-field images of the type of carbon particle 

predominantly identified at M2 and M3.  

M3 
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Figure 20. Examples of TEM bright-field images of particles identified at M2 or M3. 

5.3.3 Foundry (M4) 

Figure 21 shows a sample image of a hole in a grid exposed at M4. The particles identified at the 
foundry were essentially spherical fragments ranging from 50 to 500 nm, isolated or in 
agglomerates of up to about 10 particles, composed mostly and quite consistently of metal oxides. 
Figure 22 provides an overview of this type of particle, which is quite abundant, accounting for 
52% of the particles analyzed. The following elements were identified, in descending order of 
frequency: iron (in 66% of the particles analyzed), chromium (64%), silicon (61%), manganese 
(59%), zinc (29%), copper (22%), aluminum (9%), nickel (8%) and lead (8%). 

Other types of particles were also detected; illustrations are provided in Figure 23. They include 
long-chain nanoparticles similar to those observed at M5 (see subsection 5.3.4), needle-shaped 
zinc oxides about 500 nm long, and coarser metal particles of micrometre size and non-spherical 
shape. 

 
Figure 21. TEM bright-field image (400X) of a hole in a grid used for particle sampling 

at M4 (foundry).  
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Figure 22. Examples of TEM bright-field images of the type of particle predominantly 

identified at M4. 

 
Figure 23. Examples of TEM bright-field images of particles identified at M4. 

5.3.4 Machine shop (M5) 

Figure 24 and Figure 25 show sample images of holes in grids exposed near an arc cutting station 
and a grinding station at M5.   
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The particles identified at M5 were of various shapes and compositions. The following elements 
were found, in order of frequency: iron (in 77% of the particles analyzed), chromium (48%), silicon 
(41%), manganese (35%), nickel (28%), aluminum (26%), copper (13%), zinc (8%), and lead 
(3%).  

There were two main types of particles. The first category consisted of very fine particles, on the 
order of a few nanometres, highly agglomerated and chain-shaped (Figure 26). These particles 
were detected mainly on sample grids taken near TIG welding and arc cutting areas. The 
agglomerates can reach sizes in the micrometre range. These particles contain mainly iron, 
copper, silicon, chromium, manganese, nickel and, more rarely, potassium, sulphur, phosphorus 
and chlorine. The second category, illustrated in Figure 27, consisted of particles of various 
shapes, non-specific or non-spherical, rather coarse (0.5 to 5 μm) and with various chemical 
compositions. They were mainly found on sample grids taken near grinding operations. These 
particles contain mainly iron, aluminum, silicon, chromium, nickel, manganese, titanium and, more 
rarely niobium, potassium and zirconium. 

In addition, spherical metal oxide particles similar in morphology and composition to those 
previously presented in M4 (Figure 22) were also observed on a few occasions, along with carbon 
particles of various shapes, similar to those described later in section 5.3.5 for M6. 

 
Figure 24. TEM bright-field image (400X) of a hole in a grid used for particle sampling 

at M5 (machine shop) near the arc cutting station.  
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Figure 25. TEM bright-field image (400X) of a hole in a grid used for particle sampling 

in a grinding area at M5 (machine shop). 

 
Figure 26. Examples of TEM bright-field images (400X) of particles identified near the 

arc cutting station at M5. 

 
Figure 27. Examples of TEM bright-field images (400X) of particles identified near the 

grinding shop at M5.  
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5.3.5 Paraffin wax workshop (M6) 

Figure 28 shows a sample image of a hole in a grid exposed at M6. The particles identified here 
were carbon-rich, very homogeneous and of various shapes ranging from rather spherical to rod-
shaped, as shown in Figure 29. They ranged in size from a few hundred nanometres to a few 
micrometres, and make up 65% of the particles observed in this workplace. Particles similar to 
those shown in Figure 26 were also identified at M6. 

 
Figure 28. TEM bright-field image (400X) of a hole in a grid used to collect particles at 

M6 (wax casting shop).  
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Figure 29. Examples of TEM bright-field images (400X) of particles identified at M6 

(wax casting shop). 

5.4 Comparison of different exposure indicators 

5.4.1 Diesel engine exhaust (M1, M2 and M3) 

Strong correlations were obtained between the time-averaged measurements of elemental 
carbon (EC1 and ECR) and those obtained with DRIs (Table 16). This shows that, overall, the 
concentrations indicated by the DRIs increase when EC1 and ECR concentrations rise. For the 
time-averaged EC1 measurements, the best correlations were obtained first with the 
concentrations estimated using the Airtec (r=0.97), then with PMResp and PM1 as measured by the 
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DustTrak™ DRX (r=0.94 in both cases), and finally with those estimated by the DustTrak™ 8520 
(r=0.91) and the P-Trak® (r=0.86). For time-averaged ECR measurements, the strongest 
correlation was with data from the DustTrak™ 8520 (r=0.90). It can be seen that the strength of 
correlations between measurements with the same instrument varies from one workplace to the 
next. For example, at M2, correlations were very strong for the DustTrak™ DRX and weaker with 
the Airtec data. The situation is reversed at M1, with the Airtec data showing very strong 
correlations and the DustTrak™ DRX data showing weaker correlations. 

Table 16. Spearman’s correlation coefficients between EC concentrations measured 
in the submicron (EC1) and respirable (ECR) fractions (time-averaged measurements) and 

the daily averages of parameters measured with the different DRIs used at M1, M2 and 
M3 

 EC1 concentrations (time-averaged)  ECR concentrations (time-averaged) 
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  PM1 PMResp PMResp EC1   PM1 PMResp PMResp EC1 

M1 
n=12 0.60** 0.46* 0.42* 0.65** 0.96***  0.63*** 0.43* 0.37 0.68** 0.97*** 

M2 
n=12 0.67* 0.98*** 0.90** 0.88** 0.73**  0.88** 0.79* 0.76* 0.79** 0.54 

M3 
n=12 0.75** 0.70* 0.73** 0.68* 0.74**  0.67* 0.52 .0.55 0.50 0.65* 

All 
n=36 0.86*** 0.94*** 0.94*** 0.91*** 0.97***  0.87*** 0.86*** 0.87*** 0.90*** 0.89*** 

a number concentration; b mass concentration in the submicron fraction (PM1); c mass concentration in the respirable fraction (PMResp); 
d concentration of elemental carbon in the submicron fraction. 
*p<0.05; **p<0.01; ***p<0.001 

Figure 30 shows the relationships between the different indicators obtained with DRIs (P-Trak®, 
DustTrak™ 8520, Airtec) at M2 and M3 in relation to M1 (100%), in comparison with the time-
averaged ECR and EC1 measurements. It can be seen that the EC1 proportions (daily averages) 
obtained with the Airtec were very similar to the time-averaged measurements of ECR and EC1. 
The data from the P-Trak® were different, with proportionally higher concentrations for M2 and 
M3 than for the other indicators.  



44 Characterization of Nanometric Particles Unintentionally Released in Various 
Workplaces 

IRSST 

 

 
Figure 30. Proportion of concentrations measured by DRIs at M2 and M3, relative to 

M1. 

Figure 31 shows the correlation between the time-averaged ECR measurements and the daily 
averages of the recorded mass concentrations, also in the respirable fraction, with the DustTrak™ 
8520. Figure 32 shows the correlation between the EC1 concentrations estimated according to 
the time-averaged approach and those recorded with the Airtecs.  

 
Figure 31. Correlation between time-averaged measurements of respirable elemental 

carbon (ECR) and daily averages of measurements recorded with DustTrak™ 8520 for the 
respirable fraction (PMResp) at M1, M2 and M3.  
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Figure 32. Correlation between time-averaged measurements of elemental carbon in 

the submicron fraction (EC1) and daily averages recorded with Airtecs at M1, M2 and M3. 

Although significant correlations were observed (Table 16), the levels measured by DRIs may 
vary quantitatively. The average ratios between daily ECR concentrations and those estimated 
with the DustTrak™ 8520 therefore vary widely from one workplace to the next. They are as 
follows: 0.20 for M1, 0.55 for M2 and 0.16 for M3. These results indicate that a correction should 
be made to the measurements recorded by DustTrak™ 8520 to quantitatively estimate ECR levels. 
Equation (1) presents the linear regression, for the three workplaces (M1 to M3), between the 
time-averaged ECR measurements and the mean daily concentrations estimated with the 
DustTrak™ 8520 (R=0.9; p<0.01). 

ECR (μg/m3) = 0.16 x [DustTrak™ 8520 (expressed in μg/m³)] + 17.5  (1) 

Equation (2) is the linear regression between the time-averaged ECR measurements and the 
mean daily number concentrations measured with the P-Trak® (R=0.88; p<0.01). 

ECR (μg/m3) = 0.0014 x [P-Trak® (expressed as particles/cm³)] - 11.7  (2) 

Finally, it should be noted that the correlation obtained between the time-averaged EC1 
measurements and the estimated mean daily concentrations from the Airtecs is the highest 
obtained (R=0.97; p<0.01). Furthermore, the ratio between the concentrations obtained from time-
averaged measurements and Airtec measurements is 1.01, indicating a similar range. Equation 
(3) shows the linear relationship between these two measures of EC1. 

EC1 (μg/m3) = 1.01 x [Airtec (μg/m³)] - 9.4      (3)  
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5.4.2 Metal fumes (M4 and M5) 

With regard to total dust levels at M4, there were good correlations between the time-averaged 
measurements made with 37-mm cassettes and impactors, and the results obtained with DRIs 
(Table 17 and Table 18). For M5, however, only the measurements made with 37-mm cassettes 
were correlated with DRI results. 

Table 17. Total dust concentration (DT) – Spearman’s correlation coefficients between 
time-averaged measurements (37-mm cassettes) and daily averages measured with DRIs 
 

PT 37 mm 
 

P-Trak®a DustTrak™ DRXb DustTrak™ 8520b 

  PM1 PM2.5 PMResp PM10 PMTot PM10 

M4  
n=12 0.58* 0.70* 0.71** 0.72** 0.73** 0.73** 0.72** 

M5  
n=12 0.77** 0.75** 0.71** 0.70* 0.61* 0.60* 0.75** 

All  
n=24 0.54** 0.59** 0.59** 0.58** 0.56** 0.53** 0.53** 

a number concentration; b mass concentration;  
*p<0.05; **p<0.01; ***p<0.001 

Table 18. Total dust concentration (DT) – Spearman’s correlation coefficients between 
time-averaged measurements (impactors) and daily averages measured with DRIs 

 
DT Sioutas  

 
P-Trak®a DustTrak™ DRXb  DustTrak™ 8520b 

  PM1 PM2.5 PMResp PM10 PMTot PM10 

M4  
n=12 0.72* 0.77** 0.78** 0.77** 0.77** 0.73** 0.77** 

M5  
n=12 0.37 0.31 0.33 0.31 0.20 0.18 0.36 

All  
n=24 0.47* 0.57** 0.60** 0.57** 0.55** 0.54** 0.61** 

a number concentration; b mass concentration;  
*p<0.05; **p<0.01; ***p<0.001  
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5.4.3 Paraffin wax fumes (M6) 

Strong correlations were obtained between the paraffin wax measurements obtained from the 
Sioutas impactors and the daily averages of mass concentrations measured with DustTrak™ DRX 
and DustTrak™ 8520 (Table 19). The correlations with the daily averages of the number 
concentrations measured with the P-Trak® are slightly lower (r=0.6) but remain significant. 

Table 19. Paraffin wax concentration -- Spearman's correlation coefficients between 
time-averaged measurements and daily averages measured with DRIs at M6 

 
Paraffin (C18-C36) Sioutas impactor 

 
P-Trak®a DustTrak™ DRXb DustTrak™ 8520b 

  PM1 PM2.5 PMResp PM10 PMTot PMTot 

M6  
n=12 0.60* 0.93*** 0.95*** 0.94*** 0.94*** 0.94*** 0.93*** 

a number concentration; b mass concentration;  
*p<0.05; **p<0.01; ***p<0.001 

5.4.4 Comparison of measurements – All workplaces (M1 to M6) 

Figure 33 shows the relationships between the daily averages of the mass concentrations 
measured in the submicron fraction with DustTrak™ DRXs and the daily averages of the number 
concentrations measured with P-Traks®. Linear relationships can be seen, and they differ from 
one workplace to the next. M1 and M4 are characterized by high number concentrations, whereas 
their mass concentrations are generally below 1,000 µg/m³. Conversely, at M6, number 
concentrations remain relatively low (<100,000 particles/cm³) while mass concentrations are 
among the highest measured (between 500 and 1,500 µg/m³). These results suggest that particle 
size distributions are different in these workplaces.  
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Figure 33. Relationship between mass concentrations measured with DustTrak™ 

DRXs and number concentrations measured with P-Traks®. 

Figure 34 shows the distributions reported by the EEPS for M4 and M6 and the lower detection 
limit of the P-Trak® (as indicated in Table 2, the P-Trak® detects only particles larger than 20 nm). 
It can be seen from this figure that for M6, the vast majority of particles detected by the EEPS will 
also be detected with the P-Trak®. For M4, however, a significant proportion of particles were 
below the P-Trak® detection level, suggesting a potential underestimation of the number 
concentration there. 

 

Dotted line represents lower limit of P-Trak®. 

Figure 34. P-Trak® particle size distribution and detection limit.  
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5.5 Seasonal variations 

In three of the six workplaces (M3, M4 and M6), large seasonal variations in the concentrations 
were observed. This type of variability was not seen in the other workplaces, i.e. the underground 
ones (M1 and M2) and those with no direct opening to the outside (M5). 

For M3, when the measurements are separated by campaign, i.e. winter (D1, D2, D3) vs spring 
(D4, D5, D6), there are significant differences (p<0.05) between the time-averaged ECR and EC1 
measurements, the winter values being at least three times higher than the spring ones (Figure 
35). For M4, the fall measurements (D4, D5 and D6) were approximately 2.5 times higher than 
those measured during the summer season (D1, D2 and D3) (p<0.05), regardless of the sampling 
device used (37-mm cassette or Sioutas impactor) (Figure 36). For M6, the Sioutas 
measurements taken in the summer (D1, D2 and D3) were more than three times higher than 
those taken in the fall (D4, D5 and D6) (p<0.05). 

At M3 and M4, the workplace layout allows significant changes in natural ventilation and air 
movement due to the opening (permanent in summer) of the many garage doors in the machine 
shop in the case of M3, and the opening of the accesses at either end of the foundry in the case 
of M4. In the case of M6, no difference in ventilation was observed, but higher concentrations 
were measured during the summer. These differences can be explained by the intensity of the 
work activities, which were different from one season to the next. 

 
Figure 35. Distribution of winter measurements (closed doors, D1, D2 and D3) and 

spring measurements (open doors, D4, D5 and D6) of ECR and EC1 concentrations at M3.  



50 Characterization of Nanometric Particles Unintentionally Released in Various 
Workplaces 

IRSST 

 
 

 
Figure 36. Distribution of summer measurements (open doors, D1, D2 and D3) and fall 

measurements (closed doors, D4, D5 and D6) of total dust collected with 37-mm 
cassettes or Sioutas impactors at M4. 
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6.  DISCUSSION 

This study provided an in-depth look at exposure to various types of URNPs in six workplaces in 
Québec. Through an innovative strategy using a wide range of methods and instruments, many 
indicators were measured in parallel. Number and mass concentration levels were measured 
using several DRIs. Time-averaged measurements were also taken, based on the type of 
contaminant specific to each workplace. These measurements included (i) respirable and 
submicron carbon (elemental and organic) fractions, as well as respirable combustible dust from 
DEE found in an underground mine (M1), in in maintenance operations in an underground transit 
system (M2) and in a truck repair garage(M3); (ii) gravimetric measurements and concentrations 
of 12 metals (aluminum, cadmium, chromium, cobalt, copper, iron, magnesium, manganese, 
nickel, lead, vanadium, zinc) in fumes and metallic dust released in a foundry (M4), as well as in 
a machine shop (welding, grinding and cutting) (M5); (iii) paraffin wax (C18-C36) from fumes 
released in a wax-moulding shop (M6). Measurements for the purpose of microscopic 
characterization were also taken in the six workplaces. 

6.1 DEE at M1, M2 and M3 

In the workplaces where DEE is present, the number concentrations observed were highly 
variable, with daily averages of 128,200 particles/cm³ [51,200-228,600], 32,800 particles/cm³ 
[12,900-58,600] and 22,800 particles/cm³ [14,700-33,800] for M1, M2 and M3 respectively. The 
levels observed at M2 and M3 were similar to those reported at port facilities (average daily 
concentration of 36,000 particles/cm3, with a daily maximum of 67,000 particles/cm3) and school 
bus garages (between 5,000 and 80,000 particles/cm3) (Debia et al., 2016; Debia, Trachy-Bourget 
et al., 2017). At M1, on the other hand, the concentrations were higher and more comparable to 
those measured in environments with diesel-powered trains (average concentration of 126,000 
particles/cm3 and peak concentration of 693,000 particles/cm3) or in underground parking garages 
(average concentration of 116,000 particles/cm3 and peak concentration of 186,000 particles/cm3) 
(Bujak-Pietrek, 2010; Jeong et al., 2017). 

The mass concentration measurements obtained with DustTraks™ also cover a wide range of 
concentrations, with daily geometric means ranging from 0.01 to 3.48 mg/m³. At the above-
mentioned port facilities, mean daily concentrations of 0.04 mg/m³ PMResp and 0.04 mg/m³ PM1 
have been recorded (Debia et al., 2016). In school bus garages, the mean daily concentrations 
ranged from 0.025 mg/m³ to 0.045 mg/m³ PMResp (Debia, Trachy-Bourget et al., 2017). These 
concentrations are of the same order of magnitude as those measured at M2 and M3; however, 
M1 again stands out with higher concentrations, having geometric means of 0.59 mg/m³ and 0.61 
mg/m³ with the DustTrak™ 8520 and DustTrak™ DRX, respectively.  

The TC levels measured in this study were lower than the Québec regulated level of 0.4 mg/m³ 
stipulated in the Regulation Respecting Occupational Health and Safety in Mines, with the 
exception of a 0.7 mg/m³ level recorded at M1. In the mine (M1), concentrations were higher than 
some regulatory values, such as the one in force in Switzerland, with an ECR limit of 0.1 mg/m³, 
regardless of the work environment. Fleck, Couture et al. (2018) recorded personal ECR 
concentrations in two underground gold mines similar to the M1 environment in this study. They 
reported a personal workstation geometric mean ECR of 0.083 mg/m3, which is lower than the 
0.137 mg/m3 calculated for the same parameter in this study. Many of the workers in the Fleck et 
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al. study (2018) were in ventilated cabins with filtered air, which likely explains why the levels 
measured directly in their breathing zones were lower. In any case, the measurements taken in 
the present study cannot be used to draw conclusions about worker exposure, since they were 
strictly ambient measurements. 

TC/EC ratios for diesel engine exhaust (DEE) are typically between 1.2 and 1.3 (Noll, Bugarski, 
Patts, Mischler and McWilliams, 2007), which is what we found at M1. However, higher ratios 
were reported for M2 and M3, indicating the potential for high occurrences of OCs not linked to 
diesel exhaust in these workplaces. The TCR/ECR ratios ranged from 2.36 to 5.33 while the 
TC1/EC1 ratios ranged from 2.4 to 5. At M2, the interference could come from oil residues 
deposited along the traffic lanes. At M3, it is highly likely that oil residues were also present since 
it is a truck garage. No cigarette smoke was detected during the visits to the first three workplaces. 
For M1, the average ratio of 1.37 suggests that OC is directly associated with DEE. Fleck et al. 
also reported ratios close to 1.3 in the underground mining environment. However, the ratios 
obtained for personal measurements in the same environment were higher and therefore likely to 
contain OC (Fleck, Couture et al., 2018). The authors attributed the interference to the presence 
of oil mist near equipment and workers.  

The TC1/TCR and EC1/ECR ratios calculated for each of the three workplaces were greater than 
0.5 (i.e., 50%) (see Table 10). In the mining environment, up to 97% of the carbon mass was in 
the submicron fraction. These ratios were in the range of 0.6 (60%) to 0.7 (70%) for the other two 
workplaces. These results indicate that the composition of DEF aerosols varies from one 
workplace to the next, but most the particulate mass is in the submicron fraction. Similar results 
were obtained by Fleck et al. (2018). 

At M1, there was proportionally more non-combustible dust than in the other workplaces, with a 
CDR/DR ratio of 0.46. Ratios greater than 0.5 were calculated at M2 and M3. The mining 
environment is particularly likely to expose workers to rock dust, which would explain these 
results. In particular, silica dusts were observed there (see Figure 17). Rock dust would influence 
non-specific measurements obtained with DRIs such as the DustTrak™. 

Overall, most of the DRIs showed good relationships with the EC1 and ECR measurements. These 
results indicate that DRIs can be good tools for quickly and cost-effectively assessing exposure 
levels or characterizing a workplace or workstation. However, they must be used with caution, 
and the person using them must understand their limitations and the corrections that may be 
required (see 5.4.1). Airtec appears to be a good instrument for rapidly assessing worker 
exposure to DEE, particularly in underground mining environments, by providing an EC1 level 
directly comparable to regulatory or hygienic values. Other authors have noted the value of these 
instruments in assessing occupational exposure to DEE (Fleck, Couture et al., 2018; Noll and 
Janisko, 2013; Yu et al., 2015). 

Microscopy images indicate the presence of chain-aggregated spherical carbon particles of 
different sizes. These observations are consistent with literature data that report the presence of 
chain-agglomerated spherical carbon particles with electric mobility diameters ranging from 50 to 
300 nm. Those authors indicate that the equivalent aerodynamic diameters are 50 to 150 nm, 
with effective densities ranging from 1.6 to 0.25 g/cm³ (Leung et al., 2017; Park, Cao, Kittelson 
and McMurry, 2003). The particle size distribution of the number concentrations measured with 
the EEPS at M3 has two modes: one at 22.1 nm and one at 107.5 nm (see Figure 9). The second 
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mode seems to be more specifically associated with DEE since it predominates during peak 
particle concentrations (see Figure 10). This mode also corresponds to the particle sizes reported 
in the literature (Park et al., 2003). 

Workers exposed to DEE are therefore exposed to mostly nanoscale airborne particles whose 
mass concentration is largely in the submicron fraction. 

6.2 Metal fumes at M4 and M5 

6.2.1 Foundry (M4) 

In the production areas of the stainless steel foundry, daily mean concentrations ranging from 
23,700 to 262,200 particles/cm3 were measured with the P-Traks® while instantaneous 
concentrations ranging from 29,700 to 392,000 particles/cm3 were measured with the EEPS. The 
main mode identified with the EEPS was 9.31 nm. Jarvela et al. also looked at particle emissions 
during the production of stainless steel and ferrochromium. They found comparable levels of 
particle concentrations in the production areas, ranging from 84,800 to 360,000 particles/cm3 with 
a CPC3007 particle counter and from 101,000 to 2,740,000 particles/cm3 with an SMPS (Jarvela 
et al., 2016). Debia et al. measured particle emissions during aluminum production, reporting 
average concentrations ranging from 70,000 to 144,000 particles/cm3 depending on the 
production process (Debia, Weichenthal, Tardif and Dufresne, 2012). In short, there is 
considerable variability in concentration measurements. Many parameters may explain this 
variability, and several authors have attempted to explain their results using temporal profiles of 
concentrations and field observations. Jarvela et al. noted, for example, that measured 
concentrations were relatively stable, but dropped rapidly when the process was stopped (Jarvela 
et al. 2016). In the present study, large and statistically significant differences were observed in 
the foundry, depending on the season. Open doors allowed air to circulate freely in summer, 
whereas in winter the doors remained closed, resulting in a large increase in particle 
concentrations. 

EEPS measurements indicate the presence of an abundance of ultrafine particles, with a main 
mode around 10 nm. These data are similar to those of Jarvela et al., who reported a main mode 
of less than 10 nm in the particle size distribution observed in foundries (Jarvela et al., 2016). 
Thomassen et al. reported a main mode of less than 20 nm in the particle size distributions 
occurring in pre-baked anode processes (Thomassen et al. 2006). 

Time-averaged measurements yielded geometric mean concentrations of 0.188 mg/m3 for the 
total fractions (37-mm cassette) and 0.135 mg/m3 for fractions less than 10 μm (Sioutas). The 
maximum concentrations were 1.2 mg/m3 and 0.56 mg/m3, respectively. For information 
purposes, these maximum concentrations are below the regulatory or recommended thresholds 
for Particulates Not Otherwise Regulated (Table 20). They are also lower than the average 1.58 
mg/m3 reported in the literature for a stainless steel foundry (Jarvela et al., 2016).  

A comparison of the metal concentrations with the recommendations of the American Conference 
of Governmental Industrial Hygienists (ACGIH, 2017) (Table 20) shows that all the concentrations 
are 10% below the recommended thresholds, even after corrective stoichiometric factors were 
applied (in the case of iron oxide, zinc oxide and vanadium pentoxide). The ACGIH also 
recommends a limit value for manganese in the respirable fraction. The average concentration 
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obtained for manganese with the Sioutas (fraction <10 μm, the closest to a respirable fraction) is 
about 50% of the ACGIH recommended limit. However, the data from this study are not directly 
comparable with the recommendations or with some of the levels reported in the literature, since 
they are ambient measurements. The exposure levels for manganese need to be checked in this 
workplace through personal measurements of the respiratory fraction in the workers' breathing 
zone. 

Table 20. ACGIH recommended occupational exposure limit values (mg/m3) for 
metals (2017) 

Particulates 
Not 

Otherwise 
Regulated 
(PNORs) 

Chromium Cobalt Copper Iron 
oxides Manganese Nickel Lead 

metal 
Vanadium 
pentoxide 

Zinc 
oxide 

10 (I) 
 

3 (R) 

0.5 (T) 0.02 (T) 0.2 
(fumes) 

 
1 

(dust) 

5 (R) 0.02 (R) 
 

0.1 (I) 

1.5 (I) 0.05 (T) 0.05 (I) 2 (R) 

R: respirable fraction 
I: inhalable fraction 
T: total dust 

Mass median aerodynamic diameters (MMAD) of less than 1 μm were calculated for the metals, 
and little difference was found from one sampling method to the next (IOM cassettes, 37-mm 
cassettes and Sioutas impactors). These results suggest that the aerosol in this workplace is very 
fine and most of the metal masses are in the submicron fraction. 

The microscopy images show numerous spherical metallic particles of manganese, chromium, 
iron, nickel and silica. These spherical particles are either alone or in agglomerations of up to 10 
or so particles ranging in size from a few dozen to a few hundred nanometres. They are similar 
to the particles found by other authors in the production of stainless steel and ferrochromium 
(Huvinen, 2001; Jarvela et al., 2016). Also noteworthy is the presence of needle-shaped zinc 
oxide particles similar to particles identified in a manganese alloy plant (Gjønnes et al., 2011). 

In the presence of foundry fumes, workers are exposed to airborne particles that are mostly 
nanometric in size and whose mass concentration is chiefly in the <10 μm and submicronic 
fractions for chromium, cobalt, copper, iron, manganese, lead, vanadium and zinc. 

6.2.2 Machine shop (M5) 

Debia et al. (2014) previously described the number concentrations released during various 
welding operations and reported daily mean concentrations ranging from 50,000 to 150,000 
particles/cm3, with peaks reaching the instrument ceiling of 500,000 particles/cm3. The 
measurements reported for M5 in the present study were lower on average, with mean 
concentrations of 41,000 particles/cm³ measured with the P-Trak® and 60,100 particles/cm³ with 
the EEPS. This is mainly due to the fact that we studied a machine shop where various activities 
take place, such as TIG welding, plasma cutting, grinding, joining and finishing. In welding schools 
such as those visited by Debia et al. (2014), large numbers of students perform a specific welding 
task simultaneously and for extended periods of time. Such a situation is not representative of the 
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working conditions of welders. The averages reported in the present study can be considered 
more representative of worker exposure in an industrial machine shop. 

The time-averaged measurements yielded geometric mean concentrations of 0.321 mg/m3 in the 
total fraction and 0.145 mg/m3 in the <10 μm fraction (Sioutas). The maximum concentrations 
were 0.92 mg/m3 and 0.38 mg/m3, respectively. For information purposes only, these maximum 
concentrations are below the regulatory or recommended thresholds for PNORs (Table 20); they 
are also lower than the values reported in the literature, i.e. average concentrations of 7.14 mg/m³ 
for FCAW and 3.05 mg/m³ for GMAW welding processes (Hoffmeyer et al., 2012). 

The measured metal concentrations were all less than 10% of the ACGIH recommended limit 
values (Table 20), even after corrective stoichiometric factors were applied (in the case of iron 
oxides, zinc oxides and vanadium pentoxide). Manganese levels were also nearly four times lower 
than those measured in the foundry (M4). Again, however, these data are not directly comparable 
with the guidelines or with some of the levels identified in the literature since they are ambient 
data whereas the guidelines apply to concentrations measured within the worker’s breathing 
zone. 

Mass measurements resulted in MMADs ranging from 0.2 to 2.4 μm for the different metals. The 
microscopy images show the presence of several types of particles, including many metallic oxide 
particles (manganese, chromium, iron, nickel and silica) of micrometric size and non-spherical 
shape (see Figure 27). The differences in concentrations between the IOM cassettes, 37-mm 
cassettes and Sioutas impactors suggest that micrometric particles are collected differently, 
depending on the sampling setup. Microscopy analyses show that the coarser particles are mostly 
found in the machining section close to the grinding operations. The results from sampling with 
the Sioutas (see Table 12) are similar to those of Kondej and Gaweda, who reported that most of 
the mass concentrations of aerosols generated during steel grinding were found at the coarsest 
stage of the impactor, i.e. from 2.5 to 10 μm (Kondej and Gaweda, 2012). 

A second type of particle was identified at M5, this time near the welding and cutting operations. 
These were ultrafine particles agglomerated into chains hundreds of particles long (see Figure 
26). The microscopy analyses show good correspondence with published work on particles 
generated during welding (Berlinger et al., 2011; Huvinen, 2001). 

The levels measured with the EEPS indicate a main mode at 9.31 nm (see Figure 9). In a peak 
concentration situation, the second particle mode, which is at 34 nm, becomes more frequent. 
This second mode is likely associated with the generation of particulate matter in workplace M5, 
since it appears to be most influenced by changes in concentrations measured with the EEPS or 
other instruments. This second peak also corresponds to the particle sizes identified during 
electron microscopy observations. 

The workers in M5 are therefore exposed to machining fumes and dust particles that are mainly 
nanometric in size, but some of the processes generate larger, micrometric particles. The 
contribution of larger particles to the mass concentration is significant in this environment and, as 
a result, the mass concentration is found in the inhalable fraction, especially for chromium, copper, 
iron and nickel.  
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6.3 Paraffin wax fumes at M6 

M6 is characterized by particle concentrations close to 100,000 particles/cm3. Of all the 
workplaces, it had the highest particle concentrations as measured with the DustTrak™ laser 
photometers (around 1 mg/m³). The main mode of the particle size distribution was 60.4 nm, and 
the average MMAD was 0.8 μm. Most of the particles ranged from a few hundred nanometres to 
a few micrometres, and they were rich in carbon. 

Similar concentrations have been measured in a workplace where hot wax is applied to skis 
(Freberg et al., 2014). Using DRIs, the authors measured average concentrations of 1.07 mg/m³ 
in the respirable fraction and 1.62 mg/m³ in the inhalable fraction. However, they also measured 
average concentrations of 3.1 and 6.2 mg/m³ for the respirable and inhalable fractions, 
respectively, using filter (time-averaged) methods. When there was no ventilation, the number 
concentrations were 71,000 to 472,000 particles/cm³, with particle sizes ranging from 50 to 350 
nm. The levels found in the present study are all below 0.37 mg/m³, which is much lower than 
those measured by Freberg et al. (2014). However, the analysis methods were not the same; 
Freberg et al. used a gravimetric method whereas we used a specific measurement method for 
paraffin wax (C18-C36) adapted from OSHA PV2047. The concentrations measured here were 
nonetheless well below the occupational exposure limit of 2 mg/m³ recommended by the ACGIH 
for paraffin wax fumes. No other studies conducted in an environment similar to M6 have been 
found in the literature. Further studies are therefore needed in environments where wax fumes 
are present. 

Workers in the wax shop (M6) are thus exposed to carbon-rich fumes that are chiefly nanometric 
in size and whose mass concentration is mostly in the submicron fraction. 

6.4 Considerations for ultrafine fraction measurement 

Viitanen et al. (2017) recently identified the key factors for reliable measurement of URNPs in the 
workplace. The authors first recognized a lack of URNP measurements in workplaces, primarily 
due to the absence of a specific exposure limit value and the lack of sampling methods and tools. 
They also pointed out the lack of a standard method for measuring particles less than 20 nm in 
diameter. 

In addition, they identified several issues inherent in the assessment of occupational exposure to 
URNPs. These include the significant impact of ventilation parameters, the treatment of 
background noise and the presence of other particles that are not of interest or are not nanoscale. 
Finally, the authors identified a need to conduct parallel measurements using different techniques 
in order to improve the understanding of URNP assessments. The present study provides 
information and reflections related to these issues. 

We conducted repeated assessments in six different settings. Repetition enabled the variability 
of exposure levels to be characterized and average levels to be specified. Through repetition we 
were also able to characterize seasonal variations in contamination levels in two of the six 
workplaces (M3 and M4). Using the indicators assessed, we were able to identify the seasonal 
variations and link them to the presence of natural ventilation during warmer times of the year. 
Variability across sampling periods was also found at M6, but it was not associated with any 
changes in environmental conditions. 



IRSST Characterization of Nanometric Particles Unintentionally Released in Various 
Workplaces 

57 

 
The number concentrations were determined by means of a CNC (P-Trak®) and an EEPS. 
Differences are noted between the concentrations reported, and they appear to increase at higher 
concentrations. Zhu et al. have shown that the P-Trak® is generally effective in measuring URNP 
exposure compared to other more sensitive but not portable instruments, except at very high 
concentrations (Zhu, Yu, Kuhn and Hinds, 2006). Many authors also use counters that measure 
particle aerodynamic diameters. These instruments require the use of effective density to indicate 
number and mass concentrations and to compare aerodynamic and electric mobility diameters 
(Park et al., 2003). However, it remains difficult to determine a single effective density for an 
industrial aerosol that can be polydispersed and may be varied in chemical composition. In this 
study, an ELPI was also tested at M4 (data not presented). The concentrations reported with a 
density of 1 (GM of 15,000 particles/cm³) were much lower than the concentrations obtained with 
the EEPS (GM of 222,000 particles/cm³) and the P-Trak® (GM of 83,362 particles/cm³). However, 
when a density of 5 was considered, the concentrations became comparable and increased from 
15,000 particles/cm³ to 160,000 particles/cm³. Some authors propose methodologies to 
determine this effective density and establish the correspondence between the different types of 
diameters (aerodynamic/electrical/physical), but further studies are needed to better interpret 
these results and remove the uncertainties. Comparing the number concentrations obtained with 
different instruments therefore remains a major issue for the assessment of occupational 
exposure. 

This study also showed the advantage of developing DRIs specifically for measuring a 
contaminant. Measurements obtained with the FLIR Airtec are of great interest for the assessment 
of DEF exposure since they are accurate and provide the user with a direct comparison with limit 
values expressed in EC1.  

Parallel measurements of concentrations according to different fractions (PM1, PMResp, PM10, 
PMTot) also resulted in better understanding of the variations in mass concentrations between 
these indicators. While differences were noted between the fractions for DEE (M2 and M3 only) 
and machining fumes and dusts (M5), little variation was observed for foundry fumes and mine 
DEE (M1) (see Table 9 and Table 13). These results obviously reflect the impact of aerosol 
particle size distribution on mass measurement, but also suggest the need to develop harmonized 
methods to evaluate an ultrafine fraction that would have an impact on the respiratory health of 
workers. As presented in 2.3.2.1, the nanoparticle respiratory deposition sampler (NRD) is 
intended to address this issue by sampling a specific fraction of an aerosol--essentially, the 
ultrafine fraction that would be deposited in the respiratory tract. Little published data is available 
on this sampler, which, to the best of our knowledge, has been used only in studies of metal fumes 
(Cena et al., 2015; Cena, Chisholm, Keane, Cumpston and Chen, 2014). 

Microscopy studies have yielded accurate characterizations of the collected particles. Several 
hundred analyses of the morphology and nature of the observed particles were carried out during 
this study. In 2016, Debia et al. recommended analyzing about 20 particles per microscopy grid 
to confirm the presence of MNPs and perform an elemental characterization of the collected 
particles (Debia, L'Espérance, et al., 2017). The recommendation was applied in this study, as 21 
particles were analyzed per grid. Very good homogeneity was observed between the workplaces 
evaluated for each grid. These results suggest that the recommendation of analyzing about 20 
particles per grid would be sufficient to characterize the nature of the URNPs in a workplace. 
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Particle samples on microscopy grids were taken using Mini Particle Samplers. R'Mili et al. 
evaluated the collection capacity of a Mini Particle Sampler at flow rates of 0.3 L/min and with 
Quantifoil microscopy grids, a protocol similar to the one used in this study (R'mili, Dutouquet, 
Sirven, Aguerre-Chariol and Frejafon, 2011). They reported sample collections with relatively low 
efficiencies for particles between 5 and 150 nm. The particles collected on the grids may not have 
been representative of the overall airborne particles present in the workplace. Nevertheless, a 
Mini Particle Sampler is still appropriate for industrial hygiene assessments because of its 
simplicity of use and its effectiveness in reproducing results, as highlighted in this study. Further 
studies are still needed to standardize particle analysis by electron microscopy. 
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7.  CONCLUSION 

The objective was to evaluate various situations of potential exposure to URNPs in six Québec 
workplaces.  

The DRI measurements yielded daily number concentrations ranging between 12,900 and 
228,600 particles/cm³ and mass concentrations between 0.01 and 3.22 mg/m³ for the six 
workplaces. The underground mine was the environment with the highest concentrations in terms 
of number of particles, while the wax-moulding shop had the highest mass concentrations. In 
environments where DEE was found, daily concentrations of EC1 ranging from 0.002 to 
0.503 mg/m³ were measured with DRIs. 

Time-averaged measurements were also carried out in order to determine the environmental 
concentrations. For information purposes only, the TC concentrations measured in this study were 
lower than the 0.4 mg/m³ stipulated in the Québec Regulation Respecting Occupational Health 
and Safety in Mines, with the exception of a level of 0.7 mg/m³ recorded in workplace M1. It was 
found that all the metal concentrations in workplaces M4 and M5 were less than 10% of the 
threshold values recommended by the ACGIH. The only exception was the manganese level 
measured with the Sioutas impactor in the foundry (M4); it was above the ACGIH 
recommendation for the respirable fraction of manganese. The paraffin wax fumes measured 
were below the occupational exposure limit of 2 mg/m³ set by the ACGIH.  

Workers exposed to DEE (M1, M2 and M3) are exposed to mostly nanometric-size airborne 
particles whose mass concentration is largely in the submicron fraction. In the presence of foundry 
fumes (M4), workers are exposed to airborne particles that are mostly nanometric in size and 
whose mass concentration is chiefly in the submicron fraction for chromium, cobalt, copper, iron, 
manganese, lead, vanadium and zinc. The workers at M5 are exposed to machining fumes and 
dust particles that are mainly nanometric in size, but some of the processes generate larger, 
micrometric particles. The contribution of larger particles to the mass concentration is significant 
in this environment and, as a result, the mass concentration is found mainly in the inhalable 
fraction, especially for chromium, copper, iron and nickel. Workers in the wax shop (M6) are 
exposed to fumes that are chiefly nanometric in size and whose mass concentration is mostly in 
the submicron fraction. 

Microscopy studies yielded accurate characterizations of the collected particles. The particulate 
matter identified at M1, M2 and M3 indicated the presence of chain-agglomerated spherical 
carbon particles of different sizes. The particles identified at the foundry (M4) were essentially 
spherical ranging from 50 to 500 nm, isolated or in agglomerates of up to about 10 particles, and 
composed mostly and quite consistently of metal oxides predominated by iron, chromium, 
manganese, zinc, copper, aluminum, nickel and lead. The particles identified in the machining 
shop (M5) were of various shapes and compositions. There were two main types of particles: the 
first were very fine particles, on the order of a few nanometres, highly agglomerated in chains. 
They were mainly found on sample grids taken near welding and arc cutting operations. These 
particles contained mainly iron, copper, silicon, chromium, manganese, nickel and, more rarely, 
potassium, sulphur, phosphorus and chlorine. The second category consisted of particles of 
various shapes, non-specific or non-spherical, rather coarse (0.5 to 5 μm) and with various 
chemical compositions. They were mainly found on sample grids taken near grinding operations. 
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These particles contained mainly iron, aluminum, silicon, chromium, nickel, manganese, titanium 
and, more rarely niobium, potassium and zirconium. The particles identified in the wax shop (M6) 
were carbon-rich and of various shapes ranging from near spherical to rod-shaped. They ranged 
in size from a few hundred nanometres to a few micrometres. 

Our innovative strategy enabled us to accurately characterize the URNPs released in the 
workplaces in terms of number and mass concentrations, morphology and chemical composition. 
Differences are noted between the number concentrations reported by a CNC (P-Trak®) and an 
EEPS. Comparing the number concentrations obtained with different instruments therefore 
remains a major issue for the assessment of occupational exposure. Following particle sampling 
with an MPS on microscopy grids, microscopy analyses led to accurate characterizations. A Mini 
Particle Sampler remains adequate for occupational hygiene assessments because of its 
simplicity of use and its effectiveness in reproducing results, as highlighted in this study. 
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