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Abstract: Integral part of risk assessment of workplaces includes detailed characterization of 
airborne aerosols in case of such a considerable risk present in workplace atmosphere. 
Size, particle size distribution and chemical characterization of ultrafi ne particles in 
various industrial workplaces are systematically studied by set of techniques including 
the wide range size resolving sampling system Nano-ID® Select followed by Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) exploited for chemical analysis, 
Scanning Electron Microscopy (SEM), Fast Mobility Particle Sizing (FMPS) and 
Lung Deposited Surface Area Monitoring (LDSA). Results obtained from expertise on 
particle fractionated mass and the calculated deposition fraction in various compartments 
of the respiratory system using the ICRP lung deposition model suggest suitability of 
size-selective sampling and size-related assessment not only for engineered nanoobjects 
and their aggregates and agglomerates, but also for inadvertently produced emissions of  
present-day technologies.
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Introduction
The inhalation of aerosol particles is known to 

be a pathway for many substances e.g. heavy metals 
to reach the internal organs of the body. It is very 
likely that during routine operations in various 
industrial situations large amounts of nanoparticles 
containing heavy metals can be emitted into the 
atmosphere. The basic defi nitions, nomenclature 
and principle of conventions for workplace 
atmospheres are described in CEN EN 481 (CEN, 
1993). Nanoparticles and their toxic impact on the 
environment and potential health risk is the subject 
of intense research. The smaller the particulates the 
deeper they can travel into the lung. Particles smaller 
than 2.5 micron will even reach the alveoli (Sahu, 
2014). Smaller particles are more likely to avoid 
impaction by following the air mass streamlines 
through to the alveolar regions, where they can 
deposit by diffusion processes, in addition, in the 
nano-range it is important to get information about 

the size distribution and concentration. As many 
scientists observed increased specifi c toxicity of 
nanoparticles relative to larger particles composed 
of the same materials, still there is as yet no reliable 
information on characteristics of nano-scale 
aerosols containing toxic metals in the workplace 
atmosphere of industrial workshops. The monitoring 
techniques utilized for ENMs exposure monitoring 
can be successfully used for screening of ultrafi ne 
fractions of urban aerosols or accidentally produced 
emissions in working environment. In toxicological 
studies on nanomaterials, model organisms are 
typically exposed to single nanoparticle types. 
However it is unlikely that the workers are exposed 
to such a uniform particles in any realistic scenario. 
Further, current workers are already exposed to 
various mixtures of ultrafi ne (inadvertently) created 
(as opposed to engineered) nanoparticles. These 
particles represent a complex exposure factor, 
traditionally grouped into fairly gross categories 
by size of particles. Besides, if chemical makeup 
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is considered to be analyzed as the proportion of 
each size grouping, it is diffi cult to compare the 
current levels of ultrafi ne particle exposure to the 
new risk being developed through the engineered 
nanoparticles, because the detailed size distribution 
information is not available for specifi c particles 
on the basis of chemical composition. Reliable size 
dependent sampling of fi ne and ultrafi ne aerosols 
for observation by scanning electron microscopy 
and chemical analysis plays the most important role 
in workplace investigation. Two studies on UFP 
aerosols published (Bello et al., 2010; Pfeffercorn et 
al., 2010) studied the occurrence and exposures to 
nanoparticles and carbon nanofi bres during solid core 
drilling of two types of advanced carbon nanotube 
composites and airborne nanoscale particles 
during friction stir welding of aluminium using 
the same sampling and measurement techniques 
as used in this paper. Metal oxides aerosols 
undoubtedly represent a considerable risk factor in 
many industries, especially if thermally strained, 
e.g. melted (Donaldson and Poland, 2012) or 
strained mechanically when e.g. brushed or simply 
cut. Two types of processes are compared in this 
paper to focus on production of aerosol emissions 
of above mentioned operations. First, brushing of 
carbon composites, second, emissions from welding 
and fl ame cutting, processes during which melting 
and boiling metal droplets or fumes are emitted 
during joining or fl ame cutting operations. Airborne 
particles smaller than 0.1 μm are formed through 
vapour condensation, while airborne particles larger 
than 1 micrometer are created through liquid droplet 
ejection. As particles from 0.5 to 1 μm are a mixture 
of the two types of particles, these formation paths 
can strongly infl uence the particle chemistry with 
regard to particle size distribution. As the group of 
professional welders is much bigger than number of 
persons performing fl ame cutting and most groups 
of people exposed to high metal concentrations 
work in heavy metallurgy, the exposure scenario can 
be entirely different and the exposure and deposited 
dose of toxic metals of ultrafi ne particle fractions 
underestimated, with respect to fi ndings in biological 
response of exposed working population (Roels, et 
al., 1999). Recently published toxicological studies 
on metals in airborne particles have shown a possible 
increased toxic effect of metals-containing oxide 
airborne particles, suggesting that it could be an 
important occupational and environmental problem. 
Results indicate that the nanoparticles could gain 
access to the brain from the airways. A signifi cant 
increase  in reactive oxygen species (ROS) due to 
metal oxides ultrafi ne particles exposure published 
in  studies demonstrates necessity for our attention 
to be addressed to normally occurring element 

when present in the ultrafi ne and nano-form. 
This  paper is focused on comparison of different 
workplace conditions related to different airborne 
aerosol particles formation, referring to estimation 
of possible risk related to inhalation of aerosols 
containing various elements and focused on 
submicron and nano-size particle emissions, and 
estimation of  the inhaled deposition doses using 
the ICRP lung deposition model (ICRP, 1994) for 
selected elements of welding operation. 

Materials and methods

Aerosol size distribution and 
concentration monitoring

A Fast Mobility Particle Sizer (FMPS, Model 
3091, TSI Inc., St. Paul, MN) is used for particle 
size distribution and total number concentration 
measurements. Size distributions are measured 
from 5.6 to 560 nm (16 channels per decade with 
one-second scan time) (Kaminski, 2013). 
Measurements are performed at stationary position 
at working sites and background sites, if reasonable, 
also in outdoor reference site. 

Lung deposited surface area

Aerotrak 9000 (TSI Inc., St. Paul, MN) is used 
for monitoring of the lung deposited surface area, 
measuring by means of electrical mobility of particles 
the total number of particles and calculating the 
deposition surface of tracheobronchial and alveolar 
region according to ICRP A and TB deposition 
functions (ICRP, 1994). Size range of particles 
being measured from 1 to 1000 nm, measurements 
are performed at stationary position at working sites 
and background sites. 

Sampling sites

Samplings and measurements are preferably 
performed in breathing zone of working staff, 
where no possible, stationary sampling is 
arranged at reference places estimated as the most 
suitable sites. Samples are  collected by means of 
a wide-range aerosol sampling system - Nano-ID® 
Select, (Naneum Ltd., UK), with sessions performed 
in different locations for working processes and 
background concentration levels estimation. 
Sampling times are generally targeted to be as long 
as possible to achieve suffi cient sample quantities 
for chemical analysis, sometimes limited by the 
duration of working process. For the evaluation of 
the health risk related to UFP fraction of aerosol 
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and nanoparticles, the mass concentrations of toxic 
elements, e.g. manganese, chromium, nickel or 
cadmium are measured. 

Particle sample collection

The aerosol samples are collected using 
a wide-range sampler Nano-ID® Select (Gorbunov, 
2009) in the size range from 1 nm up to 35 μm or 
simply using personal sampling heads (e.g. IOM) 
to a MCE membrane fi lter. In Nano-ID® Select 
Sampler, particles are collected simultaneously due 
to inertial and diffusion deposition and separated into 
12 size channels, for further analysis of chemical 
composition by ICP-MS. Polished glass microscope 
slides are used as sampling media for stages No. 1 
to 7 (0.25 - 35 μm), while nylon nets with mesh 
openings from 20 to 125 per μm are used for stages 
8 to 12 (1 - 250 nm). The samples are collected at 
a nominal fl ow rate of the sampler, which is 20 litres 
per minute for Nano-ID® Select Sampler, 2 litres 
per minute for IOM (both respirable and inhalable 
fraction sampling). The sampling fl ow rates are 
regularly checked before and after sampling by 
Drycal DC-Lite fl ow meter (BIOS, Butler NJ). All 
samples (slides, nets, fi lters) are stored in a plastic 
box or Petri dishes prior to sample preparation and 
analysis.

Chemical analysis

The samples of all 12 stages collected by the 
Nano-ID® Select are analysed for metal content by 
ICP-MS, THERMO XSeriesII, after mineralization 
in microwave system (Milestone MLS 1200 Mega, 
Milestone Inc., CT) by concentrated nitric acid and 
hydrogen peroxide. Blank samples were digested 
and analysed in the same way as samples from 
the Nano-ID® Select. The LOD for the elemental 
analysis ranges from the level of 10 ng/l of sample.  

Observation samples on PCLM and SEM/
EDX

Particle analysis by scanning electron 
microscopy/energy dispersive x-ray spectrometry 
[SEM/EDX] has become the preferred method 
of analysis over bulk techniques, such as atomic 
absorption or ICP and is currently the most reliable 
method (ASTM 1588-08 Standard Guide, Wallace, 
2008; Nesbitt et al., 1976). A scanning electron 
microscope (SEM, FEI QUANTA 450 FEG, FEI 
Company, WA) equipped with BSE, LF and ET 
detectors was used for observing the morphology 
of particles. The SEM and PCLM (phase contrast 
light microscopy) was used to image the objects of 

interest and analyse surface topography of particles. 
For observing electrically non-conductive particles, 
a low vacuum (80 Pa) is primarily used for better 
resolution and contrast of images. 

Results and discussion
The Fig. 1 shows the particle number 

concentration (n/l) of selected fractions of the 
airborne aerosol during composite grinding, with 
selected period of 10 minutes of measuring the lung 
deposited surface area (TB region), Fig. 2 Results 
show that the surface area of UFP fraction exceeds 
the background parameters only during grinding and 
the emission production is relatively low.

Fig. 1 Particle number concentration (n/l) 
of selected fractions of the airborne aerosol during 

composite grinding

Fig. 2 Lung deposited surface area (TB region), 
with parameters of average, minimum and 

maximum surface area values (Tab. 1)

Tab. 1 Lung deposited surface area parameters, TB 
deposited fraction for glass/carbon composite

The fi ne particles are often aggregated (glass 
and carbon particles). They are probably products of 
mechanical grinding of composite material layers, 
in a predominant micron or bigger size, as apparent 
in Fig. 3 and 4 by light microscopy technique, 
Fig. 5, 6 and 7 by SEM/EDAX technique. 

Units: um^2/cc
Average: 14,867
Minimum: 1,057
Maximum: 201,991
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Fig. 3 and 4 Particles observed by light microscopy, 
magnifi cation 400, particles generated as a products 

of mechanical grinding of composite material 
layers, in a predominant micron or bigger size 

(scale 10 μm)

Fig. 5, 6 and 7 Particles observed by SEM 
in composite emissions, magnifi cation 2100, 
elemental spectra refer to composite prepregs 

composition (scale 5 μm)

The chemical composition of particles is not 
complicated and clear in this case, addressed to glass 
and carbon ingredients in composite prepregs.

The Fig. 8 and 9 shows selected 5 minute periods 
of measurement of the lung deposited surface 
area (alveolar region) for two selected industrial 
operations (stainless steel welding and black steel 
welding by electric arc and MIG method). Relatively 
higher rate of emission production in MIG welding 
process referring probably to lower melting and 
boiling temperature of elements of black steel. 
Surprisingly, the highest surface area values during 
measurement were obtained during fl ame cutting 
process, quickly exceeding the upper limit of 
detection of the LDSA method. As the material of 
emissions was not collected for further analysis at 
this time, it remains unclear if the high surface area 
of UFP fraction at this process was caused only by 
solid particles of iron oxide, as the production of 
organic compounds during fl ame cutting can play 
signifi cant role. 

Fig. 8 and 9 Lung deposited surface area 
(A region), with parameters of average, minimum 
and maximum surface area values (see Tab. 2 for 

overall parameters)
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Tab. 2 Lung deposited surface area parameters. 
A deposited fraction surface area for thermally 
straining processes

Fig. 10 shows particles of welding fumes, captured 
on glass fi bers of the glass fi lter, SEM observations 

of particle individuals with EDX elementary 
spectrum in PIP

Fig. 11 - 13 shows particles of fl ame cutting fumes, 
captured on MCE fi lter, SEM observations of 

particle individuals and aggregates. Fig. 11 overall 
insight to selected fi eld of the fi lter with geometric 

diameter of spherical fume particles. Fig. 12 
detailed view of smaller particles assembled with 

a bigger particle. Fig. 13 EDX elementary spectrum 
in PIP

Estimation of possible risk related to inhalation 
of aerosols containing toxic elements using the 
inhaled deposition doses calculated by the ICRP 
lung deposition model (ICRP, 1994) for selected 
elements of welding operation.

Fig. 14 shows results of chemical characterization 
of material collected on particular stages of NanoID 
sampler, selected elements for stainless steel cases 

welding operation

LDSA 
measurement 
results [μm2/cc]

Mean Median GM SD MIN MAX

Outdoor air A 56,33 52,03 55,36 11,20 42,40 110,69

Stainless steel 
welding A 546,03 471,19 491,26 345,36 225,73 3160,50

Black steel 
welding A 1539,8 634,47 768,69 3937,89 290,31 38499,86

Flame cutting A 10242,5 1471,8 3031,93 18384,26 405,15 101355,4
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alveolar region (bold solid lone), stainless steel 
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a dashed line
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shift for a standard man (Guyton, 1984). Given our 
results, the ICRP deposition curve, and assuming 
eight  hours of exposure, this would correspond 
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Conclusion
Aerosols formed during various operations have 

been studied with various techniques including 
the wide range sampling system Nano-ID® Select 
and an FMPS. Mass size distributions from the 
Nano-ID® Selec, number size distributions from 
the lung deposited surface area from Aerotrak were 
utilised for health risk evaluation. Comparison 
with results of standard hygienic risk assessment 
highlights the need for size resolved sampling and 
chemical analysis of aerosol particles of separate 
fractions in health risk evaluation (Jenkins, 2005, 
Liu, 2011). The deposition fraction in various 
compartments of the respiratory system calculated 
using the ICRP lung deposition model enables 
better management of risks in workplace, as in case 
of coarse aerosol the results confi rm the fact that 
total airborne mass may overestimate the absorbed 
dose, but for very fi ne aerosols, a signifi cance of 
size-resolved sampling and dose calculation can 
shed light on biological testing results signifi cantly 
higher than exposure monitoring data.
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