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Abstract Outside the wide range of potential benefits,
the use of nanomaterials can endanger human health,
mostly through skin contact and the risk of inhalation.
This article presents the results of harmonized measure-
ments with contextual information on the emission of
nanoparticles during the manufacturing and application
of nanotechnology products. The purpose of the re-
search was to investigate the actual levels of exposure
to nano-objects in real working conditions in chosen
Polish companies. Measurements were carried out in

various workplaces: during silver nanoparticle synthe-
sis, production of thin nanocarbon layers, 3D-printing
with the use of a nanohydroxyapatite-polymer compos-
ite and the production of special seals from thin glass
foils. Research was conducted on the basis of task-based
measurements and offline microscopic analysis. Real-
time particle DiSCmini counters were used to determine
the nano-object concentration during different processes
and events: samplers for collecting air dust, and a scan-
ning electron microscope to confirm the presence of
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nanoparticles emitted from selected sources. Average
particle sizes obtained with analysis of microscopic
images were as follows: 46.7 ± 13.4 nm, 19.8 ±
4.8 nm, 22.4 ± 7.6 nm, 49.2 ± 26.3 nm respectively for
workplaces. The concentration during significant events
was referred to the background particle level. During
one of the repeated processes, an unexpected and ex-
tremely high nanoparticle emission was recorded,
which, in the long run, could cause a health hazard to
workers. The studies have shown the importance of
collective protective measures, revealed unexpected
sources of accidentally generated nanoparticles and
allowed to obtain knowledge about levels of exposure
to nanoparticles during the various processes.

Keywords Nanoparticles . Ultrafine particles .

Occupational exposure . Fieldmonitoring .Occupational
health . Real-timemeasurement

Introduction

Nanomaterials

Nanomaterials in the form of nano-objects, their aggre-
gates or agglomerates (NOAA) have found a wide range
of applications in many sectors and products. They are
structures up to 10,000 times smaller than the diameter
of a human hair. This scale is comparable to that of
viruses, molecules or even atoms. In Europe, the defini-
tion of the nanoscale was given by International Orga-
nization for Standardization (ISO), cooperating with the
European Committee for Standardization (CEN), as a
size range from approximately 1 to 100 nm (Definition
of a nanomaterial 2017; EU 2011).

It is also important to introduce the ultrafine particles
(UFPs), a term used when referring to naturally occur-
ring nanomaterials. UFPs are the fraction of ambient
particulate matter (PM0.1), containing airborne particles
of nanoscale size with a diameter < 0.1 μm (HEI 2013).
UFPs are highly related to the anthropogenic emission
sources (power plants, combustion engines) or natural
emission sources.

Matter in the nanoscale gains new chemical, biolog-
ical, mechanical and physical properties, with material
properties and desired performance often enhanced in
relation to its microscale equivalent. Engineered
nanomaterials (ENMs) have found applications in many
sectors, including aerospace, automobile, chemical,

construction, cosmetics, electronics, energy, engineer-
ing, environment, food, medicine, security, sports, tele-
communication, textiles and transportation (Buzea et al.
2007; Dastjerdi and Montazer 2010; Dolez 2015;
Dreaden et al. 2012; Firdhouse and Lalitha 2015;
Gajanan and Tijare 2018; Prasad et al. 2017; Ramos
et al. 2017; Salata 2004; Simcha et al. 2012; Xie et al.
2012; Zhang et al. 2013). Nanotechnology is often seen
as one of the critical technological breakthroughs of the
twenty-first century.

Health concerns

Apart from its numerous benefits, the use of engineered
nanomaterials (or manufactured nanomaterials—name
used interchangeably) can also endanger human health,
mainly because of their potential toxicity (Buzea et al.
2007; Gomez et al. 2014; Hoet et al. 2004; Jeevanandam
et al. 2018; Khanna et al. 2015; Nogueira et al. 2014).
The respiratory system is considered to be one of the
major routes of exposure for humans (SCENIHR 2007).
Nano-objects with a diameter less than 100 nm deposit
in larger airways and in the alveolar region of the lung
with high efficiency (Heyder 2004; Heyder et al. 1986).

Because of their size, the inhaled nanoscale objects
can reach the bloodstream, pass through biological
membranes, accumulate in organs and cross the blood-
brain barrier (Al-Sid-Cheikh et al. 2018; Cheng et al.
2013; De Jong and Borm 2008; Mc Carthy et al. 2015;
Nel et al. 2006; Sobot et al. 2014; Terentyuk 2009).
They can be internalized by living cells and affect basic
cellular processes like metabolism, proliferation, differ-
entiation or lysis (Singh and Nalwa 2007); moreover,
they are not well recognized and disposed of by macro-
phages (Oberdörster et al. 1992). Employees of nano-
technology companies are the largest social group to
have physical contact with NOAA and UFPs. Work-
place exposure can occur at different stages of the sup-
ply chain (during production, processing, transport,
packaging, quality control, etc.) and originate from dif-
ferent sources, e.g. fork lift trucks heating units, vacuum
cleaners, engines exhaust, cutting, screening, transport,
mixing, blending, grinding and polishing (EC 2014;
Jeevanandam et al. 2018), meaning that the workers
may not even be aware of the fact of exposure. The
worst-case scenarios concern the production of nano-
particles in dry powder state and accidental leakage or
spill during the manufacturing process (O’Shaughnessy
2013).
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Exposure assessment strategies for NOAA

As amain part of the riskmanagement strategy, it is very
important to study the potential inhalation exposure
associated with the accidental UFP emission, as well
as production, processing and handling of ENMs in a
workplace environment. For chemical and dust hazards
with known occupational exposure limits (OELs) or
workplace exposure limits (WELs) (Deveau et al.
2015) at the workplace, gravimetric sampling with air-
borne particles filter collection is used. Because of their
minor impact on the overall mass concentration, the
NOAA are difficult to assess using this approach. It is
worth noting that the mass of one particle with a diam-
eter of 10 μm corresponds to the mass of 109 particles
with a diameter of 10 nm. The total mass of the particles
contained in the aerosol may constitute only its percent-
age, but their number can reach over 80% of the total
particles. Therefore, ENM and UFP emissions are usu-
ally characterized by number concentration (particles/
cm3) (Lavoie 2010) and mass concentration–based ap-
proach is less frequently used.

Currently, there are no specific international regula-
tions for various ENMs and UFPs. There are also no
occupational exposure limits imposed by European law
for NOAA. However, there are general rules and rec-
ommendations to protect the workers, proposed by US
National Institute for Occupational Safety and Health
(Christine M. Branche 2009; NIOSH 2011), Organisa-
tion for Economic Co-operation and Development
(OECD 2017), International Organization for Standard-
ization (ISO 2012b, 2014) and several other institutions,
organizations and government bodies. In many docu-
ments, reference values and methods for determining
safe levels of exposure have been proposed. Three main
approaches to exposure assessment can be
distinguished:

& Reference of safe values of nanomaterials to the safe
values of their larger counterparts (bulk material)
(see “Pragmatic guidance levels based on the OELs
or WELs of the bulk materials”)

& Setting specific maximum concentration values
(safe exposure levels) for groups of nanomaterials
or selected nanocompounds (see “Recommended
safe exposure levels for NOAA”),

& Task-based measurements—a comparison of the re-
sults of the concentration measurements from the
studied activities to the average value of the

concentration of the background nanoparticles (see
“Task-based exposure assessment”).

Pragmatic guidance levels based on the OELs or WELs
of the bulk materials

In 2007, the British Standards Institution (BSI) pub-
lished a document recommending in the exposure as-
sessment to use a specific part of the WEL dose (de-
pending on the type of substance) as an acceptable level
of exposure, to determine the benchmark exposure
levels (BELs).

BELs were set for four groups of nanomaterials
based on consideration of their typical hazard severity:
nanomaterials classified as carcinogenic, mutagenic,
asthmagenic or reproductive toxins (CMAR, BEL =
0.1 × WEL of the bulk material), insoluble
nanomaterials (BEL = 0.066 × WEL of the bulk materi-
al), soluble nanomaterials (BEL = 0.5 × WEL of the
bulk material), fibrous nanomaterials (BEL = 0.01 fi-
bres/cm3) (BSI 2007; OECD 2017). These proposed
values were intended as pragmatic guidance levels and
were not assumed to be safe WELs. Later, Benke et al.
(Geza Benke 2010) examined the BEL groups and
recommended that the BEL for insoluble or poorly
soluble fibrous nanomaterials should be 0.1 fibre/cm3,
rather than the 0.01 fibre/cm3.

Since the values were based on existing OELs or
WELs, they were not applicable for materials without
derived safe levels. Therefore, an approach based on
pragmatic guidance levels did not gain much popularity
and was criticized (Broekhuizen and Hendrikx 2013;
Kumar et al. 2010; Mark 2007). BSI also proposed an
alternative approach with a number-based levels (see
“Recommended safe exposure levels for NOAA”).

Recommended safe exposure levels for NOAA

The average concentration of nanomaterials in work-
place environment could be described using metrics
such as mass per volume or number of particulates (or
fibres) per volume. Few countries and companies have
undertaken to set threshold mass concentrations for the
specific nanomaterials. The World Health Organization
(WHO) gathered guidelines and specific recommenda-
tions on control exposure to NOAA. The WHO report
presents and describes proposed OELs that are publicly
available (WHO 2017). In 2017, Mihalache and co-
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workers identified 20 studies that proposed 56 occupa-
tional exposure limit values for EMNs (Mihalache et al.
2017). One year later, the same number of OELs was
reported at the American Conference of Governmental
Industrial Hygienists (ACGIH 2018). For example, the
US NIOSH set 0.3 mg/m3 (10 h TWA—time weighted
average—per day during a 40-h work week) as a rec-
ommended exposure limit (REL) for ultrafine and nano-
scale TiO2 and REL of 1.0 μg/m3 for carbon nanotubes
(CNTs) (Ellenbecker et al. 2018; NIOSH 2011; NIOSH
2013). A value of 0.3 mg/m3 might be used as a default
value if there is no other data on specific nanomaterial.
This value has also been proposed as a reduced general
threshold value for respirable dusts in Germany (DFG
2011). BASF SE company set a no-observed-effect
level (NOEL) for carbon nanotubes (CNT) at 0.1 mg/
m3 (Ma-Hock et al. 2009).The Nanocyl company in
Belgium uses a NOEL value of 2.5 μg/m3 for multi-
walled CNTs (Schulte et al. 2010). Based on subchronic
13-week inhalation exposure of rats to multiwalled
CNTs Bayer company set for them an OEL of 50 μg/
m3 (for 8-h TWA during a 40-h work week) (Pauluhn
2010a, b).

There are also countries where yet no official OELs
are set for nanomaterials, but national institutes are
conducting researches on biological effects of chosen
nanoparticles and recommend specific safe levels. For
example, the Polish Nofer Institute of Occupational
Medicine proposed MAC-TWA (maximum admissible
concentration–the time-weighted average) of 10 μg/m3

for nanosilver and 300 μg/m3 for nano TiO2

(Świdwińska-Gajewska and Czerczak 2014;
Świdwińska-Gajewska and Czerczak 2015).

Properties of nano-objects such as their surface area,
particle number concentration, or fibre aspect ratio are
considered to be better metrics of exposure than mass
concentration (Christine M. Branche 2009; Mark 2007;
Maynard and Ai tken 2007) . For inso lub le
nanomaterials, BSI proposed particle number concen-
tration BEL of 20,000 particles/cm3, discriminated from
the ambient environmental particle concentration. It was
later adopted and developed by the Institute for Occu-
pational Safety and Health of the German Social Acci-
dent Insurance (IFA DGUV) and the IVAM Environ-
mental Research UVA BV from Netherlands
(Schumacher and Pallapies 2009; van Broekhuizen
et al. 2012). The relationship between number concen-
tration and mass concentration for benchmark exposure
levels has been examined by IFA. Average particle sizes

and density variations were examined, and the number
concentration corresponding to a mass concentration of
0.1 mg/m3 was calculated for several EMNs.

Safe levels were considered, by Dutch Social and
Economic Council (SER, Sociaal-Economische
Raad—an advisory body to the Dutch government and
the parliament on national and international social and
economic policy), nano reference values (NRVs).
Generally:

& Fibre concentration for carbon nanotubes and metal
oxide fibres should not exceed 0.01 fibre/cm3,

& For particles with a density higher than 6 g/cm3

(some metallic particles like Ag, Au, Fe, Pb and
metal oxides like CoO, CeO2, SnO2, FexOy), the
proposed threshold concentration for the introduc-
tion of appropriate exposure control measures is
20,000 particles/cm3,

& For particles with a density lower than 6 g/cm3 NRV
like metal oxides (e.g. TiO2, ZnO, Al2O3), fuller-
enes, dendrimers, nanoclay, polystyrene, SiO2, car-
bon black, etc., NRV is 40,000 particles/cm3.

These values have been established temporarily for
the particles in the measured range between 1 and
100 nm and may change as knowledge of the toxicity
of nanomaterials progresses. These safe levels were
adopted as the reference values in this work.

Since nanoparticles are characterized by a highly
developed surface area, geometric surface area of the
particles should be also considered. Currently available
real-time measuring instruments do not measure this
parameter of nanoparticles; however, they can deter-
mine the lung deposited surface area (LDSA) or “active”
surface area. The LDSA concentration is considered a
relevant metric for the negative health effects of aerosol
particles. It has been shown in toxicological studies that
LDSA correlates with negative health effects (Brown
et al. 2001; Geiss et al. 2016; Kuuluvainen et al. 2016;
Oberdörster et al. 2005). LDSA is a metric that takes
into account the deposition efficiency of airborne ob-
jects in different compartments of the lung. A deposition
model was described and defined for a reference work-
ing person (ICRP 1994) (for more details on the amount
of deposited particles in the human respiratory tract, see
(ISO 2012a)).

Occupational exposure limits for ENM have been
well reviewed by Mihalache et al. (Mihalache et al.
2017).
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Task-based exposure assessment

There are numerous nanoparticles and ultrafine particles
present in our everyday environment. Their origin can
be natural (e.g. desert dusts, ash, sea salt, viruses and
bacterial remains, metal oxides), accidental (e.g. com-
bustion exhaust, soot, products of technological pro-
cesses), and from specially manufactured (engineered)
nanomaterials. The presence of such background
NOAA in workplace atmospheres is unavoidable and
must be considered in task-based exposure assessment.
The average background concentration of indoor
nanoaerosols was reported by Seipenbusch et al.
(Seipenbusch et al. 2008) in the range of 1000 to
10,000 particles/cm3 in a clean interior. In reports of
BSI, Project Scaffold and European Commission guid-
ance, on the protection of the health and safety of
workers from the potential risks related to nanomaterials
at work, it was stated that urban air typically contains
between 10,000 and 50,000 nanoparticles/cm3 (BSI
2007; EC 2014; Helene Stockmann-Juvala and
Santonen 2014).

A good solution, enabling the identification of the
emission source during the working time, is real-time
monitoring of NOAA concentration in the air focused
on particular tasks and events. An approach proposed by
ISO in the technical specification ISO/TS 12901-2:2014
(ISO 2014) is to reference the values recorded during a
given task, process or activity to the background level
concentration (Np/Nb). In this approach, the background
level (average concentration recorded before or after the
process) is the reference point. The first, lowest level of
exposure relates to a ratio below 1.1, which means that
the concentration value determined during the action
with NOAA emission differs less than 10% from the
background level and is not significant. The fourth,
highest level of exposure corresponds to a ratio higher
than 2, which means that the concentration recorded
during the specific event is twice as high as the back-
ground level. Results of international measurements of
nanomaterials at workplaces, based on this approach,
were provided by Brouwer et al. (Brouwer et al. 2013).
The method is also adopted in this work for task-based
exposure assessment. Two additional standards EN
16966 and EN 17058 (CEN 2018a, b) can be useful as
well for the purposes of exposure determination.

A standardized sampling strategy with a task-based
approach guarantees that all collected data, documenta-
tion and context for the exposure measurement are

harmonized and allows for comparisons among differ-
ent exposure scenarios (Brouwer 2012; Brouwer et al.
2009; Ramachandran et al. 2011). Task-based exposure
assessments are most significant for activities with a
high degree of daily variability, typical for the nanotech-
nology industry, which utilizes batch processing more
often than continuous mass production (Seixas et al.
2003).

Nano Exposure and Contextual Information Database

Exposure evaluation and risk management for NOAA
requires knowledge about the specific material, such as
biological and physico-chemical parameters, real-time
monitoring and proper sampling for chemical and mor-
phological (microscopic) characterization of nano-ob-
jects, as well as data on contextual information about
the premises, workers and background.

The purposes of the research were to investigate the
actual levels of exposure to nano-objects in real working
conditions using a task-based approach and to gather
harmonized data for European PEROSH Nano Expo-
sure and Contextual Information Database—NECID
(Oberbek 2018; Pelzer and Schumacher 2018). NECID
is mentioned and described in Annex C to EN 17058
standard (CEN 2018a) as a template for contextual
information for comprehensive assessment. As the doc-
ument states, “field forms in line with the NECID data-
base are the preferred means for the collection of data
during exposure measurements”.

This article presents the results of the measurements
with contextual information on emission of nanoparti-
cles at four workplaces, where different processes were
carried out: synthesis of silver nanoparticles, generation
of thin nanocarbon layers, 3D-printing with nanocom-
posites and the production of special seals from thin
glass foils.

Material and methods

Measuring instruments

Aerosols at the workplaces were studied using online
methods (real-time particle concentration counters) and
offline methods (air sampling for gravimetric evaluation
and electron microscopy analysis).
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Real-time measurements

Measuring devices for real-time monitoring of airborne
nanoparticles differ in used methods, measuring range
(max number of particles, diameter of particles), time
interval, accuracy etc. For these measurements, three
identical miniature diffusion size classifiers (DiSCmini,
Testo—handheld nanoparticle counter) were chosen
(Fierz et al. 2011). Their main advantages are as follows:
low weight (670 g), small size, portability, and battery
operation without the need for an additional power
supply. DiSCmini work with aerosol flow rate of
1 dm3/min. The aerosol particles are electrically charged
in a nonradioactive unipolar diffusion charger. Device
measures the total particle number concentration, LDSA
(μm2/cm3) concentration and the mean particle diame-
ters (assuming a log-normal particle size distribution).
The instrument can detect particles with a mode diam-
eter between 10 and 300 nm in a concentration range
from 103 to above 106 particles/cm3 with ± 30% accu-
racy (manufacturer information). Pre-impactor is cutting
out aerosol particles sized above ~ 700 nm. Time inter-
val is 1 s for a scan, but for better readability the results
in this study are presented in a minute scale (average
values from every 60 s).

Air sampling for microscopic analysis

Airborne dust samples form scanning electron micros-
copy (SEM) analysis were collected using a personal air
pump (Gilair Plus, Sensidyne) with a mini particle sam-
pler (MPS, ECOMESURE) on TEM grids (Cu
Quantifoil 1.2/1.3, 400 mesh) with Agar Grids
2000 μm Hole Copper 3.05 mm gaskets. Aerosol flow
rate of the sampling setup was 0.8 dm3/min.

Scanning electron microscopy

Morphological analysis of dust samples collected on
TEM grids was conducted using a field emission scan-
ning electron microscope (Hitachi SU8010). An accel-
erating voltage of 5–20 kV was applied. Observations
were conducted in SE(U) mode. Length (expressed by
maximum linear diameter, nm) of the nanoparticles was
calculated from at least 50 objects from images magni-
fied at least 50k times. Length of nanoparticle agglom-
erates and/or aggregates was estimated from at least 10
objects (only estimated because process of agglomera-
tion and aggregation could occur during sampling).

Analyses were performed from representative SEM im-
ages using ImageJ software (Waseda and Muramatsu
2013). Basic point chemical analysis for the confirma-
tion of the NOAA presence in the suspected sources has
been carried out using the Thermo Scientific NORAN
System 7 equipped with electrically cooled Silicon Drift
Detector EDS detector (Thermo Scientific UltraDry).
An X-ray microanalyzer (EDS, energy dispersion spec-
troscopy) was used to carry out basic chemical analysis
and confirm the absence or presence of NOAA from the
suspected source.

Respirable dust fraction measurements

Personal air pump (SG 10-2, GSA, Germany) with a
dust sampling system (cyclone FSP 10, GSA, Germany)
was used to collect the respirable dust fraction on cellu-
lose filters for gravimetric analysis. The air flow rate
during the sampling was 10 dm3/min. To determine
mass concentration of the respirable dust fraction, the
sampling filters have been weighed with a micro bal-
ance (UMX2, Mettler Toledo) before and after the sam-
pling, with additional conditioning for at least 20 h in
both cases.

Detailed chemical analysis of the collected dust, al-
though it could provide relevant data, was not planned
in the research. The analysis was limited to identifica-
tion of elements by the EDS method to confirm a
presence of the nanomaterial in work environment, in
accordance with the measurement strategy recommend-
ed in the ISO standard (ISO 2012b).

Environment conditions

Ambient air temperature, air pressure, air flow speed
and relative humidity were measured using a
termohigrobarometer (LB-702B, LAB-EL).

Measurement strategy

Three DiSCmini classifiers were used during each study
to measure number concentration of nano- and submi-
cron particles (particles/cm3). First DiSCmini (DM-A)
was placed closest to the worker at the breathing zone,
second DiSCmini (DM-B) was placed as close as pos-
sible to suspected main NOAA source (0.5–1 m from
the main process) and third DiSCmini (DM-C) was used
as additional reference and for checking possible sec-
ondary sources. In same spots, measurements of
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background NOAA concentration (as a reference for
further results) were executed. Background level was
recorded with the same DiSCmini classifiers at least 1 h
before the work process was started. The same time was
set on every measuring device.

At least two samples for SEM/EDS analysis were
collected during the chosen activities, using MPS sam-
plers. The sampling time was about 20 min for each
sample.

Air samples for gravimetric analysis were collected
during the whole shift. The respirable fraction (the mass
fraction of inhaled particles penetrating to the respirato-
ry region) was checked as a supplementary measure.
Although concentration of this fraction does not facili-
tate the evaluation of exposure to single nanoparticles, it
is very important due to the potential occurrence of large
micro agglomerates and/or aggregates of nanoparticles.

During sampling, the researcher recorded informa-
tion about the premises, environment conditions, venti-
lation, local safety control and the process itself. The
worker activities were described in detail with exact
time of their execution. Contextual information was
later matched with the concentration profiles received
from real-time monitoring devices. Obtained data from
each study was later entered into the NECID database.

Workplaces and studied processes

Four workplaces (WP) situated in Polish companies
with small-scale manufacturing participated in this
study. Description of each workplace and studied pro-
cesses are below.

WP1—chemical laboratory where special seals
from thin glass foils were manufactured by one worker
from a powder containing silica, boron and aluminium
compounds (boron-aluminium silicate glass)

The worker performed several activities related to the
production of seals: weighing reagents, pouring into the
crucible mixing ingredients, operating laser cutting tool,
manually cleaning the seals with brush (removing
scorched pieces), spraying with silicone. It was
suspected that mixture of ultrafine particles, especially
SiO2, could be incidentally emitted during the laser
cutting of boron-aluminium silicate glass. Two hundred
grams of powder (powder in standard grain size d50 ≤
10μm, density 3.7 g/cm3) was used to prepare glass foil.

DM-Awas placed close to the glass foil synthesis sit
(place closest to the worker); DM-B was placed close to
the protective chamber of the laser cutting machine.
DM-C was used as a control and a mobile meter for
checking possible additional sources of emission.

The background level was recorded at each position/
instrument 1 h before the start of the work. Activities
were recorded for 3.5 h. The worker wore a lab coat and
disposable gloves. No other personal protective equip-
ment (PPE) was worn.

The laboratory was located in an old building, in a
room with poor general ventilation. Building was locat-
ed in industrial area (about 200 m to the nearest indus-
trial installation).

The cubature of the studied room was 51 m3. One
worker was involved in a process. Studies were con-
ducted in the winter, at the end of 2017. An outline
drawing of the workplace, without maintaining the exact
proportions of the room, has been presented in Fig. 1.

WP2—a new research and development laboratory
where thin nanocarbon layers were generated
in electric arc from carbon electrodes

The worker performed only the activities related to the
process: turning on, cleaning, changing the electrode,
operating the software, monitoring and shutting down
the process. The whole process was carried out in a
closed chamber. About 5 mg of electrode was burned
in the process. Average particle size declared by a work-
er was about 50–150 nm.

DM-A was recording outside the chamber, close to
the worker, and DM-B was placed inside the chamber.
DM-C was used as a control and a mobile meter for
checking possible additional sources of emission.

The background level was recorded 1 h before the
start of the work. The activities were recorded for about
5 h. The worker wore a lab coat and disposable gloves.
No other personal protective equipment (PPE) was
worn.

The laboratory was located in a new facility with
efficient hybrid ventilation. Facility was located close
to the main road with high traffic (about 80-m distance).

The cubature of the studied room was 166 m3. Two
workers were involved in a process. Studies were con-
ducted in July 2018. An outline drawing of the work-
place, without maintaining the exact proportions of the
room, has been presented in Fig. 2.
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Fig. 1 Outline drawing of WP1

Fig. 2 Outline drawing of WP2
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WP3—a clean, new laboratory where 3D-printing
(rapid prototyping) with the use
of nanohydroxyapatite-polymer composites was carried
out (additive manufacturing of nanocomposite
implants)

The worker performed several activities related to the
manufacturing: turning on the 3D-printer, backfilling
nanocomposite granulate, operating a software, moni-
toring the process, checking other devices, shutting
down, cleaning. It has been suspected that thermal pro-
cessing of the nanocomposite during the 3D-printing
process might cause incidental emission of NOAA.
The whole process was carried out in a half-closed
protective chamber. Nanocomposite contained 50% of
nanohydroxyapatite in polymer matrix. Nine grams of
nanopowder was used for the preparation of printer
filament (average particle size declared by the manufac-
turer was 32 nm, density 2.9 g/cm3).

DM-A was placed close to the worker, outside the
protective chamber of the 3D-printer, and DM-B was
placed inside the chamber. DM-C was used as a control
and a mobile meter for checking possible additional
sources of emission.

The background level was recorded 1 h before the
start of work. Activities were recorded for about 4.5 h.
The worker wore protective goggles, a lab coat and
disposable gloves. No other personal protective equip-
ment (PPE) was worn.

The laboratory was in a new, clean facility with
efficient mechanical ventilation. Facility was located in
secluded area.

Laboratory room did not have access to the windows
and was surrounded by other rooms and a corridor. The
cubature of the room was 65 m3. One worker was
involved in a main process; two other workers were
conducting other tasks in same room but only occasion-
ally. Studies were conducted in August 2018. An outline
drawing of the workplace, without maintaining the exact
proportions of the room, has been presented in Fig. 3.

WP4—a small, new laboratory equipped with a fume
hood, indoor area belonging to a private company,
where silver nanoparticles are chemically synthesised

The worker performed several activities related to the
synthesis: preparation of reagents, weighing, preparing
the setup inside the fume hood, monitoring the process,
ending the synthesis, pouring the suspension into a

vessel, cleaning. It has been suspected that the mixing
of reagents could cause the incidental emission of silver
nanoparticles. The whole mixing process was carried
out under the working fume hood. Two hundred milli-
grams of nanosilver colloid was prepared in a solution
(average particle size declared by a worker was about
50 nm).

DM-A was placed at the laboratory table where re-
agents were prepared, close to the worker, and DM-B
was placed inside the fume hood where synthesis was
conducted. DM-C was used as a control and a mobile
meter for checking possible additional sources of
emission.

The background level was recorded 1 h before the
start of work. Activities were recorded for about 2 h.
The worker wore protective goggles, disposable gloves
and a lab coat. No other personal protective equipment
(PPE) was worn.

The laboratory belongs to a private company and was
located in a new, clean room and was a part of a larger
facility. Facility was located close to the inner alley with
a little traffic (about 60 m) and close to the main, high-
traffic railway route (about 100 m). In the close vicinity
there were buildings of small industrial companies
(about 20 and 50 m). There was a large construction
work nearby (about 250 m).

General ventilation in laboratory was functioning
during the measurements. The cubature of the room
was 48 m3, and the studies were conducted in October
2018. An outline drawing of the workplace, without
maintaining the exact proportions of the room, has been
presented in Fig. 4.

Results

Results of real-time measuring with devices DM-A and
DM-B for each workplace (WP1 to WP4) are presented
in Figs. 5, 6, 7, and 8. Significant peaks from the DM-C
results coincided with the peaks of DM-A and DM-B,
but due to its distance from the source, their value was
lower. For the sake of simplicity, the graphs from DM-C
are not shown.

Times, tasks and important events, concentration re-
corded during a given task, process/activity concentra-
tion over the given time interval (Np) to the concentra-
tion of background level (Nb), and alveolar lung depos-
ited surface area (LDSA) are described in Tables 1, 2, 3,
and 4. Peaks are described under the tables.
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Fig. 3 Outline drawing of WP3

Fig. 4 Outline drawing of WP4
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Fig. 5 Results of the real-time measurements at WP1 of NOAA
by time and number concentration during the process—laser cut-
ting of boron-aluminium silicate glass; DM-A (blue line) was

placed close to the glass foils synthesis site, where the worker
spent most of the time; DM-B (orange line) was placed near the
protective chamber of the laser cutting machine

Fig. 6 Results of the real-time measurements at WP2 of NOAA
by time and number concentration during the process—generation
of thin nanocarbon layers; DM-A (blue line) was recording outside

the chamber, close to the worker; DM-B (orange line) was placed
inside the chamber
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Fig. 7 Results of the real-time measurements at WP2 of NOAA
by time and number concentration during the process—3D-print-
ing with a composite containing nanohydroxyapatite; DM-A (blue

line) was placed close to the worker, outside the protective cham-
ber of the 3D-printer; DM-B (orange line) was placed inside the
chamber

Fig. 8 Results of the real-time measurements at WP2 of NOAA
by time and number concentration during the process—chemical
synthesis of silver nanoparticles; DM-A (blue line) was placed at

the laboratory table where reagents were prepared, close to the
worker; DM-B (orange line) was placed inside the fume hood
where synthesis was conducted
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Results obtained with DiSCmini devices at WP1

Recorded background level (particles/cm3) was
6201 ± 346 for DM-A and 4980 ± 398 for DM-B.

The magnitude of the standard deviation from the
average value of the background nanoparticle
concent ra t ion indica tes smal l background
fluctuation.

Table 1 Summary statistics by important tasks and events in WP1 (main process: laser cutting of boron-aluminium silicate glass); DM-A
was placed closest to the worker, and DM-B was placed as close as possible to suspected ultrafine particles source

Task/
event

Time (min) DM-A average number
concentration during the
task (particles/cm3)

DM-
A
Np/
Nb

DM-A average
LDSA during the
task (μm2/cm3)

DM-B average number
concentration during the
task (particles/cm3)

DM-
B Np/
Nb

DM-B average
LDSA during the
task (μm2/cm3)

a) 10:58–11:09 10,158 1.64 24.42 8728 1.75 24.26

b) 11:14–11:18 10,171 1.64 25.06 8195 1.65 22.88

c) 11:19–11:23 14,420 2.33 38.75 10,881 2.19 33.51

d) 11:45–11:48 15,372 2.48 38.54 11,970 2.40 24.57

e) 11:49–11:56 108,563 17.51 399.47 64,827 13.02 262.38

f) 12:00–12:04 92,301 14.88 328.74 66,602 13.37 305.33

g) 12:09–12:13 75,385 12.16 257.50 54,251 10.89 223.40

h) 12:07–12:45 63,548 10.25 232.79 43,957 8.83 205.64

i) 12:46–13:10 10,346 1.67 26.52 9947 2.00 24.27

j) 13:12–13:15 15,201 2.45 41.22 10,819 2.17 26.73

Tasks, processes and important events: (a) beginning of the work; weighing reagents, pouring into the crucible, mixing ingredients; (b) 1st
laser cutting of glass foils; (c) 2nd laser cutting of glass foils; (d) 3rd laser cutting of glass foils; (e) manual cleaning with brush, removing
scorched pieces; (f) 4th laser cutting of glass foils; (g) 5th laser cutting of glass foils; (h) additional manual cutting and cleaning with brush;
(i) turning off the laser cutting machine, turning on the vacuum pump, preparing for the next day’s processes; (j) spraying the silicone

Modal minimal and maximal sizes of particles (average size) were 51.1 ± 9.5 nm for DM-A (size ranged from 36.9 to 72.8 nm) and 57.9 ±
16.5 nm for DM-B (size ranged from 37.3 to 103.6 nm)

Table 2 Summary statistics by important tasks and events inWP2 (main process: generation of a thin nanocarbon layers); DM-Awas placed
closest to the worker, and DM-B was placed as close as possible to the suspected NOAA source

Task/
event

Time (min) DM-A average number
concentration during the
task/event (particles/cm3)

DM-
A
Np/
Nb

DM-A average
LDSA during the
task (μm2/cm3)

DM-B average number
concentration during the
task/event (particles/cm3)

DM-
B Np/
Nb

DM-B average
LDSA during the
task (μm2/cm3)

a) 10:16–10:20 944 0.46 3.01 752 0.56 2.71

b) 10:25–10:37 1510 0.74 4.94 3643 2.73 9.33

c) 10:39 2481 1.22 7.58 4978 3.74 17.02

d) 11:40–11:43 1001 0.49 3.62 2391 1.79 6.96

e) 12:05 954 0.47 3.36 4682 3.51 11.79

f) 14:05 910 0.45 3.67 19,868 14.91 45.70

g) 14:28 1995 0.98 6.46 1613 1.21 5.36

Tasks, processes and important events: (a) starting the generator; (b) cleaning the generator, changing electrodes; (c) starting of the main
process; (d) two workers entered the room to check installation; (e) high activity during the process inside protective chamber; (f) small
emission from the chamber; (g) ending of the processes

Modal minimal and maximal sizes of particles (average size) were 64.6 ± 14.3 nm for DM-A (size ranged from 44.2 to 88.8 nm) and 65.3 ±
6.3 nm for DM-B (size ranged from 38.8 to 210.3 nm)
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Results obtained with DiSCmini devices at WP2

Recorded background level (particles/cm3) was 2036 ±
1029 for DM-A and 1332 ± 783 for DM-B. The magni-
tude of the standard deviation from the average value of
the background nanoparticle concentration indicates a
medium size of the background fluctuation.

Results obtained with DiSCmini devices at WP3

Recorded background level (particles/cm3) was 383 ±
129 for DM-A and 264 ± 97 for DM-B. The magnitude
of the standard deviation from the average value of the
background nanoparticle concentration indicates a small
size of the background fluctuation.

Results obtained with DiSCmini devices at WP4

Recorded background level (particles/cm3) was 34,701
± 2756 for DM-A and 32,995 ± 2876 for DM-B. The
magnitude of the standard deviation from the average
value of the background nanoparticle concentration in-
dicates a medium size of the background fluctuation.

Results of SEM analysis

Example of SEM micrographs with EDS analysis for
each workplace (WP1 to WP4) are presented in Figs. 9,
10, 11, and 12. Numerical results of image analysis are
presented in Table 5.

Table 3 Summary statistics by important tasks and events in WP3 (main process: 3D-printing with a composite containing
nanohydroxyapatite); DM-Awas placed closest to the worker, and DM-B was placed as close as possible to suspected NOAA source

Task/
event

Time (min) DM-A average number
concentration during the
task/event (particles/cm3)

DM-
A
Np/
Nb

DM-A average
LDSA during the
task (μm2/cm3)

DM-B average number
concentration during the
task/event (particles/cm3)

DM-
B
Np/
Nb

DM-B average
LDSA during the
task (μm2/cm3)

a) 10:19 275 0.72 0.82 223 0.84 0.64

b) 10:40 91 0.24 0.44 127 0.48 0.38

c) 11:00–11:25 122 0.32 0.44 76 0.29 0.34

d) 11:48 495 1.29 0.57 128 0.48 0.34

e) 12:28 404 1.06 0.62 80 0.30 0.34

f) 13:00–13:20 95 0.25 0.27 94 0.35 0.28

g) 14:15–14:40 113 0.29 0.32 195 0.74 0.26

Tasks, processes and important events: (a) turning on the 3D-printer; (b) backfilling nanocomposite granulate, beginning of the processes; (c)
two workers moving around the room; (d) unidentified activity during the process; (e) unidentified activity during the process; (f) one worker
checking devices; (g) ending the main process, turning off instruments, three workers in the room

Average sizes of particles were not calculated by DiSCmini devices due to a small concentration of recorded nano-objects

Table 4 Summary statistics by important tasks and events in WP4 (main process: chemical synthesis of silver nanoparticles); DM-Awas
placed closest to the worker, and DM-B was placed as close as possible to suspected NOAA source

Task/
event

Time
(min)

DM-A average number
concentration during the
task/event (particles/cm3)

DM-
A
Np/
Nb

DM-A average
LDSA during the
task (μm2/cm3)

DM-B average number
concentration during the
task/event (particles/cm3)

DM-
B
Np/
Nb

DM-B average
LDSA during the
task (μm2/cm3)

a) 09:42 30,167 0.87 112.94 28,812 0.87 121.59

b) 09:48 31,917 0.92 117.23 30,664 0.93 120.73

c) 10:00 32,930 0.95 115.71 33,626 1.02 121.02

d) 10:47 21,857 0.63 82.81 21,318 0.65 121.02

Task and important events: (a) preparation of reagents; (b) beginning of the processes, mixing the reagents; (c) change of the solution colour
to yellow—precipitation; (d) end of the synthesis, pouring the suspension into a vessel, shutting down the fume hood

Modal minimal and maximal sizes of particles (average size) were 69.7 ± 1.5 nm for DM-A (size ranged from 66.2 to 72.7) and 76.0 ±
2.0 nm for DM-B (size ranged from 70.2 to 80.8 nm)
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Fig. 9 SEM images and EDS analysis of samples collected at WP1

Fig. 10 SEM images and EDS analysis of samples collected at WP2
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Fig. 11 SEM images and EDS analysis of samples collected at WP3

Fig. 12 SEM images and EDS analysis of samples collected at WP4
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Monitoring of the size of agglomerates and/or aggre-
gates of nanoparticles is very important. If such an
object fits into the size range of this fraction, there is a
greater chance of it penetrating deep into the lower
respiratory tract. Examples of agglomerates and/or ag-
gregates (with marked length) collected at workplaces
are presented in Fig. 13.

Environmental conditions and results of respirable dust
fraction measurements

Averaged air parameters, respirable fraction and back-
ground levels recorded at four locations are presented in
Table 6. The values for pressure, temperature, humidity
and speed of air were similar at each site and had no
significant effect on concentrations, but they are impor-
tant in showing the conditions prevailing during mea-
surements and rejecting their effect on measurements.

Discussion

Measurements were conducted in 4 different work-
places in Polish companies where various processes
were conducted. The concentration profiles of NOAA
varied depending on the locations and activities carried
out. There were no major fluctuations in pressure, tem-
perature and relative humidity in the workplaces
(Table 6).

DM-As were always placed closer to the worker,
outside protective chambers and coveralls, and DM-Bs
were placed as close to the process as possible. Very
large differences are visible in the background levels
between locations. At WP1 and WP2, the background
levels were average for indoor areas, while at WP3 the
background was extremely low, which was probably the
result of high cleanliness and very efficient ventilation
of a modern laboratory area. On the other hand, the
background level at location WP4 was high, which
could have been caused by large, urban outdoor air
pollution.

A nanostructured object getting into the body poses a
greater health risk than an analogous microstructured
object, mostly due to the more developed surface, higher
reactivity and the chance to release individual nanopar-
ticles. The studies pertained to the possible emission of
nanoparticles (and their aggregates and/or agglomer-
ates) of carbon, amorphous silicon dioxide, hydroxyap-
atite and silver. There is no official OEL for nano silicon
dioxide. On the basis of research results, in the European
Project Scaffold report, Stockmann-Juvala et al.,
(Helene Stockmann-Juvala and Santonen 2014) sug-
gested that 8 h OEL for respirable fraction of amorphous
silicon dioxide (synthetic amorphous silica) should be
300 μg/m3. There is also no official OEL for carbon
black and nanohydroxyapatite. NIOSH recommended
to use respirable fraction less than 1 μg/m3 only for
CNTs and carbon nanofibres (NIOSH 2013), but gave
no recommendations for carbon black.WHOmentioned
that for silver nanoparticles, various studies have shown
“an evidence of a hazard for respiratory/skin sensitiza-
tion and specific target organ toxicity after repeated
exposure”. There was no evidence for acute toxicity,
skin corrosion, eye damage, germ cell mutagenicity
and reproductive toxicity, and there was no data for
carcinogenicity and specific target organ toxicity after
single exposure incident. According to the WHO report,
there are six mass concentration proposals in literature
for nanosilver varying from 0.098 up to 10 μg/m3

(WHO 2017). Despite the confirmed presence of nano-
structured objects that fit into the size range of the
respirable fraction, it is worth to note the small mass
concentration of this fraction collected at all studied
workplaces (Table 6).

Based on NRV levels the number concentration of
nanosilver in a work environment should not exceed
20,000 particles/cm3; for carbon black and nano SiO2,
safe level is below 40,000 particles/cm3. For
nanohydroxyapatite particles with density lower than
6 g/cm3 (2.9 g/cm3), safe number concentration level
is also below 40,000 particles/cm3 (see “Recommended
safe exposure levels for NOAA”).

Table 5 Results of image analysis from SEM micrographs

WP1 WP2 WP3 WP4

Average particle size (nm) 46.7 ± 13.4 19.8 ± 4.8 22.4 ± 7.6 49.2 ± 26.3

Average size of agglomerates and/or aggregates
(min to max) (μm)

1.21 ± 1.37 (0.39 to
5.34)

0.66 ± 0.28 (0.30 to
1.40)

0.57 ± 0.29 (0.27 to
1.41)

1.44 ± 0.53 (0.62 to
2.53)
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Due to different environmental conditions, types of
processes and even geographic locations, the results
from the task-based assessment at each workstation
should be interpreted separately.

Discussion of results from WP1—laser cutting
of boron-aluminium silicate glass

The recorded concentration of unintentionally produced
ultrafine particles exceeded 40,000 particles/cm3 for
about 50 min (11:45–12:35), the increase in concentra-
tion during processes over the background particle con-
centration was significant. Slow drop of the number

concentration of particles was a result of general venti-
lation with low efficiency.

The low peaks (a, b, c) occurred during the initial
processes: weighing, pouring the dusty substance into
the crucible, and inserting the material into the mixer, as
well as during two separate processes of automatic
cutting with a laser cutter. When the first peak (a)
appeared, the employee opened a long drawer with a
brush and parts of old foils. The second peak (b) also
occurred during minor operations at the drawer. A sig-
nificant, but narrow peak (j) also appeared at the end of
work, during spraying the surface with silicone (in prep-
aration for the next day’s work).

Fig. 13 Example of nanostructured objects (with marked length) collected at workplaces; from WP1 to WP4

Table 6 Environmental parameters and respirable fraction at studied locations

WP1 WP2 WP3 WP4

Pressure (hPa) 1002.15 ± 0.07 1002.13 ± 0.72 1004.87 ± 0.47 998.67 ± 0.12

Temperature (°C) 23.75 ± 0.35 26.10 ± 0.80 22.37 ± 0.31 23.77 ± 0.58

Humidity (%) 45.30 ± 1.97 44.90 ± 2.70 50.65 ± 2.05 35.07 ± 0.50

Speed (m/s) 0.03 ± 0.01 0.02 ± 0.01 0.09 ± 0.02 0.01 ± 0.01

Respirable fraction (mg/m3) 6.30 × 10−3 2.90 × 10−6 1.91 × 10−5 8.20 × 10−3
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High peaks (e, f, h) occurred during manual work
(drawer was opened once again) on the foils removed
from the cutter. High concentration was associated with
the cleaning (dust from the so-called tanning) and re-
moving the cut-out form. Poor ventilation could allow
for prolonged persistence of nano-objects in the air.

LDSA during high peaks (e, g, h) recorded by DM-A
exceeded 100 μm2/cm3. Long-lasting high concentra-
tion of NOAA at the peak moment reached nearly
1,500,000 particles/cm3 and posed a threat to the health
of the employee.

SEM and EDS analysis confirmed the presence of
boron, aluminium and silicon in the collected samples,
which confirms their emission from the manufactured
product or its intermediates. Results of this study influ-
enced subsequent changes in the process, general pro-
tection and the introduction of additional personal pro-
tective equipment (PPE) at the workplace. Objects
found on SEM micrographs were mainly aggregated
nanoparticles with an elongated shape and average
length = 46.7 ± 13.4 nm. Nanostructured aggregates
ranged from 0.39 to 5.34 μm.

The NOAA size range of 36.9 to 72.8 nm recorded
by DM-B (close to the laser cutting station) was larger
than NOAA size range of 37.3 to 103.6 nm, recorded by
DM-A (close to the manual processing station). The
diameter determined using image analysis was within
the size range indicated by DiSCmini instruments and
close to average size from DM-A (51.08 ± 9.46 nm) and
DM-B (57.91 ± 16.51 nm).

Discussion of results from WP2—generation of a thin
nanocarbon layers

During the studied process, the concentration of nano-
objects outside the protective chamber did not even
exceed 20,000 particles/cm3 (DM-A), while according
to adopted reference values safe level for carbon black is
40,000 particles/cm3. The increase in concentration dur-
ing the process over the background particle concentra-
tion was not significant as per the DM-A readings. On
the profile obtained with DM-B, inside the protective
chamber the concentration exceeded 20,000 only once
for a short time (peak b). According to the DM-B
readings, the increase in the concentration was signifi-
cant during five events (peaks b, c, d, e, f). Wide con-
centration peak, beginning at event d (11:30–12:30)
may have resulted from a leakage in the installation.
The high concentrations were recorded only in the

protective chamber and did not pose a threat to the
worker, except during the opening of the chamber and
manual cleaning of the generator with changing of
electrodes.

LDSA exceeded 40 μm2/cm3 only for few minutes
during the manual cleaning of the generator and should
not pose a health risk to the employee, but the activity
should be considered by the worker and conducted with
proper PPE.

Microscopic analysis showed that collected samples
contained only aggregates and agglomerates of carbon
compounds. However, the EDS method is not applica-
ble for qualitative analysis in the case of carbon and
lighter elements. It is worth noting that no other ele-
ments and impurities were found. Agglomerates and
aggregates found in the collected samples were com-
posed of spherical nanoparticles of average size = 19.8
± 4.8 nm. Size of agglomerates and aggregates ranged
from 0.30 to 1.40 μm.

Average NOAA sizes recorded by the DiSCmini
devices were similar: 65.25 ± 6.28 nm (DM-A) and
64.61 ± 14.30 nm (DM-B), but some bigger NOAA
were recorded by DM-B. DiSCmini B was closer to
the source and inside the protective chamber (NOAA
size range of 38.8 to 210.3 nm inside; a worker declared
that an average size of generated nanoparticles should
be in a range from about 50 to 150 nm). DM-A did not
record such big objects outside the chamber (NOAA
size range of 44.2 to 88.8 nm). These results support the
occurrence of smaller NOAA from the enclosed process
in the surrounding.

The nanoparticle sizes estimated by SEM image
analysis were significantly smaller than the DiSCmini
indicated. Probably, DiSCmini devices recorded more
aggregates as single particles.

Discussion of results from WP3—3D-printing
with a composite containing nanohydroxyapatite

NOAA concentration did not exceed the assumed safe
level of 40,000 particles/cm3. Moreover, the concentra-
tion did not even exceed 500 particles/cm3. Such a low
concentration was influenced by a very high room
cleanliness, efficient mechanical ventilation, the insulat-
ed, automatic printing process and strong bonding of the
hydroxyapatite nanoparticles with the polymer in the
composite.

The increase in the concentration over the average
background level was only significant on the profile
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obtained from DM-A, but it did not exceed the standard
deviation of background concentration, which means
these increases cannot be, in practice, distinguished
from the background fluctuations. In addition, there
were peaks at very low concentration values. The profile
from DM-B has only one significant peak (g), the value
of which is slightly higher than the standard deviation,
and results from the movement of employees in the
room, switching off the equipment and cleaning after
the process. There was no significant difference between
the readings from DiSCmini devices in the air outside
and inside the protective chamber.

The reason for which the concentration of back-
ground NOAA and was greater than the concentration
values during processes may be the operation of addi-
tional ventilation of the device associated with the pro-
cess (3D-printer).

The LDSA was extremely low and did not exceed
2 μm2/cm3. The average NOAA sizes were not calcu-
lated by DiSCmini devices due to the concentration of
recorded objects being too low.

SEM and EDS analysis showed a mixture of nano-
and microsized environmental dust. NOAA constituted
mostly of agglomerates composed of spherical and
slightly elongated nanoparticles with an average size
o f 2 2 . 4 ± 7 . 6 nm ( a v e r a g e s i z e o f t h e
nanohydroxyapatite declared by a powder manufacturer
was about 32 nm). Nanostructured agglomerates ranged
from 0.27 to 1.41 μm. There were no traces of calcium
or phosphate in the samples, which could indicate
NOAA emissions from the process or material.

Discussion of results from WP4—chemical synthesis
of silver nanoparticles

The recorded concentration of nano-objects (mainly
from the background) exceeded 20,000 particles/cm3.
However, there was no significant increase in the
NOAA concentration during the work process in rela-
tion to the background concentration. The area had a
high background concentration before the start of the
work and before turning on the mechanical ventilation,
despite the presence of which it sustained for a consid-
erable period of the main process. High background
concentration was also reflected in respirable fraction
value—the highest of all measured locations.

The size range of NOAA recorded by both DiSCmini
devices was similar (66.2 to 72.7 nm from DM-A com-
pared with 70.2 to 80.8 nm recorded by DM-B) with a

very narrow distribution of measured values. Probably,
most of the nano-objects inside and outside of the fume
hood were flowing in from urban pollution outside the
building.

The reason for which the concentration of back-
ground NOAA and UFPs was greater than the concen-
tration values during processes may be the operation of
additional ventilation during the main process (active
fume hood). At the same time, significant air pollution
was noted outside the building.

Only one peak (c, recorded by DM-B) exceeded the
background level, but it was not significant in compar-
ison with the standard deviation of the background
concentration. High presence of background particles
can impact the NOAA emitted from the process or
incidental sources due to heterogeneous coagulation,
described by Ono-Ogasawara et al. (Ono-Ogasawara
et al. 2009). Therefore, paradoxically, the high content
of background particles can have a neutralizing effect on
emitted ENMs. Recorded LDSA in all cases except for
one peak (d; DM-A, 82.81, 100 μm2/cm3) exceeded
100 μm2/cm3.

SEM and EDS analysis showed a mixture of nano
and micro dust from environmental pollution. No traces
of silver were recorded. Aggregates with nanostructure
found on SEM micrographs ranged from 0.62 to
2.53 μm. An average size of the silver nanoparticles
produced in the process should be around 50 nm as
declared by a worker. Nanoparticles found on the SEM
images were elongated with average size of 49.2 ±
26.3 nm.

Similar average particle sizes were recorded by DM-
A (69.74 ± 1.50 nm) and DM-B (76.03 ± 2.01 nm), but
their standard deviation was very low. As mentioned
earlier, this may indicate the surrounding area to be a
homogeneous source of NOAA.

Conclusion

The objective of this study was to investigate the actual
levels of exposure to nano-objects in real working con-
ditions using a task-based approach and to get contex-
tual data from research. Methodology, measurements
and interpretations were based on the ISO/TS 12901
recommendations.

Major findings of present work are as follows: (1)
even though research concerned mainly small-scale
manufacturing, inhalation exposure to nano-objects still
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can occur, (2) there was a good agreement in the record-
ed average size by DiSCmini devices and SEM image
analysis, (3) mostly agglomerates and aggregates were
found in the collected aerosol samples and some of them
were of a size matching the respirable fraction, (4)
studies have shown that the ISO/TS 12901 method for
determining exposure based on the background particle
concentration is not suitable for very polluted areas. For
exposure determination EN 16966 and EN 17058
should be used as supporting documents. It is also very
important to relate the results to the recommended
values and, hence, to intensify the work on determina-
tion of the threshold values for NOAA.

Moreover, the studies have shown the importance of
collective protection measures (ventilation), revealed
the unexpected sources of accidentally generated nano-
objects and supplemented the knowledge on levels of
exposure to nanoparticles during various stages of per-
formed activities. Based on the obtained results, moni-
toring of the manual tasks seems to be of as significant
importance as the other activities.
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