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ARTICLE INFO ABSTRACT

Editor: Dr. Bernd Nowack Engineered Nanomaterials (ENMs) have several uses in various industrial fields and are embedded in a myriad of
consumer products. However, there is continued concern over the potential adverse health effects and envi-

Keywords: ronmental impacts of ENMs due to their unique physico-chemical characteristics. Currently, there are no specific

Exposure assessment international regulations for various ENMs. There are also no Occupational Exposure Limits (OEL) regulated by

Aerosol metrics
Engineered nanomaterial
Spray-coating

the European Union (EU) for nanomaterials in the form of nano-objects, their aggregates or agglomerates
(NOAA). For ENMs the question of which metric to be used (i.e., mass, surface area, number concentrations) to
determine the exposure is still not resolved. The aim of this work is to assess the worker exposure by inhalation in
an industrial spray coating process by using all three metrics mentioned above. Two target ENMs (N-doped TiOq,
TiOzN and AgNPs capped with a quaternized hydroxyethyl-cellulose, AGHEC) generated for industrial-scale
spraying processes were considered. Results showed that the averaged particle number concentration
(10-100 nm) was below 2.7 10* cm ™2 for both materials. The Lung Deposited Surface Area (LDSA) was in the
range between 73 and 98 pm?cm 2 and the particle mass concentration (obtained by means of ICP-EOS off-line
analysis) resulted below 70 pg m~> and 0.4 pg m~* for TiO, and Ag, respectively. Although, the airborne particles
concentration compared well with the NIOSH Recommended Exposure Level (REL) limits the contribution to the
background, according to EN 17058 (Annex E) was significant (particularly in the particle number and PM1 mass
concentrations). We successfully evaluated the worker exposure by means of the different airborne particles'
metrics (number, surface and mass concentrations). We concluded that worker exposure assessment involving
ENM s is a complex procedure with requires both real time and off-line measurements and a deep investigation of
the background.

1. Introduction construction materials, water treatment and environmental remediation
etc., either to improve the effectiveness of existing applications or future

Engineered Nanomaterials (ENMs) have several uses in various in- ones. Consequently, nanotechnology is a fast-growing market that
dustrial fields and are embedded in a myriad of consumer products such promises to achieve improvements in different areas of life and work.
as in cosmetics and personal care products, paints and coatings, food However, there is growing concern over the potential adverse health
processing and packaging, textiles and clothing, plastics, electronic and effects and environmental impacts of ENMs due to their unique physico-
optical devices, pesticides, pharmaceutical and medical applications, chemical characteristics, that account for their widespread industrial
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use but, may also be responsible for possible toxic effects (Nel et al.,
2006.; Oberdorster et al., 2005). Human exposure to ENMs may occur at
any stage of the ENM's lifecycle (from production to use and disposal of
consumer products containing ENMs), although it is more likely to occur
during the production phase in industrial plants (Iavicoli et al., 2018).
Spraying process, a well-known industrial technique consisting of
depositing suspensions of various ENMs to coat a variety of different
shaped materials, causes high releases of submicron particles (Bekker
et al., 2014; Ding et al., 2017; Salmatonidis et al., 2019).

Currently, there are no specific regulations for various ENMs at work.
ENMs are subjected to the general regulations for the protection on
workers from the risk of chemical agents (Directive 98/24/EC) and to
Directive 2004/37/EC in case of carcinogens, mutagens or ENMs toxic to
reproduction. Although there are some national initiatives, there are no
Occupational Exposure Limits (OEL) regulated by the European Union
(EU) for nanomaterials in the form of nano-objects, their aggregates or
agglomerates (NOAA). In any event, the NIOSH Recommended Expo-
sure Levels (REL) and Nano Reference Values (NRV) are noteworthy and
widely used as substance-specific and categorical OELs respectively for
ENMs. A list of proposed OELs for ENMs has been compiled by World
Health Organization and is available at WHO, 2017. However, there are
general rules and recommendations to protect workers, proposed by
several institutions (Oberbek et al., 2019). The assessment of workplace
exposure by inhalation of NOAA is standardized, on a voluntary basis, by
the EN 17058:2018 EU Standard (EN 17058, 2018), which provides
guidance on the sampling and measurement strategies to be adopted and
methods for the data evaluation. For ENMs the question of which metric
to be used (i.e., mass, surface area, number concentrations) to determine
the exposure is still not resolved (Dahmann, 2016) even though, the
exposure/dose-response studies shows that mass is a rough indicator for
a biologically effective dose for complex occupational aerosols (Kuem-
pel et al., 2014; Braakhuis et al., 2016; Noél et al., 2017; Fadeel et al.,
2018).

The aim of this work is twofold:

1) to assess the worker exposure and risk by inhalation in an industrial
spray coating process by using all three fundamental metrics: mass,
surface area and number concentrations;

2) to correlate an estimation of exposure to each spray coating condi-
tions by using conversion factors between gravimetric particulate
matter (PM) assessment on filters and real time measurements by
optical particles counters (OPC), that can be associated to each spray
tests while PM determination requires longer sampling time.

Measurements were carried out in the framework of the EU Research
Project “Anticipating Safety Issues at the design stage of NAno product
development” (ASINA, H2020-GA 862444) which aims to support the
industrial uptake of nanotechnology by providing Safe by Design (SbD)
solutions and supporting tools to broaden the awareness and under-
standing among stakeholders of the SbD's potential in areas such as
functional textiles, air purifying membranes and cosmetics (Furxhi et al.,
2021; Furxhi et al., 2022). The ASINA project includes exposure field
campaigns to assess the emission of ENMs from lab-scale and industrial-
scale spray coating processes in the production of antimicrobical/self-
purifying polyester textiles and plastic (polymethyl methacrylate-
PMMA) surfaces. Two target ENMs (N-doped TiO;, TiO;N and Ag
nanoparticles (NPs) capped with a quaternized hydroxyethyl-cellulose,
AgHEC) generated for industrial-scale spraying processes were consid-
ered. TiO, and Ag NPs were identified as target materials because of
their industrial scale relevance as antimicrobial/self-purifying additives
(Barret et al., 2001; Bickley et al., 1991; Gupta and Silver, 1998; Lee and
Park, 2013) for different kinds of products as investigated within the
ASINA project.

NanoImpact 30 (2023) 100459

2. Materials and methods

This work is based on the measurements reported by Del Secco (Del
Secco et al., 2022) where the details related to the materials, processes,
work environment, instrumentation and concentration measurements
are reported. Del Secco et al., (2022) describe the measurements and
spray process while Koivisto et al. (2022) describe the exposure scenario
concept and process specific emissions factors for worker exposure
assessment. In addition, the data are also captured and reported in a
Findable, Accessible, Interoperable and Reusable (FAIR) manner (Furxhi
etal., 2021). The coating machine, implemented at Wiva Group srl (now
Witek srl, Florence, Italy), is a conveyor belt operated, that transfers the
substrate through a plasma neutralizer to the spray chamber and then to
a drying oven (Fig. 1 above). The machine is designed for coating up to
120 cm wide textile and plastic substrates. The plasma neutralizer is
optionally used to remove surface charge from the substrate. Spraying is
performed inside a ventilated chamber. Fully automated sprayer con-
sists of four spray nozzles operating with either one, two or four nozzles
at the same time. The four nozzles are attached to a mobile element of
the machine, that move horizontally on the substrate, always at the same
height. The spray nozzle operated with 270 normal L/min air flow
atomizing the coating suspension fed at a flow rate of 200 mL/min per
nozzle. After spraying, the substrate is dried in the drying oven at low
temperature. The spray chamber volume is about 6 m® in volume with a
clean air inflow rate of about 3000 m>/h and a bottom aspiration flow to
maintain under pressure conditions inside the chamber. The air
extracted from the spray chamber is cleaned by a M4 filter before being
discharged into the atmosphere. No forced ventilation is present in the
working area which is sometimes naturally ventilated by opening win-
dows or doors. The room containing the spray machine is about 6 x 15
m. Since the process is continuous, the cabin cannot be completely
sealed on account of the conveyor belt entrance and exit. The coating
machine is operated by one worker which divides his time between
uploading the panels to be sprayed (sample position, Fig. 1 left), su-
pervising the nozzles and retrieving the coated panels at the oven exit
(FF position). The panel uploading position can be considered equiva-
lent to the FF position. Therefore, even if both experimental campaigns
should be considered a simulated exercise, we can reasonably assume
that the operator spends about 6 h at the FF and 2 h at the Near Field
(NF) positions. NF position was near the conveyor belt between the
spray chamber and the oven (Fig. 1), and outside the tunnel connecting
them. Particles are released from the tunnel to the NF via open holes
where worker exposure can occur.

Two NPs suspensions were used at the spray guns: TiOoN
(ERM00000560) dispersed in EtOH (1% w/w) and AgHEC
(ERM00000559), dispersed in water at concentrations of 0.1%, 0.05%
and 0.01% w/w. Specifically, TiO;N suspension was prepared by Col-
orobbia Italia, SPA (Sovigliana Vinci, FI, Italy) and the AGHEC aqueous
nano suspensions was synthetized in CNR-ISSMC (Faenza, Italy) by a
patented synthesis process (Costa and Blosi, 2016). The European Reg-
istry of Materials (ERM) identifiers ensure that the internal project
documentation can later be linked to publicly released data and
knowledge for the specific NPs; the full list can be found at https://nano
commons.github.io/identifiers (van Rijn et al., 2022).

Measurements took place in the period 15th-18th of February 2021
(1st campaign) and 8th-11th of November 2021 (2nd campaign).

e On 15th February and 8th November instruments were set-up and
background concentration measurements were carried out with real
time and offline PM samplers.

e On 16th February, TiOoN were sprayed both on Poly-
methylmethacrylate (PMMA) panels and polyester textile substrates,
while on 17th February AgHEC were sprayed on polyester textile
(PE).

e On November 9th, ethanol and TiO;N NPs were sprayed both on
PMMA and PE substrates while in the other measurement days
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Fig. 1. Above: Schematization of the Witek s.r.] plant and measurement stations (inside, NF and FF). Below: Picture of the sampling station at NF.

(10th-11th November) HEC suspension and AgHEC NPs were
sprayed on PE and PMMA supports. Supplementary tests (both TiO;N
and AgHEC) were carried out for 15 consecutive minutes (two spray
guns) in order to collect data for the mass balance dispersion model
used to assess worker exposure concentrations (Koivisto et al., 2022).

e Another additional test was conducted by changing the spray
chamber local exhaust flow rate by modifying the power supply
percentage to the aspiration pump engine (30% - 80%) compared to
normal condition of 55%.

Tables S1 and S2 gives a summary of the tests performed at each
experimental campaign. For each kind of suspension, several tests were
carried out combining three operational parameters: suspension con-
centration, flow rate and substrate type (PE and PMMA). Each test, made
of 4 sprays, lasted about 40 min.

This study has deployed an area sampling strategy (stationary) to
assess occupational inhalation exposure of workers, combining direct
reading instruments (DRI) and filter samplers, placed at various fixed
locations in the work area and, in particular, near hot spots of concern.
During the campaign, measurements were obtained at three different
positions: inside the spray chamber, near field (NF) and far field (FF)
(Fig. 1). NF position was near the conveyor belt between the spray
chamber and the oven, and outside the tunnel connecting them. Parti-
cles are released from the tunnel to the NF via open holes where the
worker exposure can occur.

In the specific, inside the spray chamber aerosol number concen-
tration was measured by means of a low-cost optical particles counter
SPS30 (Sensirion, Staefa, Switzerland). Aerosol mass concentration was
detected by means of an aerosol photometer (DustTrack mod. 8520, TSI

Inc., Shoreview, MN, USA) and by sampling the particles on a PTFE filter
(1 pm porosity @ 47 mm). Gravimetric off-line aerosol mass concen-
tration was determined by weighing the filter before and after the
deposition (Del Secco et al., 2021). Measurements inside the spray
chamber took place for the purpose of obtaining data on material con-
sumption and to verify that both campaigns gave the same order of
magnitude of particle concentrations at the same spray conditions.

Outside the spray chamber size resolved particle concentrations and
mass concentrations were measured at NF and FF at heights from 1 to
1.3 m. Details of the instrumentation are given in (Del Secco et al.,
2022). The real time NF particle measurement position included, among
other instruments, two optical particles counters (OPCs) in the size
range from 0.25 to 30 pm (in 32 channels) (11-D and 11-A, GRIMM
Aerosol Technick, Ainring, Germany) with a time resolution of 6 s. OPCs
11-D and 11-A were positioned at NF and FF, respectively. These OPCs
comply with EN 481 for workplace monitoring of inhalable, thoracic,
and respirable dust fractions. However, OPCs do not cover the size range
of primary nano-objetcs and their smaller aggregates/agglomerates
(EN17058:2019, Annex A). Therefore, particle mobility size distribu-
tions in the smaller size range (> 10 nm) were obtained, at NF, by a
Scanning Mobility Particle Sizer (SMPS), composed by a differential
mobility analyzer (L-DMA mod. Grimm mod. 5400, Grimm Aerosol,
Ainring, Germany), a condensation particle counter (CPC, Grimm mod.
5403, Grimm Aerosol, Ainring, Germany), and an X-ray soft charges
neutralizer (TSI mod. 3088; Shoreview, MN, USA) instead of the original
one based on 2*! Am (Grimm Mod. 5522). Nicosia and colleagues applied
a TSI soft X-Ray neutralizer to the Grimm L-DMA column obtaining a
transfer function to correct the data (Nicosia et al., 2018). The SMPS
scan time was ca 4.5 min with a 1.5 min retrace time.
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Lung Deposited Surface Area (LDSA) was measured at NF and FF
stations by means of two Partectors (Nanoeos). Off-line gravimetric PM
samples (total fraction) were taken simultaneously inside the spray
chamber, at NF and at FF stations (at FF station only during the 2nd
campaign) by collecting the particles on absolute filters (PTFE, 1 pm
porosity) at 50 L/min flow rate (Bravo H-Plus, TCR Tecora, Italy). PM
determinations on the filters were obtained by weighing the filters
before and after sampling on a five digits analytical balance (Mettler,
Toledo AX105). Afterwards, the filters were acid treated by microwaves
digestion to obtain the elemental Ti and Ag content. The microwave
system EM-45/A Milestone was used to digest the samples which were
analysed by an ICP-OES 5100-vertical dual view apparatus (Agilent
Technologies, Santa Clara, CA, USA), coupled with OneNeb nebulizer
and equipped with an Autosampler.

The NF and FF particle concentrations for the different metrics, ob-
tained during the spray tests, were subtracted from the background
concentrations as given as below:

Xij = Xmij — ij (1)

where X;; stands for one of the three used metrics (PM, LDSA and fine
particle number concentrations), i is the test number of the j measure-
ment day. Xmyj; is the measurement obtained during test i of day j and Xb;
is the background of the measurements' day j.

The standard deviation is obtained by the error propagation formula:

6 = 4/0% + 0} 2

where 6, and o}, are the standard deviation of the measurement and
the background concentrations, respectively.

3. Results
3.1. Background concentration

Exposure assessment of ENMs faces a specific problem as there is
virtually always a quite substantial background concentration of ultra-
fine particles. Moreover, we should consider the presence of parallel
processes and secondary sources, such as the infiltration of the outdoor
(atmospheric) aerosol into the warehouse, responsible for the
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accumulation effect (during lunch time) and for influencing the back-
ground concentration. As risk assessment/management only involves
those engineered NPs which are handled or synthesized in a company,
the need for background discrimination/control in order to prevent ul-
trafine particles from falsifying the results is high (Koivisto et al., 2011).

In our measurements the background particle number, surface area
and mass concentrations were monitored the day before starting the
monitoring campaign and each morning before starting the spray
coating machine at NF and FF positions. In addition, at the end of the
day after the spray tests, background concentrations were monitored to
infer any NPs accumulation inside the warehouse. A further background
measurement took place in the 1st campaign during lunch time break at
NF and FF positions.

Fig. 2 shows the background concentrations in different metrics
obtained during the 1st monitoring campaign at FF. We note that:

a) during lunch time the coarse (1 pm to 10 pm in diameter) particle
number and mass concentrations decrease due to their settling, while
the fine particle fraction (0.25-1 pm in diameter) remains at the same
concentration level or increases due to an accumulation effect (the same
for the LDSA);

b) the FF position was influenced by the spray coating process as
resulted from the comparison between concentrations before (BEFORE)
and after (AFTER) the spray tests;

c) the measurements obtained on 15th February (grey bars) cannot
be considered representative of the background presents during the
spray tests carried out in the following days, when outdoor aerosol
concentrations might have been higher and infiltrates into the ware-
house as highlighted in the following item;

d) on 17th February (a cloudy day) the background concentration
(orange bars) BEFORE was higher than LUNCH for all particle size
fractions. After lunch time, on this day, a secondary source of aerosol,
from a track exhaust, infiltrated into the warehouse. As a result, the tests
carried out in the afternoon were not included in this study.

Therefore, reasonable estimated background concentrations for the
1st campaign may be obtained by considering the measurements carried
out on 16th February before starting the spray tests and, on 17th
February, the average between the concentration values obtained before
and at lunch time.
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Fig. 2. Background monitoring at FF position during 1st monitoring campaign. Above from left to right: thoracic, respirable and PM1 particle mass fractions
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process, respectively. Bars give one standard deviation. LDSA concentrations were measured by means of a Partector, while other particle concentrations were
measured with an OPC-11A.



F. Belosi et al.

The same considerations can be extended to the background of the
2nd campaign. Fig. 3 gives FF measurements of health related mass
concentration fractions (thoracic and respirable), PM1, LDSA and the
particle number concentrations (below and above 1 pm). In general, the
concentrations, measured in the spray tests days in the afternoon (after
the sprays), were higher than in the mornings. Only on 11th November
the LDSA concentration was higher before starting the sprays (both at
NF and FF stations). Based on the above considerations, we concluded
that the suitable background concentrations were those measured
before starting the sprays. Only for LDSA of 11th of November we
considered the average between the concentration values before and
after. This approach was applied to both NF and FF measurements.

3.2. Spray coating tests: real time results

Results of the 1st and 2nd measuring campaigns are given in Figs. S1-
S2 and Figs. S3-S5, respectively. Tables 1 and 2 show the average par-
ticle number concentrations (size range 0.25-1 pm), LDSA, the health
related averaged mass concentration fractions (thoracic and respirable)
and PM1, after background subtraction; in brackets, the average con-
centrations increased by one standard deviation for the different metrics
at NF and FF positions during the 1st and 2nd campaign.

By comparing Table 1 and Table 2 we note that for the same tests the
measured aerosol concentrations in the 2nd campaign, at NF position,
were lower than during the 1st campaign. Fig. 4 shows the scatter plot of
the particle number concentrations measured inside the spray chamber
by means of low-cost sensor (SPS30, Sensirion) and by means of an
aerosol photometer (DustTrack mod.8520, TSI) for the same tests car-
ried out during the 1st and 2nd campaign. Results show that particle
number and mass concentrations, measured inside the spray chamber,
were comparable between the two campaigns at the same spray test
conditions.

Therefore, in addition to instrument uncertainties, the aerosol con-
centrations measured at the NF position could be influenced, by the
instrument inlet coordinates, which could not be exactly replicate for the
two campaigns. In addition, whereas during the 1st campaign the
warehouse windows were kept close, in the 2nd campaign they were
kept open. This could have changed the environmental ventilation
conditions inside the warehouse.

Fig. 5 shows particle number concentrations measured at NF by
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means of the SMPS in the size range 10-100 nm.
3.3. Spray coating tests: Gravimetric and elemental determinations

Table 3 shows the PM and elemental concentrations (ICP-OES data
for Ti were converted in TiO, content) obtained from the sampled filters.

The particle mass concentrations, given by OPCs for the same filter
sampling time, were compared with the PM gravimetric assessment.
Table 4 shows the ratios between the gravimetric PM content and OPCs
PM fractions. In addition, also the ratios between the TiO; and Ag
content and OPCs PM fractions are given. Indeed, data provided by the
OPCs must be corrected since the algorithm used to calculate PM frac-
tions (thoracic, respirable and PM1) is not disclosed by the manufacturer
(Chakrabarti et al., 2004; Santi et al., 2010; Wu et al., 2022).

The average PM/Respirable fraction ratio for TiO2N sprays at NF and
FF is 2.8 £ 2.1 (ratio values: 1.3-1.9-5.1). In case of AgHEC sprays the
same average ratio is 2.8 + 0.6 (ratio values 3.0-3.5-2.2-2.5). Therefore,
on average the ratio PM/Respirable fraction is about 2.8 both for TiO,
and Ag sprays (even though with higher variability in case of TiOq
sprays), while for background measurements the ratio is 1.7 (standard
deviation 0.2).

4. Discussion
4.1. Exposure assessment

4.1.1. Metric: particle number concentration (fine fraction, < 1 ym)

By considering the OPCs results the worst case scenario, 800 mL/
min, (WCS) is given by tests 3 and 6 at 800 mL/min with TiOoN
(Table 1). Substrate PMMA gives an upper level concentration (average
plus one standard deviation) of 1.3 10% ¢cm 2 with an averaged con-
centration of about 6 102 cm 2 (test 3). Spraying on PE substrate (test 6)
shows little higher concentrations: upper level concentration 1.6 10°
cm ™3 with an averaged concentration of about 8 102 cm ™. In the 2nd
campaign the trend was the same (higher concentration with spraying
on PE) but with lower concentration values.

The standard case scenario, 400 mL/min, (SCS), characterized by a
400 mL/min spray flow rate, was carried out only in the 1st campaign
and shows comparable particle number concentrations for PMMA and
PE substrates. The upper level concentration is between 5 and 7 102

A9 T 250 P e W 18,0
Thoracic Respirable _
35,0 (N 7 16,0
£ E £
EE 27200 210
- < :
2 g 2120
5 25,0 =08/11/2021 Ei1s0 = 08/11/2021 4 i =08/11/2021
c £ 4
8 200 moo/11/2021 | 8 moo/1y/2021 | § w09/11/2021
s IE—
S 0 m10/11/2021 | 8 100 —I L mi0ay200 | 8 8° n10/11/2021
2 15, 2 N
£ uapon | E 11201 | & 60— 11/11/2021
@ 100 H N B
] S 50 1— 2
£ £ £ |
& 30 & & 20+
00 : ; 00 00 ‘ .
BEFORE AFTER BEFORE AFTER BEFORE AFTER
2,00E+05 9,00E+02 4,50E+01
1-10 um LDSA
o L80E0S = 800E+02 L 4,00€+01
5 L60EH0S § 7,008:02 3,50E+01
L;' 1,40E+05 3‘: 6,00E+02 7~ 3,00E+01
§ 1,206405 | m08/11/2021 | § mo8/1/2021 | E 08/11/2021
2 £ 5006402 o 2,50E+01
8 1,006405 - m09/11/201 | 8 w1200 | E w09/11/2021
£ so0ei0 | mi0i200 | HO0ED2 mi0/11/2001 | g OF0L T u10/11/2021
Ea,oggw,; | 11/11/2021 EamE‘oz — 111201 | 9 L5001 +—[H——— 11/11/2021
%4,005,04 - %200[402 1,006+01 T—J——— N ——————
< 2,006:04 & 1,00E:02 5,00E400 |—| - .
0,00E+00 1 0,00E:00 +— 0,00E+00 .
BEFORE AFTER BEFORE AFTER BEFORE

Fig. 3. Background monitoring at FF position during 2nd monitoring campaign. Above from left to right: thoracic, respirable and PM1 particle fractions measured
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Table 1

Average PM, LDSA and fine particle number concentrations during the 1st
experimental campaign. Tests characteristics are given in the first column. In
brackets, the average concentrations increased by one standard deviation. The
lowest detectable concentration was imposed in case of negative values after
background subtraction: particle number concentration: 1 cm~%; LDSA con-
centration: 1 pm? cm ™2 and PM fractions: 1 pg m 3. Tests repeated during the
2nd campaign are highlighted in bold characters. LDSA concentrations were
measured by means of Partectors, while other particle concentrations were
measured with OPC-11A (FF) and OPC-11D (NF).
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Table 2

Average PM, LDSA and fine particle number concentrations during the 2nd
experimental campaign. Tests characteristics are given in the first column. In
brackets, the average concentrations increased by one standard deviation. The
lowest detectable concentration was imposed in case of negative values after
background subtraction: particle number concentration: 1 cm~%; LDSA con-
centration: 1 pm? cm™> and PM fractions: 1 ug m~>. Common tests between both
campaigns are highlighted in bold characters. LDSA concentrations were
measured by means of Partectors, while other particle concentrations were
measured with OPC-11A (FF) and OPC-11D (NF).

Test Particle LDSA Thoracic Respirable PM1
number conc. (pm2 Fraction Fraction (pg m’3)
(0.25-1) pm em~3) (ug m™3) (ug m™3)
(em™3)

1- TiO,N NF: 1.4 10> NF:19 NF: 11 NF: 19 NF: 14
200 mL (3.310% (38) (60) (53) (35) FF:
PMMA FF: 0.6 10 FF: 4 FF: 1 FF: 1 (19) 4(8)

(1.210% 9)

2- TiO,N NF: 3.5 102 NF:58  NF:72 NF: 60 NF: 33
400 mL (5.4 10% (90) (135) (110) (66)
PMMA FF: 1.9 10% FF: 19 FF: 17 FF: 20 (37) FF: 14

(2.210% 24) (90) (39)

3- TiO,N NF: 5.6 10> NF: 73 NF: 126 NF: 113 NF: 60
800 mL (1.310%) (179) (349) (305) (145)
PMMA FF: 2.3 10? FF:21  FF: 11 FF:22(40) FF: 19

(2.7 10%) (60) 84) (63)

4- TiO,N NF: 2.3 102 NF:33  NF: 19 NF: 27 NF: 21
200 mLPE (4.0 10%) (50) (64) (57) (40)

FF: 1.5 10? FF:10 FF: 1 FF: 6 (23)  FF: 10
(1.7 10%) @1e) (73) 1)

5- TiO,N NF: 3.7 102 NF:51  NF: 66 NF: 54 NF: 34
400 mLPE (7.0 10%) (87) (166) (118) (71)

FF: 2.2 10% FF:18  FF:1(78) FF:18(23) FF:15
(2.410% (23) a7)

6- TiO,N NF: 7.8 10> NF: 98  NF: 166 NF: 146 NF: 80

800 mLPE (1.6 10%) (208) (382) (342) 177)
FF: 3.1 10% FF: 26  FF: 25 FF:32(50) FF: 23
(3.6 10%) (33) (100) 27)

7- AgHEC NF: 0.2 10! NF: 2 NF: 1 NF:1(74) NF:1(4)
(0.01%) (3.6 10Y) (4) (139) FF: 1 (24) FF: 1 (2)
200 mLPE  FF: 0.1 10 FF: 1 FF: 1 (54)

(1.010Y @)

8- AgHEC NF: 0.8 10! NF:22 NFE: 1 NF:1(75) NF:1(4)
(0.01%) (4.8 101 (29) (140) FF: 1 (24) FF: 1 (2)
400 mLPE  FF: 0.1 10! FF: 15 FF: 1 (54)

@a.210YH (21)

9- AgHEC NF: 3.2 10! NF: 11 NF: 1 NF: 1 (75) NF: 3
(0.05%) (7.310") (15) (140) FF:1(24) (8)

200 mLPE  FF: 1.1 10! FF: 7 FF: 1 FF:1(2)
(1.210Y 9 (54)

10- AgHEC NF: 6.6 10! NF:15 NF: 1 NF:3(77) NF:7
(0.05%) (13.7 10Y) (22) (141) FF:1(24) (15)
400 mLPE  FF: 2.1 10" FF: 8 FF: 1 FF: 2(3)

(3.0 10" (10) (53)

cm 3 with an averaged concentration of about 4 102 cm ™. These con-
centration values, background subtracted, are considered as composed
by TiO2N particles (being on the safe side).

The WCS for AgHEC sprays is given by tests 17 and 19 (2nd
campaign) at 400 mL/min (Ag concentration suspension of 0.1%) on PE
and PMMA, respectively. Both substrates give comparable particle
number concentrations with an upper concentration level below 4 10?
cm~2 and averaged concentration below 2 10! em 3. These concentra-
tion values, even if background subtracted, also contain HEC particles as
can be observed from tests 6-11. However, being on the safe side these
concentrations will be treated as Ag particles. The Institute for Occu-
pational Safety and Health of the German Social Accident Insurance (IFA
2009) recommended a benchmark limit to be used for an 8-h work shift
and to be used for monitoring the effectiveness of protective measures in
the workplace of 4 10* cm ™3 in the measured range between 1 and 100
nm (for biopersistent granular nanomaterials with a density below 6 10%
kg/rn3) (Schulte et al., 2010). Measured averaged, upper level concen-
trations, after subtraction of the background, did not exceed both

Test Particle LDSA Thoracic Respirable PM1
number (pm2 Fraction Fraction (ng m’3)
conc. em3) (ugm3  (ugm™)

(0.25-1)
pm
(em™3)

3- TiO,N NF:1.7 10" NF:14.6 NF:7.5 NF:7.7 NF: 5.9
200 mL (8.1 101) (25.6) (21.1) (17.2) (12.7)
PMMA FF:1.4 10! FF:3.7 FF: 1.0 FF: 1.3 FF: 1.3

(2.6 10" (5.9) (10.0) (4.0) 2.9

4- TiOoN NF:2.5 102 NF:28.2 NF:42.5 NF:40.7 NF:3.1
800 mL 6.7 102) (53.6) (106.0) (101.7) (7.6)
PMMA FF:0.8 102 FF: 8.6 FF:7.8 FF: 8.2 FF:7.1

(1.310% (10.3) (18.8) (11.6) 9.3)

5- TiO,N NF:1.1 102 NF:13.8 NF:16.7 NF:17.0 NF:14.7
200 mL (1.810% (20.0) (31.2) (27.4) (22.3)
PE FF:1.0 10> FF:7.9 FF:7.7 FF:9.3 FF:8.9

aa.2 102) (10.3) (16.9) (12.2) (10.8)

6- TiOoN NF:2.8 10? NF:26.0 NF:42.8 NF:43.9 NF:34.0
800 mL (6.5 10%) (50.0) (108.6) (106.3) (74.5)
PE FF:1.1 10> FF:7.8 FF:10.6 FF:10.9 FF:10.4

a.s 102) (10.2) (22.8) (16.2) (14.2)
7-HEC NF:1.0 10! NF:52.5 NF:1.9 NF:1.9 NF:1.8
(0.1%) (1.510Y (75.8) (20.2) 8.7) (2.0)

200 mL FF:0.9 10! FF:32.7 FF:2.1 FF:1.2 FF:1.0
PMMA (9.4 101 (33.6) (20.7) (12.3) (6.8)

8- HEC NF: 1.7 10} NF: 6.7 NF:0.3 NF:1.3 NF:1.2
(0.1%) (2.110Y (8.8) (16.3) 6.4 (1.8)
200 mL FF: 1.8 10! FF: 6.4 FF:0.2 FF:1.2 FF:1.2
PE (2.110Y (7.4) (7.5) 3.4) (1.6)

10- HEC NF: 0.7 10! NF:1.8 NF:1.0 NF:1.0 NF:1.0
(0.05%) 1.3 101) (4.6) 17.1) (5.5) (2.0)
200 mL FF: 0.6 10! FF: 1.3 FF:1.0 FF:1.0 FF:1.0
PE 0.9 10" 2.3) (8.5) (2.0) (2.0)

11- HEC NF: 1.0 10! NF: 3.8 NF:1.0 NF:1.0 NF:1.0
(0.05%) (1.8 10Y) (6.6) (17.2) (6.2) 2.1
400 mL FF: 0.9 10’ FF: 3.9 FF:1.0 FF:1.0 FF:1.0
PE (1.4 10Y (5.1) (8.4) 3.2) (2.0)

12- AgHEC NF: 1.3 10! NF: 2.5 NF:1.0 NF:1.0 NF:1.0
(0.05%) (2.1 10" (4.8) (17.1) (1.5) (2.0)
200 mL FF: 0.4 10* FF: 1.0 FF:2.5 FF:1.3 FF:1.0
PE (0.8 101) (2.0) (11.1) (4.1) (2.0)

13- AgHEC NF: 1.8 10'  NF: 4.4 NF: 1.0 NF: 1.0 NF: 1.4
(0.05%) (2.6 10") (6.9) 2.7) (6.0) 2.4)
400 mL FF: 0.9 10* FF: 2.1 FF: 1.0 FF: 1.0 FF: 1.0
PE (1.310Y) (3.0) (2.0) (3.6) (2.0)

14- AgHEC NF: 1.9 10! NF: 5.3 NF: 1.0 NF: 1.0 NF: 1.5
(0.05%) (3.0 101 (7.5) (16.7) (6.1) (2.5)
200 mL FF: 1.1 10! FF: 3.2 FF: 1.0 FF: 1.0 FF: 1.0
PMMA (1.5 109 (3.5) (8.9) 3.3) (2.0)

15- AgHEC NF: 2.5 10! NF:10.5 NF: 1.0 NF: 1.9 NF: 1.9
(0.05%) (3.4 101) (13.49) 17.2) (7.0) (2.9)
400 mL FF: 2.0 10! FF:10.4 FF: 3.1 FF: 2.2 FF: 1.4
PMMA (2.7 101 (13.2) (10.9) (4.6) 2.4

16- AgHEC NF: 1.8 10} NF: 6.0 NF: 2.6 NF:3.3 NF:2.2
(0.1%) (4.6 10Y) 9.6) (13.3) 9.2) (5.6)
200 mL FF: 0.7 10} FF: 6.0 FF: 1.0 FF:1.0 FF: 1.0
PE 1.310Y (10.5) (9.6) (3.9 (2.0)

17- AgHEC NF: 1.6 10} NF: 2.3 NF: 1.0 NF: 2.0 NF: 1.9
(0.1%) (3.6 101 (6.0) (10.4) (6.6) (4.3)
400 mL FF: 1.7 10' FF: 2.7 FF: 1.0 FF: 1.0 FF: 1.5
PE (3.1 101) (7.6) (9.8) 4.1) 2.7)

18- AgHEC NF:1.5 10! NF: 5.0 NF: 1.2 NF: 2.0 NF: 1.6
(0.1%) (3.410Y (8.9) (10.6) (5.8) (3.0)
200 mL FF:1.1 10! FF: 4.1 FF: 1.0 FF: 1.0 FF: 1.0
PMMA aa.7 101) (8.8) (11.1) (4.0) (2.0)

(continued on next page)
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Table 2 (continued)

Test Particle LDSA Thoracic Respirable PM1
number (pm? Fraction Fraction (pg m~%)
conc. em™3) (ug m™3) (ug m™3)

(0.25-1)
pm
(cm™®)

19- AgHEC NF: 1.7 10! NF:2.2 NF: 1.0 NF: 2.2 NF: 1.8
(0.1%) (3.210Y (5.7) (10.5) 6.4 (3.6)
400 mL FF: 1.1 10" FF:1.0 FF: 1.0 FF: 1.0 FF: 1.1
PMMA (2.210Y) (5.9) 09.7) (4.0) (2.2)

recommended benchmarks (see Fig. 5).

4.1.2. Metric: particle surface concentration (LDSA)

Even though LDSA requires further development to enable it as a
reliable dose metric because of differences due to particle material and
morphology, (Levin et al., 2016) it was still deployed in several exposure
studies (Asbach et al., 2017). WCS is also given for tests 3 and 6 (1st
campaign) with averaged values of about 73 and 98 pm?cm 3, respec-
tively. Upper levels were respectively 179 pm? cm ™ and 208 pm? cm ™3,
In the 2nd campaign the same tests give an LDSA average concentration
below 50 umzcm’?’ and about 50 umzcm’?’ (upper level). The SCS case
(400 mL/min) shows an averaged LDSA concentration around 60
pmZem 2 and an upper level concentration of about 90 pmZ?em 3. Spray
tests using AgHEC recorded lower LDSA values. In general, few reports
and literature works reported exposure information, including LDSA
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concentrations, thus having a limited availability of these data. How-
ever, Geiss et al.(Geiss et al., 2016) gave a review of LDSA concentra-
tions in different occupational and non-occupational environments. In
occupational environment LDSA values ranged between 761 and 24.7
um? cm~3 (average 137 pmZcm™3) for welding operations, 3927-15
pmZem 3 (average 415 pmZem ) canteen kitchen and 277.4-26.4
pmZem 2 (average 77.2 pm%em™~2) car journey. The WCS showed an
LDSA concentration comparable with averaged LDSA value in a car
journey. Ortelli et al. (Ortelli et al., 2020) in a spray coating process with
TiO4 particles measured LDSA concentrations between 138 and 291
pm2cm 2 depending on the spray nozzle pressure from 1.5 bar to 4.0 bar
and below than 70 pm?cm 2 in Ag spray coating process at lab-scale
(Trabucco et al., 2021).

LDSA cited measurements were obtained with instruments based on
the same principle (diffusion charging). Since no standard calibration
procedure has been established so far, measurements carried out by
instruments from different manufacturers can differ by 10-30% (Asbach
et al., 2017). Thus, the measurement results are directly comparable.

Schmid and Stoeger (Schmid and Stoeger, 2016) evaluated the total
particle BET surface area (cm?) instilled in rats and mice lungs corre-
lation with polymorphonuclear neutrophilia (PMN) for low solubility
and low toxicity particles as well as some transition metal oxides. PMN is
a strong indicator for lung inflammation and forming acute phase
response protein that cause plaque formation in the blood vessels (Saber
et al., 2014; Thompson et al., 2018). The relation of surface area dose
and PMN influx can be used as an indication of workers risk suffering
pulmonary inflammation during an 8-h exposure (Koivisto et al., 2017).
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Table 3
PM gravimetric and elemental analysis obtained from the filters sampled during
both campaigns at NF and FF (bold characters) positions.

Sampling day and PM TiO, Ag
positions Gravimetric concentrations concentrations
(pgm™3) (pgm3)
(ng m™>)

15/02/2021 28+3 0.30 £ 0.03 <0.02
Background NF

16/02/2021 120 £ 2 40.92 + 0.03 <0.02
Test 1-6 NF

17/02/2021 64 + 2 <0.03 0.30 + 0.02
Tests 7-13 NF

08/11/2021 17 £1 1.52 +0.03 <0.02
Background NF

08/11/2021 18+1 <0.03 <0.02
Background FF

09/11/2021 76 £3 68.73 £ 0.03 <0.02
Tests 3-TC15_1 NF

09/11/2021 36 + 2 18.80 + 0.03 <0.02
Tests 3-TC15_1 FF

10/11/2021 22+3 <0.03 <0.02
Tests 7-11 NF

10/11/2021 42+ 4 <0.03 <0.12 = 0.02
Test 12-15 NF

10/11/2021 24 +3 <0.03 <0.06 + 0.02
Test 12-15 FF

11/11/2021 <0.03 0.43 £ 0.02
Tests 16-TC_15_2 NF

11/11/2021 38+3 0.12 + 0.02

Tests 16-TC_15_2 FF

Table 4

Ratio between PM gravimetric and OPCs particle mass fractions. The two last
columns: ratio between ICP-OES elemental analysis results (TiOy and Ag) and
respirable particle mass fraction obtained from the OPCs.

Sampling day and PM/ PM/ PM/ TiOy/ Ag/
positions Thoracic Respirable PM1 Resp Resp
fraction fraction

15/02/2021 1.4 1.9 2.8
Background NF
16/02/2021 0.9 1.3 2.2 0.4
Test 1-6 NF
17/02/2021 2.1 3.0 5.8 0.02
Tests 7-13 NF
08/11/2021 1.0 1.5 4.3
Background NF
08/11/2021 1.1 1.8 3.6
Background FF
09/11/2021 1.6 1.9 3.5 1.8
Tests 3-TC15_1
NF
09/11/2021 2.8 5.1 9.0 2.7
Tests 3-TC15_1
FF
10/11/2021 1.2 2.0 4.4
Tests 7-11 NF
10/11/2021
Tests 7-11 FF
10/11/2021 2.5 3.5 7.0 0.01
Test 12-15 NF
10/11/2021 1.4 2.2 4.0 0.00
Test 12-15 FF
11/11/2021 0.03
Tests 16-
TC_15_2 NF
11/11/2021 1.7 2.5 3.8 0.01
Tests 16-
TC_15_2 FF

They estimated workers' risk for suffering acute pulmonary inflamma-
tion by comparing the human equivalent LDSA 8-h with one hundredth
of the no observed effect level (no inflammation) (NOEL,/1¢) derived
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from (Schmid and Stoeger, 2016). The lung-weight normalized NOEL;,
100 was 0.11 ecm? g1 for granular biodurable particles, such as TiOs.
Here, the upper level of LDSA concentration was 208 pmZcm 3. In 8-h
exposure duration, this would correspond to the human equivalent
dose of 0.03 cm? g_1 (see calculation details from (Koivisto et al., 2017),
which is well below the NOEL /1¢¢ for granular biodurable particles.

For transition metal oxides (Co, Ni, and Zn-oxide), the NOEL4 100
was 9 107> em? gL, The upper level of LDSA concentration was 22
pm2em 3, In 8-h exposure duration, this would correspond to the human
equivalent dose of 0.003 cng’l, which is well below the NOEL /190 for
transition metal oxides. The first order risk assessment shows that
workers suffering inflammatory effects is not relevant.

4.1.3. Metric: particle mass concentration

NIOSH recommends airborne exposure limits (REL) of 2.4 mg/m3 for
fine TiO and 0.3 mg/m? for ultrafine (including engineered nanoscale)
TiO,, as time-weighted average (TWA) concentrations for up to 10 h/
day during a 40-h work week. These recommendations represent levels
that over a working lifetime are estimated to reduce risks of lung cancer
to below 1 in 1000. The recommendations are based on using chronic
inhalation studies in rats to predict lung tumour risks in humans
(NIOSH, 2011). From Table 3 the highest TiO, concentration is below
70 pg m~> obtained during the 2nd campaign. Assuming that work is
continuous, based on the NIOSH REL level, lifetime exposure may be
considered adequately controlled. The conditions of use for the spray
process are specified by Koivisto et al. (2022). It is necessary to under-
line that one of the tests was done with low ventilation flow rate and
therefore the TiO5 concentration must be considered representative of
an inadequate spray chamber ventilation rate. In normal conditions the
TiO, concentration measured was below 41 pug m—>. By considering the
correction factors between PM and respirable fraction and then between
respirable fraction and TiO; concentration it is possible to estimate the
contribution of each test to the TiO, concentration levels. Table 5 gives
estimated TiO, concentrations for the three different cases: 200 mL/min,
400 mL/min (SCS) and 800 mL/min (WCS). The conversion factors were
taken from Table 4. Only in the WCS the upper limit of the estimated
TiO, concentration is higher than the REL value of 300 pg m™.

Considering a work shift made of 6 h at FF exposure concentrations
(panel uploading and off) and 2 h in front of the spray chamber (NF
exposure levels) the 8-h weighted exposure to respirable concentrations
would be about 62 pg m™ and 0.4 pg m, respectively for TiO;N and
AgHEC spray coatings. These values were obtained by taking into ac-
count the bracket values in Table 1 (Respirable fraction column, SCS).

NIOSH recommended exposure limit (REL) of 10 pg m™ as an 8-h
(TWA) concentration (total mass sample) of silver (metal dust, fume,
and soluble compounds, as Ag) and 0.9 pg m™ for particles <100 nm

Table 5

Estimated particle mass concentration (respirable fraction) by means of the OPC
at NF station at the 1st campaign. Column two: tests 1, 2 and 6 (from Table 3).
Column three: measured concentrations converted into equivalent gravimetric
concentrations. Column four: equivalent gravimetric respirable fraction con-
verted into TiO, estimated concentrations. In brackets the upper limit concen-
tration: average increased by one standard deviation.

Spray test OPC Respirable PM Equivalent gravimetric ~ TiO, estimated
concentration respirable fraction concentration
(ug m™3) 2.8 * OPC Respirable 0.4 *
PM concentration (ng m’g)
(ngm™)
200 mL/ 19 (53) 53 (148,4) 21 (59)
min
400 mL/ 60 (110) 168 (308) 67 (123)
min
(SCs)
800 mL/ 146 (342) 409 (958) 164 (383)
min

(WCS)
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(NIOSH, 2021; Bergeson and Hutton, 2021). From Table 3 the measured
Ag concentrations in the total PM were between 0.3 and 0.4 pg m~>. The
same estimation exercise carried out with TiOsN sprays could be applied
to AgHEC sprays (Table 6). Even in the sprays with higher Respirable
fraction OPC measured concentrations (Test 9 and 10, 1st campaign) the
estimated upper Ag concentrations at NF would be below the REL limit.
To determine if the exposure to NOAA is significant, the decision rule
according to following relationship shall be used according to Annex E
in standardized guidelines EN17058 (EN 17058:2018). The application
of this decision rule can include all metrics used in this work (Eq. 3).

Xij < Xi + 3" Oj 3

where Xj; is the mean concentration (particle number, surface or
mass) of airborne particles during activity, X; is the background con-
centration and o; is the background standard deviation. If the above
relationship is not verified there is a likelihood of exposure induced by
NMe-activity to the environmental airborne particles' concentration.

Table 7 gives the average background concentrations, already
increased with three standard deviations, for each measuring days. The
decision rule does not make difference between materials. Therefore, we
apply it by considering the SCS and WCS in each sampling day (Table 8,
in brackets WCS). Bold characters in Table 8 refer to tests which do not
comply with the decision rule.

Although, the airborne particle concentration, once the background
was subtracted, compared well with the REL limits in each considered
metrics (particle number, surface and mass concentrations) in most WCS
tests the contribution to the background was statistically significant
(particularly in the particle number and PM1 mass concentrations). This
contribution can be observed also at the FF station suggesting a diffusion
in the working environment of sprayed particles. However, it should also
be considered that real time monitoring does not allow to distinguish
between particle composition. Therefore, the elemental content (Ti or
Ag concentrations in our study) is a basic information which need to be
considered in the monitoring activities. In addition, toxicologically
relevant metric is mass because it is the most common metric in dose/
exposure response studies. Such studies are scarce for particle number or
surface area. However, instruments measuring surface area or particle
number concentrations are typically highly sensitive for NP emissions
(Koivisto et al. 2019). Thus, they are useful to identify exposure but mass
is usually needed for risk characterization. Koivisto et al. (2022) present
process-specific emission factors, one of whose variable is suspension
Ag-HEC mass concentration. This can be used with reasonable accuracy
to model the effect on NF and FF exposure levels.

5. Conclusions

In this work we investigated worker inhalation exposure assessment

Table 6

Measured particle mass concentration (respirable fraction) by means of the OPC
at NF station at the 1st campaign. Column two: tests 9 and 10 (from Table 3).
Column three: measured concentrations converted into equivalent gravimetric
concentrations. Column four: equivalent gravimetric respirable fraction con-
verted into Ag estimated concentrations. In brackets the upper limit concen-
tration: average increased by one standard deviation.

Spray test OPC Respirable PM Equivalent gravimetric ~ Ag
concentration respirable fraction estimated
2.8 * OPC Respirable concentration
(ng m™3) PM concentration 0.03 *
(pgm~3) (pgm~3)
200 mL/min 1 (75) 3(210) 0.1 (6)
(Ag
0.05%)
400 mL/min 3 (77) 8 (216) 0.2 (6)
(Ag

0.05%)
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Table 7

Averaged airborne particle concentration increased by three times the standard
deviation, considering background day indicated in the first column. LDSA
concentrations were measured by means of a Partector, while other particle
concentrations were measured with an OPC-11A.

Day Particle number LDSA Thoracic ~ Respirable ~ PM1
concentration (0.25-1) (um? Fraction Fraction (pg
pm em™?) (bgm™)  (gm>)  m)
(em™®)

15/02/ NF: 2.8 10? NF: 58 NF: 48 NF: 31 NF:

2021 FF: 2.6 102 FF: 43 FF: 46 FF: 26 18
FF: 17
16/02/ NF: 3.0 102 NF: 128 NF: 163 NF: 69 NEF:
2021 FF: 3.2 10% FF: 66 FF: 287 FF: 84 22
FF: 22
17/02/ NF: 9.3 10! NF: 31 NF: 454 NF: 243 NF: 9
2021 FF: 1.2 10% FF: 19 FF: 197 FF: 87 FF: 9
08/11/ NF: 1.1 10? NF: 52 NF: 53 NF: 28 NF: 8
2021 FF: 1.6 102 FF: 55 FF: 73 FF: 28 FE:
12
09/11/ NF: 1.2 10? NF: 55 NF: 37 NF: 15 NF: 4
2021 FF: 6.7 10 FF: 17 FF: 35 FF: 13 FF: 5
10/11/ NF: 7.6 10! NF: 20 NF: 61 NF: 24 NF: 6
2021 FF: 8.4 10 FF: 15 FF: 32 FF: 15 FF: 6
11/11/ NF: 1.1 10? NF: 44 NF: 40 NF: 20 NF: 8
2021 FF: 1.4 102 FF: 36 FF: 42 FF: 20 FF:
10
Table 8

Averaged airborne particle concentrations, considering SCS and WCS (in
brackets). Bold characters refer to tests which do not comply with the rule i.e. a
significative contribution of the working activity is expected. LDSA concentra-
tions were measured by means of a Partector, while other particle concentra-
tions were measured with an OPC-11D.

Day Particle number LDSA Thoracic Respirable PM1
concentration (um? Fraction Fraction (pg
(0.15-1) pm am™®)  (gm ¥ (uigmd) m™3)
(em™3)

16/02/ NF: 6.3 102 (1.0 NF: NF: 124 NF: 87 NF:
2021 10%) 104 (224) 179) 53
Test 5 FF: 5.1 10% (6.0 (151) FF: 72 FF: 49 (67)  (99)
(Test6) 10%) FF: 71 (98) FF: 34

79) (43)

17/02/ NF: 1.1 102 (1.5 NF:29  NF: 30 NF: 19 NF: 9
2021 10%) (32) 37) (25) 12)
Test 9 FF: 1.1 102 (1.2 FF: 23  FF: 24 FF:14 (16) FF:8
(Test 10%) (24) (26) 9
10)

09/11/ NF: 1.8 10% (3.6 NF: 23  NF: 29 NF: 24 NF:
2021 10%) (35) (55) (51) 18
Test 5 FF: 1.4 10% (1.6 FF: 16 FF: 21 FF: 16 (37)
(Test6) 10%) 16) (24) (28) FF:13

a4

10/11/ NF: 7.7 10" (8.9 NF:13  NF: 19 NF: 13 NF: 5
2021 10" (21) 18) 12) (6)
Test12  FF: 8.1 10' (9.7 FF: 10 FF: 18 FF:11(12) FF: 6
(Test 10" (20) 19) (%)
15)

11/11/ NF: 1.2 102 (1.2 NF: 36  NF: 20 NF: 15 NF: 8
2021 10%) (33) (20) (15) )
Test 18  FF: 1.4 102 (1.4 FF: 30 FF: 22 FF:15(14) FF:10
(Test 10%) (26) (20 (10)
19)

by means of the different airborne particles' metrics (number, surface
and mass concentrations) and risk based on number concentration
benchmark values, deposited surface area response for acute pulmonary
inflammation and mass concentration recommended exposure limit
(REL) values. The study was based on the results from two field moni-
toring campaigns carried out in an industrial spray coating plant.
Background concentrations were mostly influenced by the aerosol
infiltration from outside the warehouse where the spray tests took place.
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These were subtracted from concentrations to assess process particle
concentration levels in number, surface and mass in NF and FF positions.
Spray tests were carried out with different spray flow rate, coating
substrates, and spray suspension concentrations to cover different
working conditions. The ratio between the OPCs PM fractions (Thoracic,
Respirable and PM1) and the gravimetric measurements was used to
estimate the equivalent gravimetric PM concentrations in each spray
tests. Spray tests with lowest particle emission and acceptable coating
effectiveness will be considered in the optimization of the process in the
light of Safe-by-Design approach.

Ultrafine particle emissions from spraying process were investigated
by conducting blank spray experiments by using the solvent without NPs
(ethanol for TiO2-N and HEC dissolved in water for AgHEC).

In majority of the spray coating tests the process particle concen-
trations increased significantly in the NF based on the EN17058:2018
decision rule. However, particle number concentrations during spraying
of HEC dissolved in water was comparable with AgHEC sprayings.
Process particle concentrations in the NF were below the benchmark
limit value for number concentration, derived no effect limit for pul-
monary inflammation for lung deposited surface area and RELs given for
exposure to nano-Ti and Ag mass concentrations. This confirm that the
conditions of use as specified by Koivisto et al. (2022) for mass con-
centrations apply for number and surface area concentrations as well.

Our results highlighted that in case of unsteady emission processes of
engineered NPs, made of different materials with different toxicity
levels, occupational exposure assessment cannot be based solely on real
time measurements without elemental analysis. Our approach compares
results from real time measurements with off-line elemental concen-
trations giving rise to an estimation of the Ag concentration values with
an increased time resolution.

In conclusion, worker exposure assessment involving ENMs is a
complex procedure with requires both real time and off-line measure-
ments and a deep investigation of the background. The evaluation of
worker exposure by means of number, surface and mass concentrations
and assessment of concentrations separately from external atmospheric
conditions, experimental conditions and suspension characteristics by
using blank spray tests is a step forward in the source specific and multi-
metric exposure assessment.
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