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Research on nanoparticle (NP) release and potential exposure can be assessed through experimental field
campaigns, laboratory simulations, and prediction models. However, risk assessment models are typically
designed for manufactured NP (MNP) and have not been adapted for incidental NP (INP) properties. A notable
research gap is identifying NP sources and their chemical, physical, and toxicological properties, especially in
Health and safety real-world settings. This work aims to provide insights into the release and physico-chemical properties of INP
Risk management models while contributing to improving models for INP release. INP release was evaluated through a case study in a
RMM ceramic tile firing facility, where aerosol (10 nm - 10 pym) properties were determined. The Control Banding (CB)
Nanotool model was applied to test outputs based on provided input parameters.

Results: demonstrate the constant generation and release of INP during tile firing, with NP concentrations up to
68711/cm® and mean diameters of 37 nm, with 95% smaller than 100 nm. Particle morphology was mostly
spherical, suggesting nucleation from precursor gases as the main formation mechanism. INP chemical
composition was driven by primary ceramic components, while trace elements like Ni and Ti exhibited size-
dependent patterns. In vitro cell viability tests indicated low to medium cytotoxicity of PMy aerosols,
decreasing human alveolar epithelial cell viability in a concentration-dependent manner. Applying the risk
model with varying input parameters revealed that the risk level (RL) based on severity scores decreased when
aerosol size distribution data were used, illustrating the model’s sensitivity to input variables.

We conclude on the need for comprehensive experimental datasets to support risk assessment models and
achieve effective risk management strategies in real-world scenarios.

Human exposure
In vitro testing

1. Introduction

Personal exposure to ultrafine (UFP) and nanoparticles (NP; <100
nm) is becoming a growing concern in outdoor and indoor environ-
ments, due to their well-known health impacts (Oberdorster, 2001; Pope
III & Dockery, 2006; Lelieveld et al., 2015; Bakand and Hayes, 2016;
Bain et al., 2024). Specifically, in recent years, research focused on
assessing exposure to NP across different industrial and occupational

settings, from hair salons (Kaikiti et al., 2022) or 3D printing (Stefaniak
et al., 2018; Zhang et al., 2018; Bernatikova et al., 2021; Romanowski
et al,, 2023) to shipyard operations (Lopez et al., 2022), thermal
spraying (Viana et al., 2017; Salmatonidis et al., 2019; Darut et al.,
2021; Afshari et al., 2022; Bessa et al., 2022) and welding processes
(Berger et al., 2021). In these kinds of settings, released NP may be
originated from manufactured (MNP) or incidentally formed (INP) (Van
Broekhuizen et al., 2012; Viitanen et al., 2017; Sousa et al., 2021).
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NP release and potential exposure impacts can be determined by
means of experimental field campaigns, laboratory simulations and/or
predictive modelling. The former two can provide data on metrics such
as particle number concentration or particle size distribution, which can
then be used to create and/or feed prediction models. While predictive
models for urban-scale aerosol dispersion and NP dispersion prediction
are highly developed, for example the Multicomponent Aerosol For-
mation (MAFOR) (Karl et al., 2022), (AEROFOR) (Markku and Pirjola,
2001), Water Research and Forecasting Model (WRF) (UCAR, 2024) or
the Copernicus Atmosphere Monitoring Service (CAMS) (Copernicus,
2024), the literature on models for industrial applications, such as the
Stoffenmanager Nano (Marquart et al., 2008; Van Duuren-Stuurman
et al., 2012), ART (Fransman et al., 2011), CB Nanotool (Paik et al.,
2008; Zalk et al., 2009) or the NanoSafer CB-tool (Jensen et al., 2013) is
significantly scarcer, in particular regarding model validation in indus-
trial settings. Furthermore, these models are designed to estimate the
occupational risk of manufactured nanoparticles (MNPs), and they have
so far not been specifically designed to reproduce INP concentrations
and properties. Finally, although the European Chemicals Agency
(ECHA) states that occupational exposure to inhalable chemicals can be
assessed through modelling as an alternative or to complement work-
place monitoring, these methods have not yet been standardised or
recognised by the regulatory institutions (ECHA, 2016; Koivisto et al.,
2019; Koivisto et al., 2021; Koivisto et al., 2022; Schliiter et al., 2022).
Whereas these models are currently used to study MNP (Sousa et al.,
2021), their accuracy still requires improvement (Koivisto et al., 2022)
to reproduce the complexity of personal exposures in industrial settings,
where NP properties are highly variable (Tsai et al., 2009; Ribalta et al.,
2019; Berger et al., 2021; Lopez et al., 2023; Lovén et al., 2023; Sal-
matonidis et al., 2019b). One especially notable research gap is related
to NP source identification as a determinant of NP chemical and physical
properties (e.g., particle shape, size, surface area, and chemical
composition), as these factors play a significant role in determining NP
toxicity (Khadanga and Mishra, 2024; Sukhanova et al., 2018; Shin
et al., 2015). However, the availability of comprehensive studies char-
acterising a broad range of physical, chemical, and toxicological prop-
erties of NP in industrial settings is at present relatively limited; to the
authors’ knowledge studies available typically focus on either physical
or chemical properties (Stone et al., 2010; Fonseca et al., 2015; Viana
et al., 2017b; Salmatonidis et al., 2018; Ribalta et al., 2019; Salmato-
nidis et al., 2019a; Fonseca et al., 2021; Khadanga and Mishra, 2024) or
describe NP toxicity under laboratory conditions (Kose et al., 2020;
Bacova et al., 2022; Budagova et al., 2023; Matysiak-Kucharek et al.,
2023; Rafieepour et al., 2023; Vaezi-Kakhki, 2023). As a result, indoor
air NP models currently lack comprehensive databases for validation
purposes (Liguori et al., 2016; Oomen et al., 2018).

In this framework, this work aims to provide insights into INP release
and physico-chemical properties, with a focus on exposure and potential
health risks, under real-world conditions with the ultimate goal to
contribute to the improvement of NP indoor air modelling. To this end,
NP release was evaluated following a case of study approach in a
ceramic tile firing facility, where aerosol (10 nm - 10 pm) physical,
chemical, morphological, and toxicological properties were determined.
Subsequently, the CB Nanotool model (model V008), a qualitative risk
assessment model previously applied to INP (Nasirzadeh et al., 2023;
Silva et al., 2016; Zalk et al., 2019), was selected and applied with the
aim to assess the influence of the input parameters in the model output
(i.e. severity score).

2. Materials and methods
2.1. Particle emission scenario
The ceramic cluster of Castell6 region is Spain’s major ceramic tile

producer (97 %), the largest producer in Europe together with the Italian
ceramic cluster of Modena (Minguillon et al., 2014) and the 5th globally
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(Baraldi, 2023). Thus, ceramic production was selected as a relevant
emission and exposure scenario. In addition, the facility selected was
considered representative of this type of industrial activity in Europe.

The ceramic tile manufacturing process consists of various stages,
which differ as a function of the product made. The main tile production
stages are: the raw materials preparation, the tile forming, drying,
glazing and decorating, and firing. The greatest energetic stage is firing
where peak temperatures around 1150-1200 °C are typically required,
and consumes 55% of all thermal energy used in ceramic tile
manufacture.

The ceramic tile firing area was inside the selected factory and
consisted of four kilns, all parallel to each other, used to fire white
earthenware tiles, red earthenware tiles and porcelain stoneware tiles
indistinctly (Fig. 2). Monitoring was carried out in kiln 4 as it was
separated from the other kilns by an enclosure; this is a significant factor
as, typically, in ceramic industry factories, the kilns are positioned in
parallel and operate simultaneously. The wall separation from the other
kilns enabled a more accurate characterisation of the specific NP emis-
sions from this process, minimising the interference from other potential
emission sources. The ceramic tile kiln assessed was a single-deck roller
kiln (SACMI KMS 2500/109.2) 90 m long, operated with natural gas and
air burners (at the heating and firing stages) below and above the roller
plane on which ceramic tiles travel along the kiln. The studied kiln was
formed by 43 modules, of 2.10 m long each. The rollers divided the kilns
in two chambers, top and bottom, which could be set at different tem-
peratures (Fig. 1).

The ceramic tile firing process involves three main steps. First, the
unfired tiles enter the kiln and are heated from room temperature up to
600 °C. Then, during the firing stage, the temperature is raised up to
1200 °C. Finally, the tiles are cooled down from the peak to room
temperature (Mezquita et al., 2014) (Fig. 1). The products being man-
ufactured during the study were red earthenware tiles and porcelain
stoneware tiles.

In these furnaces the combustion gases are evacuated through the
chimney at the furnace entrance, but in the zone of maximum temper-
ature the furnaces work under overpressure, so that, depending on the
sealing of the furnace combustion chamber, some gases containing
pollutants (products of combustion and thermal decomposition of the
raw materials) may be released into the surroundings.

2.2. Particle monitoring and sampling

Aerosol monitoring was carried out during two different field cam-
paigns on 11-13 May 2022 and 06-08 July 2022. A near field (NF)/far
field (FF) approach (Koivisto et al., 2021a,b) was used to determine the
monitoring locations, determining two near field positions 3 m away
from the studied area representative of the emission source (ES) and 1 m
far from the worker area (WA). In addition, and indoor background (BG)
placed 30 m away from the kiln entrance was selected es FF location
(Koivisto et al., 2021b).To determine the ES measuring point, an initial
screening of the total particle number concentrations (N) was carried out
using a DiSCMini particle counter (10-700 nm, Testo AG) (Fig. S1). The
WA was located at the exit of the kiln, where workers carry out quality
control operations, and the BG location was positioned distant from the
ES and the WA (Fig. 2). During the experimental campaigns, particle
number concentrations were monitored simultaneously at the ES, WA
and BG locations with a DiSCmini particle counter. Aerosol monitoring
and sampling were conducted simultaneously at the ES and the WA;
particle number concentrations and size distribution were determined
using a portable scanning mobility particle sizer (NanoScan SMPS, TSI
Model 3910, USA), samples for morphological characterisation were
collected on SEM grids Quantifolil® AU, and samples for toxicological
characterisation were collected using an impinger (Biosampler SKC) at
both locations. Samples for chemical characterisation were collected at
the ES using an electrical low-pressure impactor (ELPI+) (Dekati,
Finland) (Table 1). Both the DiSCmini and Nanoscan instruments have
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Fig. 2. Schematic view of the industrial plant.

certain limitations in terms of accuracy. The DiSCmini has an accuracy
of approximately 30% (Testo DiSCmini manual, 2016). Similarly, the
NanoScan, has an accuracy of 20 % (Ahlawat et al., 2022).

Various analytical techniques were employed to assess the physical,
chemical, and toxicological properties of aerosols collected through
different sampling methods. Chemical properties were determined for
size-resolved aerosols. Samples were collected on polycarbonate filters
using an ELPI+, covering a range from 6 nm to 10 pm across 15 stages.

The filters were dissolved by acid digestion, then the resulting extract
was analysed by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES, Thermo Fisher Scientific, model iCAP 6500 Radial)
and inductively coupled plasma-mass spectrometry (ICP-MS, model
iCAP-RQ, Thermo Fisher Scientific, USA) (Querol et al., 2001).

The analysis of single particle morphology and composition was
conducted by Scanning Electron Microscopy (SEM) (QUATTRO S,
Thermo Fisher Scientific, USA) microscope coupled with an energy-
dispersive X-ray (EDX) spectrometer (Pathfinder, Thermo Fisher Scien-
tific, USA). Particles were collected on SEM grids Quantifolil® AU grids
with 1 pm diameter holes — 4 pm separation of 200 mesh). These grids
were positioned in sampling cassettes (SKC INS, USA, inlet diameter 1/8
in, filter diameter 25 mm), following the sampling protocols outlined by
(Tsai et al. (2009), Fonseca et al., 2015b and Ribalta et al. (2019a,b)).
Subsequently, the cassettes were connected to an SKC Leland pump
operating at a flow rate of 3 L/min.

Sampling of PM, aerosols for in vitro testing was conducted using an
SKC BioSampler® connected to a sonic-flow BioLite + pump (12.5 L/
min) during 30 min. The particles were collected in 20 mL-glass vessels
containing serum-free DMEM (Dulbecco’s modified Eagle’s medium)
with 100 U/mL of penicillin and 100 pg/mL streptomycin to prevent
bacterial growth. Samples were transferred to 50 mL centrifuge tubes
and stored at - 20 °C until analysis.

Subsequently, the potential impact of the PM; aerosols sampled on
the cell viability of human alveolar epithelial A549 cells (American Type
Culture Collection, USA) was evaluated using the Alamar Blue (AB)
assay, following the methodology described by Davoren et al. (2007),
and modified as outlined by Lopez et al. (2022). For that purpose, cells
were cultured in DMEM (Gibco-Thermo Fisher Scientific, USA) supple-
mented with 10% fetal bovine serum (FBS) (Gibco-Thermo Fisher Sci-
entific, USA), 100 U/mL penicillin and 100 pg/mL streptomycin
(Gibco-Thermo Fisher Scientific, USA), and maintained in a humidified
cell incubator at 37 °C with 5% CO». For the cytotoxicity experiments,
cells were seeded in 96-well plates (150 000 cells per well) and allowed
to adhere for 48 h. A total of eight samples was collected during one day
at two different locations (four at the worker area and four at the
emission source) at four different timepoints, and cell viability after
exposure for 24 h to three dilutions (1:2, 1:4 and 1:8) of the PM; aerosols
collected was determined. Negative control (NC) cells were incubated
with serum-free DMEM, while positive control (PC) cells were exposed
to 70% ethanol (EtOH). After exposure, the medium was removed and
100 pl of the AB reagent diluted to 1:10 was added to each well and the
cells were incubated for 3 h at 37 °C with 5% CO,. Fluorescence was
measured using a microplate reader (Molecular Devices SpectraMax®
iD3, USA) set to an excitation and emission wavelengths of 570 nm and
610 nm, respectively. Measurements were performed in triplicate to
ensure high precision and reliability. Finally, the data were normalised
based on the mean value of the NC and expressed as percentage of NC.

Table 1

Instrumentation deployed (ES: Emission Source; WA: Worker Area).
Instrumentation Range Resolution Parameter Location
NanoScan SMPS (TSI Model 3910) 10-420 nm 1 min Particle number and size distribution ES-WA
DiSCmini (TESTO AG) 10-700 nm 1seg Particle number concentration and mean diameter ES-WA
Electrical Low Pressure Impactor (ELPI+) 6 nm-10 pm Continuous Size-resolved chemical characterisation ES
BioSampler (SKC) <2 pm 30 min In vitro toxicity testing ES-WA
SEM grids (Quantifolil) (SKC) - Continuous Particle morphology ES-WA




V. Moreno-Martin et al.

Results refer to the 10% inhibitory concentration (ICy(), which indicates
the concentration of particles required to achieve 10 % inhibition of a
biological process (Sebaugh, 2011).

2.3. Statistical analyses

The concentrations recorded in the WA were considered statistically
significant following the approach described by Asbach et al. (2012):

Mean value during operation > BG + 3x < (sBG)

Where BG is the mean BG concentration during (pre-activity) and
sBG is the standard deviation of the background concentration (Asbach
et al., 2012).While this approach was originally designed and validated
for particle number concentrations, it was subsequently also validated
for particle mass concentrations (Ribalta et al., 2019a,b). In addition,
the normality of the data was analysed by Kolmogorov-Smirnov test
using SPSS Statistics 27. In case of normal distribution of the data, the
parametric ANOVA test was performed to assess the significance of the
datasets, while for the non-parametric data the Kruskal-Wallis test was
applied.

Finally, statistical and nonlinear regression analyses of cell viability
data were performed using GraphPad Prism 6 (GraphPad Software, Inc.,
USA). The 10% inhibitory concentration (IC10) values of the PM2 liquid
samples in A549 cells was estimated from the AB concentration-
response curves, fitted using a three-parameter log (inhibitor vs. nor-
malised response model) using the least squares as fitting method.
Kruskall-Wallis analysis was conducted to test significance vs control.
Significance was accepted at a P value < 0.05 for all tests.

2.4. Control banding (CB) tool

An analysis was conducted to assess how the introduction of addi-
tional metrics, such as particle size distribution, influences the model
outputs. The model selected for this test was the Control Banding (CB)
Nanotool V008, developed at the Lawrence Livermore National Labo-
ratory (USA) by (Paik et al., 2008; Zalk and Paik, 2009), which is a
publicly available CB tool downloadable as macros excel sheet model at
https://controlbanding.llnl.gov/download. This method was designed
to assess the risk of exposure to engineered nanomaterials (ENM).
Regardless, this method has been previously applied to INP (Silva et al.,
2016; Paik et al., 2008; Nasirzadeh et al., 2023; Sousa et al., 2023),
which is the main reason why this model was selected.

The model was implemented in two modes: the deterministic and the
Monte Carlo model, which allows for the input of distributions for each
material parameter. By incorporating parameter distributions, the
Monte Carlo model enables a more accurate calculation of the risk level
(RL), reflecting the variability and uncertainty inherent in the material
properties.

The CB Nanotool assigns hazards and exposures into four bands each,
representing severity and probability scores respectively, and identifies
four risk level (RL) control bands. The overall RL is determined through
a matrix that combines probability (columns) and severity (rows) scores,
with a maximum combined score of 100, where 70 points are based on
characteristics of the nanomaterial (NM) and the remaining 30 points on

Table 2
Maximum points per factor for probability and severity scores.
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the characteristics of the parent material (PM). Based on these scores, a
RL is assigned to one of the four control bands, which correspond to a
specific control measure: RL 1 (General Ventilation), RL 2 (Fume Hood
or Local Exhaust Ventilation), RL 3 (Containment), and RL 4 (Seek
specialist advice). When a parameter is marked as unknown, it assigned
a value equal to 75% of the maximum possible score, classifying the
situation as RL 3 indicating the need for exposure containment (Table 2).

3. Results and discussion
3.1. Nanoparticle generation and release

Particle number concentrations (N) and mean diameter are reported
in Fig. 3, and results show that they did not vary largely overtime.
Particle number concentrations were higher in the ES (1-min average of
84210 + 34947/cm3) than in the WA (68711 + 29641/cm3), with
similar mean diameters at both locations (ES = 3743 nm, WA = 37+4
nm; Fig. 3), while BG levels were 11863 + 4678/cm® with mean
diameter 24+2 nm. The concentrations recorded were significantly
higher than the BG of the facility (Asbach et al., 2012), and may be
considered relatively high when compared with typical outdoor UFP
concentrations in urban environments (Reche et al., 2011). Particle
number concentrations in the ES were lower than previously reported
values (8 x 10° and 1.6 x 10°/cm® for a conventional old (10-years-old)
and new advanced kiln (2-years-old), respectively (Salmatonidis et al.,
2019). Emissions were also lower than those reported for other ceramic
processes such as laser sintering (6.2x105/cm3) (Fonseca et al., 2015a,b)
or traditional pottery (6.5x10°/cm®) (Voliotis et al., 2014). The con-
centrations recorded in the WA were also lower than those reported in
the literature for other ceramic processes such as laser sintering (3.6 x
10°/cm?® in the breathing zone) (Fonseca et al., 2015a,b) or atmospheric
plasma spraying (up to 3.3 x 10%/cm®) (Viana et al., 2017a).

Overall, 95% of the particles showed mean diameters lower than
100 nm. Particle size distribution exhibited a unimodal pattern at the ES,
with a mean diameter of 37 nm. Conversely, at the WA a bimodal dis-
tribution was observed, characterised by a smaller and a larger peak
around 15 nm and 27 nm, respectively. The smaller mode detected in the
WA (and not in the ES) was interpreted as resulting from new particle
formation from precursor gases emitted in the ES and transferred to the
WA, where they cooled down and formed new particles by nucleation.
The 27 nm mode was detected at both locations and was interpreted as
direct NP emissions from the kiln. The fact that the impact of these
newly formed particles was not observed on the mean diameter in the
WA is probably result of instrumental accuracy, given the relative low
contribution of this aerosol mode to the mean. SEM analysis data aligns
with this result evidencing that particles collected at the WA were
smaller than those collected at the ES and also revealed aggregates of
spherical NP in the WA (Fig. 4). Actually, in both locations particles
exhibited a predominantly spherical shape, indicative of a high-
temperature formation process (Salmatonidis et al., 2018) (Fig. 5).
These results agree with prior research in terms of mean diameter of NP
from ceramic tile firing processes: 75% of particles exhibited sizes below
50 nm, with 40% being smaller than 30 nm in a ceramic tile facility

Probability factor Maximum points Severity factor

Maximum points Severity factor Maximum points

Amount of chemical (mg) 25 Surface reactivity
Dustiness 30 Particle shape (NM)
Number of employees 15 Particle diameter (NM)
Frequency of operation 15 Solubility (NM)
Operation duration 15 Carcinogenicity (NM)

Reproductive toxicity (NM)
Mutagenicity (NM)
Dermal toxicity (NM)

10 Asthmagen 6

10 Toxicity (PM) 10

10 Carcinogenicity (PM) 4

10 Reproductive toxicity (PM) 4
6 Mutagenicity (PM) 4
6 Dermal toxicity (PM) 4
6 Asthmagen (PM) 4
6

PM - Parent material NM — Nanomaterial.
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Fig. 5. Scanning Electron Microscopy (SEM) images of particles collected at the emission source (ES; left) and worker area (WA; right). Particles are the lighter-

coloured elements.

(Salmatonidis et al., 2019) or those reported for traditional pottery,
which ranged from 30 to 70 nm (Voliotis et al., 2014).

3.2. Size-dependent chemical fingerprint of the released particles

Chemical fingerprints, determined using a combination of SEM-EDX
and chemical analysis of aerosols collected on ELPI + substrates,
revealed that the finest aerosol size fractions (0.0156 pm) contained

tracers such as Ti (<1 %), which increased in relative terms with
increasing particle size (52 % in size fractions >0.257 pm). Conversely,
the relative contribution of other trace elements such as Ni decreased
with increasing particle size (33 % at 0.0156 pm-12 % at 0.095 pm).
Thus, specific chemical properties evidenced a marked particle size
dependence (Fig. 6). Minor components detected may have originated
from glaze components (mainly frits and pigments), essentially
composed of Ti, Cr, Ni and Zn (Almendro-Candel and Jordan Vidal,
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Fig. 6. Size-resolved chemical profile of trace elements in the ultrafine fraction of aerosols collected at the emission source (ES) location with an ELPI + impactor.

2024). The size-aggregated composition of the minor components varied
with particle size.

Major components, on the other hand, showed mostly similar rela-
tive contributions to mass concentrations across all size fractions
(Fig. S2).

SEM-EDX analysis indicated that composition and morphology of the
ultrafine fraction of the aerosols collected in the ES was similar to that in
the WA. The predominant composition consisted of typical ceramic
materials (Anufrik et al., 2016), such as aluminosilicates of alkali (Na™
and K*) and alkali earth (Ca®") (Table S4). Na* appeared as the primary
component across all fractions, ranging from 26 to 64 %, followed by
Ca2+, which constituted a significant portion (10-30 %), both in form of
aluminosilicate (Fig. S2).

3.3. Invitro cytotoxicity testing of PMz aerosols in liquid suspension

Viability of human alveolar epithelial A549 cells was assessed after
exposure for 24 h to three different dilutions (1:8, 1:4 and 1:2) of the
PM; liquid suspensions collected both in the WA and ES at different
time-points (1, 2, 3 and 4) during the same shift.

As show in Fig. 7, human alveolar epithelial cells incubated for 24 h
with the PMy samples collected at the ES did not exhibit significant
changes in viability compared to the control cells. However, A549 cells
exposed to the PM;, samples collected at the WA showed a low to
moderate concentration-dependent decrease in cell viability, though

120=

100t

only significant in WA2- (67 and 85 %) and WA4 (86 %)-exposed cells.
Analysis of the concentration-response curves (Fig. S3) revealed that
WA2 was more potent than the WA4 PM, sample as evidenced by the
lower IC1q (Table 3) (1.25 x 10! vs 1.95 x 10! particles/mL).
Given the similarity in chemical properties between the PMj aerosols
collected in the ES and WA, lower cell viability induced by the PM,; WA
samples can be attributed to the presence of the 15 nm mode in the WA,

Table 3
Concentration (particles/mL) and 10% inhibitory concentration (IC;¢) values of
the PM;, liquid suspensions in human alveolar epithelial cells.

Original suspension 10% inhibitory concentration

concentration (particles/mL) (ICy0)(particles/mL)

WA 1 10.2 x 10! 2.17 x 10
WA 2 9.75 x 10! 1.25 x 10!
WA 3 12.8 x 10! 4.27 x 101
WA 4 7.90 x 10" 1.95 x 10!
ES1 10.8 x 10'! N.A.

ES 2 10.9 x 10! N.A.

ES 3 10.8 x 10! 6.49 x 10!
ES 4 2.84 x 10 0.91 x 10

Original suspension concentration was determined by aerosol monitoring data
curation. IC;o values determined by analysis of the Alamar Blue (AB) concen-
tration-response curves that were fitted using a three-parameter (inhibitor vs.
normalised response model). N.A.: Unable to estimate..
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Fig. 7. Viability of human alveolar epithelial (A549) cells, after exposure for 24 h to the PM, liquid suspensions collected in the emission source (ES) and in the
worker area (WA) during the shift. Data are expressed as mean + standard deviation (n = 3, from one experiment). Values were normalised considering the negative

control (NC). Data were analysed by Kruskal-Wallis analysis. *p < 0.05 vs. NC.
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Table 4
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Results obtained from application of the deterministic and Monte Carlo models of the CB Nanotool v2.0 for ceramic tile firing activities. Risk level and recommen-
dations: RL 1 (General Ventilation), RL 2 (Fume Hood or Local Exhaust Ventilation), RL 3 (Containment), and RL 4 (Seek specialist advice).

Severity Probability Overall risk level (RL) Recommendation Upgrade
Score Band Score Band
Deterministic 64.5 High 76.25 Probable RL4 Seek specialist advice Yes
Monte-Carlo 61.6 High 76.2 Probable RL4 Seek specialist advice Yes

which were not detected in the PM; ES samples (Fig. 4). This aligns with
prior research which evidenced that SiOy NP induce significant cyto-
toxic effects on A549 cells, showing a dose- and size-dependent corre-
lation. Specifically, 6 nm NP exhibit a significant cytotoxic effect, with
an ICsp value of 119.82 pg/ml (Tokgun et al., 2015). Furthermore,
studies by Rafieepour et al. (2023) and Sushma et al. (2018) concluded
that crystalline SiO5 nanoparticles cause greater cell damage in A549
cells at concentrations exceeding 100 ug/mL compared to
microparticles.

3.4. Risk assessment modelling

The CB Nanotool was used to assess the RL associated with tile firing
activities with different sets of input parameters (Table S5). In the case
of this model, which is a quantitative tool, the main difference was the
inclusion (or exclusion) of particle size distribution data in the assess-
ment. Initially, the deterministic model was applied. The results indicate
that for the investigated activity, the severity score was in 64.5 points
out of 100 and its probability score in 76.2 points. As a result, the RL was
determined to be RL 4, recommending specialist consultation.

Subsequently, the Monte Carlo model was implemented, incorpo-
rating particle size distribution. The analysis revealed that the proba-
bility score (76.2) remained consistent across both models, whereas the
severity score (61.6) demonstrated a slight decrease (Table 4). However,
the RL classification remained at the highest level RL4. This result
highlights that increasing knowledge about material characteristics and
various exposure scenarios can affect the outcomes generated by the
tool, in this case reducing exposure’s severity while maintaining the
overall risk classification. Our findings illustrate the potential variability
in results when using the CB Nanotool, underscoring the importance of
incorporating particle physico-chemical properties into CB tools for a
more effective assessment and management of the workplace risks of
INP.

4. Conclusions

The literature on indoor air NP emissions, especially in industrial
environments, evidences a research gap in relation to model validation.
Whereas data on the physical, chemical and toxicological properties of
aerosols are reported separately in different studies, publications
reporting comprehensive NP characterisations are relatively scarce. As a
result, this limits the pool of studies available for testing and validation
of risk assessment models (e.g., control banding tools). In order to
address this research gap, the present study focused on NP emissions
from ceramic tile firing, as a case study, to provide an in-depth char-
acterisation of the physical, chemical, and toxicological properties of
INP generated in this industrial process.

Results demonstrated the generation and release of INP at a rela-
tively constant rate during the tile firing process, reading NP concen-
trations up to 68711 /em® (1-min mean) with mean diameters of 37 nm,
in the WA, where 95% of the NP were <100 nm. Particle morphology
was mostly spherical, suggesting that the main formation mechanism
was nucleation from precursor gases. NP chemical composition was
driven by the main components of the ceramic materials being fired
(aluminosilicates), tracer elements were size dependent (e.g., the rela-
tive contribution from Ni increased from 0.0156 to 0.095 pm particles,
whereas the opposite trend was observed for Ti). Finally, in vitro cell

viability tests indicated no cytotoxicity of the ES PM; fraction and low/
medium concentration-dependent cytotoxicity of the PM, fraction
collected at the WA.

As a last stage of study, the severity level assessed by a control
banding tool (in this case, CB Nanotool) regarding different sets of input
parameters was tested. Whereas model outputs did not vary largely, our
results evidence a decrease in risk severity of exposure to this kind of
aerosols when specific data on aerosol size distribution were introduced
as input parameter. Our findings illustrate the potential variability in
results when using a qualitative tool such as the CB Nanotool, under-
scoring its significance in making informed decisions regarding nano-
particle exposure assessments.

Finally, the necessity for comprehensive experimental datasets of
INP was highlighted, as current risk assessment models are not designed
to assess risks derived from exposure to INPs.
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