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A B S T R A C T   

Titanium dioxide (TiO2) nanoparticles (NPs) are produced in high volume and widely used in manufacturing 
processes, raising potential occupational health concerns. Here, workers' exposure was assessed during pro-
duction of antibacterial textiles, where TiO2 NPs were impregnated onto 65% polyester 35% cotton textile 
surface by spray-coating. The influence of pressure, web speed and number of working spray nozzles to TiO2 

particles release was studied under different experimental conditions. Real-time monitoring was used to measure 
size-resolved particle concentration and lung-deposited surface area (LDSA) concentration using an optical 
particle counter and a diffusion charger, respectively, from both near- and far-field. Particles were sampled from 
the working area for off-line electron microscopy characterization, and suspensions of sampled particles were 
characterized by dynamic light scattering. Post-campaign data analysis was carried out and used for quantitative 
exposure safety assessment. Particle number concentration and LDSA results showed that pressure at the 
spraying nozzles (P) is the main parameter that influences the release of particles in the environment. Other 
process parameters studied (web speed and number of working spray nozzles) did not appear to significantly 
affect the release of particles. The particle number concentration in default experimental conditions (inter-
mediate values for all process parameters; P = 2.3 bar, web speed = 6 m/min and number of working spray 
nozzles = 2) was quantified as 1.19 106 # L−1. Upon increasing the pressure, from 1.5 to 4.0 bar, near-field 
average mass and LDSA concentrations increased from 0.90 to 1.76 mg/m3, and from 51.8 to 290.5 μm2/cm3, 
respectively. Average (avg) mass concentrations were well below the maximum recommended exposure limit of 
2.4 mg/m3 for fine TiO2 particles proposed by the US National Institute for Occupational Safety and Health.   

1. Introduction 

In the last decade, nanotechnologies and engineered nanomaterials 
(NMs) have seen rapid development worldwide, with the consequent 
emerging problem of risks for workers (Kuhlbusch et al., 2018). Various 
strategies have been developed to assess the exposure to NMs in the 
workplace, integrating different aerosol measurement instruments and 
taking into account multiple parameters that may influence NMs toxi-
city (Asbach et al., 2017; Belut et al., 2019; Fonseca et al., 2015;  
Hussein et al., 2020; Koivisto et al., 2019, 2014; Nymark et al., 2020;  
Viana, 2016). Indeed, apart from the benefits associated with the 
growth of the nanotechnology industry, there are legitimate concerns 
about the potential consequences on human health (particularly for 

workers) and environment associated with exposure to NMs, in parti-
cular for ultrafine particles (UFP) having size smaller than about 0.1 μm 
(Gwinn and Vallyathan, 2006). Besides, UFP have a significantly 
greater inflammatory potential than fine particles (particle size above 
100 nm) (Schmid and Stoeger, 2016). The increased surface area of UFP 
is apparently a most important determinant for their greater biological 
activity (Oberdürster, 2000). It has been reported that exposure to UFP 
particles worsens respiratory symptoms, leading to decreased lung 
function and asthma exacerbation (Donaldson et al., 2001; Ibald-Mulli 
et al., 2002; Pope III and Dockery, 2006). 

The assessment of workplace exposure by inhalation of nano-objects 
and their aggregates and agglomerates is regulated by the EN 
17058:2018 European Standard (EN 17058:2018), which provides 
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guidance on the sampling and measurement strategies to be adopted 
and methods for data evaluation. 

Human exposure to UFP occurs via the gastrointestinal tract, the 
skin, by injection during a medical treatment, and via the respiratory 
tract by inhalation. It is widely accepted that UFP intake in the re-
spiratory tract is the most significant exposure route. In this work we 
address the potential health risk of workers operating in the nanoma-
terials industry, where manufactured products include the use of en-
gineered UFP. The manufacturing context exposure scenario represents 
the most significant exposure route because exposure levels are ex-
pected to be at their highest (Nazarenko et al., 2014). Concerning the 
use phase of manufactured products, the inhalation exposure route has 
been identified as the likeliest one for those consumer products that are 
or can easily be dispersed as aerosol during their normal use, such as 
sprays or powders. On the other hand, inhalation is generally con-
sidered the primary exposure route because the matrix including UFP 
and NMs can be aerosolized into small droplets that can easily reach the 
lung tissue (Losert et al., 2014). 

The health risk can be assessed based on UFP properties, such as size 
distribution, concentration, chemical composition, shape, and surface 
area/functionality (Ulrich et al., 2012). Due to both worker exposure 
potential and large-scale production volumes, spray-coating processes 
to produce antibacterial/self-cleaning surfaces by deposition of TiO2 or 
Ag nanoparticles (NPs) are one of the most critical scenarios. Industrial 
spraying processes are among the primary causes of UFP dispersion into 
the air, especially at coating processes sites of (Viana, 2016). TiO2 UFP, 
due to their properties, including photocatalytic and antimicrobial ac-
tivities (Foster et al., 2011; Ortelli et al., 2014; Visai et al., 2011), are 
very promising coating materials for biomedical textiles (e.g. gowns, 
sheets, bandages, face masks) to prevent hospital infections. However, 
evidence has been put forward showing that exposure to TiO2 UFP 
could adversely affect human health, especially via the inhalation route 
(Baranowska-Wójcik et al., 2020), and oxidative stress has been iden-
tified as the central mechanism involved in TiO2-induced cytotoxic and 
genotoxic responses (Hanot-Roy et al., 2016; LeBlanc et al., 2010;  
Stoccoro et al., 2017). Furthermore, based on mechanistic studies and 
testing on animal models of exposure by inhalation, the International 
Agency for Research on Cancer (IARC) classified TiO2 UFP as a po-
tential carcinogenic factor from group 2B (probably carcinogenic to 
humans) (IARC, 2010). In addition, the US National Institute of Occu-
pational Safety and Health (NIOSH) has determined that ultrafine TiO2 

is a potential occupational carcinogenic, but that there are insufficient 
data at this time to classify fine TiO2 as an occupational carcinogenic. 
With the aim of ensuring safe and healthy working conditions, the 
NIOSH has provided a quantitative risk assessment using dose-response 
information from rat and human lung dosimetry modeling, and re-
commended exposure limits for fine and ultrafine (including engineered 
nanoscale) TiO2 powders (Current intelligence bulletin 63, 2011). 

Within the PROTECT (H2020-720851) European project, the pre-
sent study proposes an approach for measuring and sampling TiO2- 
based NMs in a well-defined (indoor) workplace in order to monitor the 
release of NMs during a spray-coating process, and suggest improved 
risk management strategies in occupational exposure scenarios. The 
proposed monitoring activity is part of a general methodology re-
commended by the Organization for Economic Cooperation and 
Development (OECD) (OECD, 2015). This consists of two fundamental 
steps: gathering information on the material, the process and any cri-
tical release points and basic exposure assessment, and endorsing 
measurement campaigns with instrumentation able to provide real-time 
data on the numerical concentration of UFP and other metrics of in-
terest, as well as performing sampling for post-campaign off-line 
characterization (Boccuni et al., 2018; Koivisto et al., 2018). In this 
work, we conducted a measurements campaign in order to assess TiO2 

UFP exposure level during spray-coating deposition under different 
experimental conditions, studying the influence of three main process 
parameters (pressure, web speed and number of working spray nozzles) 

on real-time sampled data such as size distribution, concentration of 
particles released and lung-deposited surface area (LDSA), as well as 
off-line electron microscopy characterizations. Analysis of data ob-
tained during monitoring measurements was carried out, and exposure 
control recommendations were given by comparing the mass con-
centration data with NIOSH recommended exposure limit. 

2. Materials and methods 

2.1. Materials and process description 

Measurements were performed during the spray-coating process of 
aqueous suspensions of commercial Aeroxide® P25 TiO2 nanoparticles 
from Evonik Degussa GmbH (Essen, Germany), characterized by a 
primary diameter about 20–30 nm. The spray atomization and de-
position (SAD) line assembled at CeNTI (Centre for Nanotechnology 
and Smart Materials, Portugal) operates in continuous mode by means 
of a motor-powered roll-to-roll (R2R) mechanism comprising a trans-
port conveyor and an electric oven. The conveyor design makes it 
possible to treat several types of foldable flat surfaces (like textiles and 
films). The specific experimental set up was employed to produce 
coated textiles with antibacterial properties. The size of the conveyor is 
about 7 m × 0.7 m. The deposition process works by means of an ul-
trasonic (US) multi-nozzle setup integrated in a serial scheme, driven at 
the frequency of 58 kHz. The distance between the multi-nozzle set-up 
and the substrate is manually adjustable; the optimal height was de-
termined to be 40 cm, which produces a spraying cloud with a diameter 
of approximately 25 cm. For a proper operation of the nozzles, a 
compressed air line is available at the facility with manually adjustable 
pressure up to 4.0 bar. A local ventilation system located above the 
spray deposition system at a distance of 63 cm was found to be able to 
confine the release to the environment of drops and particles generated 
by the spray atomization process. The air exchange in the working 
environment was maintained by local exhaust ventilation (LEV) with 
12 cm pipe internal diameter. The linear velocity of the air inside the 
tube is 1.8 m/s, accordingly LEV volume flow is estimated to be around 
40 m3/h. The work cycle consists of the following steps.  

1. Loading the nanoparticles' suspension tank. Workers fill the tank 
connected with the nozzles, in this specific case with aqueous sus-
pensions of P25 TiO2 NPs.  

2. Loading the fabric supply roll.  
3. Unwinding the fabric from the supply roll.  
4. Spray atomization deposition through the ultrasound-driven 

spraying nozzles, onto the moving fabric passing under the spraying 
stage.  

5. Drying the sprayed fabric by passing it through the electric oven 
stage.  

6. Rolling-up the functionalized textile.  
7. Removing and storing the finished textile's roll. 

The monitoring measurements were focused on step 4, identified as 
the hot spot of the exposure scenario (Simeone et al., 2019). 

Six adjustable processing parameters were available:  

1. pressure (from 1.5 to 4.0 bar)  
2. web speed (from 2 to 10 m/min)  
3. number of working spray nozzles (from 1 to 3)  
4. nanoparticle suspension volumetric flow rate (fixed at 50 mL/min) 
5. cone volume (which embeds two technical parameters: cone aper-

ture and distance between the spraying nozzle and the surface being 
treated) (established at 6 L; d = 25 cm, h = 37 cm)  

6. suspension concentration (kept constant at 4.50 g/L). 

Another interesting parameter that could be studied is the nozzle 
type. Despite this, we decided not to change it as the spray-coating pilot 
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plant equipped by US nozzles is part of a European project (PROTECT, 
H2020-720851), changing the nozzle type falls outside the scope of our 
study. 

Before running the probing campaign, we selected a sub-set of 
varying processing parameters and we devised a Design of Experiment 
(DoE) matrix in order to study the influence of these process parameters 
on the emission of particles. In order to minimize the number of ex-
perimental runs, we considered three levels for each identified relevant 
process parameter. 

This parameter choice was motivated by two factors:  

● the need of covering the wide range of technically feasible operating 
modes that are associated to different required functionalization 
levels.  

● the need of monitoring parameters that were expected to have more 
influence on the nanoparticle dispersion into the environment. 

The variation of pressure, web speed and number of working spray 
nozzles primarily influences the amount of deposited nanoparticle li-
quid suspension on the fabric, which is expected to determine different 
degrees of antibacterial performance; an increase in carrier gas pressure 
is expected to be associated with higher diffusion of droplets and 
greater droplets size onto the fabric; web speed is connected to pro-
duction throughput, and the number of nozzles is associated to the size 
of the web to be treated in order to satisfy the requirement of surface 
treatment uniformity. On the other hand, nozzles' driving pressure in-
crease involves a higher flow rate of gaseous carrier and a potentially 
larger diffusion of NPs into the environment. Web speed increase is 
associated with increased air turbulence at the fabric boundary layer, 
which in turn may increase remixing and diffusion of NPs-carrying 
aerosols into the environment. Variation of spray nozzles number de-
termines a change in the nanoparticle source intensity, likely resulting 
in a different rate of delivery of NPs into the environment. 

In accordance to the described principles, the experimental plan 
considered varying pressure, web speed and number of working spray 
nozzles during the monitoring activities, also defining the minimum, 
medium and maximum value for each parameter, as reported in Table 
S1. 

We selected three levels for each parameter in compliance with the 
values that are technically applicable to the processing unit and sig-
nificant in determining the different operating regimes. The experi-
mental full factorial matrix is given in Table S2, Supporting informa-
tion. This allowed monitoring the spray coating process in different 
experimental conditions corresponding to the different operating 
modes. In contrast, the following processing parameters were kept 
constant:  

● nanoparticle suspension volumetric flow rate (50 mL/min)  
● cone volume (6 L; d = 25 cm; h = 37 cm)  
● suspension concentration (4.5 g/L) 

This choice was determined either because variation of some of 
these parameters is not performed in practice, or because the variation 
of the parameter would only provide a redundant set of processing 
parameters determining the same operating mode, which can be ob-
tained by varying only the first three selected parameters. 

We assessed the environmental and processing features reported in  
Fig. 1, obtaining the following values:  

- spray coating facility floor area ~42 m2  

- spray coating facility volume ~126 m3  

- spray coating processes run indoor at atmospheric pressure and 
~20 °C temperature;  

- personnel operating the spray coating plant consisting of a single 
worker equipped with personal protective devices (gloves, lab coat, 
glasses, mask). 

In order to assess the influence of the selected varying processing 
parameters on nanoparticles diffusion in the environment, we per-
formed the monitoring campaign during the spraying unit active run, 
according to the selected operating mode, processing protocol, and the 
characterized environmental features. 

2.2. Methods 

We measured particles number concentration, size distribution, and 
lung-deposited surface area (LDSA) simultaneously at two locations 1 m 
and about 4 m distant from the source, which will be referred to as 
near-field (NF) and far-field (FF), respectively. Fig. 1 shows a schematic 
of the layout. The monitoring campaign was conducted including both 
real time measurements and post-campaign off-line analysis of parti-
culate matter collected on filters:  

● Diffusion Size Classifiers: Partector (Naneos particle solutions, 
GMBH) and DiSCmini (Testo) which can determine by diffusion 
charging the Lung-Deposited Surface Area (LDSA, expressed in μm2/ 
cm3) (Partector) and the particle number concentration and LDSA 
(DiSCmini), at 1 s acquisition time. Particle size range for Partector 
and DiSCmini is 10 ÷ 10,000 and 10 ÷ 300 nm, respectively. Both 
monitors are based on unipolar diffusion charging of the particles to 
determine the alveolar lung deposited surface area (LDSA) con-
centration. The DiSCmini additionally provides estimates of mean 
particle size and particle number concentration (Todea et al., 2017).  

● Optical Particle Counter (OPC, Grimm mod. 11-A) measures the 
size-resolved particle number concentration in the size range 
0.25 ÷ 20 μm. Particle number concentration (#/L) data are col-
lected at 6 s acquisition time.  

● Climatic probe (PCE-THB 40) for real-time measurement of climatic 
parameters, such as temperature (RT, °C) and relative humidity (RH, 
%). 

We carried out airborne particle sampling on polycarbonate (PC) 
filters (Whatman Nuclepore porosity 100 nm) under 4 L/min forced 
flow conditions. A, sampler unit (Bulldog, XearPro, Italy) was used. 

We used Field Emission Scanning Electron Microscopy (FESEM - 
Carl Zeiss Sigma NTS, Gmbh Öberkochen, Germany) coupled with an 
energy dispersive X-ray (EDX) micro-analyzer (EDS, mod. INCA Energy 
300, Oxford instruments, UK) to analyze particles collected on the fil-
ters. We recorded FESEM images at different magnifications on coupons 
of PC filters attached onto an aluminum holder using carbon tape. 
Samples were gold-coated (thickness = 5 nm). FESEM/EDX analysis 
allowed assessing overall particles' distribution on the filter as well as 
particles' structural characterization. 

We extracted particles collected on the filters in water in an ultra-
sonic bath for 20 min. The so-obtained suspensions were centrifuged at 
5000 rpm and a spin time of 20 min using an Ultra-Centrifugal Filter 
(UCF) unit (Amicon Ultra-15, 3 kDa, Millipore), which allowed ob-
taining suspension samples at a high concentration of NPs. In order to 
determine particle size distribution by intensity we analyzed the con-
centrated suspensions by means of dynamic light scattering (DLS), 
performed with a Zetasizer nano ZSP (model ZEN5600, Malvern 
Instruments, UK). Each sample underwent three measurements, and we 
obtained size values by averaging these measurements. 

Time-sheets of the full measurements in chronological order asso-
ciated with each run, consisting of 2 min of spray coating and 10 min of 
break (the latter being the time requested to re-establish particles' 
concentration to near-background levels) are summarized in Table S3. 
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3. Results and discussion 

3.1. Particles number concentrations, size distribution and lung deposition 
surface area 

We analyzed particles number concentrations, size distribution, and 
lung deposition surface area (LDSA) data considering two main phases: 
pre-activity (background, BG) and spraying activity, comprising spray 
deposition through US spray nozzles (2 min) followed by a 10-min 
break. The spray deposition phase consists of 15 runs, which were de-
signed by combining the different process parameters (Table S2). 

Before starting the first spraying activity, while the spray coating 
machine was turned off, we determined the BG signal in both NF and 
FF. When the BG was first measured, the plant had been idle during 
about the previous ten days, so the initial background measurement 
was not influenced by the process. Therefore, any increase of particles 
concentration above BG due to spray activity can be attributed to the 
spray process. OPC data showed a low BG concentration of particles, 
average values in both NF and FF being 3.6 104 and 3.0 104 # L−1, 
respectively. The size distribution showed the presence of relatively 
small particles; more specifically, we found 98% of BG particles to have 
a diameter smaller than 0.5 μm, as shown in Fig. S1. 

In order to study the influence of process parameters on the release 
of particles, in terms of concentrations, size distribution and LDSA, we 
combined the data obtained in NF from runs in different experimental 
conditions. We focus our attention on data obtained in NF, as these are 
more influenced by experimental conditions. 

By investigating the dependence on web speed and number of active 
nozzles at constant 1.5 bar nozzle pressure (Fig. 2a), we found that - 
during single-nozzle spraying - the particles concentration, measured by 
OPC increased as web speed was increased from 2 to 10 m/min, thus 
supporting the hypothesis that air entrainment and turbulence level 
increase due to shear effects of the fabric in air, facilitating dispersion of 
the nanoparticles into the environment. Conversely, we found lower 
UFP concentrations when the number of working spray nozzles was 
increased to three, likely due to coalescence phenomena induced by 
multi-nozzle spraying (Nijdam et al., 2004; Santolaya et al., 2013). 
Upon increasing spraying nozzle pressure to 2.3 bar (Fig. 2b), an un-
clear dependence of particles concentration on web velocity during 
two-nozzle spraying was observed (values and error bars are compa-
tible with no dependence at all on web velocity). Moreover, spray 
nozzle pressure to 2.3 bar (Fig. 2b) did not significantly change parti-
cles' concentration, as they ranged between 1.1 106 # L−1 to 1.4 106 # 
L−1. We found again a marginally smaller particle concentration at 

6 m/min web speed during three-nozzle spraying (1.1 106 # L−1) as 
compared to 1-nozzle spraying (1.2 106 # L−1). Finally, at the max-
imum pressure studied (P = 4.0 bar; Fig. 2c) we found no dependence 
of concentration on web velocity, both with one and three active noz-
zles. Unlike what was previously observed (Fig. 2a), data as a whole 
stand against any coalescence effect at P = 4 bar. 

We then investigated the correlation between particles concentra-
tion and nozzle pressure. As shown in Fig. S2, the main parameter af-
fecting the concentration of airborne particles is the pressure at the 
nozzles, irrespective of the number of active nozzles during spray 
coating. No clear dependence on other process parameters (web speed 
and number of active nozzles) did emerge. The most important opera-
tive parameter affecting LDSA during plant operation is the pressure at 
the spraying nozzles: increasing nozzle pressure from 1.5 bar to 2.3 bar 
and to 4.0 bar causes the averaged LDSA value measured by Partector 
to increase from 51.8 μm2/cm3 to 137.8 μm2/cm3 and to 290.5 μm2/ 
cm3, as shown by the NF data in Fig. 3. Good instrumental correlation 
between LDSA values from DiSCmini and Naneos gauges is demon-
strated by the slope of linear regression and linear correlation coeffi-
cient equal to 1.07 and 0.98, respectively. LDSA was chosen as a con-
venient metric for aerosol concentration, due to LDSA having been 
shown to correlate well with toxic effects (Duffin et al., 2002; Fissan 
et al., 2007; Oberdörster et al., 2004; Oberdürster, 2000). Few litera-
ture data are available on LDSA from exposure to UFP. A recent study 
(Geiss et al., 2016) compared the levels of LDSA in selected occupa-
tional and non-occupational environments; data showed that high peak 
values of LDSA and particles concentration were measured during ac-
tivities in a canteen kitchen (max LDSA 3927 μm2/cm3, average 
415 μm2/cm3) and in a chamber test during tobacco cigarette burning 
(LDSA peak 784 μm2/cm3). Data about LDSA were related to occupa-
tional activities in which engineered UFP are scanty, and often LDSA 
occupational measurements were limited to welding activities, were 
values could reach an average LDSA value of 137 μm2/cm3. In different 
urban areas, average LDSA values are usually below 100 μm2/cm3 

(Hama et al., 2017), evidencing the important contribution of indoor 
activities as sources of UFP exposure. In our experimental conditions, at 
a pressure of 4 bars in NF, the LDSA reaches values of 200–400 μm2/ 
cm3, comparable with those detected during cooking activities in an 
occupational environment, while at lower pressures (1.5 and 2.3 bars) 
LDSA values do not exceed 150 μm2/cm3. Finally, as expected, in the 
proximity of the spray atomization unit identified as the hot spot of the 
exposure scenario, a greater particles' concentration, expressed as both 
particle number (#/L) and LDSA (μm2/cm3) (Fig. S3) was observed. In 
fact, comparing NF and FF data collected with both Naneos and OPC 

Fig. 1. Layout of the process area and instrumentation. a) Scheme of the process area (5.75 m × 8.75 m). The white box represents the spray-coating machine 
containing the three-US-nozzle spray system and the local ventilation system above them, which was on at all times. The X marks the main working station, where the 
operators load the nanosuspensions for the coating process. The light grey box, at 1 m from the loading station, represents the near field (NF) source, where the 
instruments (OPC, DiSCmini, Naneos, climatic probe) and the SEM filter holder were placed. The dark grey box, at 4 m from the working station, represent the far 
field (FF) source with the OPC and Naneos instruments and the SEM filter holder. b) Photo of the process area. 
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gauges, reported in Fig. S3a and b respectively, a greater impact at NF 
zone was observed in real time. The lower particle concentration found 
could be attributed to the ventilation system, located above the spray 
US nozzles unit as shown in Fig. 1. These data again confirmed good 
instrumental correlation between Naneos and OPC. 

As regards particle size distribution (Fig. S4), considering OPC data 
over the 250 nm ≤ Dp ≤ 25 μm dimensional range, a general de-
creasing trend of the abundance of suspended particles vs. increasing 
particle size was observed, with particles in the 0.2 ÷ 1 μm range being 
more abundant. Moreover, we found that high web speed and multi- 
nozzle spraying tend to produce higher particle number concentrations. 
Data on UFP particles size distribution are not available at present due 
to instrumentation limitations. With data so far available (Fig. S4) it is 
difficult to speculate on the correlations between particle size 

distribution and the process parameters studied; however, in NF a 
significant correspondence between number of active nozzle and par-
ticle size was found. In fact, as shown by Fig. 4, the coarse to total 
particles ratio increases as the number of active spray nozzles increases, 
which might be due to a higher number of coalescence events from a 
larger overlap of the nozzle's spray plumes (Francia et al., 2016a, 
2016b). From Fig. S5 it is clear in that - at all values of pressure in-
vestigated – with three active spray nozzles the concentration of coarse 
(> 1 μm) particles increased. Besides, it is clearly observed that at in-
termediate process conditions (6 m/min web speed and 2 working 
spray nozzles) finer particles number concentration tends to increase at 
higher nozzle pressure, whereas that of coarser particles decreases (Fig. 
S6). Fig. 5 shows the relative percent difference between particle 
number concentration at 2.3 bar and 4.0 bar with respect to 1.5 bar. 

Fig. 2. Particle number concentration under different experimental condition as to speed and number of active spray nozzles at: a) P = 1.5 bar (avg conc ≈ 4.3 105 # 
L−1); b) P = 2.3 bar (avg conc ≈ 1.2 106 # L−1), and c) P = 4.0 bar (avg conc ≈ 2.3 106 # L−1). Note the different scales on the particle concentration axis. Data 
collected by OPC (0.25 ÷ 20 μm diameter range). 
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This trend was further confirmed by particle size distribution data ob-
tained using DLS on suspensions of extracted particles, as reported in  
Table 1. Indeed, upon increasing the pressure from 1.5 to 4.0 bar, the 
average diameter of particles from both NF and FF filters decreases 
(from 507 to198 nm and from 1.4 μm to 375 nm, respectively), as found 
by D. Nuyttens and colleagues demonstrating that higher spray pressure 
corresponds to a smaller droplet size spectrum (Nuyttens et al., 2007). 

3.2. FESEM analysis on filters 

We performed FESEM analysis of filters obtained from ambient air 
sampling. Filters were obtained at each pressure value studied (1.5, 2.3 
and 4.0 bar) during five iterations at the same pressure, both in NF and 
FF. FESEM analysis on a filter obtained at 1.5 bar nozzle pressure 
showed the presence of low amounts of released particles, both as single 
UFP and as UFP agglomerated or aggregated in micrometric granules 
(Fig. 6), which agrees with other studies on the release of aerosolized 
UFP during spray processes (Bekker et al., 2014; Hagendorfer et al., 
2010; Park et al., 2017). The physical form of the product, primarily as 
to size and agglomeration state, is a key factor for the emission po-
tential of NPs in the indoor environment. For powders, the emission 
potential is determined by the dustiness of the material handled, de-
fined as the intrinsic potential of a determined NP to become airborne. 
It is known that size and agglomeration state influence the dustiness of 
powders, ultrafine powders displaying high dustiness, agglomerated 
powders displaying medium dustiness, and pellet-type solids featuring 
low dustiness, dustiness in turn being known to affect inhalation ex-
posure(Viana, 2016). We found qualitatively that in FF the concentra-
tion of released particles is very low (Fig. 6a and b), whereas in NF it 
was found to be higher (Fig. 6c and d). Upon increasing the pressure of 
the spray process to 2.3 bar, a general increase of released particles was 
observed (Fig. 7), more accentuated in NF (Fig. 7c and d). At the highest 
value of pressure studied (P = 4.0 bar), the concentration of released 
particles is very high, both in NF and FF. In fact, differences between NF 
and FF that were observed in the previous cases are not visible (Fig. 8). 
At P = 4.0 bar we could observe both structural morphologies, i.e. 
single NPs and micrometric granules. In fact, at high magnifications 
(Fig. S7) it is possible to observe the nanometric size of released NPs 
(Fig. S7a and c), showing the typical diameter of P25 TiO2 powder 
(about 20–30 nm according to supplier specification, confirmed by  
Jensen et al. (2006), as well as micrometric granules (Fig. S7b and d) 

that are formed during the SAD that leads to NPs agglomeration or 
aggregation (Francia et al., 2017). Moreover, EDX analysis confirmed 
that both single NPs (Fig. S8) and micrometric granules (Fig. S9) consist 
of TiO2, as expected. Ti was detected along with C, O and Au (deposited 
during FESEM sample preparation). FESEM analyses on filters qualita-
tively confirms the data directly measured. 

3.3. Mass concentration 

A qualitative comparison with the recommended exposure limit 
(REL) was obtained by converting the particle number concentration 
into particle mass concentration. This conversion is always subjected to 
uncertainties due to unknown parameters needed to transform an op-
tical particle diameter into an aerodynamic particle diameter. On the 
other hand, the averaged mass concentrations might be so low that 
results from gravimetric analysis are under the detection limit of the 
technique, especially in case of short sampling time. 

Particle number concentration data (#/L) collected by OPC over the 
0.25 ÷ 20 μm size range were converted to mass concentration as-
suming 4.2 g/cm3 TiO2 density, in order to compare such values with 
the recommended exposure limit (REL) for fine TiO2 particles, quanti-
fied by the National Institute for Occupational Safety and Health 
(NIOSH) (Current intelligence bulletin 63, 2011) as 2.4 mg/m3 (10-h 
time-weighted average (TWA) during a 40-h work week). NIOSH re-
commends airborne exposure limits of 2.4 mg/m3 and 0.3 mg/m3 for 
fine and ultrafine TiO2. Considering the coalescence phenomena in-
duced by the spraying process, agglomeration or aggregation of pri-
mary NPs (20–30 nm) does occur, with the consequent formation of 
larger particles (see DLS size mean diameter reported in Table 1). Based 
on this, it is supposed that the respirable fraction mainly consists of 
aerosolized micrometric particles. Nevertheless, in case of NF samples, 
collected at the highest pressures, we can hypothesize from both DLS 
and SEM analysis a significant contribute of ultrafine fraction with a 
corresponding DLS mean size around 200 nm. For this reason, data 
reported on Figs. S10, S11, S12, considered both fine and ultrafine 
RELs, being the last relevant for worst exposure scenario. From the 
analysis of mass concentration, calculated at different nozzle pressures 
in NF and FF conditions, we can conclude that in all cases, only the 
minimum concentrations detected stay below the UFP REL (0.3 mg/ 
m3). While if comparing values to REL of fine particles, data show that 
at the lowest pressure value (1.5 bar) only the maximum measured 

Fig. 3. Increase of lung-deposited surface area with increasing pressure at the nozzles. Data collected by Naneos (blue) and DiSCmini (red) in NF.  
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value (2.65 mg/m3) was slightly higher than the REL, whereas the 
medium one measured in the FF was much lower (Fig. S10a). Similarly, 
in NF (Fig. S10b), we found that only the highest values, corresponding 
to peaks collected during the spray coating, were higher than REL. 

Upon increasing the pressure at the nozzle to 2.3 bar (Fig. S11), a 
general increase of mass concentration is observed, in particular 
medium values are coming closer to the REL. However, in FF (Fig. 
S11a), only the maximum values corresponding to the spray activities 
exceed the REL, but in NF (Fig. S11b) mass concentration values are 
generally quite high. At the highest pressure value studied 
(P = 4.0 bar), mass concentration increases significantly (Fig. S12) 
both in the near and the far field. In fact, medium values, both in the 
near and far field (1.76 and 1.89 mg/m3 respectively), are quite close to 
the REL, but they stay anyway below the REL. Besides, maximum FF 
values are much higher than the REL, exceeding the REL by 0.25, 2.64 
and 6.1 mg/m3 at P = 1.5, 2.3 and 4.0 bar, respectively. Even higher 

differences between maximum values and REL are found in NF, 3.8, 8.2, 
10.5 mg/m3 at P = 1.5, 2.3 and 4.0 bar, respectively. The maximum 
mass concentration was found at P = 4.0 in NF (12.9 mg/m3), but this 
peak value was reached only two times during the spraying process at 
that pressure. However, even in the case of maximum concentration, we 
should consider that the REL is given as a time-weighted average (TWA) 
concentration for up to 10 h per day during a 40-hour work week, and 
this timing does not represent the real working condition for workers 
involved in the spray-coating process examined here. In fact, the pilot 
plant involved in this study is sufficiently automated requiring only 
initial settings and occasional checking by the workers. Thus it is rea-
sonable to think that the workers are subjected to lower concentrations 
than those measured, as they have a workplace in the same room as the 
pilot plant only for short time. 

Fig. 4. Coarse (1 ÷ 20 μm diameter range) to total particles ratio during runs at pressure a) 1.5 bar with number of spray nozzles equal to: 1 (Run # 2 and 5); 3 (Run 
# 6 and 9); 2 (Run # 12); b) 2.3 bar with number of spray nozzles equal to 2 (Run # 1, 11 and 13), 3 (Run # 14) and 1 (Run # 15); c) 4.0 bar with number of spray 
nozzles equal to 1 (Run # 3 and 4); 3 (Run # 7 and 8); 2 (Run # 10). All process parameters characterizing each run are reported in Table S2. Data collected by OPC. 
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4. Conclusions 

Here, a suspension based on nanoscale TiO2 was applied by spray 
deposition under different experimental conditions, in order to produce 
nanostructured antibacterial textiles. During the spray process we as-
sessed the influence of three main process parameters (pressure, web 
speed and number of working spray nozzles) on size distribution, 
concentration of particles released and LDSA of released particles. 
Further analysis of processed data obtained during monitoring mea-
surements allowed comparing the collected data with the REL. 

Particle number concentration and LDSA data showed the pressure 
at the spraying nozzles to be the main parameter that influences the 

Fig. 5. Relative percent difference between particle number concentration at 2.3 bar and 4.0 bar with respect 1.5 bar. Intermediate web speed (6 min/m) and number 
of working spray nozzles (n = 2). Data collected by OPC. 

Table 1 
Average diameter (dDLS, nm) and polydispersity index (PdI) of particles ex-
tracted from the filters collected at each pressure value, both in NF and FF.       

Pressure (bar) dDLS (nm) PdI  

NF  1.5 506.8  ±  13.9  0.6  
2.3 229.4  ±  8.6  0.4  
4.0 197.7  ±  44.9  0.4 

FF  1.5 1444.3  ±  494.8  0.9  
2.3 809.3  ±  375.1  0.7  
4.0 375.5  ±  143.4  0.5 

Fig. 6. FESEM images of different areas of filter, during five iterations at P = 1.5 bar. a)–b): FF; c)–d): NF.  
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release of particles in the environment. Upon increasing the pressure 
from 1.5 to 4.0 bar, average particle and LDSA concentrations varied 
from 4.3 105 to 1.2 106 particles/L and 51.8 to 290.5 μm2/cm3 in the 
near-field. Moreover, a decrease of particles size was found vs. in-
creasing pressure, which trend was further confirmed by particle size 
distribution data obtained using DLS. Indeed, when increasing the 
pressure from 1.5 to 4.0 bar, the average diameter of particles from 
both NF and FF filters decreases (from 507 to198 nm and from 1.4 μm 
to 375 nm, respectively). Other process parameters studied (web speed 
and number of working spray nozzles) did not appear to significantly 
affect the release of particles. Nevertheless, we found an increase of 
particle size vs. increasing number of working spray nozzles likely due 
to coalescence phenomena induced by multi-nozzle spraying. OPC re-
sults translated into mass concentration confirmed that pressure was 
the main parameter affecting the release of particles during the spray 
deposition process. Considering the medium values of mass con-
centration as the biologically relevant TiO2 dosimetry parameters, all 
values were found to be below the critical dose, even though the si-
tuation at the maximum value of pressure (P = 4.0 bar) looks critical, 
since during the spray coating process the maximum values are sig-
nificantly out of range. Nevertheless, we should consider that workers 
are only present at the spray-coating plant for initial setting and oc-
casional process checks. Thus it is reasonable to think that the workers 
are subjected to lower concentrations than those measured. However, 
in order to limit the emission of particles during the process, it is 
strongly recommended to confine the spray nozzles system inside a 
hood. 
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