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• Ship refit activities emit ultrafine and
engineered nanoparticles in harbour
areas.

• Ultrafine and engineered nanoparticles
impact human exposure.

• In vitro assays evidenced moderate
particle toxicity.

• There is highpotential for impacts to the
aquatic coastal environment.

• Improvements to safety protocols may
minimise exposure and environmental
release.
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European harbours are known to contribute to air quality degradation. While most of the literature focuses
on emissions from stacks or logistics operations, ship refit and repair activities are also relevant aerosol
sources in EU harbour areas. Main activities include abrasive removal of filler and spray painting with anti-
fouling coatings/primers/topcoats. This work aimed to assess ultrafine particle (UFP) emissions from ship
maintenance activities and their links with exposure, toxicity and health risks for humans and the aquatic
environment. Aerosol emissions were monitored during mechanical abrasion of surface coatings under
real-world operating conditions in two scenarios in the Mallorca harbour (Spain). Different types of UFPs
were observed: (1) highly regular (triangular, hexagonal) engineered nanoparticles (Ti-, Zr-, Fe-based),
embedded as nano-additives in the coatings, and (2) irregular, incidental particles emitted directly or
formed during abrasion. Particle number concentrations monitored were in the range of industrial activities
such as drilling or welding (up to 5 ∗ 105/cm3, mean diameters <30 nm). The chemical composition of PM4

aerosols was dominated by metallic tracers in the coatings (Ti, Al, Ba, Zn). In vitro toxicity of PM2 aerosols
evidenced reduced cell viability and a moderate potential for cytotoxic effects. While best practices
(exhaust ventilation, personal protective equipment, dust removal) were in place, it is unlikely that
exposures and environmental release can be fully avoided at all times. Thus, it is advisable that health
and safety protocols should be comprehensive to minimise exposures in all types of locations (near- and
Keywords:
Ultrafine particles
Harbours
Vessel refit and repair
Maintenance
Ship
Human health
Exposure
Abrasion
ssessment and Water Research (IDAEA-CSIC), C/ Jordi Girona 18, 08034 Barcelona, Spain.

.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2021.150216&domain=pdf
https://doi.org/10.1016/j.scitotenv.2021.150216
mailto:maria.lopez@idaea.csic.es
https://doi.org/10.1016/j.scitotenv.2021.150216
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


M. López, A. López Lilao, C. Ribalta et al. Science of the Total Environment 804 (2022) 150216
far-field) and periods (activity and non-activity). Potential release to coastal surface waters of metallic
engineered and incidental nanomaterials, as well as fine and coarse particles (in the case of settled dust),
should be assessed and avoided.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Spray painting
Incidental nanoparticles
Personal protective equipment
1. Introduction

European harbours are highly active hubs, as 75% of all goods to or
from the EU are transported through harbour areas (EUROSTAT, 2019;
Karl et al., 2019). Every additional one million tonnes of cargo handled
in a port create an average of 300 new jobs at local level, and the amount
of cargo handled in European ports and the size of ships are expected to
continue to increase significantly (Mayet, 2017). Globally, maritime
transport is expected to increase (Corbett et al., 2010; Faber et al.,
2020) in the coming years and up to 2050, despite efforts towards
more sustainable consumption patterns. This activity generates air pol-
lutant emissions (PM2.5, black carbon, ultrafine particles, SO2) with
known impacts on air quality and human health, which have been the
target of numerous research studies in Europe and globally (Broome
et al., 2015; Cesari et al., 2014; Contini et al., 2011; EEA, 2013;
González et al., 2011; Lack and Corbett, 2012; Merico et al., 2016;
Moore et al., 2009; Viana et al., 2014, 2020).

While most of the literature available focuses on stack emissions
(Cesari et al., 2014; Contini et al., 2011; Ledoux et al., 2018;
Mamoudou et al., 2018; Manoli et al., 2017; Viana et al., 2009;
Westerlund et al., 2015; among others) or emissions from logistics op-
erations (trucks, lorries for transport of goods within the harbours;
Keuken et al., 2012; Lee et al., 2012; Minguillón et al., 2008; Moore
et al., 2009), these are not the only sources of air particulates in harbour
areas. In addition to transportation of passengers and cargo, a number of
harbours specialise in vessel refurbishment activities (refit and repair),
which include activities such as abrasive removal of filler and paint, or
spray painting with antifouling coatings, primers and topcoats. Exam-
ples of maintenance operations are repairing steel damage caused by
saltwater corrosion or removing wildlife attached to hulls, which cre-
ates drag that reduces fuel efficiency. Across all industries in the US,
for example, corrosion costs alone are estimated at more than $1tn a
year (STG, 2021). Maintenance activities generate significant particle
emissions with potentially large impacts on coastal air and water qual-
ity, as well as human health for the workers. The growing maritime in-
dustry globally necessarily results in a growing market and impact of
ship maintenance activities which, in Europe, are mostly carried out in
the Palma de Mallorca harbour (Spain) for recreational ships. The
Mallorca harbour hosts 450 ship refurbishment companies, employing
3000 professionals from this sector (Balears, 2021). In general, these ac-
tivities follow a specific temporal pattern, concentrated roughly be-
tween the months of October and April (summer in the northern
hemisphere), given that during the warmer months of the year the
ships are at sail (as opposed to undergoing refurbishment).

The literature on particle emissions from vessel refurbishment activ-
ities is significantly scarcer than for ship exhaust emissions. Particles
from ship coatings are known to impact surface water quality and
aquatic environments (Miller et al., 2020; Soroldoni et al., 2018), but
impacts on air quality and human exposure remain a research gap. Air
quality impacts during discharge of dusty materials in harbours were
assessed by (Alastuey et al., 2007; Artíñano et al., 2007; Martín et al.,
2007). Scrap metal handling was also included as one of the emission
sources contributing to PM10 concentrations in the Volos harbour in
Greece (Manoli et al., 2017) and in Spain (Sanfélix et al., 2015). Mainte-
nance activities with conventional materials were identified as a rele-
vant source of outdoor particle pollutants with impacts on exposure
(Malherbe and Mandin, 2007), while high ultrafine particle (UFP;
<100 nm) number concentrations (>5 ∗ 106/cm3) were monitored
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during shipyard sanding operations (Yolanda Martínez-Laserna et al.,
2016). Finally, nanoparticle (<50 nmor <100 nm, depending on the lit-
erature; Viana et al., 2017) emissions from recreational ship mainte-
nance operations are an emerging environmental and health risk due
to the increasing use of ceramic coatings and nanoadditives in surface
coatings (e.g., nano-TiO2, carbon black, amorphous nano-SiO2, etc.) in
antifouling paints and protective coatings (Miller et al., 2020; Wang
et al., 2014). For example, carbon nanotube (CNT) based anti-
corrosion coatings are formulated with rope-like carbon structures
able to stretch without breaking, making applications easier, with
fewer coatings, and a longer life-time (STG, 2021). Nano-enhanced Zn
and Cu anti-fouling paints, on the other hand, help solve the issue ofma-
rine biofouling by creating coatings capable of simultaneously
minimising the attachment of wildlife on ship hulls and the release of
Cu and Zn into the aquatic environment (Miller et al., 2020). However,
sanding and abrasion of such nano-enabled coatingsmay result in unex-
pected (andunwanted) human exposures to engineered nanomaterials.
The release mechanisms of engineered and incidental nanomaterials
have been studied for diverse mechanical processes (Bressot et al.,
2018; Göhler et al., 2010; Morgeneyer et al., 2015, 2019; Shandilya
et al., 2014). Models such as that developed by Shandilya et al.
(2015a) and Shandilya et al. (2015b) estimate particle emissions from
solid surfaces subjected to mechanical stresses similar to the activities
described in this work. Finally, the human exposure and environment
impacts of ultrafine and engineered nanoparticles have been reviewed,
among others, by Clar et al. (2018, dermal transfer and environmental
release), Bressot et al. (2015; workplace exposures), Bressot et al.
(2018; release to the consumer), Bundschuh et al. (2018; environmen-
tal release), Brunelli et al. (2021; release from cultural heritage sur-
faces), Kuhlbusch et al. (2018; exposures for workers, consumers and
the general public), Salmatonidis et al. (2019; workplace exposure mit-
igation) and Zhao and Zhang (2019; exposure assessment).

The present work aimed to assess particulate matter emissions, in-
cluding ultrafineparticles, from recreational shipmaintenance activities
and their potential toxicity for human health and the environment. Spe-
cific objectives were to (i) identify particle exposures, (ii) understand
particle release mechanisms, and (iii) assess potential health risks de-
riving from particle chemical composition and toxicity.

2. Materials and methods

2.1. Particle emission scenarios

Particle emissions were monitored and sampled in the Mallorca
harbour (Spain), under real-world operating conditions during abrasion
of coatings (primer and top-coat paints: D3001 545 Epoxy primer;
Snow White #715338; AWLCAT #2 Spray converter; T0001 Fast evap.
reducer) in the shipyard and in aworkshop. The technical specifications
of the coatings are provided in Supporting Information (Table S1). The
Mallorca harbour is a representative scenario due to the high rate of
refit and repair activities it hosts, when compared to other European
harbours. The details of the specific vessel being refurbished cannot be
reported due to confidentiality reasons. Two emission scenarios were
assessed, aiming to cover the whole chain of activities and scales en-
countered during abrasive removal of coatings for >70 m long vessels:

- Workshop: removable parts of the vessel (e.g., windows, doors,
ventilation grids) are typically refit in workshops, as opposed to

http://creativecommons.org/licenses/by-nc-nd/4.0/
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in the shipyard. The main activities evaluated in the workshop
were manual (with sandpaper) and mechanical (with orbital
sanders) abrasion of primer and top-coat coatings. Two separate
indoor spaces were monitored: area 1, where the deeper coatings
were applied and abraded (high-build epoxy resin primer coat-
ing, abraded with sanding grain P150; putty and filler material,
with 3MP80 and 3MP40) (Fig. 1). Between 3 and 6 workers
were exposed on a regular basis in workshop. Measured room
ventilation rates (air exchanges per hour, ACH) were 29.4 h-1 in,
natural (driven by the workshop's open doors) and supported
by local exhaust ventilations built into the abrading tables.
The workshop doors were open (natural ventilation)
and the abrading tables were equipped with local exhaust venti-
lation. Aerosol sampling took place in the workshop between
November 19th to 21st, 2019, during working hours (8:30 am
to 14:30 pm).

- Shipyard: the vessel's outer surface is refit in the shipyard, inside
a tent which is purposely built around the entire vessel (see
Fig. S1 in Supporting Information). The purpose of the tent is
to minimise particle release to the shipyard air, in terms of air
pollution but also to avoid cross-contamination to other vessels.
As a result, particle emissions from abrasion of coatings are gen-
erated in an enclosed air volume resembling an indoor microen-
vironment, where workers are exposed (Fig. 1). Between 8 and
10 workers operated simultaneously on the deck that was being
worked on, during this study. Abrasion of primer and top-coat
paints (a TiO2-based coating, particle size unspecified by the
manufacturer, Table S1) was carried out with mechanical
abraders (orbital sanders) connected to local exhaust ventilation
systems (sanding grain 3MP180, 3MP320, 3MP400). Ventilation
Fig. 1. Layout of the workshop (left) and shipyard (right) scenarios monitored, ind
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was mechanical inside the tent, with 13.1 measured air ex-
changes per hour (ACH). Aerosol sampling took place in the
workshop between January 14th to 16th, 2020, during working
hours (8:30 am to 14:30 pm).

Two monitoring locations were set up in each scenario in order to
account for background concentrations in parallel with emissions
from the activities:

- Far field (FF): representative of average aerosol concentrations in-
doors, and of a mix of emissions. It was located at approximately
3-5 m from the workers, at 1 m from the ground.

- Near-field (NF): representative of the worker exposure at breath-
ing height, but not directly in the breathing zone (Asbach et al.,
2017) due to the size of the monitors. The aerosol instruments
were placed on a table as near as possible to the worker but with-
out interfering with their work. The inlets, when it was techni-
cally feasible, were at breathing height (1.6 m) and attached to
a tripod.

In addition, background concentrations were also monitored dur-
ing the midday lunch break, when activities were fully stopped
(Figs. 2 and 3).

The location of the instruments was sometimes modified, especially
in the shipyard, in order to follow the activities of the different teams of
workers each day. It should be highlighted that the objective of this
work was not to assess compliance with occupational limits, therefore
the measurement procedures (locations, sampling times, etc.) did not
strictly follow standard protocols.
icating the position of the workers and the aerosol instrumentation deployed.



Fig. 2. Particle number concentrations (/cm3) andmean particle diameter (nm) in the near-field (NF) and far-field (FF)monitoring locations in theworkshop,monitoredwith DiSCmini on
20/11/2019.
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2.2. Particle monitoring and sampling

Particle number concentrations (N),mass, size distribution, andmean
diameter (Dp) were monitored with online instruments (Table 1):

- Miniature diffusion size classifier DiSCmini (TESTO AG), reporting
particle number concentrations and mean particle diameter be-
tween 10 and 700 nm, with a 1 min time resolution.

- Mini laser aerosol spectrometer Mini-LAS 11-R (Grimm), for total
and size-segregated particle mass concentrations between 0.25
and 32 μm (monitoring inhalable, thoracic and respirable dust, PM
values, and particle number concentration), in 31 channels with
6 s time resolution.

- Miniwide range aerosol spectrometerMini-WRAS (Grimm), for par-
ticle mass concentration from 10 nm to 35 μm across 41 channels
with 1-min time resolution.

- Electrical mobility spectrometer NanoScan SMPS (TSI Model 3910),
Fig. 3. Particle number concentrations (/cm3) and mean particle diameter (nm) in the near-fie
(NF) and NanoScan (FF), on 15/01/2020.
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monitoring particle size distributions from10 to 420 nm, in 13 chan-
nels with a 1 min time resolution.

- Light-scattering laser photometer DustTrak TM DRX (TSI Model
8533), for total and size-segregated particle mass concentrations in
the range 250-3200 nm with 1 min time resolution.

The statistical relevance of increases in particlemass andnumber con-
centrations monitored with this instrumentation was assessed following
the approach described by Asbach et al. (2012b), based on the compari-
son with background concentrations +3 times their standard deviation.

2.3. Aerosol sampling and physical, chemical and toxicological characteri-
sation

In addition to the onlinemonitors, samplerswere deployed at both lo-
cations to subsequently analyse the physical, chemical and toxicological
aerosol properties:
ld (NF) and far-field (FF) monitoring locations in the shipyard, monitored with DiSCmini



Table 1
Monitoring instrumentation deployed in the workshop and the shipyard.

Instrument Manufactured Sample
flow rate
(l/min)

Particle size
range

Concentration range Time
resolution

Miniature diffusion size classifier
(DiSCmini Matter Aerosol AG)

Particle number concentration, mean
particle size and alveolar lung deposited
surface area

Testo, Wohlen,
Switzerland

1 0.3–10 μm
(16 channels)

0–3 × 103/cm3 1 min

Electrical mobility spectrometer
(NanoSacn SMPS TSI Model 3910)

Particle number concentration and
particle size distribution

TSI Inc., Shoreview,
MN, US

0.7 10–420 nm
(13 channels)

0–105/cm3 1 min

Mini wide range aerosol spectrometer
(Mini-WRAS 1371)

Particle number and mass concentration
and particle size distribution

Grimm Aerosol
Technik, Ainring,
Germany

1.2 10 nm–35 μm 0.1–104 μm/m3

3 × 103–5 × 106/cm3

(electrical)
0–3 × 106/cm3

(optical)

1 min

Mini laser aerosol spectrometer (Grimm
Mini-LAS)

Particle mass concentration Grimm Aerosol
Technik, Airnring,
Germany

1.2 0.25–32 μm 0.1–104 μm/m3 6 s

Light scattering laser photometer
(DusTrak™ DRX aerosol monitor TSI
Model 8533)

Particle mass concentration TSI Inc., Shoreview,
MN, US

3 PM10, PM4,
PM2.5 and
PM1

0.001–150 mg/m3 1 min
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- Chemical properties: total lung-deposited surface area (LDSA) sam-
plers (Koehler et al., 2009) collected particles on polyurethane
foams, in the NF locations. The particle chemical composition was
determined by acid digestion of the foams and analysis of the ex-
tracts by ICP-MS and ICP-OES. Three valid samples were collected
from the workshop as well as three from the shipyard scenarios.

- Physico-chemical properties: single-particle analysis was carried
out by Transmission Electron Microscopy on a J2100 TEM micro-
scope coupledwith an energy-dispersive X-ray (EDX) spectrometer,
at the Barcelona University. Particles were collected on TEM grids
(Quantifolil® Au grids with 1 μm diameter holes - 4 μm separation
of 200 mesh) placed in sampling cassettes (SKC INC., USA, inlet di-
ameter 1/8 in. filter diameter 25 mm) following the sampling
setup described by Tsai et al., 2008. The cassettes were connected
to an SKC Leland pump (3 l/min). Samples were collected from the
NF in theworkshop, and from the FF in the shipyard. 3 valid samples
were collected from the workshop and 3 from the shipyard scenar-
ios.

- Cytotoxicity: the potential effect of particles sampled on cell viabil-
ity (cytotoxicity)was assessed by theMTT in vitro assay (Bessa et al.,
2020; Davoren et al., 2007; Y Zheng et al., 2016). Samples were col-
lected using an SKC BioSampler® connected to a sonic-flow
BioLite+ pump (12.5 l/min) over 30 min, collecting particles with
a <2 μm cutoff in liquid suspension. While the specific collection ef-
ficiency for nanoparticles was not determined, previous works have
shown high efficiencies for particles around 1 μm (Zheng and Yao,
2017). The aerosol samples were collected directly into liquid sus-
pension to avoid the interference from filter substrates in the subse-
quent determinations. The suspensions were stored cold after
sample collection. A cell culture medium DMEM (Dulbecco's modi-
fied Eagle's medium) was used for collection. The collected samples
were tested for cytotoxicity (cellular death) through the MTT assay
(methylthiazolyldiphenyl-tetrazolium bromide) by using in vitro
human lung adenocarcinoma cell line A549 (Type II alveolar epithe-
lium), considering the inhalation route as the main route of entry
into the body. The cells were exposed to the particle suspensions,
after which cell viability was determined. A549 cells were cultured
in DMEM (Thermo Fisher Scientific) with 5% fetal bovine serum
(Merck Life Science) and penicillin and streptomycin (100 μl/ml),
and the culture were incubated in a humidified cell incubator at
37 °C with 5% CO2. The cells were grown to confluence in 96 well
plates, and the airborne particle samples were incorporated using
different dilution ratios: 1:1, 1:2; 1:4, and a control. Each
concentration was assessed in three replicates per experiment,
plates were read at 490 nm with a microplate reader, and
5

statistical analysis was conducted. Two valid samples were
collected from the shipyard. Samples from the workshop are not
available due to technical issues.
3. Results and discussion

3.1. Ultrafine particle release and exposure impacts

The results obtained during one representative day in the workshop
and shipyard, respectively, are shown in Figs. 2 and 3. The average re-
sults from the entire monitoring periods are summarised in Table 2.

In the workshop (Fig. 2), particle number concentrations and diam-
eters varied largely throughout the day as a function of the activities
(e.g., mechanical abrasion, dripping). During activity periods, peak (1-
min) particle number concentrations reached up to 1.4 ∗ 105/cm3 in
the NF and 0.8 ∗ 105/cm3 in the FF, with mean diameters 20 nm and
25 nm, respectively (excluding peaks derived from dry cleaning tasks)
(Figs. 2 and 3). Mean particle diameters <20 nm, close to the instru-
ment's lower detection limit (10 nm, according to the manufacturer),
were recorded duringmechanical abrasion. As expected, concentrations
decreased (5–16 ∗ 103/cm3) and mean particle diameters increased
(40 nm) during the morning activity break, when aerosol concentra-
tions monitored were similar to ambient air concentrations,
characterised by aged diesel soot as a main component (Brines et al.,
2015; Viana et al., 2017). Particle number concentrations were highest
in the NF (emission source) and decreased towards the FF due to trans-
port and particle agglomeration. Ultrafine particle impacts across the
workshop were statistically significant when compared with back-
ground concentrations according to Asbach et al. (2012b), even if they
were not considered especially high when compared to other industrial
scenarios with similar mechanical abrasion and thermal activities
(10–60 ∗ 105/cm3 in an automotive grey iron foundry, Evans et al.,
2008; 1–100 ∗ 105/cm3 in a metallurgical coke production facility,
Weitkamp et al., 2005; 6–8 ∗ 105/cm3 in a sewage sludge industry,
Ferge et al., 2004). Thiswas probably the result of relatively low temper-
ature generation process (mechanical abrasion) and the effectiveness of
the combination of local exhaust ventilation systems built into each of
the abrading tables, and open doors (natural ventilation).

In terms of human exposure impacts, while they were relevant in
the NF location (comparable to the breathing zone), workers always
wore personal protective equipment (PPE) whenever the mechanical
abraders (handheld orbital sanders, in this case) were in operation. In
other industrial sectors such as metallurgy, ceramic or pigment
(Salmatonidis et al., 2019; Viana et al., 2017), the concentration regis-
tered in far field were significantly higher than in the background,



Table 2
Mean particle number and mass concentrations, and diameter, monitored in the near-field locations (NF) in the workshop and shipyard. Selected literature studies are shown for com-
parison.

Date Activities Particle numbera

(/cm3)
Dpa

(nm)
Inhalableb

(μg/m3)
Thoracicb

(μg/m3)
Respirableb

(μg/m3)
Statistically
significant

Workshop 20/11/2019 Mechanical abrasion 6.4 ∗ 104–7.9
∗ 104

20-25 6759-7439 1987-2329 613-771 Yes (all fractions)

Background 0.5 ∗ 104 37 936 591 292 –
21/11/2019 Finishing treatment 2.6 ∗ 104 32 800 253 87 Yes (all fractions)

Mechanical abrasion 8.1 ∗ 104 23 16,374 3356 967 Yes (all fractions)
Background 1.2 ∗ 104 36 –c –c –c –

Shipyard 14/01/2020 Abrasion (4 exhaust systems) 5.0 ∗ 105 – 915 523 114 –
Abrasion (8 exhaust systems) 0.92 ∗ 105 24 3365 1614 274 –
Background –d –d –d –d –d –

15/01/2020 Abrasion (8 exhaust systems) 1.8 ∗ 105–2.1
∗ 105

23-30 2357-5926 1415-2998 287-492 Yes (all fractions)

Background 0.6 ∗ 105 35 87 63 22 –
16/01/2020 Abrasion (8 exhaust systems) 2.7 ∗ 105–3.9

∗ 105
24-27 3546-5047 2129-3087 565-786 Yes (all fractions)

Background 0.4 ∗ 105 48 130 100 49 –
Selected literature studies for comparison

Industrial process Particle number (N) concentration range monitored (/cm3) Reference

Automotive grey iron foundry 10–60 ∗ 105 Evans et al., 2008
Sewage sludge industry 6–8 ∗ 105 Ferge et al., 2004
Metallurgical coke production facility 1–100 ∗ 105 Weitkamp et al., 2005

a Monitored with DiscMini.
b Monitored with Mini-WRAS in the workshop and Mini-LAS in the shipyard.
c Instrument failure.
d Monitoring started after the morning break.
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hence the use of PPE of these areas should be specifically included in the
safety and health protocols. In addition, the correct fitting of the PPE
should be controlled and monitored to guarantee worker's protection.
As a result, it is recommended that, in industrial settings, health and
safety protocols should apply a comprehensive approach covering all
types of locations (near- and far-field) and periods (activity and non-
activity).

A similar pattern was observed in the shipyard (Fig. 3), with statisti-
cally significant concentration increases (compared to background) dur-
ing activity periods and a clear decrease during the morning break. Peak
(1-min) particle number concentrations were higher in the tent than in
the workshop (7.2 ∗ 105/cm3 in the shipyard vs. 1.4 ∗ 105/cm3 in the
workshop, in the NF), even though workers were using the same type
of handheld orbital sanders, probably owing to the lower efficiency of
the mechanical ventilation systems inside the tent and to the fact that
therewas almost nomanual abrading in the shipyard. Particle concentra-
tions were relatively stable throughout the day (aside from peaks
resulting from dry cleaning), due to the more continuous operation of
the sanders and the larger number of workers operating them (8-10
workers in the shipyard vs. 6 in theworkshop).Mean concentrations dur-
ing mechanical abrasion were in the order of 1.8–5.0 ∗ 105/cm3 (23-
30 nm; Table 2) in the NF location, indicating high personal exposures
to process-generated ultrafine particles. These concentrations were
higher than in the workshop and in the range of industrial activities
such as drilling, soldering, welding, laser welding and engraving, and
thermal spraying (Buist, 2017; Viana et al., 2017; Viitanen et al., 2017).

The activities in both scenarios (workshop and shipyard) resulted in
ultrafine particle formation (nucleation of new particles) and release to
workplace air, with potential for impacts on personal exposure.
Previous works (Fonseca et al., 2015; Ribalta et al., 2019a, 2019b;
Salmatonidis et al., 2019) carried out in settingswhere nonanoadditives
were used, detected new particle formation events from high-energy
industrial activities,mostly thermal in nature (e.g., thermal spraying, ce-
ramic tile sintering). Conversely, in the scenarios assessed in this work
ultrafine particles were released by means of mechanical activities.
This type of release was either not detected in previous experiments
(Golanski et al., 2011) or only reported by a very limited number of
studies (Gonzalez-Pech et al., 2019), under laboratory conditions
6

(Koivisto et al., 2017, and references therein) or in chamber studies
(Lee et al., 2016). Therefore, our results provide new evidence on the re-
lease of incidental ultrafine particles during high-energymechanical ac-
tivities in real-world industrial settings.

3.2. Particle emissions in the workshop vs. the shipyard

The results from the full monitoring campaigns for the near field
(NF) are summarised in Table 2. Results are shown for the NF only as
the most representative of the abrasion activities and their direct im-
pacts on exposure. In addition to ultrafine particles, particle mass con-
centrations in various size fractions were also monitored in both
scenarios. In terms of particle number, the highest concentrations re-
corded during the activity were related with dry cleaning operations
(on average 8.5 ∗ 104/cm3, with peaks up to 106/cm3, Figs. 2 and 3), in-
dicating that some cleaning activities should be carefully revised and/or
redesigned (e.g., by using closed cabins). However, exposure impacts of
these peaks may be considered minimal in terms of the cumulative ex-
posure due to their short duration. In contrast, abrasion resulted in the
largest increases in particle number concentration when compared to
background concentrations, which were higher in the shipyard (up to
3.9 ∗ 105/cm3) than in the workshop (8.1 ∗ 104/cm3). The ventilation
systems in the shipyard improved aerosol concentrations, as evidenced
by the contrast between the periods with 4 active extraction systems
(5.0 ∗ 105/cm3) and 8 active extraction systems (9.2 ∗ 104/cm3). No sig-
nificant variability was observed regarding mean particle diameters,
which ranged between 20 and 32 nm in both scenarios.

Particle mass concentrations, on the other hand, were higher in the
workshop (respirable fraction, 613-967 μg/m3) than in the shipyard
(114-786 μg/m3). This is probably a result of the air volume in the differ-
ent scenarios (lower dilution in the workshop, with smaller size than
the tent in the shipyard), and to the configuration of the local exhaust
ventilation systems, which in the workshop were built in the tables
and therefore were less efficient for coarser dust accumulated on the
ground (which was accessible for resuspension by the workers). The
particlemass emissions generated by the abrasion activitieswere statis-
tically significant in both scenarios according to Asbach et al. (2012a). In
comparison to the literature, particle concentrations were higher than
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those recorded during industrial activities (150-190 μg/m3 and 40-
116 μg/m3 for the respirable fraction in a machining centre and in a
foundry, respectively; Gonzalez-Pech et al., 2019; 340 μg/m3 for the tho-
racic fraction during packaging of carbon black; Kuhlbusch et al., 2004)
or comparable to them (150-600 μg/m3 for the respirable fraction dur-
ing packing of clay materials; Ribalta et al., 2019a, 2019b).

Finally, despite the lower concentrations in the shipyard relative to
the workshop, mass concentrations in the shipyard are relevant due to
potential impacts in harbour waters and the aquatic ecosystem: fine
and coarse particles are deposited on the ground inside and outside
the tents and are swept away by the cleaning crews following best prac-
tice protocols. These included dry and wet collection of the dust gener-
ated and post-treatment of the wastewater generated. However,
deposited dust (from the tents but also from other sources such as ve-
hicular traffic across the shipyard) has the potential to reach surfacewa-
ters (20% of particulate in surface waters originate from man-made
sources; Gómez et al., 2015; Koulouri et al., 2008). This is a key potential
impact which should be studied in further detail. While dust manage-
ment protocols and best practices were in place in the shipyard, it is un-
likely that this risk can be fully avoided at all times.

3.3. Particle morphology and chemical characterisation

Different particle morphologies and tracers were observed by TEM
which related to the main chemical components of the coatings being
abraded (Table S1). The most abundant type of particle observed were
fine and ultrafine particles of irregular morphology, detected equally
in the workshop and the shipyard (Fig. 4a–e). These particles, ranging
between 50 nm and >2000 nm in diameter, included key tracers of pig-
ments (Ti, Mg, Si, Zn, Cu) as main components and were therefore
interpreted as resulting from mechanical abrasion of the coating mate-
rials by the orbital sanders. Similar irregular-shaped fine and ultrafine
particles are reported in previous works involving comparablemechan-
ical processes at laboratory scale (Smulders et al., 2014) and in indus-
trial settings (e.g., a machining centre, Gonzalez-Pech et al., 2019).

In addition, fine metallic particles with shapes suggesting the influ-
ence of melting, with diameters <1000 nm, were also detected in the
shipyard (Fig. 4f, bottom). Examples of tracers were Pb, Zn and Cu.
The rounded shapes of these particles suggest partial or total melting,
Fig. 4. Particles collected on TEM grids in the wo
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probably caused by the friction of the orbital sanders against the coat-
ings being abraded. The high organic composition of the coatings
(Table S1) supports the possibility of melting of the coating materials.
The fact that this kind of particle was detected in the shipyard only,
and not in the workshop, may point to the duration of the abrasion ac-
tivity as a relevant parameter (as well as the larger surfaces being
treated), given that the activities were longer (in time) in the shipyard
than in the workshop, therefore probably reaching higher surface tem-
peratures in the shipyard, while the type of mechanical sanders was
common in both scenarios. Also, the coatings being abradedwere differ-
ent, even if they had a similar organic base (toluene- and ethylacetate-
based; Table S1). Incidental nanoparticle formation by melting of coat-
ing materials and subsequent new-particle formation of comparable
spherical metallic particles was previously reported in the framework
of thermal spraying activities at industrial scale (Salmatonidis et al.,
2019; Viana et al., 2017). Future work will involve real-timemonitoring
of the actual temperatures reached by the surface being abraded, in
order to assess the potential role of chemical components subject to
volatilisation in the composition of the coatings.

Finally, in addition to the ultrafine particles incidentally formed dur-
ing abrasion (throughmechanical or thermal processes), markedly reg-
ular nanoparticleswere also observed (Fig. 5). These particles were only
identified in the shipyard, and their regular shapes indicate that they
were engineered and probably used as nano-additives in the coatings.
The use of engineered nanoparticles (Ti, Zr, Au, Pb, Ag, Cu; Khan et al.,
2019; Kittelson et al., 2004; Miller et al., 2020; Morgeneyer et al.,
2018, among others) has increased in recent years in the pigment sec-
tor, to enhance coating properties such as anti-drip or anti-fogging
(Wu et al., 2020). Specifically, in the shipping sector, Ag, Zn and Zr
nano-additives are frequently for antimicrobial protection, Ti for ab-
sorption of ultraviolet radiation for cleaning and water treatment
(Chouirfa et al., 2018), and Cu biocides in anti-fouling paints (Miller
et al., 2020). The engineered nanoparticles detected in the shipyard
samples showed characteristic triangular and hexagonal shapes
(Fig. 5a, c), as well as other polygonal shapes (Fig. 5b), and they were
detected as single nanoparticles with diameters <50 nm (Fig. 5d) as
well as embedded in larger aggregates formed by the major compo-
nents of the coatings (traced by Ti, Fe, Zr; Fig. 5a–c). Theirmain chemical
tracers were Ti, Zr and Fe for the oval and hexagonal-shaped particles,
rkshop (top) and in the shipyard (bottom).



Fig. 5. Engineered nanoparticles detected on TEM samples collected in the shipyard.
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andTi for the triangular andpolygonal nanoparticles. The specific chem-
ical composition of the coatings being abraded is unknown, as the tech-
nical specifications only reported the paint's main components (mostly
TiO2, with no reference to the particle size distribution of the pigments).
No reference to nano-additives was found in the technical specification
sheets. According to the literature (Morgeneyer et al., 2018), the particle
morphologies observed in this work are comparable to engineered
nanoparticles available on the market for commercial or research use.

In sum, the aerosols released during abrasion in the shipyard
contained a mixture of incidental ultrafine and fine particles, generated
as a result of mechanical abrasion, and engineered nanoparticles, re-
leased together with the coating being abraded. In terms of human
health impacts, the incidental and engineered particles detected were
found in particle size ranges (<100 nm for engineered nanoparticles,
and<500 nmand larger for the aggregates) withmajor potential health
hazard due to their ability to penetrate deepest in the human health re-
spiratory tract (Oberdörster, 2001). Therefore, the release of both types
on nanoparticles to workplace air has implications from the point of
view of human exposure, if PPE are not adequately implemented. In ad-
dition, the potential for ambient air impacts in the harbour area is also
relevant, given that the efficiency of the filtration systems in the ship-
yard tent (connected to the exhaust systems) were not tested in the
present study. This is the target of ongoing research in the same ship-
yard. Finally, potential impacts on the aquatic environment should
also be taken into account, as deposited dust may contribute to surface
waters in the harbour area, as described above. The release rate of me-
tallic nanoparticles in harbour areas due to mechanical abrasion should
be quantified and compared to their release on open sea water from
anti-fouling paints (e.g., comparing the active abrasion in the harbour
versus the passive abrasion by water during sailing). Further research
is necessary on this topic. For example, release rates in the order of <1
to 12 mg/l were reported by Zhang et al. (2017) for TiO2 and SiO2

engineered nanoparticles during weathering of paints in laboratory
conditions. Anthropogenic inputs of metal particles have been
identified as a significant disruptor of surface water composition in
Mediterranean coastal areas (Algül and Beyhan, 2020; Grousset et al.,
1995; Heimbürger et al., 2011). While experimental studies have
provided evidence for the release of engineered nanomaterials into
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the environment from nano-enabled products (textiles, paints, etc.)
(Gottschalk et al., 2010, among others), the consequences on surface
water composition and the aquatic environment of the potential release
of engineered metallic nanoparticles to the Mallorca harbour area wa-
ters still remain to be evaluated.

3.4. Chemical profile of lung-deposited aerosols

Aerosol samples were collected on polyurethane forms to character-
ise the chemical profile of the total aerosol deposition in the human re-
spiratory tract (Koehler et al., 2009), in the scenarios assessed. In
addition to the contribution from ultrafine and nanoparticles described
in Figs. 4 and 5, personal exposure and aerosol deposition along the re-
spiratory tract were dominated by the chemical components in coarser
particles (Fig. 6). Clear differences were observed between the work-
shop and the shipyard, in terms of chemical profiles and their repeat-
ability over different days. While the chemical profile of lung-
deposited aerosols was mostly constant throughout the different days
in the shipyard, large variability was observed across the workshop
samples. This was a result of the larger variability in activities in the
workshop (mechanical abrasion, manual abrasion, dripping, etc.)
which contrasted with the mechanical abrasion carried out throughout
the sampling period in the shipyard. In spite of the limited number of
samples available (six 8-h samples), these results support the applica-
bility of this sampler, which can be deployed in future real-world high
exposure occupational settings. It should be noted that the samples col-
lected were representative of the workers' full 8-hour shifts, and there-
fore of their actual exposures.

In terms of chemical profiles, particle composition in the shipyard
was dominated by the composition of the coating materials, with the
largest relative contributions from Ti (43-49%), Mg (29-32%) and Al
(8-9%). These are the same tracers observed in Fig. 6, confirming the
abrasion of coatings as the main emission source. Ca and Fe were also
relevant contributors (7%) to deposited aerosol fraction, in the shipyard.
In the workshop, conversely, concentrations were much more variable
on the different sampling days and areas of the workshop, with major
tracers Ba (12-40%), K (2-41%), Ca (10-44%), Ti (6-26%) and Al (4-
14%). When comparing with other studies using the same sampler,



Fig. 6. Chemical composition of lung-deposited aerosols sampled on each day in the workshop (top) and the shipyard (bottom).

Fig. 7. Cell viability (in %) for the two particle samples (with particle diameters <2 μm in
suspension) collected in the shipyard, as a function of sample dilution (0% dilution: raw
sample as collected in the shipyard; 50% dilution: sample diluted by 50%; etc.). Both
samples correspond to repetitions of the same aerosol mix.
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concentrations were lower than those reported during exposure to
stainless-steel welding fumes (Newton et al., 2021) for lung-deposited
Ni (0.3-87 μg/m3 vs. 0.4-1.9 μg/m3 in this work) and Cr (0.5-192 μg/
m3 vs. 0.5-3.1 μg/m3 in this work), for traditional tracers of welding
emissions. Conversely, concentrations of tracers of the coatings were
up to one order of magnitude higher than concentrations measured
for workers welding stainless steel (8-9 μgTi/m3, 5-6 μgMg/m3, 1-2
μgAl/m3). As with the metallic nanoparticles described in the previous
section, the potential release of fine and coarse metal-bearing particles
to surface waters may have environmental implications in terms of bio-
accumulation in aquatic species (Jitar et al., 2015; Maceda-Veiga et al.,
2012; Yigit et al., 2018).

3.5. Aerosol cytotoxicity

The results obtained in the MTT assay refer to the average effective
concentration (EC50), or the concentration affecting 50% of the cell
population. The aim of these analyses was to evaluate cell viability
after exposure of the cells to the aerosol concentrations sampled,
which was only possible in the shipyard due to technical issues with
the sampling medium in the workshop. In addition, the complexity of
the experimental setup in the shipyard allowed for the collection of
only 2 samples, both of them representative of the indoor background
aerosol mix (impacted by abrasion and dust resuspension emissions).
Cell viability was evaluated after exposure of the cells to the aerosol
concentrations monitored in the shipyard, in such a way that
concentration-dependent results could only be assessed by diluting
the original sample (Fig. 7), in a similar approach to (Lu et al., 2015).

Reduced cell viabilitywas observed after exposure to the original PM
samples (without dilution; 35.5-36.8%), when compared to the internal
9

control (which showed no decrease), suggesting that exposure to the
particles collected had an effect on cell function. This decreasewas com-
parable and even larger than the one reported by Lu et al. (2015) for ex-
posure to ZnO engineered nanoparticles (40%, for concentrations of
100 μg/ml), who concluded that the local concentration effect of
heavy metals in A549 cells (as well as the induction of oxidative stress
by the particles) may be responsible for the observed cellular damage.
The lower cell viability in our work (testing environmental, or inciden-
tal, particles) is also consistent with the conclusion by Lu et al. (2015)
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that engineered nanoparticleswere not as toxic to lung cells as environ-
mental particles. However, a larger dataset is necessary to extract
statistically significant conclusions. The comparability between the
results from both samples was high, supporting the robustness of
the analyses as both samples were collected during similar abrading
activities.

Cell viability increased as the sample was diluted, suggesting that
the observed effect is dose-dependent. However, as stated above,
these are only preliminary results based on the 2 available samples.
Only after diluting the sample by a factor of 1:4 (75% dilution) did cell
viability increase above the EC50, highlighting the relevance of PPE to
avoid potential exposures in the NF and FF locations.

4. Conclusions

Recreational ship refit and repair operations are relevant sources of
potentially health and environmentally hazardous ultrafine particles.
Two different types of ultrafineparticleswere observed duringmechan-
ical abrasion of surface coatings: (1) regular (triangular, hexagonal)
engineered nanoparticles (Ti-, Zr-, Fe-based)whichwere originally em-
bedded as nano-additives in the coatings, and (2) irregular, incidental
particles emitted directly or formedduring the abrasion activity. Particle
number concentrations monitored were in the range of industrial
activities such as drilling, welding or laser engraving, and were also
statistically significant in terms of increases in particle mass concentra-
tions. The chemical composition of particles <4 μm(withmajor compo-
nents Ti, Al, Ba and Zn) evidenced that the emission source were the
coatings being abraded. In vitro toxicity assessments showed reduced
cell viability and a moderate potential for cytotoxic effects, which
were comparable to results on engineered nanoparticle toxicity in the
literature. These results are relevant in terms of health and environmen-
tal impacts.

Despite best practices in place in the scenarios evaluated regarding
general exhaust ventilation systems and personal protective equip-
ment, it is unlikely that exposures can be fully avoided at all times.
Therefore, in order to ensure effective worker's protection in complex
real-world scenarios, it is advisable that risk management protocols
take a holistic view, with comprehensive protection protocols covering
not only activity periods in the NF but also shutdowns and FF locations.
This is considered essential to maximise worker protection. Finally, the
effectiveness of protocols in place to remove settled dust (from the tents
and other shipyard sources) should bemonitored to prevent the release
of metallic engineered and incidental nanomaterials, as well as fine and
coarse particles, to the coastal surface waters.
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