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ABSTRACT

The rapid integration of engineered nanomaterials into paints and coatings has substantially improved product
performance. However, this technological advancement introduces significant and incompletely characterized
occupational health risks for workers in this industry engaged with nanomaterial synthesis, formulation, spray application,
sanding, and maintenance operations. This review critically evaluates the occupational health risks associated with
nanomaterial exposure in the paints and coatings industry, their exposure pathways, adverse health effects, and the current
state of risk assessment frameworks. Inhalation is identified as the dominant occupational exposure route, with spray
application and powder handling generating the highest near-field airborne nanoparticle concentrations, in some cases
exceeding recommended occupational exposure limits, and dermal contact represents a secondary pathway. The state of
exposure risk assessment in the industry and comparison of the existing frameworks reveal no validation against empirical
exposure data from the paints and coatings environment, the absence of harmonized occupational exposure limits for
most engineered nanomaterials, and the persistent inconsistencies across the control banding tools most widely used in
practice. This review identifies three priority research directions for the field: 1. Establishing health-based occupational
exposure limits for the nanomaterials most commonly used in coatings, 2. Resolving the acrosol metric debate to enable
cross-study comparability of exposure data, and 3. Developing and validating quantitative risk models specifically
calibrated to the aerosol dynamics and mixture exposure conditions of industrial coating operations.
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1. Introduction
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nanomaterials, including nano-silica, nano-titanium, and nano-silver,
which pose biological effects through multiple exposure routes,
including inhalation, though their successful integration requires
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careful attention to dispersion and stabilization mechanisms . The industry represents high-risk environments
for nanomaterial exposure due to several factors. Processes like spraying are associated with the release of
large numbers of predominantly small-sized particles, creating significant exposure potential 1. Although
ventilation systems can reduce airborne particle concentrations, studies show that this protection is often
transient, with measurable nanoparticle concentrations detected in both near-field and far-field workplace areas
during spray coating [®7l. In addition, emissions of nanoparticles through local exhaust ventilation systems

indicate the potential for broader workplace and environmental release [,

Despite the increasing incorporation of nanomaterials into paints and coatings, gaps remain in the efficient
understanding and management of their occupational health, exposure pathways, and risks under real industrial
operating conditions. Existing nanomaterial risk assessment tools used in this industry are primarily qualitative,
relying on control banding approaches that lack comprehensive exposure data and operational conditions such
as mass, temperature, humidity, and exposure duration [®1. Furthermore, the limited availability of industrial-
scale validation data limits the accuracy and applicability of current models, reducing their effectiveness for
guiding workplace safety practices and regulatory decision-making. Engineered nanomaterials have also been
associated with potential respiratory and dermal health effects in occupational settings, which has increased
interest in understanding exposure pathways and improving workplace risk assessment approaches.

This review aims to critically evaluate the current state of nanomaterial risk assessment in the paints and
coatings industry, emphasizing occupational health, exposure pathways, and assessment approaches. It
synthesizes current literature on nanomaterial exposure pathways and risk assessment approaches in paint and
coating operations, drawing on peer-reviewed studies from occupational hygiene, nanotoxicology, and
industrial coating research. This work emphasizes the need for future research to improve the industrial
relevance of nanomaterial risk management frameworks for occupational health and regulatory practices.

2. Points of Nanomaterials Incorporation in Paints and Coatings Operations

The incorporation of nanomaterials into paints and coatings can occur at several stages throughout the
manufacturing and application processes, each impacting the final properties and performance of the
nanocomposite material !, This strategic integration is essential to leverage the unique chemical, mechanical,

10]

thermal, surface, and photophysical properties that nanomaterials impart at the nanoscale ', The primary

objective is to enhance functionalities such as wear resistance, corrosion protection, UV resistance, self-

cleaning, and antimicrobial activity [''-13],

2.1. Formulation, Mixing, and Dispersion Stages

Nano-paint production typically involves two main stages: the preparation of an intermediate product with
a linear molecular structure, followed by its conversion into a final spatial configuration !, In practice, this
involves dispersing nanoparticles, typically in the size range of 1-100 nm, into base coat paints using

14151 These high-energy dispersion processes are

techniques such as ultrasonication and magnetic stirring !
designed to achieve uniform nanoparticle distribution and prevent agglomeration, which is critical for product

quality.

Several factors influence nanoparticle behavior during formulation, including particle size, shape,
concentration, and distribution within the coating matrix. Chemical and physical stabilization strategies are
therefore required to maintain dispersion stability throughout processing and storage. The selection of
appropriate surface modifications is dependent on the resin system or solvent environment, such as acrylic,
urethane, epoxy, or alkyd formulations !, Mixing and dispersion stages represent critical points where
mechanical agitation, high shear forces, and open or partially enclosed systems may increase the likelihood of
nanoparticle release into the workplace atmosphere if engineering controls are inadequate.



2.2. Application and Finishing Processes (Spraying, Sanding, Curing)

Paint formulations containing nanomaterials are applied using a range of conventional coating methods,
including brush coating, roller coating, air spray coating, and airless spray coating. Each application technique
involves distinct operating conditions that influence aerosol generation, particle dispersion, and worker
exposure. Spray coating processes, particularly air and airless spray painting, are recognized as high-energy
operations capable of generating fine aerosols containing nanoscale particles, resulting in elevated inhalation
exposure potential in the near-field of operators. Empirical evidence has shown that during airless spray
application of nano-enabled coatings, airborne concentrations of nano-titanium dioxide may exceed
recommended occupational exposure limits, highlighting the importance of effective ventilation and
appropriate personal protective equipment by the National Institute for Occupational Safety and Health
(NIOSH) ['¢],

Following application, finishing processes such as curing, drying, sanding, and surface preparation may
further affect nanoparticle release and redistribution. The thickness and uniformity of coating layers are
constrained by the particle size of fillers and pigments, which can influence deposition efficiency, overspray
behavior, and subsequent surface finishing requirements. Mechanical actions such as sanding and abrasion of
coated surfaces can resuspend deposited nanoparticles, generating secondary dust clouds and extending
exposure beyond the initial application stage.

3. Occupational Exposure Pathways

Workers involved in producing nanomaterials or using nanomaterials in manufacturing plants are likely
to have earlier and higher exposure to manufactured/engineered nanomaterials than the general population.
This is because both the volume handled and the probability of the effluence of ‘free’ nanoparticles from the
handled volume are much higher during a production process than at any other stage in nanomaterials and
nanotechnology-enabled products 7). Unlike controlled laboratory environments, industrial facilities operate
under dynamic conditions characterized by intermittent containment, varying ventilation effectiveness, and
frequent worker—process interactions, all of which can contribute to unintended nanoparticle release. Among
the potential exposure routes, inhalation represents the dominant pathway in most coating operations, while
dermal contact and inadvertent ingestion may occur under specific handling practices and hygiene conditions.

Empirical studies have documented significant exposure potential during key painting and coating

(16 reported that airless spray application of nano-enabled paints containing titanium dioxide

processes.
generated airborne concentrations that may exceed recommended occupational exposure limits, whereas
sanding activities generally resulted in lower exposure levels, particularly when local exhaust ventilation was
effectively applied. Similarly, Bellagamba et al. [*! identified the release of graphene nanoplatelets during spray
deposition of graphene-based polymer coatings, with exposure risks concentrated in the near-field of operators
within restricted work areas. At a broader scale, Bekker, et al. 8] estimated that approximately 3,000 workers
in the Netherlands may be occupationally exposed to manufactured nanomaterials during the production or
application of nano-enabled products, with the paint industry identified as one of the contributing sectors.
Figure 1 schematically summarizes occupational exposure pathways relevant to paints and coatings operations

involving engineered nanomaterials.

3.1. Inhalation Exposure during Spraying and Mixing

Inhalation exposure is the primary occupational hazard during nanomaterial handling in paints and
coatings operations, particularly during high-energy processes such as spray application, powder handling, and
mixing. These activities generate airborne nanoparticles that can remain suspended in the workplace
atmosphere, resulting in elevated near-field exposure. During powder handling and mixing, near-field particle
number concentrations have been reported to exceed far-field levels by 1,000 — 40,000 cm™, with personal
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PM: exposures ranging from 0.156 to 0.839 mg m™ [!], Empirical studies have demonstrated that spray
application methods strongly influence inhalation exposure levels. Park et al. 2 reported that propellant-based
spray systems generated substantially higher nanoparticle number concentrations (approximately 1,466 —
5,565 particles/cm?®) compared to pump sprays, leading to increased inhalation exposure potential. Bellagamba
et al. ¢ identified the release of graphene nanoplatelets during spray deposition of graphene-based polymer
coatings, with exposure levels highest in restricted near-field areas. Although the use of ventilated hoods
significantly reduced airborne concentrations, measurable particle levels persisted during active spraying.
Cooper et al. !l similarly reported that spray application of zinc oxide nanoparticle wood sealants generated
airborne nanoparticle concentrations above background levels, with local exhaust ventilation achieving
reductions of up to 92%. Despite these reductions, residual exposure remained during spraying activities.

Quantitative exposure assessments have also reported measurable mass-based concentrations during spray
application of nano-enabled coatings. Koivisto et al. [*?! estimated 8-hour time-weighted average exposures of
up to 171 pg/m? for titanium dioxide nanoparticles under worst-case spray-coating scenarios, with detectable
exposures also reported for silver nanoparticle-containing coatings. These findings validate that inhalation
exposure during spraying of nanomaterials can approach or exceed benchmark values, particularly when
ventilation is inadequate or process conditions are poorly controlled. While engineering controls like local
exhaust ventilation consistently reduce airborne nanoparticle concentrations across different coating
applications, the exposure is not fully eliminated.

3.2. Dermal and Ingestion Pathways

Although inhalation is established as the dominant exposure route to nanomaterials in paints and coatings
operations, dermal contact and ingestion can be seen as important secondary pathways that may contribute to
overall occupational exposure to nanomaterials. Human exposure to Engineered Nanomaterials (ENMs) has
been shown to occur through multiple routes, including dermal and ingestion pathways alongside inhalation
and, in some contexts, ocular exposure, depending on material form and use conditions 12*!, In industrial coating
environments, these non-inhalation pathways are most associated with manual handling activities, surface
contamination, and non-routine tasks rather than airborne release alone.

(4] indicate that dermal exposure can occur even when inhalation exposure is unlikely, particularly when
ENMs are present in liquid formulations or suspensions. In paints and coatings operations, such scenarios arise
during formulation handling, equipment cleaning, maintenance, and spray application, where workers may
come in direct contact with nanomaterial-containing liquids, residues, or settled dust. The likelihood of dermal
exposure is strongly influenced by the physical form of the nanomaterial, the applied process, and operational
conditions, with manual tasks such as cleaning, maintenance, and spraying consistently associated with
increased exposure potential 241,

On the other hand, ingestion exposure in occupational settings is usually indirect and occurs via hand-to-
mouth transfer after coming in contact with contaminated surfaces, tools, or personal protective equipment.
While ingestion is generally considered less significant than inhalation and dermal contact in terms of dose,
its occurrence reflects deficiencies in workplace hygiene and contamination control.

Understanding dermal and ingestion exposure pathways is further complicated by nanomaterial
transformation in biological environments. Although these processes are not fully understood in occupational
settings, they highlight the complexity of exposure assessment and reinforce the importance of comprehensive
characterization across multiple exposure pathways. Figure 1 illustrates the key process stages and the relative
mechanisms through which workers may be exposed to nanomaterials through inhalation, dermal contact, and
incidental ingestion as occupational exposure pathways in nano-enabled paints and coatings operations.
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Figure 1. Common occupational exposure pathways to nanomaterials in paints and coatings operations. Key process stages and

associated release mechanisms.

An overview of tasks and activities related to the use of nanomaterials in the industries, along with the
potential hazards associated with each process or task, is summarized in Table 1, according to Malaysia’s

DOSH guidelines [°,

Table 1. Potential Hazards According to the Process or Task 21,

Exposure to

S/N Process/Task Work activities Descriptions .
Nanomaterials
Downstream processing Bag/container Workers manually open and Nanoparticles (dry
emptying emptying bags of solid powder) in high
materials concentration
Small-scale weighing Handling of Nanoparticles in high
nanomaterials/nanoparticles concentration
during scooping, pouring,
and dumping activities
Machining of Machining of parts that Nanoparticles
products containing nanomaterials
(e.g., sawing, polishing,
grinding)
Product packaging Small-scale Handling of Nanoparticles
weighing/handling nanomaterials/nanoparticles
for quality assurance/control
sample
Large-scale Large-scale powder packing, = Nanoparticles in high
weighing/handling process loading, and tray concentration
dryer loading
Product packaging Powder product is Nanoparticles (dry
commonly discharged into a powder) in high
bulk tote or drum before concentration
packaging
Maintenance Facility equipment When cleaning dust Liquid or solid that

cleaning

Air filter changeout

Spill clean-up

collection systems used to
capture nanoparticles, such
as performing fan
maintenance.
Removal of dirty air filter
from a ventilation unit
Cleaning up spills

contains nanomaterials

Liquid or solid that
contains nanomaterials




4. Adverse Health Effects of Occupational Exposure to Nanomaterials

The adverse health effects associated with engineered nanomaterial exposure are strongly influenced by
exposure route, particle characteristics, dose, and duration. In industrial paints and coatings operations, these
effects are most relevant when exposure occurs repeatedly under insufficiently controlled process conditions,
rather than as a result of isolated or incidental contact. This review is limited to respiratory and dermal effects,
which correspond to the primary and secondary occupational exposure routes in coating operations. However,
ingestions, often resulting from poor hygiene practices in the workplace, may also occur and could lead to
gastrointestinal absorption and systemic bioaccumulation, raising concerns about potential long-term
toxicity!?®l,

4.1. Respiratory Effects

The respiratory tract represents the primary entry route for inhaled nanoparticles in occupational settings,
with deposition governed by multiple physical mechanisms that depend largely on particle size and airflow
characteristics. Penetration and deposition within the airways occur through gravitational sedimentation,
inertial impaction, interception, diffusion, and electrostatic interactions, with diffusion playing a dominant role
for nanoparticles due to their small size and high thermal mobility ?”. Deposition patterns are further
influenced by airway geometry, breathing rate, and breathing mode (nasal versus oral), all of which may vary
during coating-related activities. Once deposited in the respiratory tract, nanoparticles may undergo
aggregation or agglomeration, increasing their effective aerodynamic diameter from the nanoscale to the
microscale and altering deposition and clearance behavior ?7). In paints and coatings operations, workers are
typically exposed to mixed aerosols rather than isolated primary nanoparticles, and these dynamic
transformations complicate exposure assessment and interpretation of respiratory risks under real industrial
conditions.

Respiratory effects are the most consistently reported adverse health outcomes associated with
occupational exposure to engineered nanomaterials and are therefore of primary relevance in paints and
coatings operations. For example, titanium dioxide (TiO-) and silica nanoparticles (SiO-), widely used for UV
protection and scratch resistance, have been linked to oxidative stress, lung inflammation, and systemic toxicity
(28] Inhalation exposure during high-energy processes such as spray application, powder handling, and sanding
allows airborne nanoparticles to penetrate deep into the respiratory tract, where interactions with pulmonary
tissues may occur. Experimental and occupational studies have associated such exposures with inflammatory
responses, oxidative stress, fibrosis, and impaired lung function, particularly under conditions of repeated or

prolonged exposure 2239,

A widely proposed mechanism underlying respiratory toxicity is the generation of reactive oxygen species
and subsequent oxidant injury, which can initiate inflammatory cascades in the lung, similar to responses
observed for ambient ultrafine particles *!!. Metal and metal-oxide nanoparticles commonly used in paints and
coatings have been shown to induce pulmonary inflammation and fibrotic changes in experimental studies

1,32

under high exposure scenarios !'*2, These responses are influenced by particle size, surface area, surface

chemistry, exposure concentration, and duration.

Importantly, translation of experimental findings to occupational settings remains subject to uncertainty.
Workers are more frequently exposed to agglomerated or aggregated particles rather than primary
nanoparticles, which may modify deposition patterns and biological interactions within the respiratory
system®. Observed respiratory outcomes are therefore closely linked to process conditions, ventilation
effectiveness, and task frequency. As such, respiratory risks in paints and coatings operations should be
interpreted within the exposure pathways described earlier, with emphasis on the role of engineering controls
and work practices in mitigating inhalation-related health effects.



4.2. Dermal Effects

Dermal contact may occur in paints and coatings operations, arising during liquid formulation handling,
spray application, equipment cleaning, and maintenance tasks, as shown in Figure 1. Workers come into direct
contact with liquids, residues, or settled surface deposits, but the extent to which dermal exposure poses a risk
depends on whether nanoparticles can penetrate the skin barrier and reach viable biological tissue.

The stratum corneum is the primary barrier to nanoparticle penetration, and studies have found confined
particles on its surface or the uppermost layers of the stratum corneum, with negligible penetration into dermal
tissue under intact skin conditions **! However, nanoparticles within the range of 45 nm have been found to
have a direct channel through hair follicles, even though this area accounts for less than 1 % of the total skin

surface, they represent an alternative penetration pathway for some nanomaterials 341,

The primary dermal health concern in coating environments is sensitisation rather than acute irritation, as
available evidence suggests minimal irritant effects of nanoparticles on intact human skin **, Metal-containing
nanoparticles present in antimicrobial and corrosion-resistant coating formulations release ions at the skin
surface at higher rates than bulk materials owing to their elevated surface-to-mass ratio, triggering allergic

34,35

contact dermatitis in sensitized individuals **%!. In coating environments where concurrent chemical

exposures to solvents and resins are routine, co-exposure to nanoparticles may further potentiate allergic risk

beyond single-agent predictions *°),

4.3. Evidence from Occupational Case Studies

Some studies assert that nanomaterials pose minimal risk when they are firmly bound within the paint or
coatings matrix, reducing their bioavailability and potential for release during use, thereby minimizing
inhalation, skin contact, or environmental exposure 7!, Despite these claims, research on the long-term effects
of exposure to these nano-products in both industries remains limited, particularly regarding chronic health
impacts on humans, with minimal experimental data available, highlighting a critical knowledge gap %%,
Occupational exposure to nanomaterials in the paints and coatings industry has been associated with various
health complications, primarily affecting respiratory function and systemic toxicity. Table 2 summarizes
reported occupational exposure incidents involving engineered nanomaterials and associated adverse health
outcomes. It is important to note that many of the reported findings originate from case reports, accidental
high-exposure events, or observational studies in complex workplace environments where concurrent exposure
to solvents, volatile organic compounds, welding fumes, pigments, and other airborne contaminants may have
contributed to the observed outcomes. Consequently, the reported health effects should not be interpreted as
definitive evidence of a direct causal relationship between nanomaterial exposure alone and clinical disease.
Likewise, in several studies, the available evidence is limited to biomarkers of exposure or effect, rather than
confirmed nanomaterial-induced disease.

Although several reviews have evaluated occupational exposure routes, toxicological mechanisms, and
health effects of engineered nanomaterials, systematic reviews focusing specifically on validated human
biomarkers of effect remain limited. Current evidence is largely derived from toxicological studies,
occupational exposure assessments, and isolated case reports rather than longitudinal epidemiological
investigations capable of establishing clear exposure-response relationships. This limitation highlights the
continuing uncertainty regarding causality between occupational nanomaterial exposure and clinically
significant disease outcomes.



Table 2. Previous reported cases of nanomaterials exposure in the paint and coating industry.

S/N Activity/Process Adverse health outcomes Consequence Evidence Reference
1 Spraying nickel in a Respiratory distress One fatality High levels of nickel found in (401
metal arc process syndrome urine and kidney; nanoparticles <
25 nm found in alveolar
macrophages.
2 Aluminum welding Pneumoconiosis Two fatalities ~ Aluminum concentration from (411

8.5 to 11.2 billion particles per
cm?® of lung tissue; most particles
~10 nm.

3 Polyacrylate spray Shortness of breath, Seven Silica nanoparticles in alveolar [42]
painting pleural effusion, injuries macrophages, epithelial cells,
progressive pulmonary and chest fluid.
fibrosis
4 Polyester powder Bronchiolitis obliterans One fatality Titanium dioxide nanoparticles [43]
painting organizing pneumonia found in pulmonary samples.
5  Toner from laser printing ~ Abdominal pain, weight One injury Submesothelial aggregates of 261

process

6  Handling or
manufacturing

loss, and diarrhea

Suspected respiratory
occupational disease

Nine injuries

carbon nanoparticles (31-67 nm)
were found in tissue specimens.

Not specified.

[44]

nanomaterials in 340
workplaces

5. Risk Assessment Approaches in Nano Paint and Coating Operations

Assessing risks associated with nanomaterials remains a complex challenge due to the absence of
established occupational exposure limits (OELs). The existing occupational risk assessment approaches for
ENMs have evolved from qualitative control banding strategies to more quantitative and model-based
frameworks. This section reviews the current state of exposure assessment, the process-specific parameters
that drive exposure in coating operations, the screening and control banding tools most widely used in practice,
and the quantitative models now emerging for more precise risk estimation.

5.1. Measurement-Based Exposure Assessment

Direct measurement remains the reference standard for occupational exposure characterization in nano-
enabled coating operations. The most widely cited structured framework is the OECD Harmonized Tiered
Approach (OECD SNN No. 55, 2015), which organizes field assessment into three progressive tiers.

The Nanomaterial Exposure Assessment Technique (NEAT 2.0) provides a structured task-based field
assessment protocol integrating both real-time and filter-based sampling, developed by Eastlake et al. 4 as a
practical operational tool applicable to nano workplace scenarios. A persistent methodological challenge is the
lack of consensus on the appropriate exposure metric for nanomaterials. Belosi et al. ¢! directly compared
mass concentration, surface area concentration, and particle number concentration as exposure metrics during
industrial spray coating processes, demonstrating that these metrics can yield markedly different risk pictures
for the same operation. Galey et al. 7 concluded that no harmonized approach has been fully adopted across
industrial sectors, and that high levels of metrological expertise are required to implement comprehensive
measurement programs, a constraint particularly acute for small and medium-sized enterprises.

5.2. Operating Parameters as Exposure Determinants

A significant limitation of most risk assessment frameworks is their failure to adequately capture the
process-specific operating parameters that govern nanoparticle aerosolization, dispersion, and accumulation in
industrial scenarios. The physical state of the nanomaterial is the most fundamental determinant of release
potential. Free or unbound nanoparticles encountered during powder handling, bag emptying, and certain
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mixing operations present substantially higher aerosolization risk than nanomaterials embedded within liquid
formulations or cured coating matrices 2. The mass of nanomaterial in use scales directly with airborne
concentration potential during high-energy operations such as spraying, grinding, and mixing; larger quantities
processed in a given period of time increase the source strength available for dispersion into the worker's
breathing zone.

Air exchange rate is a critical mitigating variable, as poor ventilation facilitates nanoparticle accumulation
and sustains elevated breathing-zone concentrations, as demonstrated by the significant near-field to far-field
concentration differentials measured across multiple coating spray studies (1621, Halil et al. [*! operationalized
these parameters for nanomaterial risk assessment in the paints and coatings context by developing a
quantitative classification scheme defining low, medium, and high exposure categories based on measurable
thresholds of temperature, humidity, and nanomaterial mass. Their findings showed that nanomaterial mass
and elevated temperature consistently produced higher airborne particle release rates, and that the combined
influence of multiple parameters was not captured by physicochemical hazard banding alone. This work
represents an important step towards process-integrated exposure assessment, establishing that operating
parameters must be treated as active input variables rather than contextual background factors in risk models
designed for the paints and coatings sector.

5.3. Screening Tools: Control Banding and Nano Reference Values

Control Banding (CB) has become the most widely implemented first-line risk management approach in
occupational settings, including the paints and coatings industry. CB methods categorize nanomaterials into
hazard bands based on physicochemical and toxicological attributes by using particle size, solubility, shape,
and toxicity potential, and assign exposure bands based on work practices, process characteristics, and
emission potential, with recommended minimum control measures corresponding to each combined risk
level®**®l Examples include CB Nanotool, Stoffenmanager Nano, NanoSafer, and ISO/TS 12901-2. Their
principal advantages are practical applicability under data-scarce conditions, accessibility for non-specialist
users, and early-stage risk prioritization capability, particularly valuable for small and medium-sized
enterprises without dedicated occupational hygiene resources.

As an interim measure in the absence of OELs, Nano Reference Values (NRVs) developed through an
international workshop process and adopted in European occupational hygiene practice provide precautionary
8-hour time-weighted average benchmark values differentiated by nanomaterial hazard category . NRVs are
not health-based exposure limits in the regulatory sense but represent an expert-consensus pragmatic
intermediate tool that can be applied alongside CB outputs or direct measurements to support practical
exposure.

Despite their widespread implementation, comparative studies have consistently identified substantial
methodological inconsistencies across CB tools. When applied to the same nanomaterial and process scenario,
different tools produce divergent hazard and exposure outputs, reflecting fundamental differences in regulatory
purpose, input parameter definitions, hazard-scoring algorithms, and output formats. Liguori et al. %
concluded that while harmonization of inputs and outputs could support the development of a tiered cross-tool
framework, integration of existing CB tools into a unified system is not currently feasible without fundamental
restructuring of their underlying methodologies. CB tools typically require detailed physicochemical inputs
that are not consistently available for nanomaterials used in commercial paint formulations. In dynamic
operations such as spray application, CB tools do not account for real-time operational variability in ventilation,
task frequency, or worker proximity to the emission source. This conclusion is especially pertinent for the
paints and coatings industry, where exposure conditions are highly variable, and the physicochemical data
required by CB tools are frequently incomplete.



5.4. Quantitative Exposure Models for Spray and Mixing Operations

Recognizing the limitations of qualitative CB approaches, quantitative and model-based frameworks have
been developed that integrate mechanistic exposure modelling with hazard characterization, enabling
probabilistic risk estimates and scenario-specific control guidance suited to the operational realities of coating
environments. The most significant recent development in this area is the Nano Exposure Quantifier (NEQ), a
mechanistic, tiered quantitative model validated against a dataset of 128 real workplace nanomaterial exposure
measurements across multiple industrial sectors P!, The NEQ estimates airborne manufactured nanomaterial
concentrations in particle number units with 95% confidence intervals, incorporating two sub-models of
increasing complexity. The Tier 1 NEQ requires minimal input data and is designed for rapid screening, while
the Tier 2 NEQ integrates substance emission potential, activity emission potential, and room ventilation
parameters for more precise estimation. The NEQ is directly applicable to spray and mixing operations in
coating environments, where near-field particle concentrations are strongly dependent on spray parameters and
ventilation conditions. A companion tool, the NEQ-SbD %2, integrates a Safe-by-Design module into the NEQ
framework, enabling users to prospectively compare the exposure impact of alternative risk management
measures, including material substitution, process enclosure, and local exhaust ventilation, and supporting
iterative process improvement rather than single-point risk classification.

Halil et al. 1 developed an integrated nanomaterial risk framework combining Bayesian Network (BN)
modelling with control banding, incorporating process-specific operating parameters such as nanomaterial
mass, ambient temperature, and relative humidity, to improve risk estimation accuracy under variable process
conditions. BN models are particularly suited to nanomaterial risk assessment because they can represent
probabilistic dependencies between multiple exposure determinants, explicitly propagate uncertainty through
the risk estimate, and update model outputs as new workplace measurement data become available, with a
capacity for adaptive learning that static CB tools cannot replicate. The probabilistic structure of BN
approaches aligns well with the variable and often incompletely characterized exposure environments of
industrial spray coating operations.

Machine learning approaches are increasingly being explored as complements to mechanistic models. Ji
et al. 53! demonstrated that ML models can accurately predict nanomaterial cytotoxicity from physicochemical

34 gpecifically demonstrated the utility of deep learning for classifying

descriptors. Timothy and Hussain [
workplace risk levels associated with engineered nanomaterials based on exposure-related variables. While
these approaches remain at the research stage for occupational coating applications, they represent a credible
trajectory towards adaptive, high-resolution risk characterization that can accommodate the physicochemical
diversity and process variability of nano-enabled coating environments. Table 3 summarizes the quantitative

and predictive approaches used for nanomaterial exposure risk assessment.

Table 3. Quantitative and Predictive Models for Nanomaterial Exposure Assessment.

Model / s .
Framework Type Key Inputs Output Limitation for Coatings

EQ (Tiers 1 Mechanistic Tier 1: Substance form &  Quantitative exposure Dynamic Modeling: Tier 1 is often

&2) (Tiered activity. concentration (Particle overly conservative; Tier 2 lacks

(53] Approach) Tier 2: + Ventilation Number/Mass) with 95% specific modifiers for solvent-
rates, room volume, & CL based spray aerosol physics.
RMM efficiency.

NEQ-SbD Mechanistic + NEQ inputs + control Comparative exposure Prospective tool; requires NEQ as

[56] SbD measure parameters impact of RMMs base

Probabilistic Mass, temperature, Risk probability Predefined case studies; limited

humidity, CB hazard distribution dynamic adaptation
band

ML/Deep Data-driven Physicochemical Toxicity/risk classification Requires large validated training

Learning descriptors, exposure datasets

[53,57,58] variables
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5.5. Remaining Gaps in Paint and Coating Exposure Assessment and Future Directions

Despite the breadth of approaches reviewed above, several critical gaps remain unresolved, specifically
for nano-enabled paint and coating operations, limiting the accuracy and practical applicability of current risk
assessment frameworks in this sector. The absence of internationally harmonized OELs for most engineered
nanomaterials is the most fundamental regulatory gap. Without health-based exposure limits, all current
frameworks, whether CB tools, NRVs, or quantitative models, operate without a defined risk acceptability
threshold, making it impossible to determine definitively whether measured or modelled exposures constitute
acceptable or unacceptable risk.

At the measurement level, the unresolved metric debate, mass concentration versus surface area
concentration versus particle number concentration, means that exposure assessments conducted with different
primary metrics cannot be directly compared across studies or against available benchmark values . This
hinders the accumulation of an evidence base that would support sector-specific guidance for painting and
coating operations.

At the modelling level, existing quantitative frameworks, including the NEQ, have not been specifically
validated on paint and coating spray operations. Their training datasets include diverse industrial processes,
but the high aerosol generation rates, complex solvent environments, and mixture exposures characteristic of
coating applications may fall outside the conditions on which models were calibrated 3!,

At the process level, mixture exposures of workers in coating environments are simultaneously exposed
to nanomaterials, coarse spray aerosols, and volatile organic compounds, which are not addressed by any
current nanomaterial-specific risk assessment framework. The interaction of these co-exposures in terms of
combined toxicity and cumulative risk remains largely uncharacterized 2!, Developing validated parameter
thresholds and integrating them into both CB tools and quantitative models represents the most tractable near-
term priority for improving the accuracy and industrial relevance of nanomaterial risk assessment in this sector.

6. Conclusion

Our review examined occupational health risks associated with engineered nanomaterial exposure in the
paints and coatings industry, covering nanomaterial incorporation into coating processes, occupational
exposure pathways, adverse health effects, and risk assessment frameworks. The evidence reveals a sector in
which nanomaterial use is extensive, occupational exposure potential is well-documented, and the tools
available to assess and manage that exposure remain inadequately calibrated to real industrial conditions. Spray
application is the highest-risk operation, generating near-field airborne concentrations that can approach or
exceed benchmark values for nano-TiO», nano-ZnO, and related materials even when local exhaust ventilation
is in operation. Occupational documented case studies of pulmonary fibrosis, bronchiolitis obliterans, and
pneumoconiosis among spray painting and powder coating workers confirm that the health consequences of
inadequate exposure control in this sector are real and severe. These health effects are strongly determined by
physicochemical properties rather than material identity alone, reinforcing the need for material-specific
characterization as a foundation of occupational risk management. Risk assessment in this sector is hindered
by the absence of harmonized occupational exposure limits, persistent inconsistencies across control banding
tools, and the lack of validation of any existing framework against empirical exposure data from coating
operations. Quantitative mechanistic models represent the most meaningful advances, incorporating process-
specific parameters that qualitative tools neglect. Three research priorities follow: establishing health-based
exposure limits for nano-TiO,, nano-ZnO, nano-Si0,, and nano-Ag; resolving the aerosol metric debate to
enable cross-study comparability; and developing and validating quantitative models specifically calibrated to
the exposure conditions of industrial coating operations. Progress on these fronts is a prerequisite for risk
assessment frameworks that are both scientifically credible and practically useful for this industry.

11



Funding

This work is funded by the Malaysian Industry-Government Group for High Technology (MIGHT) and
The Scientific and Technological Research Council of Tiirkiye (TUBITAK) (Grant No: 123N206) under the
project “Development of Web-Based Prototype Nanomaterials Risk (NanoRisk) Assessment for Paint, Coating
and Textile Industries”.

Acknowledgments

The authors wish to thank Universiti Teknologi PETRONAS for supporting this work under the research
grant (No: 123N206)

Conflict of interest

The authors declare no conflict of interest.

References

1. Xuan L, Ju Z, Skonieczna M, Zhou PK, Huang R. Nanoparticles-induced potential toxicity on human health:
Applications, toxicity mechanisms, and evaluation models. MedComm (Beijing). 2023;4(4):e327.
do0i:10.1002/mc02.327 PubMed PMID: 37457660.

2. Vidales-Herrera J, Lopez 1. Nanomaterials in coatings: an industrial point of view. In: Handbook of Nanomaterials

for Manufacturing Applications. Elsevier; 2020. p. 51-77. doi:10.1016/B978-0-12-821381-0.00003-X

Khanna AS. Nanotechnology in High Performance Paint Coatings. Asian J Exp Sci. 2008.

4. Azani M, Hassanpour A. Nanotechnology in the Fabrication of Advanced Paints and Coatings: Dispersion and
Stabilization Mechanisms for Enhanced Performance. ChemistrySelect. 2024;9(19). doi:10.1002/slct.202481901

5. Ding Y, Kuhlbusch TAJ, Van Tongeren M, Jiménez AS, Tuinman I, Chen R, et al. Airborne engineered
nanomaterials in the workplace—a review of release and worker exposure during nanomaterial production and
handling processes. J Hazard Mater. 2017;322:17-28. doi:10.1016/j.jhazmat.2016.04.075

6. Bellagamba I, Boccuni F, Ferrante R, Tombolini F, Natale C, Marra F, et al. Occupational Exposure during the
Production and the Spray Deposition of Graphene Nanoplatelets-Based Polymeric Coatings. Nanomaterials.
2023;13(8):1378. doi:10.3390/nano13081378

7. Koivisto AJ, Del Secco B, Trabucco S, Nicosia A, Ravegnani F, Altin M, et al. Quantifying Emission Factors and
Setting Conditions of Use According to ECHA Chapter R.14 for a Spray Process Designed for Nanocoatings—A
Case Study. Nanomaterials. 2022;12(4):596. doi:10.3390/nano 12040596

8. Halil N, Rusli R, Zainal Abidin M, Jamen S, Khan F. An integrated health risk assessment with control banding
for nanomaterials exposure. Process Safety Progress. 2022;41(S1):S84-97. doi:10.1002/prs.12327

9. Azani M, Hassanpour A. Nanotechnology in the Fabrication of Advanced Paints and Coatings: Dispersion and
Stabilization Mechanisms for Enhanced Performance. ChemistrySelect. 2024;9(19). doi:10.1002/slct.202481901

10. Zhu Q, Chua MH, Ong PJ, Cheng Lee JJ, Le Osmund Chin K, Wang S, et al. Recent advances in nanotechnology-
based functional coatings for the built environment. Mater Today Adv. 2022;15:100270.
doi:10.1016/j.mtadv.2022.100270

11. Gamez-Espinosa E, Deya C, Bellotti N. Sustainable antimicrobial nanocomposite coatings with enhanced
durability for outdoor construction materials. Int J Adhes Adhes. 2026;146:104253.
doi:10.1016/j.ijjadhadh.2025.104253

12. JiZ,LiuY, Du F. Facile synthesis of solvent-free and mechanically robust coating with self-cleaning property.
Prog Org Coat. 2020;149:105923. doi:10.1016/j.porgcoat.2020.105923

13. GuY, Xia K, Wu D, Mou J, Zheng S. Technical Characteristics and Wear-Resistant Mechanism of Nano
Coatings: A Review. Coatings. 2020;10(3):233. doi:10.3390/coatings 10030233

14. 14. Sakinah SZA, Wan Hamzah WA, Alias J. Corrosion Performance of Nanopaint for Automotive Application.
In. 2023. p. 299-308. doi:10.1007/978-981-19-4425-3 27

15. Jakkula RVSK, Sethuramalingam P. Analysis of Coatings based on Carbon-based Nanomaterials for Paint
Industries-A Review. Australian Journal of Mechanical Engineering. 2023;21(3):1008-36.
doi:10.1080/14484846.2021.1938953

16. West GH, Cooper MR, Burrelli LG, Dresser D, Lippy BE. Exposure to airborne nano-titanium dioxide during
airless spray painting and sanding. J Occup Environ Hyg. 2019;16(3):218-28.
doi:10.1080/15459624.2018.1550295

17. Bergamaschi E, Murphy F, Poland CA, Mullins M, Costa AL, McAlea E, et al. Impact and effectiveness of risk
mitigation strategies on the insurability of nanomaterial production: evidences from industrial case studies. WIREs
Nanomedicine and Nanobiotechnology. 2015;7(6):839-55. doi:10.1002/wnan.1340

W

12



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

C. Bekker, D. Brouwer, E. Tielemans, A. Pronk. Industrial Production and Professional Application of
Manufactured Nanomaterials-Enabled End Products in Dutch Industries: Potential for Exposure. Ann Occup Hyg.
2012. doi:10.1093/annhyg/mes072

Koponen IK, Koivisto AJ, Jensen KA. Worker Exposure and High Time-Resolution Analyses of Process-Related
Submicrometre Particle Concentrations at Mixing Stations in Two Paint Factories. Annals of Occupational
Hygiene. 2015;59(6):749—-63. doi:10.1093/annhyg/mev014

Park J, Ham S, Jang M, Lee J, Kim S, Kim S, et al. Spatial-Temporal Dispersion of Aerosolized Nanoparticles
During the Use of Consumer Spray Products and Estimates of Inhalation Exposure. Environ Sci Technol.
2017;51(13):7624-38. doi:10.1021/acs.est.7b00211

Cooper MR, West GH, Burrelli LG, Dresser D, Griffin KN, Segrave AM, et al. Inhalation exposure during spray
application and subsequent sanding of a wood sealant containing zinc oxide nanoparticles. J Occup Environ Hyg.
2017;14(7):510-22. doi:10.1080/15459624.2017.1296237

Koivisto AJ, Del Secco B, Trabucco S, Nicosia A, Ravegnani F, Altin M, et al. Quantifying Emission Factors and
Setting Conditions of Use According to ECHA Chapter R.14 for a Spray Process Designed for Nanocoatings—A
Case Study. Nanomaterials. 2022;12(4):596. doi:10.3390/nan0o 12040596

Abbott LC, Maynard AD. Exposure Assessment Approaches for Engineered Nanomaterials. Risk Analysis.
2010;30(11):1634—44. doi:10.1111/j.1539-6924.2010.01446.x

Basinas I, Jiménez AS, Galea KS, Tongeren M van, Hurley F. A Systematic Review of the Routes and Forms of
Exposure to Engineered Nanomaterials. Ann Work Expo Health. 2018;62(6):639-62.
doi:10.1093/annweh/wxy048

DOSH. guideline NANOMATERIAL BOOK FULL. 2018.

Theegarten D, Boukercha S, Philippou S, Anhenn O. Submesothelial deposition of carbon nanoparticles after toner
exposition: Case report. Diagn Pathol. 2010;5(1):77. doi:10.1186/1746-1596-5-77

Andujar P, Lanone S, Brochard P, Boczkowski J. Respiratory effects of manufactured nanoparticles. Rev Mal
Respir. 2011;28(8):e66—75. doi:10.1016/j.rmr.2011.09.008

Salvi A, Shandilya M. Nanotechnology in Treatment. Green Nanobiotechnology. 2024.

van Broekhuizen P, van Broekhuizen F, Cornelissen R, Reijnders L. Use of nanomaterials in the European
construction industry and some occupational health aspects thereof. Journal of Nanoparticle Research.
2011;13(2):447-62. doi:10.1007/s11051-010-0195-9

Qamar W, Gulia S, Athar M, Ahmad R, Imam MT, Chandra P, et al. An insight into impact of nanomaterials
toxicity on human health. PeerJ. 2024;12:¢17807. doi:10.7717/peerj.17807

Xia T, Kovochich M, Brant J, Hotze M, Sempf J, Oberley T, et al. Comparison of the abilities of ambient and
manufactured nanoparticles to induce cellular toxicity according to an oxidative stress paradigm. Nano Lett.
2006;6(8):1794-807. doi:10.1021/n1061025k PubMed PMID: 16895376.

Pietroiusti A, Stockmann - Juvala H, Lucaroni F, Savolainen K. Nanomaterial exposure, toxicity, and impact on
human health. WIREs Nanomedicine and Nanobiotechnology. 2018;10(5). doi:10.1002/wnan.1513

Crosera M, Prodi A, Mauro M, Pelin M, Florio C, Bellomo F, et al. Titanium Dioxide Nanoparticle Penetration
into the Skin and Effects on HaCaT Cells. . International Journal of Environmental Research and Public Health,.
2015.

Larese Filon F, Bello D, Cherrie JW, Sleeuwenhoek A, Spaan S, Brouwer DH. Occupational dermal exposure to
nanoparticles and nano-enabled products: Part [—Factors affecting skin absorption. Int ] Hyg Environ Health.
2016;219(6):536—44. doi:10.1016/j.ijheh.2016.05.009

Gautam R, Yang S, Maharjan A, Jo J, Acharya M, Heo Y, et al. Prediction of Skin Sensitization Potential of Silver
and Zinc Oxide Nanoparticles Through the Human Cell Line Activation Test. Frontiers in Toxicology. 2021;3.
doi:10.3389/ft0x.2021.649666

Murashov V. WHO guidelines on nanomaterials and workers’ health. . 2012.

Tamilvanan S, Ramadoss A. Nanomaterial Coatings on Textile Structures for Antibacterial and Antiviral
Applications. In. 2024. p. 329-59. doi:10.1021/bk-2024-1472.ch011

Rashid M. Prospective Nanomaterials for Food Packaging and Safety. In. 2023. p. 327-52.
doi:10.21741/9781644902288-13

Tassw DF, Birlie B, Mamaye T. Nanotechnologies past, present and future applications in enhancing functionality
of medical textiles: a review. The Journal of The Textile Institute. 2024;1-21.
doi:10.1080/00405000.2024.2356327

Phillips JI, Green FY, Davies JCA, Murray J. Pulmonary and systemic toxicity following exposure to nickel
nanoparticles. Am J Ind Med. 2010;53(8):763—7. doi:10.1002/ajim.20855

Hull MJ, Abraham JL. Aluminum welding fume-induced pneumoconiosis. Hum Pathol. 2002;33(8):819-25.
doi:10.1053/hupa.2002.125382

Song Y, Li X, Du X. Exposure to nanoparticles is related to pleural effusion, pulmonary fibrosis and granuloma.
European Respiratory Journal. 2009;34(3):559—67. doi:10.1183/09031936.00178308

Cheng TH, Ko FC, Chang JL, Wu KA. Bronchiolitis Obliterans Organizing Pneumonia Due to Titanium
Nanoparticles in Paint. Ann Thorac Surg. 2012;93(2):666—9. doi:10.1016/j.athoracsur.2011.07.062

13



44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kim J, Yu 1J. National Survey of Workplaces Handling and Manufacturing Nanomaterials, Exposure to and
Health Effects of Nanomaterials, and Evaluation of Nanomaterial Safety Data Sheets. Biomed Res Int.
2016;2016:1-10. doi:10.1155/2016/8389129

Eastlake AC, Beaucham C, Martinez KF, Dahm MM, Sparks C, Hodson LL, et al. Refinement of the Nanoparticle
Emission Assessment Technique into the =~ Nanomaterial Exposure Assessment Technique (NEAT 2.0). J Occup
Environ Hyg. 2016;13(9):708—17. doi:10.1080/15459624.2016.1167278

Belosi F, Koivisto AJ, Furxhi I, de Ipifia JL, Nicosia A, Ravegnani F, et al. Critical aspects in occupational
exposure assessment with different aerosol metrics in an industrial spray coating process. Nanolmpact.
2023;30:100459. doi:10.1016/j.impact.2023.100459

Galey L, Audignon S, Brochard P, Debia M, Lacourt A, Lambert P, et al. Strategies to Assess Occupational
Exposure to Airborne Nanoparticles: Systematic Review and Recommendations. Saf Health Work.
2023;14(2):163-73. doi:10.1016/j.shaw.2023.02.002

Riediker M, Ostiguy C, Triolet J, Troisfontaine P, Vernez D, Bourdel G, et al. Development of a Control Banding
Tool for Nanomaterials. J Nanomater. 2012;2012. doi:10.1155/2012/879671 PubMed PMID:
WOS:000308201900001.

Pieter Van Broekhuizen, WIM VAN VEELEN, WILLEM-HENK STREEKSTRA, PAUL SCHULTE, LUCAS
REIINDERS. Exposure Limits for Nanoparticles: Report of an International Workshop on Nano Reference
Values. Ann Occup Hyg. 2012. doi:10.1093/annhyg/mes043

Liguori B, Hansen SF, Baun A, Jensen KA. Control banding tools for occupational exposure assessment of
nanomaterials - Ready for use in a regulatory context? Nanolmpact. 2016;2:1-17.
doi:10.1016/j.impact.2016.04.002

Vermoolen R, Franken R, Krone T, Shandilya N, Goede H, Ben Jeddi H, et al. The Nano Exposure Quantifier: a
quantitative model for assessing nanoparticle exposure in the workplace. Ann Work Expo Health. 2025;69(3):323—
36. doi:10.1093/annweh/wxae104

Ben Jeddi H, Goede H, Franken R, van Someren E, Shandilya N, Vermoolen R, et al. Development of a nano-
specific safe-by-design module to identify risk management strategies. Ann Work Expo Health. 2025;69(3):310—
22. doi:10.1093/annweh/wxae088

JiZ, Guo W, Wood EL, Liu J, Sakkiah S, Xu X, et al. Machine Learning Models for Predicting Cytotoxicity of
Nanomaterials. Chem Res Toxicol. 2022;35(2):125-39. doi:10.1021/acs.chemrestox.1¢00310

Timothy Oladele Odedele, Hussaini Doko Ibrahim. Advancing risk assessment of engineered nanomaterials using
deep learning approach. World Journal of Advanced Engineering Technology and Sciences. 2022;6(1):073-85.
doi:10.30574/wjaets.2022.6.1.0073

Vermoolen R, Franken R, Krone T, Shandilya N, Goede H, Ben Jeddi H, et al. The Nano Exposure Quantifier: a
quantitative model for assessing nanoparticle exposure in the workplace. Ann Work Expo Health. 2025;69(3):323—
36. doi:10.1093/annweh/wxae104

Ben Jeddi H, Goede H, Franken R, van Someren E, Shandilya N, Vermoolen R, et al. Development of a nano-
specific safe-by-design module to identify risk management strategies. Ann Work Expo Health. 2025;69(3):310—
22. doi:10.1093/annweh/wxae088

Timothy Oladele Odedele, Hussaini Doko Ibrahim. Advancing risk assessment of engineered nanomaterials using
deep learning approach. World Journal of Advanced Engineering Technology and Sciences. 2022;6(1):073-85.
doi:10.30574/wjaets.2022.6.1.0073

Zhou Y, Wang Y, Peijnenburg W, Vijver MG, Balraadjsing S, Fan W. Using Machine Learning to Predict
Adverse Effects of Metallic Nanomaterials to Various Aquatic Organisms. Environ Sci Technol.
2023;57(46):17786-95. doi:10.1021/acs.est.2c07039

Belosi F, Koivisto AJ, Furxhi I, de Ipifia JL, Nicosia A, Ravegnani F, et al. Critical aspects in occupational
exposure assessment with different aerosol metrics in an industrial spray coating process. Nanolmpact.
2023;30:100459. doi:10.1016/j.impact.2023.100459

14



