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Introduction

Occupational exposure to graphene-related
materials: from workplace emissions to health risk
assessment
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Graphene-related materials (GRMs) are among the most promising and versatile advanced materials,
offering a wide range of applications. However, concerns regarding occupational exposure and associated
safety challenges remain critical in their development and use. This study assessed exposures to GRMs,
including graphene, graphene oxide (GO), reduced graphene oxide (rGO), and few-layer graphene (FLG),
across seven real-world and three simulated exposure scenarios. Airborne GRM exposures in production,
processing, and handling environments were measured and characterised using a standardised, tiered
approach. Emissions were further evaluated through number-based dustiness testing of five GRMs (three
rGOs, one GO, and one FLG), with the resulting dustiness data supporting exposure and lung deposition
modelling. A health risk assessment was performed using both measured and modelled exposures.
Workplace studies indicated low exposure during GRM production and related activities, primarily due to
effective safety measures and practices. GRMs were typically processed in small quantities, in liquid form,
or within closed systems, resulting in low exposure potential. Consequently, the risk to workers remained
low, particularly with consistent use of personal protective equipment. However, handling GRMs as dry
powders or in larger volumes may increase emissions, leading to higher exposures and potential health
risks. Special attention is warranted during scale-up or process changes to prevent GRM emissions and
exposures. Worker safety can be maintained by adapting traditional occupational hygiene practices to
nanomaterial-specific considerations; nevertheless, a precautionary approach is recommended given pre-
vailing uncertainties regarding long-term health effects.

physicochemical properties of GO, such as a lateral size exceed-
ing several microns."*"”"* Despite their large lateral size, GRMs

Graphene-related materials (GRMs) are a large family of two-
dimensional, carbon-based materials with diverse physico-
chemical characteristics, including variable lateral size, thick-
ness, surface area, shape, carbon-to-oxygen (C/O) ratio, and
surface chemistry."”> The physicochemical properties of GRMs
guide their interaction with biological systems, which may
affect their hazard potential and possible toxic responses.

The hazard properties of GRMs have been reviewed
extensively.>'" Studies have documented lung inflammation™>™**
and the onset of lung fibrosis following pulmonary exposure to
graphene oxide (GO)" and graphene nanoplatelets (GNPs).'®
Notably, pulmonary effects have been linked to the distinct
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are respirable due to unique aerodynamic properties. It is
hypothesised that deposition of laterally large particles deep in
the lungs drives inflammation.”® Some GRMs may also have
genotoxic and carcinogenic properties,” which may result from
oxidative stress and production of reactive oxygen species.*'**
While GO is generally found to be more toxic than reduced gra-
phene oxide (rGO),"*** rGO has also shown adverse health
effects, such as macrophage-driven granulomatosis.>*

The primary risk of GRMs to human health is associated
with inhalation exposure during production, use, and waste
disposal.”>*® Therefore, understanding workplace exposures
and the airborne emission potential of GRMs is essential for
developing effective occupational safety strategies.

Exposures to airborne particles have been reported in many
GRM workplaces. Heitbrink et al.”” measured particle releases
during the cleaning of a process tank and the collection of
GNP powder into containers. Subsequently, Spinazzé et al
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found elevated particle concentrations during graphene pro-
duction®*® and GNP handling.?® However, no data on the com-
position of the particles were reported, leaving open the ques-
tion of whether graphene is emitted into the workplace air.

Boccuni et al’® identified a brief (1-minute) release of
nanoparticles during graphite spraying in a laboratory-scale
graphene manufacturing, but did not indicate the presence of
graphene. Similar observations were made in graphene manu-
facturing utilising chemical vapour deposition (CVD).*' In a
GNP production (graphite exfoliation and CVD),** the particle
number concentration (PNC) increased, and black carbon was
found in workplace air, with no indication of graphene.

Exposure to GNPs was further studied at a laboratory scale
through thermal expansion of graphite flakes, followed by
liquid exfoliation.>® The PNC increased during the process,
indicating a risk of exposure. However, only an intermediate
product (worm-like expanded graphite), not graphene, was
identified in air samples. Furthermore, during the production
of nanocomposite paint, including tip-sonication and spray
coating with GNPs,*® short increases in PNC and average dia-
meter were observed during furnace opening and spray
coating, indicating a release of larger particles. The particles
were confirmed to be carbon-based and had a morphology
similar to that of the produced GNPs.

The occupational exposure potential was also studied in a
pilot-scale manufacturing process for rGO, including chemical
oxidation of graphite and thermal reduction of GO in a tubular
oven.”> High PNCs were observed but were attributed to
ambient and engine-generated nanoparticles rather than rGO
or intermediates, although a few agglomerates of rGO consist-
ing of micron-sized flakes were identified in workplace air.

Beyond GRM manufacturing, industrial handling of pow-
dered GRMs poses a risk of exposure. Lovén et al.>® observed
significant but brief (1-minute) releases during weighing and
mixing of dry GNPs and GO powders. Elemental carbon (EC)
concentration, an indicator of graphene, increased at the GO
source (1.9 ug m~®) and in the worker’s breathing zone (BZ,
1.3 pg m™) due to an open process. However, GNPs (EC =
26 pg m~°) did not transfer from the fume hood to the BZ.
Higher EC exposures (20-60 pg m~>®) have been reported
during other GRM powder handling.®”

Fito Lopez et al.*® found individual aerosol particles with
GO-like morphology and chemical composition in the near-
field of laboratory-scale GO synthesis. They also detected a
brief 3-minute PNC peak (max. 1.4 x 10°> cm™) during weigh-
ing and transferring of dry powdered rGO, likely originating
from the process, but no identification of particle morphology
or chemical composition was reported. Apart from dry-powder
handling, free submicron GRMs, especially GO and rGO, can
be released from epoxy composites when abraded.*®

The exposure to few-layer graphene (FLG) has been exten-
sively studied in a graphene-producing plant, including liquid-
phase exfoliation of graphite (wet-jet milling), rotary evapor-
ation (liquid), freeze-drying (powder), and storing and clean-
ing (powder). FLG production resulted in a higher PNC at the
BZ than background.”® The highest values were measured
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during wet-jet milling, during which a release of volatile
organic compounds was also observed. Thus, the exposure
might not be exclusively attributed to FLG. However, the risk
of exposure to FLG itself was present during storage and clean-
ing, during which it was handled in powder form. In a follow-
ing study,*" nanoparticles were found in the worker’s BZ, indi-
cating possible FLG release, especially during handling of FLG
in a dry powder form (drying and storing phases). After upscal-
ing production from pilot (100 g) to industrial-scale (2 kg), the
FLG exposure potential was revisited,”> demonstrating the
effectiveness of closed systems in mitigating exposure.
However, an open FLG powder-handling phase showed
increased exposure potential, with a PNC of 3500 cm™ and a
submicron particulate mass (PM;) of 3 pg m™ above back-
ground levels.

Despite excellent efforts demonstrating GRM dust releases
into workplace air, especially during handling dry GRM
powders, the airborne emission rates remain to be quantified.
The emission rates of powdered materials, such as many
GRMs, can be determined, for example, by dustiness tests
simulating workplace processes in a controlled environment.
Dustiness describes a material’s ability to generate airborne
particles during handling.”® It provides comparable data on
the emission potential of different materials. It is applicable,
for example, to exposure assessment and modelling,***° and
ultimately to selecting less dusty GRMs for production and
use.

To date, dustiness data for various nanomaterials have
been reported, for example, for carbon nanotubes,*” but they
are lacking for GRMs. We report the first-ever number-based
dustiness indices and emissions rates for five GRMs (three
rGOs, a GO, and a FLG), along with detailed characterisation
of aerosol size distributions, chemical composition, and mor-
phology. The dustiness data are further utilised for exposure
assessment.

Occupational exposure to various GRMs is assessed across
ten exposure scenarios, encompassing novel experiments con-
ducted in real-world manufacturing and handling facilities, as
well as modelling of worst-case exposures in future industrial
scenarios with increased production volumes. The assessment
combines particle size and concentration estimates to a com-
prehensive chemical and morphological characterisation.
Based on these results, lung deposition modelling and gra-
phene-related health risk assessments are conducted. Finally,
guidance and recommendations for safe GRM work are
presented.

Materials and methods
Graphene-related materials

GRM powders tested in this study included three reduced gra-
phene oxide variants, one graphene oxide, and one few-layer
graphene. Powder-form rGOs, namely rGO1 and rGO2 (average
lateral sizes: 2.4 um and 1.9 pm, determined in culture media;
C/O ratios: 52.6 and 7.1), were prepared by thermochemical

This journal is © The Royal Society of Chemistry 2025
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reduction of GO, as described previously by Rodriguez-Garraus
et al.*® (referred to as rGO1 and rGO4 therein). GO (average
lateral size: 2.5 + 2.3 um; C/O ratio: 1.2) was synthesised using
a modified Hummers’ method (patent EP 3070053B1), while
rGO3 (average lateral size: 3.2 + 1.8 pm; C/O ratio 5.3) was pre-
pared via ascorbic acid reduction of GO (patent WO
2019145378A1), as detailed by Pelin et al.*® (where it is termed
rGO). FLG (lateral size range: 0.1-1 pm) was synthesised by
wet-jet milling exfoliation, followed by rotary evaporation and
freeze-drying, as reported by Tombolini et al.**

Aerosol sampling and analysis

Airborne GRMs were studied using multiple metrics. Particle
number concentration (PNC) was measured with an ultrafine
condensation particle counter (UCPC 3776, TSI Inc.), which
has a detection limit of 2.5 nm. PNC, lung deposited surface
area (LDSA), and average particle size were measured using a
handheld diffusion charger (DISCmini, Testo SE & Co. KGaA),
equipped with a pre-impactor (10-700 nm).>® Number size dis-
tributions (6 nm-10 pm) were obtained using electrical low-
pressure impactors (ELPI’" and ELPI+,** Dekati Ltd).

For chemical composition and morphology analysis, par-
ticles were collected on holey carbon film, 200 mesh Cu grids
(Agar Scientific Ltd), using a mini particle sampler (MPS,
Ecomesure SAS) with a flow rate of 0.3 L min™" (Gilian GilAir
Plus, Sensidyne). Additional samples were collected using an
in-house method™ for high-volume sampling (10 L min™").
The samples were analysed with a JEOL JEM-1400 Flash trans-
mission electron microscope (TEM) equipped with a JEOL Dry
SD30GV energy dispersive X-ray (EDX) detector, operated at 80
kV. To ensure statistical reliability, 252 (for 0.02-0.55 pm) and
118 (for 0.55-40 pm) individual particles were counted. The
particle size and aspect ratio were determined by fitting par-
ticles inside a rectangle to define the main axis dimensions.
The counted size distributions were corrected for the collec-
tion efficiency of the MPS sampler.>*>®

Elemental carbon (EC) content of the particles was deter-
mined by collecting the aerosol on 25 mm quartz fibre filters
(SKC Ltd) loaded into styrene cassettes (clear, 3-piece, SKC
Ltd) at a flow rate of 2.75 L min~" (Gilian 5000, Sensidyne).
The filters were analysed thermal-optically with an organic
and elemental carbon analyser, model 5L (Sunset Laboratory
Inc.). The method is based on the NIOSH 5040 standard,>®™®
with a limit of quantification (LOQ) of 0.31 ug cm™2, and has
been recommended previously®” for GRM exposure measure-
ments. A respirable dust cyclone was utilised for EC sampling
in the dustiness testing (FSP10, GSA Messgeritebau GmbH, 10
L min~") and the workplace measurements (GS-1, SKC Ltd).

Dustiness testing

Five GRMs (rGO1, rGO2, rGO3, GO, FLG) were tested according
to the European standard for dustiness testing of materials
containing nano-objects and their agglomerates and aggre-
gates,®® using the rotating drum method.®® The results were
used to calculate number-based dustiness indexes (DI) and
emission rates for the tested GRMs. For each material, the dus-
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tiness test was replicated at least three times with identical
samples (17.5 + 0.5 mL), according to the standard’s require-
ments. The tests were conducted in a temperature- and humid-
ity-controlled room and monitored using a VelociCalc/Q-Trak
(model 7565/9555-P, TSI Inc.).

Workplace measurements

Occupational exposure to potentially released GRM particles in
the air was assessed during graphene-related work operations
in accordance with CEN standards.®®* A total of seven
different exposure scenarios were evaluated in five workplaces.
Two of the workplaces were commercial companies producing
GRMs, while the other three were research institute labora-
tories conducting GRM work at laboratory and pilot scale.

Exposure measurements (Tier 1-3) were carried out as
activity-based (static) in selected locations in the near-field
(NF), far-field (FF), and background (BG) areas, as well as
breathing zone (BZ) measurements of the worker (mobile). The
exposure scenarios, measurement locations and sampling
devices are detailed in Table S1. The study focused on detect-
ing possible GRM particle emissions from the processes and
measuring exposure potential. In the interpretation of the
results, the BG particle concentration resulting from other
emission sources or outdoor air was distinguished from
process-related particles. The BG was measured simul-
taneously with an identical DISCmini device in a location not
affected by the process emissions, and the BG for ELPI+ was
collected before the process start. A significant exposure con-
centration was defined as background plus three times the
standard deviation (BG + 3-0p¢) as per the measurement stan-
dard.®® EC sampling from workplace air, together with TEM
sample collection, was combined with airborne PNC measure-
ments, providing further information about the presence of
GRMs in workplace air.

Exposure model

In addition to workplace measurements, three scenarios were
generated to predict future GRM use in laboratory, pilot, and
industrial-scale operations; see Table S2. The laboratory-scale
tasks used a similar amount of GRM as in dustiness testing
(17.5 mL), with the pilot-scale being 10-fold and the industrial-
scale assumed to be 100-fold. GRM release rates were based on
the simulated work operations (see Dustiness testing). A con-
stant particle emission, S, was considered to emit GRM to the
workplace air for t.mis = 30 minutes:
s=p1x (1)
de’

where DI is the dustiness index of the material in mg™ and
dm/dt is the mass flow of the material (mg min~") in the
process.

The PNCs at the worker BZ were calculated with a turbulent
diffusion model according to Poikkimiki et al.®®> The PNC was
modelled at the location (x, y, z) over time ¢ by
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where K (m?® s™") is the turbulent diffusion coefficient, a (s™")
is the ventilation rate, wq (m s™") is the deposition rate, A (m?)
is the deposition surface area, V (m®) is the room volume, and
R, (x), R, (), and R, (y) are the wall reflection terms.®*** The
maximum PNC at ¢ = t.nis was assumed as the worst-case
exposure.

Modelled number size distributions were attained by nor-
malising the measured distributions (see Dustiness testing) in
the submicron size range (ELPI stages, { = 1-8) by modelled
total PNCs. The resulting distributions were then converted to
mass distributions assuming spherical particles with aerody-
namic diameters of d; and material bulk densities pgrm
determined for each material, following the equation:

dM 7 perm 3 dN
dlogd,; 6 P* dlog dp;’

(3)

Lognormal distributions were then fitted to obtain mass
median aerodynamic diameter (MMAD), geometric standard
deviation (GSD), and mass fraction of each mode, to be used
for subsequent lung deposition modelling.

Lung deposition model

The lung deposition of the studied GRMs was modelled in
human and rat respiratory tracts using the Multiple-Path
Particle Dosimetry (MPPD) model (version 3.04, Applied
Research Associates). A human nasal breather was assumed,
performing light exercise (breathing frequency of 19 per
minute and tidal volume of 1000 mL) in an upright body orien-
tation, similar to earlier work by Lee et al.®® For airway mor-
phometry, the Yeh/Schum 5-lobe lung model was employed,
assuming both lung deposition and clearance with MPPD
default values. Exposure data were obtained from the work-
place measurements and exposure modelling. In each scen-
ario, graphene-related work was assumed to be repeated for
30 min day ', 5 days per week, for 18 weeks. Lung deposition
in rats was modelled similarly to Lee et al.®®
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Health risk assessment

To assess potential health effects caused by the studied GRMs,
literature data®*’” on the inhalation toxicity of experimental
animals (rats) was surveyed to identify the no-observed-
adverse-effect concentrations (NOAECs). The lowest NOAEC
(0.5 mg m™) across studies was used to calculate the human
equivalent concentration (HEC), indicating similar effects in
humans. HECs were calculated for the studied GRMs using
the methodology reported by Lee et al.,*> assuming the alveo-
lar deposition fractions modelled in this study.

In the absence of official occupational exposure limits
(OELs) for GRMs, we compared the measured and modelled
exposure concentrations with HECs and further calculated a
risk characterisation ratio (RCR) for each GRM. An RCR value,
defined as the exposure concentration divided by the HEC,
greater than unity, indicates an increased health risk.”

As a further comparison point, we utilised the health-based
guidance values (GVs) of 0.212 mg m™> and 9.37 x 10* cm™
determined for inhalation exposure to GNPs,”* and the derived
no-effect levels (DNELs) of 0.063 and 0.101 ug m™> for gra-
phene and GO,”® based on ECHA guidance (Chapter R.8). In
addition, we adopted a generic nano reference value of
40000 cm >, as an 8-hour time-weighted average (NRVg,) pro-
posed for nanoparticles with a density lower than 6 ¢ cm™. For
short exposures, an NRVsmi, was defined as twice the NRVgy,.”®

Results and discussion
Dustiness testing

Three rGO variants, one GO, and one FLG were tested for dus-
tiness. The test was repeated for each material using multiple
identical samples (Table 1). The dustiness indices, determined
individually for each replicated sample, were uniform, except
for a few outliers (Fig. 1). All rGO materials exhibited consider-
ably higher number-based dustiness indices than GO and
FLG, which is consistent with the indices calculated from res-
pirable EC collection. Visual observations supported these
results, showing that the rGO powders were extremely light

Table 1 Average number-based dustiness indices (Dl,,) for graphene-related material (GRM) powders (reduced graphene oxide (rGO), graphene
oxide (GO), and few-layer graphene (FLG)), including average sample volumes, masses (m), moisture contents, and bulk densities (pgrm) With stan-

dard deviations (+)

rGO1 rGO2 rGO3 GO FLG
Replicates n 8 6 6 4 3
Volume (mL) 17.5 17.5 17.5 17.5 17.5
m (mg) 81+8 79+6 1131 + 40 3536 + 18 1685 + 101
parm (kg m™) 4.6+0.5 4.5+0.4 65+3 202 +2 96 +6
Moisture (%) n/a“ n/a® 2.4+0.1 41+0.2 0.2 + 0.005
DI, (mg™) 2.0 + 0.5 x 10° 3.1+0.2x10° 3.4 +0.3 X 10° 5.9 + 1.8 x 10° 3.4 +0.3 x 10*
DI, (-) 1.6 x 107 2.4 %107 3.8x10° 2.1x107 5.7 x107
Dlgc (pg mg ™) 2.3 0.71 n/a 0.03 0.11

Dustiness indices per 17.5 mL of GRM powder are also reported as DI, = DI,,-m, along with the dustiness index of respirable elemental carbon
(DIgc), expressed as EC mass emitted per sample mass (7). n/a = not available. “ Determined moisture content close to zero but negative.

25592 | Nanoscale, 2025, 17, 25589-25604

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr01885d

Open Access Article. Published on 29 October 2025. Downloaded on 3/10/2026 4:48:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale
106 4
® [
Qﬂ II:II 3 iii;
. |® T ®
2107
~
3
5 vy
Q
10* 4
%z
2z
rGO1  rGO2 rGO3 GO FLG

Fig. 1 Number-based dustiness indices for five GRMs from individual
dustiness tests (n = 27), based on UCPC data (d,, = 2.5 nm-1 pym). Error
bars indicate the limits from the propagation of uncertainty (maximal
error). Outliers, encircled on the plot, likely result from measurement
inconsistencies, such as partial clogging of sampling lines or the cyclone
with GRM, affecting sampling flows or releasing GRM.

(low bulk density) and easily suspended in the surrounding air
when handled.

A higher index can lead to increased workplace exposure
during actions such as cleaning, scooping, and transferring
powdered materials.”” Therefore, increased attention to worker
exposure mitigation measures is required during the pro-
duction and handling of rGO materials.

No dustiness indices for GRMs are available in the litera-
ture for comparison with our results. However, Dazon et al.*’
measured number-based dustiness indices for 14 carbon

3 rGO1 3 rGO2

2 l 2 % %
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Fig. 2 Normalised number size distributions f,(dp), for dustiness-
tested GRMs, showing the mean and standard deviation for each ELPI
stage.®° Data points near 0.07 um for rGO2, rGO3, and GO are sus-
pected outliers, likely due to a single ELPI stage becoming filled or
clogged with GRM.
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nanotubes, which showed similar results ranging from 10° to 4
x 10°> mg™", to those observed in this study for GRMs. Studies
on other nanomaterials have reported wide variability, with
values ranging from 10*-10° and 10°-10° particles per mg.”®”°

The particle number size distributions (Fig. 2) show that
the aerosol comprises both nanometre- and micrometre-scale
particles, indicating that GRM powders release particles across
a broad size range. rGO powders emit more nanoparticles
(<100 nm), while GO emits a similar order of magnitude, and
FLG releases even more super-micron (>1 pm) than nanosized
particles. This explains the large differences in dustiness
indices between rGO, GO, and FLG materials, as the measure-
ment of number-based dustiness index is limited to submi-
cron particles (calculated from UCPC data). Materials that emit
smaller nanoparticles are expected to have higher number-
based dustiness indexes than those emitting larger particles.

Note also that the number-based dustiness indices (DI,,), as
defined by the measurement standard,’ are calculated per mg
of GRM powder. Bulk densities of the powders varied by several
orders of magnitude (0.0045-0.202 g cm ™), resulting in indices
per volume (DI,) that are more similar between GRMs (Table 1).
rGO1 and rGO2 have extremely low densities, combined with
high specific surface areas (654 and 598 m* g~'),*® leading to
high dustiness per mg. GO, which has a high density, shows low
dustiness per mg, but its dustiness per volume is comparable to
that of the other GRMs. Only rGO3 stands out, combining both
high dustiness per mg and high density. Thus, whether a con-
stant mass or volume of GRM powder is used in industrial appli-
cations significantly affects the emission potential. To improve
comparability between materials,”® we used dustiness indices
(emission rates) per constant volume of 17.5 mL as the basis for
exposure modelling in this study.

TEM analyses supported the dustiness index results: the
highest concentrations on TEM samples correlated with high
indices. The TEM images revealed leaflet-like particles ranging
from nano- to super-micron sizes, and EDX analysis confirmed
they were carbon-based. The rGO materials (Fig. 3A-C and
Fig. S1-S5) showed super-micron particles together with near-
spherical nanoparticles, while GO and FLG (Fig. 3D-E and
Fig. S6-S8) consisted mainly of super-micron particles with fine
sub-micron and nanoscale structures. These observations align
with the number size distribution data (Fig. 2). However, it
should be noted that the ELPI classifies particles by their aerody-
namic properties, measuring so-called aerodynamic particle size
(dae) under the assumption of sphericity and unit density.

Since the GRMs have an extremely low density and are more
two-dimensional plates than spheres, their aerodynamic size is
smaller than the lateral size (projected diameter, dp,;) observed
in TEM images, as previously discussed.*" The relation between
the aerodynamic and projected diameters can be defined® as

do — ImpGrMEGRM Dproj (a)
ae 16p, )

where tgrm is the GRM platelet thickness, p, is the unit
density, pgry is the GRM bulk density. As the tgrm < dpro and
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Fig. 3 TEM images of GRM particles collected during dustiness experiments: (A) rGO1, (B) rGO2, (C) rGO3, (D) GO and (E) FLG.

perm <K po, the aerodynamic size distribution measured by
ELPI is shifted towards smaller particle sizes compared to the
lateral size. As GRM behaviour in the human lungs following
inhalation is also governed by their aerodynamic properties,°
the ELPI size distribution is appropriate for lung deposition
modelling and subsequent human health risk assessment.

The TEM analyses revealed that the GRM particles are often
agglomerated, with small nanoparticles attached to larger
micron-sized particles. As shown in Fig. 3, rGO1 and rGO2
exhibit less agglomeration and display a more accordion-shaped
structure compared to the other GRMs. This can be attributed to
a lower number of oxygen-containing polar groups, which is con-
sistent with the lower moisture content observed for rGO1 and
rGO2 relative to rGO3 and GO (Table 1). Consequently, the
agglomeration state of the particle population influences the
number-based dustiness. As per standard, we tested the
materials “as is”, without any pretreatment or de-agglomeration
procedures. Therefore, the effect of agglomeration on dustiness
remains an open question for further studies.

It has also been suggested that effective surface area, which
accounts for particle morphology, would serve as a better pre-
dictor of the toxicity of carbon-based materials.*® Therefore,
further studies on GRM dustiness should employ alternative
approaches, such as surface-based dustiness metrics.®!
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Workplace measurements

Occupational exposure to GRMs was studied in multiple real-
world workplace scenarios.

Scenario 1: cell culture treatment with GRM dispersions on
a laboratory scale. Release of graphene and personal exposure
to GRM were assessed during a cell culture treatment*®*® with
GRM dispersions (0-100 pg mL™") in a laminar flow cabinet.
The PNC at the BZ (1100 + 700 cm™>) or NF (1300 = 800 cm™)
was not significantly higher than at the FF (900 + 700 cm™) or
BG (700 + 550 cm™>). Therefore, no GRM emissions into work-
place air were observed, with no indication of worker exposure.

Scenario 2: GRM powder handling and weighing on a lab-
oratory scale. rGO powder samples (17.5 mL, 12 samples, each
rGO1 and rGO2) were prepared and weighed inside a fume
hood. As the fume hood’s strong airflow affects the weighing
result, the airflow was turned off during the task.

rGO emissions were visually observed inside the fume hood,
but material transfer to the workplace air was not detected.
This was confirmed by the PNC data, which showed a
single 3-minute increase (1600 + 1700 cm™) inside the fume
hood, while PNCs at BZ (420 + 330 cm™>) and NF (260
300 cm %) were identical to FF (430 + 570 cm™) and BG (280
230 cm™3).

I+

I+
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As no GRM transfer to workplace air was detected, worker
exposure was deemed minimal, especially given the use of per-
sonal protective equipment (PPE), including an FFP3 mask,
chemical protective clothing type 5, sleeve covers (Type 5 PB),
and two pairs of chemical protective gloves (nitrile rubber).

Scenario 3: GRM powder testing and related maintenance
activities in a laboratory. Measures to prevent GRM exposure
during handling in a laboratory, i.e., during dustiness testing
of rGO1 and rGO2, included technical, personal protective, and
organisational solutions. Technical controls included work-
space partitioning, combined with a negative-pressure environ-
ment, to prevent the possible dispersion of GRM-containing
emissions into outside areas. In addition to the use of a fume
hood and local exhaust ventilation for the highest exposure
potential tasks, personal respiratory protection (a powered fil-
tering device incorporating a hood, TH3P) was utilised, along
with chemical protective clothing type 5, sleeve and shoe covers
(Type 5 PB), as well as two pairs of disposable chemical protec-
tive gloves (nitrile rubber). In addition, waste handling and
maintenance were considered, together with communication
and warnings to other workers on the premises.

The efficiency of these measures was assessed by detailed
aerosol measurements before and during the dustiness
testing. The activities included feeding GRM powder samples
to the dustiness drum, performing the tests, and cleaning the
drum and measurement equipment using dry and wet wiping.

GRM emissions were visually observed in the fume hood,
where the drum was filled, emptied, and cleaned, but GRM
transport to the workplace air was extremely minor. Outside
the fume hood opening, a 15-minute PNC increase (1300 =+
300 cm ) was observed above BG (250 + 250 cm?), and a TEM
sample collected simultaneously showed a few graphene-like
particles (Fig. S9). Nonetheless, these particles were likely rGO1
dust, similar to those in the dustiness testing samples collected
simultaneously (Fig. S10). This confirms that exposure poten-
tial exists, though it is minute. A further PNC increase to
approximately 3000 cm ™ was observed near the rotating drum
(15 min TWA of 1700 + 600 cm > and a BG of 800 + 300 cm ™),
but the origin of these particles could not be confirmed.

In addition, one incident occurred in which GRM dust was
visually released into a partitioned workspace during the dis-
mantling of a measurement device (ELPI) that was clogged
with GRM powder. Surprisingly, the PNCs did not increase
during this incident. As the release occurred in a sealed
chamber with effective exhaust ventilation and negative
pressure, the GRM was not transported to other areas. PPE
ensured that worker exposure remained minimal.

Scenario 4: synthesis and laser oxidation of graphene in a
research laboratory. A laboratory-scale single-layer graphene syn-
thesis® using a tube furnace in a clean room and subsequent
laser oxidation® in a laser laboratory were studied. The amount
of graphene handled was extremely small (<0.1 pg), and no sig-
nificant indication of GRM or other nanoparticle emissions was
found in workplace air during the studied tasks.

PNC at the BZ was low, 260 (110) cm ™, and close to the BG
level, 80 (70) cm™, in the laser laboratory (clean room), all
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below the LOQ of DISCmini (1000 em™*). EC concentration
was also below LOQ in both environments, and the ELPI+ con-
centration was low (<15 cm™). TEM samples collected at the
source showed individual carbon-based particles (d, > 1 um)
with a graphene-like two-dimensional fine structure (Fig. S11-
S13), but the origin of these particles was difficult to deter-
mine due to an extremely low total particle count in the col-
lected samples. As the TEM samples collected from the BZ did
not exhibit such particles, the GRM exposure potential was
extremely low or negligible during all tasks.

Scenario 5: graphene-containing plastic pellet production at
a pilot scale. Occupational exposure measurements were per-
formed at a pilot-scale plastics manufacturing facility, includ-
ing handling and mixing of dry graphene powder in a fume
hood, pouring the graphene powder into a plastic extruder,
and producing plastic-graphene pellets (10% graphene, 17%
carbon black, 70% COPET, and 3% additives) using a twin-
screw compounder (Berstorff ZE25-48D, Berstorff GmbH).
High PNCs (5 h TWA) were observed in the NF (57000 =
43000 cm™®; 187000 + 163000 cm™®), FF (274000
318 000 Cm_s) and the BZ (117 000 + 204 000 em™3; 138 000
274000 cm™>), most likely resulting from plastic fumes rather
than graphene itself, while BG PNC was approximately 12 000
+ 10000 cm™. TEM images and EDX analyses of the air
samples showed a few carbon-containing particles with a gra-
phene-like structure (Fig. S14). However, this is not a definitive
indication (nor exclusion) of graphene in the collected
samples, due to the presence of plastic and carbon black
agglomerates (Fig. S15). Nevertheless, worker exposure to gra-
phene was negligible, owing to the use of a fume hood, LEVs,
and PPE. However, bystanders without PPE are at considerable
risk of exposure to nanoparticles and other carbon-based par-
ticles during such processing, underscoring the need for more
effective mitigation measures.

Similarly high PNCs (>100 000 cm™>) have been reported
previously in carbon fibre processing using FLG-epoxy-solvent
baths.®* The process utilised high-temperature ovens to
remove the original coating and dry the newly coated fibres
after the bath. The PNC increased immediately after turning
on the ovens; thus, the airborne particles might have origi-
nated from the high-temperature process, creating polymer
and surfactant fumes rather than FLG itself. Nonetheless, FLG
exposure could not be excluded, since no data on elemental
composition or morphology were reported.

Scenario 6: GO production. During industrial-scale GO man-
ufacturing,*® the average PNC level (1800 + 8300 cm™?) during
the 7-hour workday (16 November, Table S3) was above back-
ground (360 + 900 cm™), but remained well below the rec-
ommended levels for nanoparticles (40 000 cm™>), as shown in
Fig. 4. Similarly, the EC collections from workplace air did not
show GO releases near the worker or the process. The typical
elements in the TEM samples were most likely process-related
precursor materials rather than the actual final GO material.
However, individual large (um-scale) particles with a possible
GO sheet structure and high carbon content were detected in
all samples (Fig. S16-S28).
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Fig. 4 Particle number concentrations (d, = 10—700 nm, DISCmini) at the worker’s breathing zone during GO production over a 7-hour work shift

(Scenario 6).

The results were as expected, since the GO material and pre-
cursors were mostly handled in liquid dispersion, which is un-
likely to induce airborne emissions in particulate form. As
these dispersions were used in closed systems, airborne mists,
fumes, or vapours were unlikely to be released, with exposure
possible only during leaks. The final synthesis stage, spray
drying, was the first stage where dry material was produced
and handled.

During this stage, one task, the cleaning of a spray dryer,
showed high PNC (16 000 = 50 000 cm™>, max 460 000 cm>)
and LDSA (55 = 140 um” cm™, max 1130 pm® cm™) levels

C 5.0 um D 2200 nm

Fig. 5 TEM images of particles collected at the worker’s breathing zone
during the spray dryer cleaning task in GO production (Scenario 6). (A)
GO particle; (B) fine structural detail; (C) large GO particles; and (D) an
agglomerate composed of nanoscale primary particles.
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briefly at 15:54-16:08 (Fig. 4). Simultaneous TEM sampling at
the BZ indicated particles up to 30 pm in size, though their
number was low (Fig. 529), while most detected particles were
pm-scale, sheet-like, and had high carbon content (Fig. 5A-C;
Fig. S30). EDX analysis indicated that these carbon-rich par-
ticles may also contain precursor residues, mainly sulphur,
chlorine, and silicon, used in the production. Additionally,
particles of approximately 800 nm in length were observed
(Fig. 5D), consisting of small primary spheres (ca. 20-50 nm;
Fig. S31).

For statistical analysis, individual particles (n = 252) from
the TEM sample were counted (Fig. 6), indicating a nearly
unimodal lognormal size distribution (0.02-0.55 um), with a
geometric mean diameter of 0.08 um (GSD 1.73) (a-axis). The
fraction of nanoparticles (<0.1 um) was significant: 0.60, 0.73,
and 0.31 for the a-, b-, and c-axis, respectively. The average
aspect ratio indicated only minor deviation from a spherical
shape (Table 2).

The analysis reveals two nanoparticle types: first, approxi-
mately 0.1 pm in size and second, smaller 20-50 nm particles.
The key difference is that the 0.1 pm particles typically had a
halo around them (Fig. S32), indicating remains of conden-
sation over a solid, dense core of the same size (20-50 nm) as
the particles detected without the halo. Identification of these
20-50 nm particles is not certain, but they likely originate
from the GO manufacturing process, as they consist of C, S, Cl,
and Si, similarly to particles >1 pm. DISCmini detected these
spheres with a count median diameter (CMD) of 58 nm (GSD
1.83) and a maximum of 300 nm, suggesting the presence of
primary particles and their agglomerates.

Analysis of the GO powder (final product) revealed similar
particle morphologies and chemical compositions (Fig. S33—
S36) as observed in the air samples, confirming the presence
of GO- and precursor-originated particles in workplace air.

The particles in the size range 0.55-50 pm (7 = 118) also fol-
lowed a lognormal size distribution with a geometric mean
diameter of 4.0 pym (GSD 2.7), as seen in Fig. 6 and Table 2.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Number size distribution of 0.02-0.55 pm (n = 252, above) and
0.55-50 pm (n = 118, below) particles for the a-axis. The blue histogram
presents the number of counted particles, while the green histogram
shows the distribution corrected for collection efficiency (Ex).>*>° Red
and pink curves depict fitted lognormal distributions. The orange curve
shows the aspect ratio (8 = a/b), with the dotted orange line indicating
the average aspect ratio. Examples of particle morphology are displayed
as TEM images.

Table 2 Lognormal model-based size distribution parameters (geo-
metric mean diameter, d,, and geometric standard deviation, o4, for a-,
b-, and c-axis of the particles) calculated for the 0.02-0.55 pm and
0.55-50 um size ranges without and (with) collection efficiency (Ey)
correction®*>®

0.02-0.55 um 0.55-50 pm
N 252 118

dp,a (m) 0.10 (0.08) 4.0

dpp (m) 0.08 (0.07) 2.8

dp,c (Hm) 0.13 (0.10) 4.9

g 1.85 (1.73) 2.7

Ogb 1.82 (1.77) 2.54

Ogc 1.83 (1.75) 2.68
p=alb 1.30 (1.25) 1.49 (1.44)
op 0.26 0.36
dyivp 2 (L) 0.20 76.4
drivap,a (M) 0.06 34.3

PNC (cm ™) 1.6 x 10* 1.3 x 10°
fone (5) 0.925 0.075

M (mg m™) 5x107° 0.78

Su (=) 6x1078 0.99999994

The mean (median) aspect ratio () and its standard deviation (c), col-
lection efficiency corrected mass median (dymp,) and mass median
aerodynamic (dumap,a) diameters, particle number (PNC) and mass
(M) concentrations, as well as number (fpnc) and mass (fy) fractions,
are also reported for both size ranges.
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The aspect ratio indicates that the particles in this size range
were more elongated than those in the smaller size range. This
was further verified by the individual particle aspect ratios,
which indicated that the fraction of particles with an aspect
ratio greater than 1.5 was 0.29, nearly 2.5-fold higher than for
the smaller-size range-particles.

Note that the distributions derived from TEM images could
differ from aerodynamic or electrical sizing owing to graphene’s
low density and specific morphology,®> which may explain differ-
ences between, for example, TEM and DISCmini data.

Scenario 7: FLG production. In an FLG production facility,*!
the PNCs remained low during the various stages of the
process (Table S4). EC concentration was below LOQ during all
tasks, consistent with earlier studies.***

In one task, during which freeze-dried FLG was handled
and treated, the PNC at the BZ averaged 3600 + 1200 cm >, not
significantly above the BG of 2600 + 350 cm™>. However, short
burst-like increases and decreases in PNC were detected at the
BZ and NF, but not in the FF or BG data (Fig. S37). These fluc-
tuations might have resulted from large particles entering the
DISCmini device, leading to erroneous particle-detection
signals, as previously discussed.>

Simultaneous TEM sampling revealed particles with poss-
ible FLG-like structures (Fig. S38-S40) measuring 1-3 pm in
lateral size. The particles contained C as well as Al, Mg, Si, Ca,
and Fe, including trace amounts of S and Cl, indicating resi-
dues from precursor materials or process equipment.
Moreover, carbon-containing agglomerates (d, = 0.5-2 pm)
consisting of primary spherical particles (d, < 50 nm) were
found, along with aggregates of irregularly shaped 0.5-1 pm
particles (Fig. S41 and S42). A large particle (>5 pm) was also
detected, rich in Si and Ca (Fig. S43). Thus, FLG emissions to
workplace air are possible due to manual scraping of flaky,
slate-like FLG from the freeze-dryer plates, as well as from
occasional vacuum cleaning.

FLG-like structures rich in Fe and Ca, and similar agglomer-
ates, were also found in TEM samples (Fig. S44-S46) collected
during other stages of the process, i.e., handling raw graphite
in a fume hood and liquid-phase exfoliation of graphite,®*® but
the PNC remained near BG levels during these tasks. Similar
observations of particle morphology and composition were
made from TEM samples collected during manual loading of a
freeze-dryer and handling of the freeze-dryer plates (Fig. S47-
S51). These tasks also showed slight PNC increases at the BZ
and NF above the BG level (Fig. S52).

Apart from these releases during handling of freeze-dried
FLG and the dryer plates, FLG-containing particle or other
aerosol emissions were minimal in the manufacturing process,
due to the use of closed systems and fume hoods, or because
the FLG materials, precursors, and intermediates were in a
liquid state. As a result of low airborne GRM concentrations
and regular use of PPE, worker exposure potential remains low.

An earlier study*' in the same work environment observed
similar PNC levels (3100-5100 cm~>) during FLG production,
but due to a high BG (4500-5600 cm™?), process-related
releases were not apparent. However, the presence of FLG in
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the aerosol samples was confirmed via TEM imaging as well as
EDX and Raman spectroscopies, showing particles consisting
of carbon atoms with few bonded oxygen atoms.

Exposure modelling

Exposure to GRMs was modelled in three simulated scenarios,
assuming GRM emission rates derived from the dustiness
testing, according to eqn (1). The PNCs at the BZ were mod-
elled assuming only general ventilation as a mitigation
measure.

Scenario 8: laboratory-scale powder handling. In this scen-
ario, a small amount (17.5 mL min™", 0.08-3.5 ¢ min™", total
2.4-105 g) of GRM was handled in a small room (4 x 4 x
2.5 m*) with a low air ventilation rate (0.5 h™") typical of an
office, as in Scenarios 1-3. Fig. 7a shows the resulting PNCs
for five GRMs at various distances from the source. The PNCs
remain below the NRVs for all materials except rGO3. In com-
parison, similar powder handling in a larger laboratory
environment (9 x 6 x 3 m®) with a higher air ventilation rate
(18 h™) results in much lower PNCs (Fig. 7b). Thus, the utilis-
ation of efficient general ventilation leads to lower exposures.
However, very close to the source at 0.2 m, the PNC remains
above the NRVgy, for rGO3.

Scenario 9: pilot-scale handling or manufacturing. The same
GRMs are assumed to be handled at pilot scale (10-fold,
175 mL min~", 0.8-35 g min~", total 24-1050 g) in a similar
laboratory environment with high air ventilation. This results

a) Weighing or handling room b) Laboratory environment

106

H’7 FLG
rGO2( |G
rG‘?%IT o i

Pilot scale handling or manufacturing d) Large scale manufacturing

il

—
=)
3

10°

Number concentration at worker BZ (cm™3)
o

10*

ML Lo

0.2 m 1m 2m 0.2m 1m 2m
‘Worker distance from source

=
=)
™

Fig. 7 Modelled number concentrations at the worker's breathing
zone, shown as bars from left to right, for rGO1 (black), rGO2 (red),
rGO3 (blue), GO (purple) and FLG (green). Laboratory-scale powder
handling in (a) weighing room (4 x 4 x 2.5 m>, 0.5 h™%) and (b) laboratory
environment (9 x 6 x 3 m>, 18 h™Y); (c) pilot-scale (10-fold) handling or
manufacturing in a similar laboratory environment; and (d) industrial-
scale (100-fold) manufacturing in a factory Hall (30 x 20 x 7 m3, 18 h™Y).
The nano reference values (NRVs) for 8 h and 15 min exposures (40 000
and 80 000 cm™) are indicated with horizontal dashed lines. Note the
logarithmic y-axis.
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in near-source PNCs (0.2 m) above both NRVs for rGO3 and
FLG (Fig. 7c), indicating a greater overall exposure potential.

Scenario 10: industrial-scale handling or manufacturing.
GRM manufacturing at aindustrial-scale (100-fold, 1750 mL
min~", 8-350 ¢ min~’, total 240-10 500 g) in a factory Hall (30
x 20 x 7 m?) results in considerable near-source PNCs for all
materials, 2.5-75 times the NRV;snin. However, the PNCs
decrease rapidly at greater distances due to efficient air venti-
lation (18 h™).

We consider the PNCs at 0.2 metres from the source (2 x
10° to 6 x 10° cm™) as a reasonable worst-case estimate of
GRM exposure during production upscaling. The PNCs were
converted to mass concentrations using eqn (3). The resulting
15 min TWA exposure concentrations range from 7 pg m™> to
6 mg m~, which are used in the lung deposition calculations.

Lung deposition modelling

The deposition of GRMs in human and rat lungs was modelled
for the scenarios with the highest exposure potential, namely
Scenarios 6 (real-world) and 10 (reasonable worst-case).
Table S5 presents the particle size distributions and aerosol
concentrations used as input data for the lung deposition
modelling, while Fig. 8a and Table S6 show the results.

Lung deposition modelling (simulations no. 1 and 2) was
performed for the spray dryer cleaning task in Scenario 6,
based on two different estimates of airborne GO. The first
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Fig. 8 (a) Modelled alveolar deposition fractions in human and rat res-

piratory tracts for seven MPPD simulations covering multiple GRMs.
Horizontal lines represent comparable values calculated for GO by Lee
et al.%> (b) Exposure concentrations (red) as 15 min and 8 h time
weighted averages (TWA) for a real-world exposure (Scenario 6) based
on workplace sampling with DISCmini (GOp;sc) and electron
microscopy (GOrgm). Reasonable worst-case exposure estimates
(Scenario 10) are based on exposure modelling. Calculated human equi-
valent concentrations (HEC, green) are based on the no-observed
adverse-effect concentration in rats.®® Horizontal lines indicate gui-
dance values for graphene nanoplatelets (GVgne * GVg”®) and GO
(GVgo)”® extracted from the literature.
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simulation (#1) was based on DISCmini (10-700 nm) PNC
measurement data at the BZ, leading to predominantly alveo-
lar deposition (21%) with a relatively low alveolar mass depo-
sition rate (1.33 x 10> pug min~") due to small particle size
(CMD 58 nm). For an exposure time of 30 min day " for 90
days, the alveolar mass retained in human (rat) lungs is 3.6
(0.06) pg.

The second simulation (#2) of the same task was based on
a bimodal particle size distribution calculated from the TEM
analysis (Fig. 6 and Table 2), providing a more realistic esti-
mate of the GO particle population. In this case, particles were
deposited mainly in the head airways (61%), while alveolar
deposition accounted for only 0.06%. However, the alveolar
deposition rate of 8.87 x 10~* pg min~" was sevenfold higher
due to large (MMAD 34 pum, CMD 4 um) particles dominating
the mass size distribution. For an exposure time of 30 min
day ' for 90 days, the alveolar mass retained in human (rat)
lungs is 24 (0.05) pg.

Furthermore, lung deposition was estimated for exposure
Scenario 10 (simulations no. 3-7). The mass deposition to the
alveolar region (6-8%) leads to an alveolar retained GRM mass
of 0.02-17 mg in human lungs, and 0.15 pg to 0.20 mg in rat
lungs, after a 90-day exposure period. Similarly, Lee et al.®® cal-
culated alveolar masses retained of approximately 30 mg in
human and ca. 1 mg in rat lungs. Such doses have shown
adverse effects in experimental animals after pulmonary
exposure,”® but they depend on the application method,
species, and GRM properties.®

Su et al.*® measured graphene (platelets, electrical mobility
diameter d = 51, 101, and 215 nm) deposition, observing 10%
cumulative deposition to the head and upper tracheobronchial
airways, concluding that the majority of the particles can
transit to the alveolar region. In contrast, the GRMs in this
study show much higher deposition fractions to the upper
airways, approximately 20-90%, while a smaller portion pene-
trates and eventually deposits in the alveolar region. The differ-
ence between the studies may result from the de-agglomera-
tion performed by Su et al, since the graphene powder was
broken into small nanoscale primary particles that can pene-
trate deeper into the lungs. In real workplace environments,
the GRM particle size range can vary widely, including primary
nanoparticles, their agglomerates, and larger micron-sized par-
ticles, as seen, for example, in Scenario 6 of this study.
Therefore, it is justified to perform experiments and simu-
lations on raw, untreated materials rather than pre-treated, de-
agglomerated samples.

Lee et al. found an alveolar deposition fraction of 10% for
GO powder (MMAD 0.2 pm), whereas in this study, the mod-
elled deposition of GO powder (MMAD 0.8 um) was 6%. On
the other hand, in GO manufacturing (Scenario 6 of this
study), the alveolar deposition was 21% for 0.06 pm (MMAD)
and 0.06% for 34 pm particles. The differences in alveolar
deposition are therefore likely due to the different particle
sizes employed in the studies. Since the MPPD model con-
siders only mass-based distributions, nanoparticles are mar-
ginalised in the calculation of alveolar deposition fractions.
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Thus, a number- or surface area-based deposition calculation
may provide better insight into nanoscale GRM deposition.

Inhalation toxicity and health risk assessment

The health effects on the lungs are frequently studied using
inhalation experiments. Inhalation toxicity studies conducted
to date for GRMs are summarised in Table S7. In all studies,
lung inflammation was considered a relevant endpoint, as it is
commonly used for setting OELSs.

Short inhalation exposures (maximum 5 days) to GRMs
have shown inflammatory effects in rat lungs,*®°%7%”* specifi-
cally increased neutrophils in bronchoalveolar lavage (BAL)
fluid. The NOAECs ranged from 0.5 to 9.8 mg m™> across
studies.

A 28-day inhalation study of GNPs (MMAD 0.123 pm, GSD
3.63)°° showed no adverse effects in rats, even at the highest
concentration of 1.88 mg m™. Based on this sub-acute study,
Spinazzé et al”* calculated a health-based guidance value
(GVgnp) Of 0.212 + 7.796 mg m > using a probabilistic method,
and Pitaro et al.”> derived a DNEL (here GV) of 0.063 pg m™>
based on ECHA guidance (Chapter R.8), applying an uncer-
tainty factor (UF) of 30 to the NOAEC.

A 90-day subchronic study®® exposed rats to GO aerosol
(MMAD 0.20 pm, GSD 2.01), with NOAEC at the highest dose
of 3.02 mg m~>. They calculated an HEC of 0.54 mg m~> and
proposed a GV of 0.018 mg m™ (UF 30). However, the experi-
mental data were not fully presented, making it difficult to
evaluate the results. Later, Pitaro et al”> calculated a DNEL
(here GVgo) of 0.101 pg m™ based on the NOAEC.

As neither of these inhalation studies reported any toxic
effects, inference is limited. According to OECD guidelines
412% and 413,% the highest dose should induce toxic effects
to reliably estimate NOAECs. This was addressed in a 28-day
inhalation study®” on single-layer graphene, which showed an
increased neutrophil count in BAL as well as increased lactate
dehydrogenase, both markers of lung inflammation. A NOEAC
of 0.8 mg m™> was derived. However, in a subsequent study,
no toxic effects were found for GNPs at the highest dose of
3.2mgm>.

Furthermore, Andrews et al.®” exposed healthy human vol-
unteers to GO nanosheets (CMD 0.15 and 0.43 pm) at circa
0.2 mg m>. No acute adverse respiratory or cardiovascular
effects were observed after 2-hour exposure, although larger
super-micron GO sheets were excluded for safety, as they had
shown adverse effects in experimental animals.

Studies have generally shown lower NOAEC values for gra-
phene than for GO; however, these results are not fully com-
parable due to variations in dosing and GRM properties
(lateral size, thickness, surface area, and agglomeration;
Table S7). Thus, limited data on the inhalation toxicity of
GRMs complicates health risk assessment. Currently, all gui-
dance values are based on two inhalation studies®™®® that did
not show adverse effects at the highest dose, so the GV calcu-
lation requires revision.

As a conservative approach, the lowest available NOAEC of
0.5 mg m™2 in rats, five times lower than the lowest-observed-
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adverse-effect level, was used to calculate HECs. With mod-
elled rat-to-human translation factors (NOAEC/HEC) of 3-23,
HECs for the GRMs in this study range from 0.02 to 0.17 mg
m~? (presented in Fig. 8b). These values are similar to the GVs
(0.018-0.212 mg m~) derived from higher NOAECs in previous
studies.*>”*7>

Fig. 8b also presents exposure concentrations for measured
real-world (Scenario 6) and modelled worst-case (Scenario
10) situations. The 8-hour (TWA) exposure concentrations
are below the “upper limit of health-based guidance values”
or GVgyp Of 0.212 mg m™3. However, for GO and FLG, the
8-hour exposures exceed both GVgo and GVg, and are also
above their respective HECs for GOrgym, GO, and FLG,
resulting in risk characterisation ratios above unity: 1.1,
1.5, and 1.3, respectively. A common factor is that these
materials mostly consist (by mass) of super-micron par-
ticles. By contrast, GOpsc and rGO 1-3, consisting of
nanoscale and submicron particles, had much lower RCRs
(0.00006 to 0.6).

The real-world scenario (current use) produced mixed
results. While 8-hour exposures were below literature GVs for
both nanoscale (GOpisc) and super-micron (GOrgy) GO par-
ticles, the RCR for GOrgy is slightly above unity due to a low
HEC. Thus, given limited information on chronic effects at low
exposures, adverse effects cannot be excluded if appropriate
worker protection is not in place. This is especially relevant, as
preliminary control banding suggests that even concentrations
below 10 pg m~> may have adverse effects.”

The realistic worst-case scenario (potential future use with
increased GRM production) results in high exposures for GO
and FLG, increasing health risks and highlighting the need for
effective mitigation measures. As future uses may increase
health risks, our results emphasise the need to reassess when-
ever activities, processes, or materials change.

As the health risk assessment is currently limited to acute
and sub-acute studies, further inhalation toxicity investi-
gations on the chronic effects of GRMs are needed, with accu-
rate and appropriate dosing to enable reliable OEL determi-
nation. In addition to a full work shift (8 h) exposure, an OEL
should also be set for short-term (15 min) exposures, since
GRM-releasing tasks can be brief but produce high concen-
tration peaks.

A further limitation in the health risk assessment arises
from uncertainty in the estimated exposure concentration and
HEC values. Uncertainty propagates as multiple assessment
steps are concatenated. Since uncertainty has only been quan-
tified for certain steps of this study, the assessment presented
here should be considered an estimate. Future efforts should
aim to reduce uncertainties throughout the assessment
process.

Conclusions

Occupational safety aspects of graphene-related material pro-
duction and handling were evaluated through exposure and
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risk assessments conducted in five workplaces. These assess-
ments were complemented by characterisation and dustiness
testing of selected GRMs, which were utilised for exposure and
lung deposition modelling.

Exposure and risk in GRM production and related activities
were generally low, owing to appropriate occupational hygiene
measures at organisational, technical, and personal levels.
Activities that posed an increased health risk included hand-
ling GRMs in dry powder form and the cleaning of process
equipment contaminated with dry GRM. While traditional
occupational and nanosafety practices®® are suitable and rec-
ommended, continuous vigilance to mitigate potential risks is
necessary, particularly when planning changes or developing
activities, processes, or materials.**3%9>7%4

Scale-up, changes in material quantities or raw
materials, new processing techniques or equipment, and
organisational aspects such as personnel changes all con-
tribute to potential GRM exposure. Given the limited infor-
mation on chronic health effects, the precautionary prin-
ciple is advised in workplace safety considerations. A “best
practices for safe graphene work” guidance document is
available online in four languages (English, Finnish, Italian,
and Spanish),”® providing information on specific GRM
safety aspects alongside general nano- and occupational
safety guidelines.

To further advance knowledge and understanding of GRM
exposure and risk in occupational environments, state-of-the-
art measurement and analysis technologies should be
adopted,’® as instrumentation continues to evolve. At the same
time, regulatory frameworks are progressing and establishing
safety standards in this field.””®° Keeping pace with these
developments may benefit from adopting the Safe and
Sustainable by Design (SSbD) approach.”>*%°
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