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Abstract Dustiness testing using a down-scaled
EN15051 rotating drum was used to investigate the
effects of storage conditions such as relative humidity
and physical loading on the dustiness of five inorganic
metal oxide nanostructured powder materials. The
tests consisted of measurements of gravimetrical
respirable dustiness index and particle size distribu-
tions. Water uptake of the powders during 7 days of
incubation was investigated as an explanatory factor
of the changes. Consequences of these varying storage
conditions in exposure modelling were tested using
the control banding and risk management tool
NanoSafer. Drastic material-specific effects on pow-
der respirable dustiness index were observed with the
change in TiO, from 30 % RH (639 mg/kg) to 50 %
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RH (1.5 mg/kg). All five tested materials indicate a
decreasing dustiness index with relative humidity
increasing from 30 to 70 % RH. Test of powder water
uptake showed an apparent link with the decreasing
dustiness index. Effects of powder compaction
appeared more material specific with both increasing
and decreasing dustiness indices observed as an effect
of compaction. Tests of control banding exposure
models using the measured dustiness indices in three
different exposure scenarios showed that in two of the
tested materials, one 20 % change in RH changed the
exposure banding from the lowest level to the highest.
The study shows the importance of powder storage
conditions prior to tests for classification of material
dustiness indices. It also highlights the importance of
correct storage information and relative humidity and
expansion of the dustiness test conditions specifically,
when using dustiness indices as a primary parameter
for source strength in exposure assessment.
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Introduction

Handling of powders in workplaces is known to be
associated with risk of dust release and may result in
important occupational exposure levels (Brouwer 2010;
Kuhlbusch et al. 2011). The production stage and
powder handling is also the activity that causes the
highest risk of occupational exposure to manufactured
nanomaterials (Borm et al. 2006; Hameri et al. 2009). To
enable precautionary exposure management, different
test methods have been established, which allows
relative ranking of powders regarding their propensity
to release dust; i.e. dustiness (Hamelmann and Schmidt
2005). Some dustiness test methods are fully standard-
ized, such as the rotating drum and the continuous drop
methods that were established in EN15051 (BS
EN:15051 2006; Liden 2006). Currently new methods
are underway under the CEN-NEN Mandate M437 to
establish nano-specific dustiness test methods and
measurement protocols, also considering the two test
methods in EN15051(Witschger et al. 2014).

To enable comparability in ranking, the standard
dustiness methods are carefully harmonized regarding
the mechanical design of the test systems, sampling
design, as well as the conditions and measurement
metrics to be used for quantification. In EN15051, the
storage and experimental test conditions are set to
room temperature and a relative humidity of
50 £ 10 %. However, workplace conditions are usu-
ally not controlled that well and in fact powder storage
and handling is likely to take place under conditions
relative far from the ideal testing conditions. More-
over, powders may be stored in different ways such as
in small packs, drums, bags on palettes, big bags and
silos, where the packed material may have been closed
under vacuum or not. Consequently, powders may also
be stored at great ranges in % RH and at high pressure
gradients from top to bottom in a stack or silo. It is
currently unclear how extensive such differences in
humidity and storage pressure may affect different
powders regarding their dustiness levels and dust
characteristics.

Due to the general low number of workplace
exposure measurement data, reliable early phase risk
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assessment becomes more and more important (Aitken
et al. 2011). Therefore, a better understanding of the
uncertainties and recommendations for improvements
of critical tests and input parameters needs to be
identified as soon as possible to ensure that the
precautionary approaches are still reliable and can
consider worst case scenarios. Some REACH tools
and new control banding-like tools are currently
available for such conservative evaluations of which
several use dustiness data as an indicator for the
potential exposure or source strength (Liguori et al.
Submitted; Brouwer 2012).

A previous study (Jensen et al. 2009) showed
different effects on dustiness levels after 5 min of
uniaxial low-pressure compaction (3.54 £ 0.14 kg/
cm?) on a loose bentonite and granulated organoclay.
The dustiness of the granulated organoclay increased
after the uniaxial pressure load, whereas it was
reduced in the case of the loose bentonite powders.
Granulation is usually applied to improve the appear-
ance, flow, mixing properties, of the powders as well
as to decrease powder dustiness (Freitag and Kleineb-
udde 2003; Tardos 2005; Nishii and Horio 2007). It
can be inferred that brief compaction of the bentonite
in the study by Jensen et al. (2009) underwent some
type of granulation, whereas the granulated organ-
oclay was de-agglomerated resulting in reduced and
increased dustiness, respectively.

Differences in the relative humidity (% RH) during
powder storage may also change the characteristics of
the emitted dust (Jensen et al. 2009). Intergranular
fusion (caking) due to grain-particle-boundary disso-
lution—precipitation processes in partially water-sol-
uble powder materials may occur in sufficiently humid
air and durations of storage (Szepvolgyi et al. 2001;
Gbureck et al. 2005; Brockel et al. 2006). Such
processes may initially result in agglomerates of softly
bridged particles and finally formation of aggregates.

While results from dustiness testing initially were
intended for relative ranking of the substance emission
potential, recent research investigates its potential use
in control banding and time-resolved exposure mod-
elling (Paik et al. 2008; Tielemans et al. 2008; Cherrie
et al. 2009; Schneider et al. 2011; Van Duuren-
Stuurman et al. 2012; Levin et al. 2014). Reliable use
of standard dustiness indices for control banding and
exposure modeling requires that the powders are not
affected by their storage history and use conditions, or
that the tests are conducted at the same conditions as
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the storage and use. The limited documentation that is
currently available suggests that a wider range in
conditions during dustiness testing may be necessary.
Previous studies did reveal important variation in
dustiness with humidity for pharmaceutical powders,
which are known to be hygroscopic and more suscep-
tible to changes (Pujara 1997).

The primary aims of this study were

(1) To investigate to what degree the dustiness
levels and dust characteristics of slightly water-
soluble and insoluble inorganic powders and
different chemical surface modifications may
be affected during storage at low, medium and
high relative humidity without and with a
physical pressure-load.

(2) To assess the consequences of the results for
risk assessment and management by compar-
ison of assessment results using dustiness data
from standard and non-standard incubation
conditions.

All dustiness tests were conducted using the down-
scaled ENI15051 rotating dustiness drum which
already has been used in a range of studies (Schneider
and Jensen 2008; Jensen et al. 2009; Singh et al. 2011;
Rasmussen et al. 2013, 2014; Levin et al. 2014) and
currently is under evaluation as a standard method for
dustiness testing of nanomaterial powders (Witschger
et al. 2014).

The potential impact of the results on risk assess-
ment was discussed using the obtained dustiness data
in the NanoSafer control banding and risk manage-
ment tool (http://nanosafer.i-bar.dk/, Kristensen et al.
2010) comparing the deviation from assessment
results from standard and non-standard incubation
conditions.

Methods and materials
Sample materials

Five different commercial inorganic nanostructured
materials with slightly different primary particle sizes,
morphologies, negligible to low water-solubilities,
and some with and without chemical surface modifi-
cations were investigated within the study (Table 1).

The powders originate from the EU FP7 project
HINAMOX in which the current study was planned to
increase understanding on the potential variability in
exposure potentials during different storage conditions
for these specific powders.

All test materials were received as powders and
stored in air-tight containers until the time of exper-
iments. The nanomaterials were previously reported to
vary in particle size-ranges and states of aggregation
(Table 1) (data from Pérez-Campana et al. 2012,
2013). The average primary particle size varied from a
few nm to 36 nm, but the size distributions were
generally wide and polydispersive. Only ZnO #1 had a
nearly monodispersive size distribution. The primary
particles were mainly aggregated in all samples. One
of the samples, TiO,, was surface-modified during
production using HNO;,

Although all of the sample materials are generally
considered very low- to in-soluble, literature data state
solubility of ZnO between 4.88 and 7.40 mg/L (Xia
et al. 2008; Reed et al. 2012; Li et al. 2012). Schmidt
and Vogelsberger (2006) investigated solubility of
TiO, and found that three commercially available
nanosized TiO, had a solubility of 250 nmol/L
(19.97 mg/L) at pH 1.5. The study also concluded
that TiO, solubility increases with decreasing pH of
medium and material primary particle size. This is of
great importance as the TiO, sample in this study is
stabilized by HNOj3, which is expected to render the
surface to become highly hydroscopic. However, the
effect may also include chemical destabilization and
increased solubility. No literature values on solubility
were found for CeO, and Al,Os.

The specific surface areas of the bulk nanopowders
were measured using the BET (Brunauer—Emmett—
Teller) nitrogen adsorption method. The materials
were degassed for 72 h at 25 °C and subsequently
analysed using Quantachrome Nova 4200 multipoint
BET.

Surface analysis of the powders by X-ray photo-
electron spectroscopy (XPS) was performed in a
SPECS SAGE HR 100 system spectrometer on as-
received powders. The X-ray source for TiO, was
Mg Ko (non-monochromatic, operated at 12.5 kV and
250 W). For other powders, experiments are per-
formed with an Al Ko source (non-monochromatic,
operated at 12.5 kV and 300 W). The take-off angle
was fixed at 90° and the measurements were con-
ducted at a pressure of ~10-6 Pa. Survey spectra

@ Springer


http://nanosafer.i-bar.dk/

337 Page 4 of 13

J Nanopart Res (2015) 17:337

@ Springer

Table 1 Key physicochemical characteristics of the test nanomaterials

Density S,
(g/cm3)

Surface

Surface elemental composition (XPS)

Specific surface
area (m2/g)

Characteristics

Primary

Source

Sample

(mg/L)

modification

size (nm)

4.88-7.40

5.61

NA

16.9 % C, 50.9 % O, 32.2 % Zn

132 +£ 54 Monodisperse, 26.2

Plasmachem GmbH

ZnO #1

aggregated, spherical

4.88-7.40

NA
NA
NA

5.61
3.95
7.2

NA

20.7 % C, 43.8 % O, 35.5 % Zn
55 % C, 46.1 % O, 48.4 % Al

21.9

Polydisperse, aggregated

36.1 + 18.1
13.6 £ 8.4
13.0 £ 12.1

1-10

ZnO #2  Degussa/Quimidroga

NA
NA

76.3

Polydisperse, aggregated

Plasmachem GmbH

ALO;
C602
TiO,

22.1 % C, 60.8 % O, 17.0 % Ce
215 % C, 422 % O, 363 % Ti

56.7
173.1

Polydisperse

Degussa/Quimidroga

HNO; stabilized 4.23

Aggregated

Plasmachem

were obtained with a pass energy of 30 eV. Detailed
spectra were acquired for C 1s, O 1s and metal regions
(Ti 2p, Zn 2p, Ce 2s and Al 2p) with a pass energy of
15 eV. Spectra were analysed with the CasaXPS
2.3.15dev87 software. The analysis consisted of
satellite removal, Shirley background subtraction,
calibration of the binding energies to the C 1s C-C
peak at 285 eV, and peak fitting with Gaussian—
Lorentzian line shapes to determine the atomic
percentages and chemical states of elements contained
in each powder. The results from XPS characterisation
are presented in Table 1.

Total carbon is assigned to adventitious carbon
(Barr and Seal 1995), a carbonaceous material found
on the surface of most samples exposed to air.
Stoichiometric ratio (O/metal) is calculated from
oxygen assigned to the metal oxide and the total metal
contribution. Titanium analysis results with 85 % of
Ti IV, while 15 % is assigned to Ti III or lower
oxidation states, which explains the O/Ti ratio of 1.2.
In the case of both zinc powders, the O/Zn ratio is 1 as
expected, with a slightly higher amount of adventi-
tious carbon for ZnO #2 powder. In the Ce 3d spectra,
peaks are assigned to two oxidation states: Ce IV and
Ce III (Engelhard et al. 2004). The ratio of Ce*/Ce’ "
is found to be 77/23, which corresponds to a higher
O/Ce ratio, of 2.7. Aluminum quantification results in
a O/Al ratio of 1 instead of the expected 1.5. This
could be a result of inefficient oxidation of the
aluminum precursor in the preparation process (Hae-
berle et al. 2013).

Experimental design of the incubation

The strategy for analysing the standard dustiness
levels and the potential role of storage conditions was
to test the powder dustiness at three different relative
humidities (30, 50 and 70 % RH), each tested with and
without a physical compaction of the powder. The
case of 50 % RH without compaction constitutes as
the standard test within the EN15051. A value of 70
and 30 % RH was selected as the upper and lower
normal boundary conditions in workplaces handling.
The uniaxial pressure load was selected to be 160 kg/
m?, which corresponds approximately to the load
pressure experienced by the bottom layer bags on a
single Euro-pallet with 15 bags (five layers).

The samples tested at “standard 50 % RH condi-
tions” were stored in darkness at laboratory room
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conditions with 50 % RH and equilibrated in the test
system for 3 min before testing was commenced in the
rotating drum. This procedure is prescribed in
EN15051.

The experiments with fully controlled humidities
with/without uniaxial pressure were completed by
incubating the samples for 7 days in an incubator
using a 2 lpm inlet flow with a controlled RH of 30, 50
or 70 %, respectively. The variation in RH was
measured to be £2 %. The incubations were made
by distributing the powder evenly in a flat-bottomed
glass petri dish. Samples subjected to pressure load
were weighed out in the same manner, and kept in the
incubator for 24 h before the load was applied in order
to ensure that the whole powder sample had equili-
brated with the selected humidity conditions. The
2.7 kg load was applied on the inverted lid from the
petri dish (14 cm OD) placed on top of the powder.
The setup is illustrated in Fig. 1.

Dustiness testing

Data on dustiness for different materials and storage
conditions were obtained using the down-scaled
EN15051 dustiness drum as described in (Schneider
and Jensen 2008). The humidifier and the sampling
train were modified from the original design (Schnei-
der and Jensen 2008) to allow simultaneous real-time
measurement and sampling using up to five different
samplers and to allow respirable dust fraction mea-
surements by optionally inserting a GK2.69 cyclone
(BGI, UK). For the humidity and pressure load
experiments, an incubation chamber was connected
in between the humidifier and the test chamber to
ensure the same test conditions (Fig. 2).

In this study, real-time measurements were done for
particle concentration and size distribution using the
following systems:

e Fast Mobility Particle Sizer (FMPS 3091, TSI Inc.,
Shoreview, MN, USA) for particles in the range

[ | lJ

Fig. 1 Illustration of powder placement in the incubation
experiments where the left- and right-hand image shows the
petri dish for pure humidity and combined humidity—pressure
load incubations, respectively

5.6-560 nm. The measurement with the FMPS is
done through combining size classification by
electrical mobility and counting by particle charge
after positive charge equilibration at a unipolar
diffusion charger at the column inlet. To ensure no
particle concentrations above the instrument limit,
a recirculating HEPA-filtered 1:10 dilution system
was placed in front of it.

e Aerodynamic Particle Sizer (APS 3321, TSI Inc.,
Shoreview, MN, USA), range 542 nm-20 pm.
The particle size measured with the APS is an
aerodynamic equivalent sizes where the reference
is a sphere with a density of 1. To ensure no
particle concentrations above the instrument limit,
it was coupled with a 1:20 dilution system (3302A,
TSI Inc., Shoreview, MN, USA).

e Sampling on grids for transmission electron
microscopy (TEM) was done in parallel for all
materials and conditions using a mixed cellulose
ester (MCE) 0.8-um filter-cassette for asbestos
sampling with a holey-carbon-film-coated Cu-grid
mounted on the MCE filter. Sampling was done
from one of the outlet sampling lines using
conductive tubing and performed at 1.5 lpm for
60 s. Due to insufficient loading of particles on
TEM grids and later recognized uncertainties
regarding their size-resolved sampling efficien-
cies, data from this work will only be presented in
supplemental material.

e Respirable dust (PM,) was sampled at 4.2 Ipm on
Teflon filters mounted in 0.8-um Millipore dust
sampling cassettes after the GK2.69 cyclone.

The standard dustiness tests were conducted at
50 % RH according to EN 15051 with the adjustment
that sampling was continued 120 s after termination of
powder agitation. This has been normal practise in
tests using the small rotating drum even though the
original EN15051 standard procedure sampling is to
be terminated immediately after the rotation has been
stopped. The reason for the prolonged measurement
time is that we have observed that the dust cloud
decays long time after rotation are stopped. Hence, a
full analysis of the generated dust requires prolonged
sampling time to collect the whole dust cloud.

All experiments were conducted at 11 rpm and a
horizontal flow rate of 11 Ipm to obtain the same
number of powder parcels falling per minute and
average horizontal flow velocity in the cylinder as in

@ Springer
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the EN 15051 test, respectively. HEPA-filtered and
humidified air was supplied to the drum inlet and
exhausted to be distributed into the different sampling
units at the other end of the drum (Fig. 2).

Loading of powders was done by first removing the
exit cone of the drum and orient the drum with a lifter
vane placed at lowest position of the rotation circle. As
is the standard procedure in small rotating drum tests,
6 g of powder was carefully loaded in a pile on the
upward moving side at the centre of the lifter vane.
Then the system was closed, the humidity conditioned
air-flow was applied and all flows were checked. The
experiment was then initiated by leading the test
atmosphere through the chamber for 180 s, during
which the particle monitors reach background particle
concentration levels and the dustiness test was initi-
ated. After 60 s of rotation, the drum was stopped and
sampling was maintained 120 s of particle sampling
without rotation. This completed the rotation part of
the dustiness test. Immediately after the conclusion of
the test, the filter from the cyclone was retrieved. The
mass of collected respirable dust was determined after

Fig. 2 The experimental
setup of the dustiness drum,
incubation chamber and
real-time monitors

Rotating Drum

conditioning the exposed filters and filter controls in a
weighing room (22 °C; 50 % RH) using a Sartorius
microbalance (Type R162 P; Sartorius GmbH, Gottin-
gen, Germany). The measured mass was corrected for
handling and conditional variations through the use of
blind filters. The limit of quantification, calculated as
three times the standard deviation of the blind filters,
was 0.20 mg. The weighed mass was then used to
calculate and categorize the dustiness levels of the
powders according to EN15051.

Data treatment of dustiness data

All real-time measurements were done using an
assumed density of 1 g/cm’. FMPS and APS number
concentrations were exported as dN/dlog D,, values for
each particle size, D,,. Measured data were corrected
for background based on the 40 s average size spectra
sampled before the test was initiated. All reported size
distributions are the average accumulated size distri-
butions over the whole duration of the experiment
based on three repeats (N = 3). For determination of

[_tepr Jeisig

>
>

(K269 cyclone

1+ lpm

HEPA

RH/T sensor

Pressurized
air supply
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respirable dustiness, the differential mass measured on
the filters was corrected for variations in the three
blank control filters and divided by the actual mass of
the tested sample. The final value is an average of three
repeats. The respirable dustiness index (mg/kg) is then
calculated as the amount of dust (mg) collected on the
filter divided by the amount (kg) of the test material
and multiplied by a factor of 4.2/11 to match total flow
through the drum.

Measurement of adsorbed water and water uptake

As water uptake can occur by adsorption as well as due
to chemical reaction with the samples, the extent of
this was investigated using different methods. The
amount of water adsorbed at 50 % RH standard
conditions was determined as described in the
EN15051 standards specification. Due to limited
sample availability, the water uptake at the three
incubation conditions was done only at 30, 50 and
70 % RH without pressure load. After 7 days incuba-
tion, triplicates of ca. 0.5 g powder were weighed into
glass petri dishes and placed in an oven for 4 h at
110 °C, removed and weighed out immediately. The
mass loss during heat treatment was assumed to
correspond to the amount of adsorbed water alone. An
attempt was also made to determine the hygroscopic-
ity and point of condensation of water on the test
materials by environmental scanning electron micro-
scopy using a Peltier cooling stage in a FEI ESEM
Quanta 200 FEG (FEI, Eindhoven, the Netherlands).
However, the results did not show any immediate

condensation until very high (>93.5 % RH) relative
humidity (see supplemental material).

Consequences for risk assessment

To assess the potential consequences of the observed
influences of storage conditions for risk assessment
and associated risk management, a series of analyses
were made for different principle exposure scenarios
using the NanoSafer control banding and risk man-
agement tool. In this model, the exposure assessment
is based on first-order exposure assessment modeling
using dustiness data or default high values as one of
the critical source strength input parameters. The tests
were conducted using the dustiness values measured at
30, 50 and 70 % RH without loading to determine the
NanoSafer exposure control band for each case. The
tool has 5 exposure control bands ranking from 1 to 5
and is calculated for both process near-field and work
room far-field concentrations for both Acute (15 min)
and Chronic (8 h) exposure durations.
The studied scenarios were as follows:

e Small-scale activity; pouring of 5 x 2 kg into a
mixer in a 3.5 x 5 x 2.9 m* workroom

e Intermediate scale activity; pouring of 5 x 20 kg
into a mixerin a4 x 5 x 3.5 m’> workroom

e Large-scale industrial use activity; pouring one
800 kg big-bag into a dissolver in a 5 x 10 x
5 m® workroom.

More details of the scenario are collected in
Table 2.

Table 2 Input parameters for three occupational exposure scenarios used in NanoSafer

Scenario 1

Scenario 2 Scenario 3

Activity description-source
domain production
Activity energy factors level 0.1

Total amount used in the 10 kg (5 x 2 kg)

process
Duration of the all process 75 min
Period between each cycle 6 min

Frequency of the process 1 time per day

Amount per each cycle 2 kg

Duration of each cycle 10 min

Room size 35 x5x%x29
Ventilation rate 1h!

Scooping/filling bags in small-scale

Pouring powder into twin-screw Wet mixing in

extruder dissolver
0.5 0.75
100 kg (5 x 20 kg) 800 kg
(1 x 800 kg)
30 min 5 min
1 min 0

1 time per day 1 time per day

20 kg 800 kg
5 min 5 min
4x5x%x35 5x10x5
5h! 20h7!

@ Springer
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It should be noted that control banding tools by
definition do not give a quantitative values, but a
qualitative precautionary risk assessments based on
variable levels of quantitative and qualitative input
and modelling depending on the tool. The aim of the
test performed here is to illustrate through use of a real
exposure assessment tool how important the observed
differences caused by different storage conditions
could be for exposure assessments.

Results and discussion
Gravimetrical respirable dustiness index

Dustiness testing showed a large variation in the
respirable dustiness levels of the powders tested under
standard EN15051 conditions (3 min, 50 % RH, no
load) and is shown in Fig. 3, denoted as ‘50 %’. The
lowest levels of respirable dustiness were observed for

Respirable Dustiness Index

Very Low

30% |
P +30%

50%
P+50% |

70% —
P +70%

ZnO #1

Low Moderate High

_}___

30%
P +30%
50%
P +50%
70%
P +70%

ZnO #2

30%

P +30%

Tio,  50%
P +50%

70%

P +70%

30%

P +30%

CeO,  50%
P +50%

70%

P +70%

30%

I
P +30% I

10,
Al,O, 50% | I
P +50% I
70% I
P +70% 1

1
1
1

L
I-'—|
I-'—|

—

1 10

Ly L n I S S S R R |
T 1

100 1000

Dustiness Index [mg/kg]

Fig. 3 Respirable dustiness index obtained at the different %
RH and pressure load conditions. The percentage indicates
relative humidity and ‘P’ the presence of 160 kg/m* pressure
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during incubation. The dustiness ranks are based on the
thresholds in the EN15051 standard
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TiO, (<limit of quantification) and Al,O5 (56.9 mg/
kg). The highest levels were observed for CeO,
(409 mg/kg), ZnO #1 (259 mg/kg) and ZnO #2
(357 mg/kg). The EN15051 convention for classifica-
tions of powder dustiness denotes indices as Very Low
for <10 mg/kg, Low for between 10 and 50 mg/kg,
Moderate between 50 and 250 mg/kg and High
>250 mg/kg as indicated in Fig. 3. Hence, the stan-
dard dustiness tests reveal that two powders are
categorized as Very Low (TiO,) and Moderate (Al,053)
and three (CeQ,, ZnO #1 and ZnO #2) are in the
category of powders with High dustiness.

Testing the influence of storage conditions showed
different effects on the respirable dustiness indices,
depending on the sample material (Fig. 3). Dustiness
of Al,O; was reduced or unaltered reducing the
humidity, whereas the index was lowered to less than
60 % by compaction at 50 % humidity. Increasing RH
to 70 % caused a more severe drop in dustiness. ZnO
#2 followed almost the same pattern, however, with
greater reduction in dustiness due to compaction at
both 30 (19 % reduction), 50 % RH (58 % reduction)
and 70 % RH (29 % reduction). ZnO #1 showed a
similar behaviour at 30 % RH and 50 % RH, but at
70 % RH, there is an extreme drop in dustiness index
(<10 mg/kg) for both the compressed and uncom-
pressed versions. CeO, was seemingly unaffected by
physical loading at all levels of RH and moderately
lowered in dustiness with increasing RH. The most
dramatic effect was observed with TiO, which went
from below limit of quantification at 50 and 70 % RH
to 85.7 and 693.3 mg/kg for compacted and un-
compacted at 30 % RH, respectively. TiO, is the

observations, incubation at these flow-through atmo-
spheres caused release of corrosive vapours, which is
ascribed to loss of the acidic HNOj stabilization.

All five materials had a statistically significant
higher dustiness index at 30 % RH than at 70 % RH,
both for compacted and un-compacted versions. A
trend of higher values for 30 than 50 % RH can also be
observed; however, it is not significant in all cases. No
general pattern could be observed for changes in
dustiness due to compaction, but in most cases
compaction of the material decreased the dustiness.
However, at higher humidities, the compaction
appears to increase the dustiness. This might be due
to compaction of the material limiting the uptake of
water.

Water uptake

The measured water contents in the incubated powders
are shown in Fig. 4 together with the corresponding
dustiness indices. For ZnO #1 and TiO,, there is a clear
relation between increased water content and
decreased dustiness index. Only small differences in
water content for the different incubation humidities
can be seen for the remaining three materials. For
TiO,, the high water uptake at all conditions, as
compared to the other materials in the study, may be
linked to the small primary particle size and high
specific surface area.

Size distributions

All materials gave a typical bi-modal size-distribution

HNO; stabilized material, and based on our at standard conditions with a smaller mode at
Respirable Dustiness Index Water content
Very Low | Low | Moderate | High
30% - | \ 30% »l
ZnO #1  s0% 1 1 —— 50% ‘
70%1 — ! ! ! 70%1 —
30% y 30%
ZnO #2 s0% 50%
70% ! 70%
30% 30%
TiO,  s50% 1 ! I 50%
70% ! ! ! 70% :
30% 30%
CeO, s50% 50% E
70% ! 70%
30% 1 — 1 30% —
AlLO;  s0% | 1 A ! 50% "
70% | : — : : 70% "
1 10 100 1000 0.00 5.00 10.00 15.00 20.00 25.00 30.00

Dustiness Index [mg/kg]

Water loss [w%]

Fig. 4 Dustiness indices and water content of the five materials incubated at 30, 50 and 70 % RH
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150-200 nm and a coarser at 2-3 pm, similar to size
distributions reported in previous studies (Schneider
and Jensen 2008; Jensen et al. 2009; Burdett et al.
2013; Levin et al. 2014). Figure 5 presents the
accumulated size distributions as measured with
FMPS and APS of TiO, and Al,O3; at 30, 50 and
70 % RH without loading to exemplify typical
behaviour. Size distributions of all materials and
storage conditions are available in supplemental
material. The behaviour of the particle concentrations
is well matched with that of the dustiness index, and
the increase/decrease in particle numbers appears to be
similar for all sizes. Presented data on particles
<40 nm are due to electrometer noise accumulated
over the course of the measurements.

Consequences for risk assessment

Table 3 presents the NanoSafer exposure risk-level
bands obtained for the potential acute and chronic,
near-field and far-field exposure levels for each
powder and incubation conditions, respectively. It
should be noted that NanoSafer consists of 5 bands for
the allocation of the exposure potential ranking from 1
the lowest to 5 the highest. All materials give different

TiO,

0| —=—30% RH
—#— 50% RH
—— 70% RH

o

P

FMPS APS

Accumulated dN/dlogD_[cm™]

0.01 0.1 1 1|o
Mobility/Aerodynamic equivalent size [um]

Respirable Dustiness Index
Very Low 1 Low 1 Moderate 1 High

30%
50%
70%

1 10 100 1000

Dustiness Index [mg/kg]

Accumulated dN/dlogD_[cm ™3]

30%
50%
70% |

control bands in one or more of the three scenarios due
to incubation humidity. In two of the cases (ZnO#1
and TiO,), a 20 % change in RH changes the exposure
rank from the lowest to the highest level. For ZnO #1,
this occurs when changing the % RH from 50 to 70 in
scenario 2 and 3. For TiO,, the drastic change in
exposure rank is observed when going from 30 to
50 % RH in all three scenarios. The drastic effects can
be observed in both near- and far-field concentrations
and acute and chronic exposure times. The results
from testing the powders in the NanoSafer control
banding and risk management tool clearly show that
the relative humidity and storage load play an
important role on the emission potential of nanoma-
terial powders. In the worst case, an exposure- or risk-
level estimated based on dustiness data produced
under conditions different from reality may be
extremely over- or underestimated depending on the
material. This highlights the fact that the use of a
single standard dustiness source term for control
banding or quantitative exposure assessment may be
critical if the test conditions vary considerably from
the storage and use conditions. Unless such consider-
ations are considered as safety margins or adopted into
the tools or the dustiness data are actually generated

" Al O

10

—&—30% RH
—*—50% RH
—+—70% RH []

N
OA
3

p

8 | FMPS APS

0.01 0.1 1 1‘0
Mobility/Aerodynamic equivalent size [um]

Respirable Dustiness Index

Very Low 1 Low 1 Moderate High

1 10 100 1000
Dustiness Index [mg/kg]

Fig. 5 Size distributions and corresponding gravimetrical dustiness levels of TiO, and Al,O5 at 30, 50 and 70 % RH
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Table 3 NanoSafer exposure risk-level bands for acute exposure (15 min) and chronic exposure (8 h) calculated for each test

material and incubation conditions

Scenario 1 Scenario 2

Scenario 3

Near Field Far Field Near Field

Far Field

Near Field Far Field

Acute ‘ Chr. | Acute | Chr. Chr. | Acute

CeOZ 50

under comparable conditions, these effects add a
major uncertainty to the results of exposure
assessment.

Conclusions and recommendations

In this study, the effects of storage conditions such as
relative humidity and physical loading on the dusti-
ness of five inorganic nanomaterials were investi-
gated. Gravimetrical dustiness index and particle size
distributions were measured using rotating drum tests.
Long-term water uptake of the powders was found to
be an explanatory factor of the changes. Consequences
of these varying storage conditions in exposure
modelling were tested using the control banding and
risk management tool NanoSafer.

The study shows that there is a material-dependent
change in the dustiness index due to both humidity
conditions and physical load during 7 days simulated
storage. A general trend of reduced dustiness index
with increased relative humidity was observed,
although the magnitude varies with the materials.
The effect of physical loading is more complicated,
but the magnitude of the change is also generally
smaller than that of the humidity condition.

The most severe effect was seen on the TiO,
material which had a dustiness index below detection
limit at standard dustiness conditions but ranked in as

Chr. | Acute

Very high (693.3 mg/kg) at 30 % RH incubation. This
suggests that the effect of storage humidity on
dustiness can be severe for certain powders and that
the =10 % RH gap allowed for in the EN15051 might
be too broad. In this case, the major effect is ascribed
to the HNOj stabilization used for this product.

Testing the consequences of the observed variation
in dustiness using the NanoSafer control banding/risk
management tool using three work scenarios also
showed great variability in the exposure assessment.
Of greatest concern, assessments based on high
humidity conditions would seriously underestimate
the need for increased ventilation and personal
protection equipment compared to the same scenario
at low humidity conditions.

To reduce the uncertainties associated with the
effects of humidity during storage and work, we
suggest that dustiness testing for exposure assessment
should be expanded to include tests that also target the
extreme ranges of the relative humidity at workplaces.
Moreover, the allowed variation around the specified
humidity levels should be reduced considerably from
10 % as given today in EN15051 and data on storage
conditions may be essential. If data are to be used for
more accurate predictive modelling, dustiness data on
additional test conditions may be needed. Further
studies to determine the effect of % RH in more detail
are required to define more precisely the critical
boundaries for the test conditions.
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