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ABSTRACT

Occupational exposure to nanomaterial aerosols poses potential health risks to workers at
nanotechnology workplaces. Understanding the mechanical stability of airborne nanoparticle
agglomerates under varied mechanical forces and environmental conditions is important for
estimating their emission potential and the released particle size distributions which in
consequence alters their transport and human uptake probability. In this study, two aerosolization
and deagglomeration systems were used to investigate the potential for deagglomeration of
nanopowder aerosols with different surface hydrophilicity under a range of shear forces and
relative humidity conditions. Critical orifices were employed to subject airborne agglomerates to
the shear forces induced by a pressure drop. Increasing applied pressure drop were found to be
associated with decreased mean particle size and increased particle number concentrations.
Rising humidity decreased the deagglomeration tendency as expressed by larger modal particle
sizes and lower number concentrations compared to dry conditions. Hydrophilic aerosols
exhibited higher sensitivities to changes in humidity than hydrophobic particles. However, the
test systems themselves also differed in generated particle number concentrations and size
distributions, which in turn altered the responses of created aerosols to humidity changes. The
results of the present study clearly demonstrate that a) humidity control is essential for dustiness
and deagglomeration testing, b) that (industrial) deagglomeration, e.g. for preparation of aerosol
suspensions, can be manipulated by subjecting airborne particles to external energies, and c) that
the humidity of workplace air may be relevant when assessing occupational exposure to

nanomaterial aerosols.
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1. INTRODUCTION

Engineered nanomaterials (ENMs) are widely used in various industrial sectors (Schmid et al.,
2010). Human exposure to aerosols of ENM powders has been shown to occur in a variety of
workplaces dealing with nanotechnologies. These included laboratory activities as well as
industrial processes, such as synthesis, handling, and cleaning (Brouwer, 2010; Kuhlbusch et al.,
2011). Studies identified the distinct properties of the airborne ENMs released in these
occupational situations (e.g., number concentration and size distribution). These properties may
be associated with process characteristics such as the energy input level. The different
characteristics of aerosol particles influence their airborne transport, transformation and
deposition including deposition in the lungs (Oberdorster et al., 2005). Once inhaled, ENMs can
pose various adverse effects on human bodies, such as inflammation (Cho et al., 2012), the
generation of oxidative stress (Fukui et al., 2012), DNA damage (Sandra V. Pirela, 2015), and
translocation to secondary organs, thus potentially altering their functionalities (Kreyling et al.,
2009; Petitot et al., 2013). The biological effects of ENM aerosols are closely related to their
physicochemical characteristics, such as particle number, size and surface area, and functionality
(Castranova, 2011; Schaeublin et al., 2011; Xiong et al., 2013). Thus, occupational health risks
associated with airborne ENMs do exist and it is important to understand their properties once
they have been released into work environments in order to assess potential risks and to develop

efficient methods for release and exposure prevention.

Understanding the mechanical stability of airborne particle agglomerates is very important for

correctly estimating the size profile of aerosols. Aerosol particles often exist as agglomerates and
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can be held together by different types of inter-particle forces (Schneider and Jensen, 2009). It is
probable that agglomerated particles break up into smaller agglomerates, or even primary
particles, when subjected to larger dispersion forces during release, transport along exposure
routes, and during inhalation (Li and Edwards, 1997; Li et al., 1996). Deagglomeration modifies
the size distribution of aerosol particles, which in turn can lead to altered biological interactions.
Therefore, we studied the deagglomeration potential of airborne ENMs by subjecting them to a

range of energy inputs and relative humidity conditions.

Aerodynamic deagglomeration processes have been studied using a variety of systems, such as a
critical orifice or a nozzle, capillary tubes, a stationary plate, a mixer-disperser, or a fluidized bed
(Calvert et al., 2009). Aerosol particles are accelerated through a critical orifice, creating shear
flow. This in turn induces turbulence and shear forces on the particles, promoting collisions
between them (Ding and Riediker, 2015; Fonda et al., 1999; Sosnowski et al., 2014; Stahlmecke
et al., 2009). Capillary tubes deagglomerate airborne particles by velocity gradient from sheath
flow and by impaction at the tube inlet. Particle agglomerates deform due to the acceleration
process through a nozzle and break against stationary plates by impaction (Froeschke et al., 2003;
Ihalainen et al., 2013; lhalainen et al., 2012, Kousaka et al., 1979). Mixer-dispersers and
fluidized beds induce similar turbulent conditions to the above processes (Henry et al., 2013;
Parveen et al., 2013; van Ommen et al., 2012). These methods feature a range of energy inputs

and have been used to achieve different aerosol dispersion levels.

Relative humidity (RH) is known to have an influence on aerosol properties. Increased RH

facilitates condensation of moisture onto particle surfaces, leading consequently to an increase
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in adhesion forces e.g. simply by enlarging the contact area and increasing the capillary force
(Butt and Kappl, 2009). This process modifies the size distribution of aerosols directly (particle
growth due to condensation) and indirectly by their lower probability to deagglomerate.
Numerous studies have investigated the effects of RH on the dispersion of micro-sized
pharmaceutical powder particles (Bérard et al., 2002; Price et al., 2002; Zhu et al., 2008).
However, few studies have looked at deagglomeration behavior of ENM, especially in aerosols
created from industrial powders that are associated with occupational risks. Due to the enlarged
surface area of nanoscale particles, they can be more sensitive to changes in humidity than their

macroscopic counterparts (Butt and Kappl, 2009; Pakarinen et al., 2005).

In the present work, we used two aerosolization and deagglomeration systems based on the
critical orifice method to study the potential deagglomeration of nanopowder aerosols subjected
to a range of RH conditions. Two identically-sized titanium dioxide (TiO2) nanopowders of
different surface hydrophilicity were tested to study the effects of humidity. A broad range of
energy inputs was applied to the airborne particles in order to qualitatively assess the inter-

particle bonding strength.

2. MATERIALS AND METHODS
2.1. Materials

The ENMs tested came from the repository at the European Commission Joint Research Center

(JRC—IHCP in Ispra). They were hydrophobic (NM-103) and hydrophilic (NM-104) nanoscale
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TiO, particles. Both types of nanoparticles are coated with a layer of aluminum oxide (Al;03),
and for NM-103 an additional polysiloxane polymer layer is included. The primary particle size
is 20 nm (determined by x-ray diffraction), with a specific surface area of 60 m%g and rutile
crystal structure (producer information, for more detailed characterization results for NM-series

materials see also Rasmussen et al. 2014).

A morphological analysis of the airborne samples is shown in Figure 1. The samples were
collected at the flow rate of 0.3 L/min, for the duration of 3 minutes, by a Mini-Particle Sampler
(MPS, ECOMESURE, France). The images are presented at low magnification for the overall
distribution of particles on a filter, as well as at high magnification to show the morphologies of
individual agglomerates and primary particles. Comparing the two materials, agglomerates of the
NM-104 hydrophilic TiO, reached sizes of up to several microns, whereas those of the NM-103
hydrophobic TiO, were generally smaller than 1 um. The primary particles typically had

spherical or rod-like shapes. The hydrophobic coatings were not visible.

Figure 1 (occupy 1 column)

2.2. Test systems

The setups used in this study have both been described previously in detail (Ding and Riediker,
2015; Ding et al., 2015; Stahlmecke et al., 2009). Both methods use critical orifices to apply
shear forces to aerosol particles, but they differed in their approach to creating the aerosol from
the powder. As the aerosolization mechanisms and the energy levels associated with them are
different (Ding et al., 2015), the two systems generate aerosol particles in distinct size

distributions as well as number concentrations. These different profiles of aerosol may lead to

° ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

varied results even under the same testing conditions. Detailed schematic diagrams of the two

systems are available in the supplemental information (SI, Figure S1).

The funnel-based aerosol generator (Ding and Riediker, 2015) uses the concept of a fluidized-
bed system. A steady air flow passes through the bottom opening of a funnel filled with dry
powder and thereby continuously activates it. Aerosol generation can be maintained for long
periods (>30 min) at stable particle number concentrations and size distributions. The dry
aerosol flow (~2% RH) enters a mixing chamber and is brought to its target humidity by mixing
it with humid air (RH > 90%). The humid aerosol then passes through a critical orifice (400 um
in diameter) into a larger volume collection chamber from which several sampling lines collect
particles for characterization. The devices used to characterize the aerosol in this study included
a scanning mobility particle sizer (SMPS; GRIMM, Germany; particle number size distribution
and total count in the 11.1-1083.3 nm range), an optical particle counter (GRIMM, Germany;
number size distribution and counts in the 0.25-32 um range), and a MPS that collects airborne
particles by impaction directly onto transmission electron microscopy (TEM) grids (200 mesh,

copper, Formvar/Carbon).

The second system is based on aerosolization using a magnetic stirrer in a pressurized beaker
(Stahlmecke et al., 2009). The aerosol generated is mixed with humidity controlled air and then
introduced into a cyclone to remove particles bigger than approximately 1.5 um. The aerosol
then passes through a circular opening of 508 pm in diameter into a homogenization chamber
and is subsequently measured by online and offline equipment. Make-up air is added to the

sampling flow to satisfy the total flow rate needed for characterizations. An SMPS (TSI, Model
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3936; 34-1000 nm, electrical mobility) and a Palas WELAS aerosol spectrometer (Model 2100;
0.4-17 pm optical diameter) were used to measure particle number and size distributions. The
airborne particles were collected on flat, single-crystalline, silicon substrates with an area of 1 x
1 cm, using a Nano Aerosol Sampler (TSI, Model 3089) with a laboratory-made unipolar charger
unit in the aerosol sampling line. Samples obtained at the different conditions tested were
subsequently analyzed using a high-resolution scanning electron microscope (JEOL, model

7500F, Japan).

The test conditions included 0-150 kPa in 50 kPa increments for the pressure drop and 0-75% in
20% or 25% increments for the relative humidity. The O kPa pressure drop represents the
reference condition under atmospheric pressure, where the critical orifices were not used. One
test was conducted under each condition. The reproducibility of these two systems to investigate
aerosolization and deagglomeration was tested previously (Ding and Riediker, 2015; Ding et al.,
2015; Stahlmecke et al., 2009). The levels of RH (x5%) and the pressure drops (£2%) were well
maintained throughout the experiments. The pressure-drop level is proportional to the total
volume of air flow passing the critical orifice. During the test, the aerosolization flow was kept
constant in order to avoid changes in the aerosol profiles due to different powder activation
levels. Modifying the total flow was done uniquely by tuning the dilution flow rate. The aerosol
particles were accelerated in the orifice, and the total volumetric flow rate determined the air
speed (and thus particle velocity). Air velocity increases with flow rate until a critical condition
(in the choked orifice) is reached when the upstream pressure is approximately twice the
downstream pressure. In the present study, critical conditions are reached at appr. 100 kPa

pressure drop (since the downstream atmosphere was at ambient pressure). The particles

° ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

experience shear stress in the orifice due to acceleration and subsequent drag force when ejected
from the orifice. These flow conditions create high turbulences which are viewed as mainly
responsible for deagglomeration. The drag force is proportional to the relative velocity between
the particle and the medium, and to the particle’s diameter (Hinds, 1982). Thus, larger pressure
drops apply higher energies to the particles, potentially leading to more significant

deagglomeration.

2.3. Data analysis

Particle number size distributions (PSD), geometric mean sizes (measured directly by the
instruments taking into account the particle numbers in the entire size ranges covered), and the
total number of particles measured using different pressure drop and humidity conditions were
compared in order to demonstrate the influence of these two parameters. The size spectra were
normalized with respect to total particle number concentrations to facilitate the assessment of
PSD differences or similarities. Furthermore, particle fractions in three size ranges (10/34-100,
100-350, and 350-1000 nm) were compared with regard to the different conditions. Particle
number concentrations in individual size channels were summed into the three respective size
ranges, and divided by the total particle number. The <100 nm fraction represents nanoscale
particles. The 100-350 nm range represents particles including agglomerates which are outside
the nanoscale but exhibit aerodynamic behavior that is still significantly influenced by Brownian

motion. The particle fraction > 350 nm is dominated mostly by inertia.
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Statistical analyses were performed—whenever sufficient numbers of experimental replicates
were available—on particle numbers and mean sizes obtained at different pressure drop and
humidity conditions. Spearman’s rank correlation (coefficient r;) was used to analyze the
correlations of the mean particle size to the two test parameters, using Stata (Stata CorpLP,
Texas, USA). A p-value below 0.05 was considered significant. In addition, a regression analysis
was performed on the changes in particle numbers in the individual size channels subject to the

various humidity and pressure drop conditions.
3. RESULTS

3.1. Comparison of systems and powders under standard test conditions (no critical orifice)

Figure 2 (occupy 2 columns)

A comparison of the particle size distributions of aerosols generated using the two test setups
under standard conditions (without critical orifices, 0% RH) is shown in Figure 2. In general, the
size spectra from the stirrer system were broader than those of the funnel system with generally
elevated numbers for particles above 100 nm. The total particle number was up to three orders of
magnitude higher for the stirrer system compared to the funnel. The hydrophobic powder
generated higher aerosol concentrations than the hydrophilic powder, and also had a smaller
mode diameter. The data measured using the SMPS and optical counters were generally

consistent with one another (as demonstrated by the smooth transition between the curves).

3.2. Influence of a pressure drop and humidity on particle size and number concentration

 ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

The changes in mean diameter and total particle concentration under varied pressure drop and
humidity conditions are shown in Figure 3. Pressure drop affected both materials. In general,
particle sizes decreased as the pressure drop increased, but the number concentration was less
consistently associated with pressure drop. The particle number concentration was much
higher—up to 15-fold—in almost all the experiments in comparison to the standard test
conditions (Figure 3 e-h), with larger variations when using the stirrer system. Note that the
mean particle diameters obtained from the two systems are not directly comparable, as the lower
and upper limits of their size spectra were slightly different. Elevated humidity increased mean
particle diameter and greatly decreased particle number. Humid conditions had more influence
on hydrophilic aerosol particles than for their hydrophobic counterparts (Figure 3 i-l). It was
notable that at atmospheric pressure the level of RH did not significantly modify the particle size
of the hydrophobic aerosols created using the funnel system (Figure 3 i). The size changes
exhibited in the funnel system were not as obvious as those in the stirrer system; thus statistical
analyses were performed for the data in Figure 3 a, b, i, and j. All the correlations of the size
change to the two variables were statistically significant, except for one condition (hydrophobic
TiO; in the funnel at 0 kPa, Figure 3 i, diamonds). The complete set of results is available in the

supplemental information (Table S1).

Figure 3 (occupy 2 columns)

When RH was increased, the effect of pressure drop on aerosol properties was changed (Figure
3). For hydrophobic particles, the effects of humidity and pressure were more evident than for

hydrophilic particles ((see also Figure S2 (a-h). For the hydrophobic aerosols, the decrease in

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

particle size by the pressure drop became smaller at higher RH (Figure S2 a). For the
hydrophilic aerosols, the reduction in particle size after the pressure drop seemed to be
independent of humidity (Figure S2 b). The stirrer system induced more significant reductions in
particle size than the funnel system (Figure S2 c and d). For the hydrophobic aerosols in the
funnel system, humidity had no effects on mean particle size until the pressure drops were
applied (Figure S2 e). The overall humidity effects became stronger as the pressure drop was
increased. For the hydrophilic aerosol, the effects of humidity remained similar across the
different pressure drops (Figure S2 f). In the stirrer system, the hydrophilic particles experienced
significantly larger changes in mean particle size due to humidity than the hydrophobic particles
(Figure S2 g and h). A more detailed analysis, also using the values within the above ranges,
(such as a 0 to 50 kPa pressure drop, or a change in RH from 50% to 75%), is available in Figure

S3 (SI).

Quantitative comparisons of particle number fraction in different size ranges are presented in
Figure 4. The particle number fraction below 100 nm increased significantly with the pressure
drop but decreased with the RH (graphs a—d, red dashed lines). In contrast, the particle number
fraction in the > 350 nm size range responded inversely to the increased pressure drop and RH
(graphs i—l, red dashed lines). The particle fractions between these two size ranges registered
minor increases with greater pressure drops and decreases with increasing RH (graphs e-h). It is
noteworthy that pressure-induced increases in < 100 nm particles were more significant at lower
RHs, such as 0% or 30%. In Figure 4(a), the tilted surface indicates decreased pressure effect
under increased RH, as well as enhanced RH effect under increased pressure drop. Comparing

the two materials, hydrophobic aerosols consisted of up to 40% nanoscale particles (< 100 nm)
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(graphs a and c), whereas their hydrophilic counterparts had only 10%—25% in this range (graphs
b and d). In comparison, the hydrophilic aerosols had much higher fractions in the > 350 nm
range (max. 80%). In general, the stirrer system generated higher fractions for large particles and
lower for nanoparticles than the funnel did. This may be the main reason for the different
responses to the test variables. These results were in line with the observations on the changes in

the mean particle size.

Figure 4 (occupy 2 columns)

Particles with different size profiles may respond differently to changes in RH. The influences of
a pressure drop and RH on particle numbers in each of the size channels were analyzed using
regression analysis. This showed which size ranges were the most sensitive to the two variables.
The results presented in Figure 5 are for hydrophobic particles at 100 kPa pressure drop and 0%
RH. As humidity increased, the biggest reduction in particle numbers (the relative change with
respect to the total) was in the <100 nm range, peaking around 40-80 nm. (Figure 5, left). The
responses decreased for larger particles. For the effect of a 0 to 100 kPa pressure drop, particle
numbers in the size range below 270 nm increased (positive values), while particle numbers
above this size decreased (negative values) (Figure 5, right). The numbers of particles below 100
nm and those near 1 um size were affected the most. Moreover, when subjected to a pressure
drop, the most sensitive particle size became larger as humidity grew (Figure S4, Sl). The results
suggested that more humid conditions tended to reduce the number of nanoscale hydrophobic
particles, whereas humidity’s effect was less significant on larger particles. The pressure drop

seemed to facilitate the generation of particles around or below 100 nm. However, the moisture
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content somehow prevented this process by strengthening inter-particulate forces, as discussed

previously, even for these hydrophobic particles.

Figure 5 (occupy 2 columns)

3.3. Morphological analysis of airborne particle samples

The modifications of particle morphology at varied humidity and pressure drop conditions were
analyzed using a scanning electronic microscope (JEOL 7500F). Figure 6 shows the SEM
images of collected NM-103 airborne samples generated using different test parameters with the
stirrer system. Particle sizes seemed to be smaller when they were treated using a larger pressure
drop, whether humidity was low or high (Figure 6, comparing a to b and c to d). In contrast,
higher humidity seemed to result in larger particle sizes at atmospheric pressure (Figure 6,
comparing a to c). Very large agglomerates and chain-like structures were sometimes observed
when no pressure drop was applied (Figure 6, a and c), whereas the highest pressure drop mostly
resulted in spherical particles (Figure 6, b and d). The microscopy observations on the effects of

the two variables were generally in line with the online measurement results.

Figure 6 (occupy 1 column)

4. DISCUSSION
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The increased particle number concentration and decreased mean size, in addition to the changes
in the fractions of large and nanoscale particles, suggest that the rapid transfer through the orifice
induced by the pressure drop caused a significant deagglomeration process by the present
external forces. When no orifice was used, powder particles were only deagglomerated during
aerosolization, and aerosolized particles were carried along in laminar flows into the
measurement chamber without a further deagglomeration. This process resulted in relatively
large particle sizes and low number concentrations, as seen under 0 kPa pressure drop condition.
When the orifice was installed and initial pressure drops applied, additional shear forces and
flow turbulences were added both in and after the orifice, causing further particle
deagglomeration that reduced their sizes and increased total number. When the shear force was
increased by a higher pressure drop, more deagglomeration events occurred, which led to a
further size reduction and increase in number. When the pressure drop reached the critical
condition (which is approximately 100 kPa in our case), the flow velocity through the orifice
does not increase anymore, but only the flow-particle interaction level goes up due to a higher
upstream pressure. This may be responsible for the decreased effects of the pressure drop
observed at 150 kPa. The results are consistent with the findings from previous studies using
critical orifices to break nanoparticle agglomerates. Ding and Riediker tested pressure drops of
up to 300 kPa with six different types of materials and found that deagglomeration mostly
occurred below 100 kPa (Ding and Riediker, 2015). Significant deagglomeration already took
place when there were minor increases in the upstream pressure (as low as 20 kPa) and the
number concentration as a function of applied pressure suggested that deagglomeration had a

non-linear dependency on the applied pressure. This behavior was also seen for the hydrophobic
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aerosols in our study (Figure 3, a and c, reduced effect from 0-50 to 50-100 kPa). Stahlmecke et
al. (Stahlmecke et al., 2009) also observed significant correlations between a pressure drop (up to
140 kPa) and the mean particle sizes in nano-aerosols. Sosnowski et al. demonstrated the
deagglomeration of micro-sized pharmaceutical powder particles using a converging nozzle
(Sosnowski et al., 2014). However, all these studies were conducted in relatively dry

environments (RH < 15%).

Deagglomeration can occur when the dispersion force is comparable to the inter-particle binding
force. In a simulation study, researchers found that nanoparticle agglomerates started to deform
even when the dispersion force under shear flow reached 0.1% of the inter-particle force
(Nishiyama et al., 2013). Calculation of the shear stress in the orifice requires sophisticated
computational tools, which was beyond the scope of this study. However, it is possible to
estimate the air drag force after the orifice. It is calculated using the following equation (Hinds

1982):

where: m, air viscosity; v, relative velocity; D, particle diameter; C, slip correction factor;

assuming a dynamic shape factor of 1.

In the present study, the flow speed through the critical orifice was approx. 173 m/s at 50 kPa
pressure. This leads to a maximal drag force range of 1-25 nN for 0.1-1 pm particles (the actual

drag force can be lower depending on flow conditions).
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For the inter-particulate forces, the common mechanisms were van der Waals (VDW) force and
capillary force. The VDW interaction is normally much less significant than the capillary
attraction and would be partly screened if moisture content is present (Pakarinen et al., 2005).
The exact range of capillary forces in our study would be complex to calculate because of the
many undefined parameters. However, for an approximation one could refer to the values given
in other studies for similar conditions, such as: 10-30 nN for 30 nm spheres at a 0° contact angle;
90-180 nN between a nanoscopic atomic force microscopy tip and a silicon wafer (Butt and
Kappl, 2009); and 0-80 nN between a 100 nm spherical particle and a flat surface at 0%—100%

RH (Pakarinen et al., 2005).

As a result, the drag force alone can act as a dispersion force that is comparable with estimated
capillary interaction. This suggests that with the energy input range applied in our experiments,
deagglomeration could not only take place with dry particles, but also under humid conditions.
This would support our finding that although humidity helped to facilitate agglomerate stability,
the pressure drop still played a discernible role in reducing the mean particle size at high RH.
Moreover, the drag force is proportional to the particle diameter, and this may explain its more
significant effects on the aerosols with a larger mean particle size, such as those generated from
the hydrophilic TiO, powder (NM-104) and from the stirrer system. Also, a low pressure drop

might still be able to exert significant effects if the particle size is sufficiently large.

Relative humidity showed an opposite effect in preventing particle deagglomeration. This
suggests that the moisture content promoted agglomerate stability. Two mechanisms can be

considered in this process. Firstly, the particles absorb more water molecules on their surfaces as
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humidity increases, and upon subsequent collision they are bond by the adhesion force created
from the moisture content, creating new agglomerates. Secondly, moisture condenses directly in
the capillaries inside the particles (capillary condensation), thus strengthening the original
agglomerate. Thus, high levels of RH may explain the continuous increase in particle size, the
reduction in particle numbers, and the less significant effects of the pressure drop. The
hydrophilic TiO, surfaces facilitate faster water absorption because of their smaller contact
angles at the particle-liquid interface, resulting in an increase of capillary force; this may be
responsible for the different responses that the two tested materials exhibit to humidity changes.
At high RH, even when exposed to the largest pressure drop, the hydrophilic aerosol particles
still retained much larger sizes than their hydrophobic counterparts. Capillary force has been
shown to vary with relative humidity. It can exhibit monotonic increase or decrease, peak at
certain RHs, show step-wise increases, or be independent of RH; the variations depend on
particle properties such diameter, shape, surface hydrophilicity, and roughness (Butt and Kappl,

2009; Harrison et al., 2015).

The two systems featured different aerosolization mechanisms, different quantities of raw
materials (250 mg for the funnel vs. 5-8 g for the stirrer) and different air flow rates, and these
may be responsible for the variety of PSD profiles created. Different means of aerosolization
have been shown to result in distinct aerosol properties (Bach and Schmidt, 2008), which may in
turn influence the deagglomeration behaviors exhibited by the aerosol particles when subject

them to additional shear forces.
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Different responses from the aerosol particles created by the two systems to the test parameters
were observed, although the general patterns were consistent. The more significant changes in
particle size and in number concentration seen with the stirrer system may be caused by the
originally larger sizes and higher numbers created compared to the funnel system. Larger particle
sizes induce higher drag forces from the surrounding air onto the particles, leading to higher
degrees of deagglomeration thus larger size reductions. This aspect is also discussed in a
previously published article comparing four different aerosolization systems (Ding et al., 2015).
On the other hand, higher number concentrations created may facilitate particle agglomeration in
the air upon collision by surface moisture under elevated relative humidity, which explains the

more dramatic increases in particle size and decreases in number seen with the stirrer system.

The enhanced effects of humidity under higher turbulence level may be due to more collision
events which may promote agglomeration by moisture (even though the water absorption may be
weak depending on how hygroscopic the surface is). Another possible explanation is that the
smaller particles generated under higher pressure drops were more sensitive to changes in RH
(Pakarinen et al., 2005). For hydrophilic particles, agglomerate stabilization by capillary force
may already have taken place due to the moisture content in the raw powders (resulting in
different aerosol properties for both materials, even when tested in a completely dry environment,
as shown in Figure 2). This could explain their weaker responses to the increasing humidity

when subjected to a pressure drop (Figure S2 b).

Comparing to the significant changes in particle size, the less correlated particle number

concentration could be due to different powder pre-treatments, such as powder storage (Levin et
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al., 2015) or filling the powders into the aerosolizers. The absolute particle numbers generated in
these two systems varied several fold but usually stayed well within the same order of magnitude.
Thus, most of the changes seen in the present study were attributable to the modifications of

pressure and RH.

5. CONCLUSIONS

In this study, we observed significant effects of the applied external forces and relative humidity
(RH) on the properties of aerosol particles. The applied forces decreased mean particle sizes and
increased total particle numbers. Elevating RH led to less decreased mean particle sizes and less
increased total particle numbers. The influence of RH on the hydrophilic TiO, aerosols (NM-104)
was very evident in both test setups. In contrast, the two systems differed when testing the
hydrophobic TiO, aerosols (NM-103): the effects were prominent in the funnel system (though
weaker for NM-104), whereas they were less clear in the stirrer system. This might be due to the
different particle size spectra generated by the two systems (normally a smaller mode diameter is
observed for the funnel system). Humid conditions may affect small particles more than big
particles. For particle number counts, the effects of a pressure drop and humidity together were
not very clear—this could be attributed to the inter-test variability of absolute particle number
concentrations in the aerosolization tests (which were up to an order of magnitude). The
increased number and decreased size of the particles was suggestive of improved agglomerate
stability under humid conditions and deagglomeration under external energy inputs. The external
forces induced by a pressure drop across the critical orifices were responsible for particle

deagglomeration. The bridging effect of absorbed surface water content and the resulting
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capillary forces somehow prevented deagglomeration. Mean particle size was larger by
increasing humidity, for both the materials tested, which indicates that deagglomeration levels
were lower despite the pressure drops. However, the applied external forces played a role in how

aerosols responded to humidity changes, possibly because they modified the particle size profiles.

The presented results suggest that aerosol properties, including particle size and surface
hydrophilicity, play significant roles in the potential for particle deagglomeration under varied
RH. In situations of occupational exposure, it is possible that aerosolized nanopowder particles
could be further deagglomerated when energy inputs reach a certain level. Particle
deagglomeration started to take place at low shear force levels that might occur during common

nanomaterial handling activities in occupational settings.
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Figure 1. Transmission electron microscopy analysis of particle morphology for the hydrophobic

(NM-103) and hydrophilic (NM-104) TiO, aerosols.
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Figure 2. Particle number size distributions of the aerosols generated using two types of

nanopowder: left, hydrophobic TiO,; right, hydrophilic TiO, (no critical orifice, RH = 0%).
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Figure 3. Effects of a pressure drop and relative humidity on the mean particle diameter and total
number concentration of hydrophobic (NM-103) and hydrophilic (NM-104) TiO; aerosols. Total
particle number concentrations are shown using relative scales, compared to the standard test

conditions (0% RH and 0 kPa).
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Figure 4. Effects of pressure drops on particle number fractions in three different size ranges
(<100 nm, 100-350 nm, > 350 nm) for hydrophobic (NM-103) and hydrophilic (NM-104) TiO,

aerosols.
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Figure 5. Changes in particle numbers (%) in individual size channels (measured by SMPS) by
increasing 1% relative humidity (left) and by increasing 1 kPa pressure drop (right). The relative
changes (%) were obtained by dividing absolute changes by total particle numbers in each size
channel. Particle size distributions at 0% RH/100 kPa (open circles) are also presented for the
purpose of comparison. Only statistically significant values are plotted (p <0.05). Error bars

represent 95% confidence intervals. Data are from the funnel system using hydrophobic TiO,.
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Figure 6. Scanning electron microscopy images to show particle morphology (NM-103).
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