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Abstract

The increasing presence of nanotechnology on the market entails a growing probability of
finding ENMs in the environment. Nanoparticles aerosols are a yet unknown risk for human
and environmental exposure that may normally occur during any point of the nanomaterial
lifecycle. There is a research gap in standardized methods to assess the exposure to airborne
nanoparticles in different environments. The controllable generation of nanoparticle aerosols
has long been a challenging objective for researchers and industries dealing with airborne
nanoparticles. In this work, a versatile system to generate nanoparticulate aerosols has been
designed. The system allows the production of both 1) instantaneous nanoparticle clouds and ii)
continuous nanoparticle streams with quasi-stable values of particle concentration and size
distribution. This novel device uses a compressed-air pressure pulse to disperse the target
material into either the testing environment (instantaneous cloud formation) or a secondary
chamber, from which a continuous aerosol stream can be drawn, with a tunable nanoparticle
concentration. The system is robust, highly versatile and easy to operate, enabling reproducible
generation of aerosols from a variety of sources. The system has been verified with four dry

nanomaterials: TiO2, ZnO, CuO and CNT bundles.
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1. Introduction

The last decade has witnessed unprecedented development of nanotechnology as a key enabling
technology, pervading all areas of activity from basic science to industrial development
[1,2]. The number and variety of nano-enabled consumer products is rapidly rising with

extraordinary growth predictions for the next years [3].

From the environmental and health perspectives, the incidence of nanoscale matter is a matter
of concern [4]. It has been shown that the presence of nanoparticle aerosols could have a
significant impact in the global environment [5-8], from the upper atmosphere to ground
ecotoxicology. Airborne nanoscale matter has been related to several health issues [6] through
inhalation of nanoparticles [ 7]. Especially relevant are those engineered nanoparticles that show
enhanced surface chemical features with, in turn, having a toxicological impact [8]. Since the
actual toxic impact of nanoparticles will continue to be a matter of debate until sound
epidemiological data can be obtained [9]; the precautionary principle should be applied when

dealing with nanomaterials, especially in occupational scenarios [10].

Nanoparticle aerosols, whether intended or not, are ubiquitous in the production and handling
of nanomaterials. Thus, many nanomaterial handling activities in both industrial locations and
research laboratories have been shown to produce unintended aerosols containing respirable
nanoparticles [11-15]. On the other hand, nanoparticle aerosols are present by design in
numerous manufacturing processes for nanomaterials (e.g. flame aerosol processes, laser
pyrolysis, plasma-based methods or droplet-to-particle routes) [ 16]. Likewise, their widespread
presence a better understands dynamics of aggregation and interaction of nanoparticle aerosols
with environmental particles is crucial. This, along with the importance of nanoparticle aerosols,
it would be highly desirable to produce aerosols with controlled characteristics from a variety
of nanomaterials. The potential application scenarios are numerous. Thus, aerosol streams with
representative concentrations of a potential exposure are needed to challenge protective
materials (masks, gloves) and evaluate their performance [ 17,18]; aerosol clouds in a controlled
environment [19] would be very useful in aerosol research to validate models of aerosol
dynamics and study aggregation and interaction with environmental particles [20,21]; creating
tunable aerosol atmospheres would be valuable in the evaluation of the toxicity of inhaled
nanoparticles in animal laboratory studies, providing a realistic alternative to the forced-

inhalation and instillation systems commonly used today, etc.
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There is no shortage of efforts to produce controlled nanoparticle aerosols. The most widely
used method involves aerosolization of nanomaterial suspensions because it can provide
aerosols from a wide variety of materials, provided that they can form stable suspensions in
water or in other solvents [22]. These suspensions are dispersed in droplets, usually entrained
in and air stream and produce a nanoparticle aerosol as the solvent is evaporated. The main
drawbacks are related to the presence of solvent molecules in the final nanoparticle stream and
to nanoparticle agglomeration during the solvent drying stage [23], with the final particle size
governed by the size of the liquid droplets in the aerosol and the concentration of the
nanoparticles in the starting suspension [24]. Because of its intrinsic characteristics, wet
methods tend to produce aerosols that: 1) have a high concentration of solvent, ii) present a wide
particle size distribution, iii) face strong limitations in terms of nanoparticle concentration, and
1v) are sometimes difficult to reproduce because of the variability in nanoparticle aggregation
[25,26]. Some alternatives have been proposed to alleviate these problems. Thus, electrospray
techniques are useful to narrow the particle size distribution [27] but face the limitation of
aerosol generation depending strongly on the electrical conductivity of the solvent [28], which
reduces the number of nanomaterials that could be dispersed and aerosolized [29]. Again, the
limitations with this method are similar as those of conventional aerosolization: a high
concentration of nanoparticles in the suspension leads to aggregates as the solvent in the drop

evaporates; a low concentration produces highly diluted streams.

As an alternative, the generation of particulate aerosols from dry powders is also possible. Thus,
it has been successfully employed in pharmaceutical chemistry to produce short-lived, pulsed
aerosols for pulmonary drug delivery [30, 31]. Also, Venturi jets have also been used to produce
micron-sized suspension droplets that after diffusion drying generate aerosol streams [32].
Other aerosolization procedures using dry powder such as attrition methods [33] and magnetic
stirrer setup [34] can generate different particle concentration but the aerosol stability is a main
problem. Fluidized beds setups [35] are able to aerosolize primary nanoparticles for long
periods but usually lead to a low particle concentration in the aerosol, and have obvious
limitations in terms of the type of nanomaterials to be aerosolized. It is worth mentioning the
work of Ding and Riediker [36], who proposed a system for the continuous production of
nanoparticle aerosols that are relatively stable over time. The system was effective but complex,
consisting of a conical-section fluidized bed aerosolization vessel working at high pressure,

followed by expansion through a critical orifice into the measurement chamber.
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In this work we present a simple but versatile system, able to produce either an instantaneous
cloud or a continuous air stream containing an aerosol of nanoparticles using dry nanosized
powders as starting material. The device uses a compressed air pulse followed by expansion in
a secondary chamber to generate a long-lasting aerosol stream with tunable nanoparticle
concentration and a narrow particle size distribution (Fig. 1). The versatility of the system has

been proven by aerosol generation tests using 4 different nanomaterials (Fig. 2).

2. Experimental section
2.1 Description of the aerosol generator

A scheme of the aerosol generator device is presented in Fig.1a. It consists of an air conditioning
section that takes in clean, dry compressed air up to 8 bars, and a nanoparticle loading section
with 40-cm? stainless steel reservoir, where the desired nanomaterial powder (TiO2, ZnO, CuO,
or CNT bundles) is placed after drying, on top of a 50 micron mesh at the bottom of the chamber.
Both sections are connected by a fast-action valve which produces the high-pressure pulse when
actioned. The pulse instantaneously disperses the target nanomaterial within the chamber and
creates enough pressure to produce the exit of the nanoparticle aerosol through a 1.2 mm orifice
at the top of the chamber (Fig.1b). The aerosol discharge from the chamber takes 0.1 seconds
when the discharge is to atmospheric pressure (cloud formation), and longer when the discharge
takes place into a secondary pressurized chamber (semicontinuous aerosol stream). Additional

details are given in the caption of Fig.1.
2.2 Materials

Aeroxide® Ti02-P25 (Evonik, Germany), ZnO (Sigma-Aldrich, USA), CuO (kindly supplied
by Nanologica AB) and Multi-walled carbon nanotubes (MWCNT, Colorobbia SpA, Italy)
were used for aerosol generation tests. The nanomaterials were placed in the atmospheric-
pressure powder container of the nanoparticle aerosol generator (see Fig.1). TiO2-P25, ZnO and
CuO were first dried in air at 60°C, while MWCNT were used as received. TEM images of the

different nanomaterials and their particle size distribution are given in Fig.2.
2.3 Nanoparticle aerosol instantaneous cloud generation

Nanoparticle aerosols were safely released into a closed dispersion and exposure chamber [ 18]

5
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in a nearly particle-free environment (less than 2 #-cm™). Briefly, this is a 13-m? stainless-steel
chamber, equipped with an air filtering unit and a water spray self-cleaning system that allow
the rapid and safe removal of airborne and deposited material. A set of sampling ports allows
the characterization of the inner air, while preventing either the release of the nanoparticles to

the lab or the contamination of the interior with environmental aerosols.

The nanopowder container (Fig.1c) was placed in the middle of the dispersion chamber and the
air reservoir was located outside the chamber for device actuation, connected through a 1.5-m
long, 5-mm inner diameter flexible rubber pipe. The pressure pulse (2-8 bar) propelled the
nanoparticle load (50 to 150 g) at the base of the reservoir towards the top. The aerosol exiting
through the 1.2 mm diameter orifice produced large shear forces that broke large-sized
agglomerates in the solid and released the nanoparticles into the dispersion chamber. Sampling
was carried out through 4 stainless-steel pipes, located in the middle of the chamber, just

below the height of the aerosol source (Fig.1b).
2.4 Aerosol characterization

Aerosols generated from dried nanoparticle powders were characterized in terms of total
particle number concentration and particle size distribution. Two aerosol spectrometers were
used; in the range of 5 to 500 nm, a Nano-Particle Sizer (NPS500, Particle Measuring Systems)
operating in CPC and SMPS mode alternatively, and an Optical Particle Counter (OPC, Model
1.108, Grimm Aerosol), able to simultaneously classify particles from 0.3 to 20 um in 15 size
channels. The suction rates of these instruments are 0.2 and 1.2 L-min’! respectably. The total
particle number concentration (PNC) and particle size distributions (PSD) were followed as a

function of time.

In addition to direct-reading instrument measurements, nanoparticle emissions were
characterized using off-line analysis techniques on nanoparticles collected in the test chambers.
Scanning electron microscopy, SEM, was performed with a FEI Inspect Field Emission Gun
microscope and transmission electron microscopy, TEM, in a FEI Tecnai T20 microscope using
lacey copper grids as sample holder. For SEM imaging, the sampling procedure consisted in
collecting an aerosol sample within the test chambers at 1.2 L-min’ for 15 s through a 50-nm
mesh cellulose ester filter (Millipore) placed on top of a sample holder (Sartorius 16254)
connected to a vacuum line. Aerosol sampling for TEM images was performed through lacey

TEM copper grids at a flow rate of 0.2 L-min'using a state-of-the-art stainless steel aerosol
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mini-sampler [35]. The morphology and size distribution of all tested materials was determined

from TEM images analyzed with the image software Image].

3. Results and discussion
3.1 Generation of instantaneous nanoparticle aerosol clouds

Aerosols were produced under safe conditions in a specially designed closed exposure chamber.
The main characteristics of this chamber have already been reported [19] and only a brief
summary is given in the Experimental section. In this work, initial acrosol generation tests were
carried out with a mass of 100 mg of nanoparticulate TiO,—P25 at pressure difference (AP) of
8 bar and particle-free conditions in the receiving 13 m> chamber. Under these conditions, the
nanoparticle concentration achieved a peak value about 6-10*-cm™ during the first minutes
after emission followed by a relatively fast decrease to about 4-10*-cm™ (67% of the peak
concentration) and then by a slower decrease for the next 90 min (Fig.3a). After brief initial
bursts, similar patterns have been observed: decaying rates due to agglomeration and deposition
[19,37].Three independent experiments showed the cloud dispersion in the test chamber to be
highly reproducible. The count median diameter (CMD) of the aerosol cloud measured 15 min
after the generation was about 70 nm (Fig.3b), gradually growing to about 110 nm after 90 min
inside the test chamber, reflecting the particle agglomeration dynamics for this particular
system. While a similar trend is expected for other materials, the specific evolution will vary as
it is well known that the behavior of the nanoparticle aerosols strongly depends on its size
distribution, which affects transport, diffusion and deposition through inertia and electrostatic

mechanisms [38].

Several tests were conducted with different values of AP and of the mass of TiO,—P25
nanoparticles loaded into the system. As could be expected the value of AP has a direct effect
on the concentration of nanoparticles measured at a given time in the aerosol cloud. Thus,
reducing the pressure to 5 bar and 2 bar, the particle concentration in the aerosol cloud
underwent a clear decrease to values of about 2.5-10*-cm™ and 1.5-10*#-cmrespectively after
90 min of analysis in the chamber (Fig.4a), down from 3.5-10*-cm>when the pressure of the
pulse was 8 bar. Similarly, peak emission concentrations were also reduced to about 4-10* #-cm’
3 (AP=5 bar) and 2-10%-cm™ (AP=2 bar) from 5.7-10* #-cm™ (AP=8 bar) and the time at which
the maximum peak concentration was observed decreased slightly. Since the total mass loading

7



BOwW

O o0 N9 N W

10
11
12
13

14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30

of TiO2 was the same in all experiments, the decrease in the amount of nanoparticles for lower
pressures in the pulse could be explained as the result of an increase in the size of aggregates.
Conversely, the higher mechanical energy in the pulses at higher pressure would result in a

more efficient fragmentation of aggregates and therefore an increase in the nanoparticle count.

The above explanation is consistent with the particle size distributions observed, where the
largest average size was obtained for the experiment with the lower value of AP induced the
formation of larger nanoparticles (particle size determined 15 min after aerosolization): a CMD
about 110 nm was measured at AP of2 bar (Fig.4b). On the other hand, average particle sizes
were similar for of 5 and 8 bar, indicating that at AP=5 bar the amount of energy is already
enough to break the large aggregates. This agglomerate-breaking effect can be attributed to the
shear effect during the decompression, as the aerosol discharges from the high pressure chamber
through the 1.2 mm diameterorifice. Similar effects of aerodynamic hear stress on the reduction

of agglomerates have been reported [36,39,40].

Fig.4c,d also show that the change in the mass of solid nanoparticles placed into the reservoir
had little influence in the nanoparticle concentration and size distribution obtained after
generation tests. Peak nanoparticle concentrations in the test chamber were achieved after about
10 min from emission for loadings in the range of 50 to 150 mg. Similarly, the quasi-steady
state total concentration was measured at about 4-10%-cm™ (AP=8 bar), with only a minor
enhancement in the total number concentration when a load of 150 mg was used. The

nanoparticle size distributions were also similar, with values of CMD about 70 nm in all cases.

The flexibility of the aerosol generation system allowed operating with diverse nanoparticulate
materials. Similar to TiO—P25, aerosol cloud tests were performed using nanosized ZnO and
CuO, with primary particle sizes less than 20 nm in both cases (Fig.5). Results showed that
aerosol clouds could be easily formed with high reproducibility; with initial particle size
distributions centered around 40 and60 nm in both cases. Also similarly to TiO,—P25, as time
increased, a shift to larger particle sizes suggesting the agglomeration of nanoparticulate
aerosols within the testing environment. For the large particle size fraction (from 300 nm to 20
um) measured with OPC a significant reduction could be observed in the larger particle size
after 90 min upon cloud generation Fig.S1). Less than 1% of the total released matter had a

particle size larger than 1 um.
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Fig.6 shows that the morphology of the nanoparticles collected inside the 13 m? testing chamber
was close to that of the primary nanomaterials used for aerosol production (Fig.2). In all cases,
nanoparticles were found as agglomerates with sizes about 100 nm formed by small primary
nanoparticles. This is not surprising since the large agglomerates that are disaggregated during
the expansion are relatively few in number, and therefore unlikely to appear in a random
sampling with TEM grids or nanoparticle filters. Moreover, the agglomeration state of
nanoparticles was close to that found in the starting nanosized powders, showing a fractal

structure of that resembles that of nanoparticles subjected to fluidization [41,42].

Finally, the system was also tested in the generation of clouds using CNT as the target aerosol
material. The results obtained by measuring with the CPC are presented in Fig. S2 although in
this case the accuracy of the reading is likely to suffer due to the shape of the CNTs. In this case
spectrometers were only able to detect the presence CNT aerosols in small concentrations,
reflecting the difficulty of de-aggregating the CNT bundles. To study the morphology of CNT
aerosols, a TEM-grid capture test was performed in the testing environment. TEM analysis

clearly showed the presence of CNT bundles (Fig.7) near the emission point.
3.2 Continuous generation of nanoparticulate aerosols

In order to produce a continuous nanoparticle aerosol stream a secondary expansion cavity was
added to the cloud generator described in the previous section. This 0.08-m’stainless steel
compartment was pressurized over 4 bar using dried and HEPA-filtered air and the
nanoparticulate aerosol cloud was produced using 100 mg of powderedTiO>nanomaterial at a
AP of 8 bar. Once the nanoparticulate aerosol was dispersed in the inner volume of the cavity,
an output aerosol flow was generated by opening a valve (V4) located at the bottom of the
generation system (Fig.8).The valve aperture had to be progressively increased to obtain a
constant exit flow, to compensate for the decrease of pressure in the chamber caused by the
release. Typical exit flows ranged from 120 mL-min’', a range that allowed the discharge to
take place for up to 2.5 h. The duration of the discharge could readily be increased by increasing

either the volume or the initial pressure of the chamber.

Fig.8 also shows the total particle concentration along time and the particle size distribution at
the beginning and end of the experiment. Since now the nanoparticles are progressively released
in a continuous stream rather than in an instantaneous cloud, a smaller 0.3 m? polycarbonate
test chamber was used for the release experiments. The air contained inside the polycarbonate

chamber was dried ambient particles were removed by filtration before all generation tests, in
9
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a similar fashion as described for the large test chamber used in the cloud aerosol generation
experiments. Fig.8 shows that, under the conditions used, the device produced continuous
stream of TiO»—P25 nanoparticles for periods longer than 2 hours. The nanoparticle
concentration in the test chamber quickly reached a steady state value of about 5-10°#:cm™ in
a 60-s period and avoided the initial burst in nanoparticle concentration. This feature is in
contrast with most conventional methods for the generation of particulate aerosols from
powdered materials [33-35]. This is due to the presence of the secondary expansion volume,
which acts as a buffer for the initial nanoparticle aerosol cloud that is then gently released
through the needle valve (Fig.8). In terms of particle size distribution in the 5 to 500 nm range,
tests carried out at the beginning (10 min) and at the end (140 min) of the experiment showed
narrow and nearly coincident particle size distributions with CMD values about 40 nm. This
suggested that the nanoparticle aerosol remained almost unaltered during the course of the test,
and agglomeration processes were negligible, with particle sizes close to those of the starting
material loaded into the powder reservoir (25-30 nm). Similar tests (not shown) were carried
out with ZnO and CuO nanoparticles to also obtain highly concentrated aerosols (5:10° and
5.2-10%.cm>, respectively) with narrow particle size distributions. It is worth nothing that,
there was a double expansion of the aerosol stream at the output of the secondary pressured
cavity. It has promoted the production of nanoparticle aerosols with a smaller particle size

distribution and close to the primary particles in all cases (Fig.9).

4. Conclusions

A pressure pulse in a primary chamber connected to a millimeter-size exit orifice constitutes an
effective way to generate nanoparticulate aerosol clouds. The procedure is robust and
reproducible, and can be applied to a variety of nanomaterials. The particle concentration within
the aerosol cloud depends mainly on the pulse pressure difference, being increasing as the
pressure in the pulse increases, due to a more intense fragmentation of nanoparticle aggregates.
Through the addition of a secondary expansion chamber, expansion of the initial aerosol cloud
could be buffered and homogenized, allowing the production of continuous nanoparticulate
aerosol streams with stable particle concentration and size distributions for periods of several

hours.

10
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Supporting data

Supplementary data associated with this article can be found, in the online version.
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Fig.1. Description of the system for the production of nanoparticulate aerosol clouds (a)
schematic of the nanoparticle aerosol generator. Dried and filtered air is compressed into a 40-
cm® stainless steel reservoir at pressures up to 8 bar. (b) A fast action valve releases this
compressed air into a second (13 cm®) chamber that contains the dried nanosized material,
dispersing it into a cloud that is expelled through a 1.2-mm orifice. (¢) Scheme of aerosol cloud
release into a 13 m? test chamber. This is a specially designed whose atmosphere can be purified
to a nearly particle-free level. Real time monitoring of particle concentration was carried out by
continuous sampling near the emission point and the sampled air was replaced by an equivalent
volume of HEPA-filtered air.
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Fig.2. TEM images of the starting materials. Clockwise from the top left TiO—P25, ZnO, CuO
and carbon nanotubes. For the powdered materials a particle size distribution is also included

as inset in every figure.
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Fig.3. (a) Evolution of the total particle concentration between 5 to 500 nm following the
formation of a nanoparticle cloud (100 mg of TiO>-P25, AP=8 bar). The curves correspond to
three independent tests. (b) Evolution of nanoparticle size distribution (5-500 nm) with time.

18



“"g 80 T T T T T T T 25 T T
3 ——8bar

‘E’ —— S bar — 201 4
o 60+ 2 bar 1 WE e 8 BT
=

«© e e B Bar
= o 154 w2 bar

@ (a]

Q 40+ 1 =]

o Q

o 5 10

o 4

;g 20 ] @

© ?, 91

o e
S

e 0 t T T T T T T T T T T T T T 0 TR

0 15 30 45 60 75 90 105 10
Time (min)

“"g 80 T T T T T T T 25 T

s —— 150 mg |

‘E ——100mg 201

o 604 50 mg b ”E <150 mg
=

© o O-- 100 mg
= o 151 i 50 Mg
@ Q

Q40 E o

s i L o

8 % "“\‘M“"""Wl\lﬁ""—ﬂh‘-\M %l 10 4

o =

8 =]

T 20 1 - .

o 2

"

- 0 |} T T T T T T 0 T

0 15 30 45 60 75 90 105 10
Time (min) Particle Size (nm)

Fig.4. Top: Total particle concentration and particle size distribution for different values of the
pressure in the dispersion pulse when dispersing a constant mass of 100 mg of TiO2-P25
nanopowder. Bottom: Total particle concentration and particle size distribution for different
values of the mass loaded in the chamber, for a constant pressure in the pulse of 8 bar.
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Fig.6. SEM and TEM images of the matter captured after 1 h of aerosol cloud evolution in the
large (13 m?) test chamber. (a,b) TiO2-P25; (c,d) ZnO; (e,f) CuO.
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Fig.7. Particle capture tests using TEM-grid probe (7op) and further SEM analysis (Bottom)
showed the presence of CNT in the testing area after cloud generation experiments with CNT
(AP=8 bar, 100 mg) in a nearly particle-free environment (see Experimental section for details).
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Fig.8. Description of the system for the production of continuous nanoparticulate aerosols. Left:
Scheme showing the expansion chamber added to the cloud generation system to produce a
continuous aerosol stream of nanoparticles. Right: (a) Total particle concentration in tests
performed using TiO2-P25 nanopowder (AP=8 bar, 100 mg). (b). Particle size distributions at
the beginning (t=10 min) and at the end (t=140 min) of the aerosol generation tests.
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Figure 9.Comparison of particle size distribution at the beginning (t=10 min) of the aerosol
generation tests (AP=8 bar, 100 mg) between the system for the production of instantaneous
cloud of nanoparticle aerosol (simple expansion) and of continuous nanoparticulate aerosols
(double expansion).
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