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1. Introduction

　Nanoparticles, also called ultrafine particles, are 
defined as par ticles smaller than 100 nm. Their 
high surface-to-volume ratio gives them interesting 
properties: magnetic, mechanical, electrical, optical, 
thermodynamical and thermal properties that are dif-
ferent from those of the source materials1). They thus 
constitute an enhanced development, due to the wide 
range of applications in electronics, biomedicine, 
pharmaceutics, cosmetics, catalysts and materials2). 
This increasing interest in nanomaterials has led to 
some questions about the possible adverse effects 
on human health2-4). Previous works have studied the 
toxicity of ultrafine particles. Their conclusions can 

be summarized as follows in a non-exhaustive way:
・ Ultrafine particles induce much higher lung in-

flammation than an equal mass of larger respirable 
particles of the same material5).

・ Lung damages due to agglomerates and aggre-
gates of nanoparticles (henceforth called nano-
structured par ticles) is more severe than that 
caused by particles lacking a nanostructure, even 
when they have the same size4).
・ Ultrafine particles can pass into the bloodstream6).
・ Pulmonar y inflammation due to low-solubility 

nanostructured particles is fairly independent of 
particle compositions and sizes. On the contrary, 
it correlates closely with surface area concentra-
tion3).

・ Particle shape should be taken into account when 
studying the hazards; anisotropic particles such as 
fibres or nanotubes enhance pulmonary damage4).

・ Surface chemistry can modify particle toxicity; 
for instance, the inflammation response caused by 
quartz can be strongly reduced by modifying the 
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surface of the particles (e.g. with aluminium lac-
tate)7).

　All those studies point out that it is necessary to 
determine the exposure levels during manufacturing, 
handling and clean-up operations with nanopowders. 
Not only nanoparticles, but nanostructured particles 
as well as aerosolised liquid suspensions containing 
nanoparticles should be taken into account. Several 
parameters such as particle shape, size and surface 
area of the nanostructured particles are properties 
which should be determined.
　Two dif ferent approaches can be followed. The 
first one concerns measurement of the exposure 
levels at work sites in order to obtain representative 
values of real industrial levels. However, it is difficult 
in that case to identify the parameters inducing ul-
trafine dust generation, as well as their influence. A 
good summary of this kind of approach can be found 
in Aitken et al 2).
　The other approach concerns dustiness tests 
applied to nanostructured powders. Dustiness is 
defined as the trend of a given material to generate 
dust. In such tests, a powder is subjected to different 
constraints such as free falling, fluidisation or stirring 
in a rotating drum8). Although the values obtained 
are less representative than measurements at work 
sites, the identification of key parameters affecting 
dust emission becomes easier.
　To our knowledge, the only previous studies using 
dustiness tests for nanomaterials were implemented 
with single-walled carbon nanotubes (SWCN)9, 10) and 
fumed silica11). Tests with SWCN were carried out in 
a test tube agitated by a vortex shaker. The emitted 
aerosol size distribution was measured by two scan-
ning mobility particle sizers, SMPS12), and an aerody-
namic particle sizer, APS13). The aerosol concentra-
tion was found to be quite low and ultrafine particles 
were not significantly detected, except when applying 
strong agitation. These results were checked against 
field measurements where the overall airborne con-
centration of nanotubes was estimated to be quite low 
(lower than 53μg/m3).
　Tests with fumed silica were carried out in a rotat-
ing drum8) and in a dropping test (Dust View11), from 
Palas society). Size distributions were not measured 
in that work. For the rotating drum test, a dustiness 
index was defined as the mass ratio of the emitted 
ultrafine aerosol (sucked and collected by a filter) to 
the initial nanostructured powder. For the dropping 
test, the characteristic values used were the maxi-
mum light extinction of a laser beam placed next to 
the settling dust stream, as well as the light extinc-

tion 30 seconds after the fall of the powder.
　The aim of the present work is to design an experi-
mental set-up which enables the study of ultrafine 
dust generation by free-falling nanostructured pow-
ders. The results of the test provide the size distribu-
tion and the mass concentration of the aerosol. This 
experiment will therefore make it possible to check 
the presence (or absence) of ultrafine particles sus-
pended in air due to free-falling powders, and to study 
the effect of parameters such as the drop height or 
the dropped mass of powder on both size distribution 
and concentration. Such an experiment can provide a 
tool to quantify and to compare the ability of several 
nanostructured powders to generate ultrafine aero-
sols for a given situation (free falling). It can also help 
to correlate the properties of the particles to their 
behaviour.

2. Experimental Methods

2.1 Experimental set-up
　The experimental set-up shown in Fig. 1 is in-
spired by the MRI test [14]. Powder fall was per-
formed in a stainless steel chamber with internal 
dimensions 180×50×80cm. The front and lateral 

Fig. 1   Free-falling nanostructured powders device for aerosol emission 
measurement: (a) silo; (b) supporting stem; (c) inlet HEPA filter; 
(d) outlet HEPA filter; (e) sampling point; (f) latex gloves; (g) 
vacuum cleaner inlet.



sides of the chamber are partially of glass to enhance 
visualization. The powder is stocked in a silo (a) 
which can be adjusted in height inside the chamber 
along a supporting stem (b). The silo comprises a 
storage vessel that tapers into a beaker of 125cm3. 
The beaker is connected to a rotating system so that 
two positions are possible: filling and emptying. A 
pneumatic vibrator is added to the system in order to 
help both operations.
　Six aerosol extraction positions (e) connected to 
an electrical low-pressure impactor (ELPI) are placed 
on both sides at 50, 100 and 150 cm from the bottom 
of the chamber. Both air inlet (c) and outlet (d) holes 
were placed at the left and the right side of the cham-
ber, respectively. Two high-ef ficiency particulate 
air (HEPA) filters are used in order to clean the air 
entering and exiting the chamber. Cleaning is carried 
out by a vacuum cleaner (g) handled by means of two 
latex gloves (f) placed on both sides.
　Three sets of experiments were carried out. The 
first one concerned video recording of the powder 
fall. Recording was carried out with a Photron FAST-
CAM-APX camera. The resolution, the frame rate and 
the shutter speed were fixed at 1024×1024 pixels, 
1000 fps and 1/2000 s, respectively. Since the front 
door of the chamber was not entirely transparent, 
video recording was accomplished by elevating the 
impact surface. Hence, the maximum height of fall in 
the video-recorded experiments was 130cm, and not 
160cm as in the other experiments presented in the 
next sections.
　The second set of experiments consisted of mea-
suring the aerosol concentration and size distribution 
after a powder fall. The aerosol concentration and 
size distribution were measured by an electrical low-
pressure impactor (ELPI). The ELPI device enables 
the particles contained in the aerosol to be separated 
according to their size, and to determine the particle 
concentration corresponding to each class. The prin-
ciple of the ELPI measurements is explained in the 
next section.
　These experiments were started by placing the 
nanostructured powder in the silo, closing the front 
door and switching on the air extraction through the 
HEPA outlet filter. The HEPA filter placed at the air 
inlet allowed the particle concentration (coming from 
the atmosphere) in the chamber to be decreased. At 
the same time, the ELPI was switched on to equili-
brate the temperature in the chamber. After a stabi-
lisation time of at least 20-30 minutes, the air extrac-
tion was switched off and the clean air evolution was 
recorded during 15-20 minutes. The beaker was then 

turned upside down and the powder fell in the cham-
ber.
　The dropped mass of powder can be changed by 
partially filling the beaker below the silo. In that case, 
the mass of powder was weighed before placing it in 
the beaker. Another possibility was to totally fill the 
beaker. In that case, the method of filling was more 
reproducible, but the dropped mass of powder was 
not directly measured before each experiment. It was 
obtained for each powder by carrying out prelimi-
nary experiments, recovering the dropped powder in 
a plastic bag and weighing the bag.
　Finally, a third set of experiments were carried 
out in order to validate the presence of ultrafine ag-
gregates in the emitted aerosol by scanning electron 
microscopy (SEM) visualisation of the particles col-
lected on the ELPI stages. These SEM visualisations 
need specific experiments. They were performed 
for a given height of fall, fixed at 160 cm, and a given 
height of sampling: 50 cm.

2.2 Principle of the ELPI measurements
　The ELPI15-22) is a device able to measure aero-
sol concentration as well as size distribution of the 
aerosol in the range between 30 nm and 10μm at a 
given location. The principle of the instrument has 
been well explained elsewhere15-18), so that the main 
elements needed for this work will only be touched 
upon here.
　A schematical view of the ELPI device is shown in 
Fig. 2. The aerosol is sucked by a vacuum pump. It 

Fig. 2   Schematical representation of the 
Electric Low-Pressure Impactor 
(ELPI) used in this study: (a): corona 
charger; (b): cascade impactor.
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goes first through a corona charger (a), where par-
ticles are charged positively depending on their mo-
bility diameter. The mobility diameter (db) is defined 
as the diameter of the sphere having the same mo-
bility, i.e. the same velocity-to-driving force ratio as 
the particle. Since, according to the Stokes-Einstein 
equation, the particle diffusion coefficient is propor-
tional to the particle mobility23), the mobility diameter 
is the most representative diameter when describing 
Brownian motion.
　The cascade impactor (b) is located downstream of 
the corona charger. It classifies the particles accord-
ing to their aerodynamic diameter. The aerodynamic 
diameter (da) is defined as the diameter of the sphere 
with a unit density of 1000kg/m3 having the same 
settling velocity as the particle. This diameter is the 
key particle property for characterising respiratory 
deposition23).
　When the particles are collected on an ELPI stage, 
they generate an electrical current that is measured 
by the electrometers. Teflon insulators are placed be-
tween the ELPI stages in order to isolate the stages 
electrically.
　As the particle charge depends on the mobility 
diameter and the particle deposition on the ELPI 
stages depends on the aerodynamic diameter, the 
conversion between both diameters is essential. If 
the particles are spherical, the diameters are related 
through equation 1, where ρp is the particle density, 
ρ0 = 1000kg/m3 and CC is the slip (or Cunningham) 
correction factor23). The aerodynamic diameters and 
their corresponding mobility diameters were calcu-
lated in Table 1 for the two different particle densities 
used in this work. If the particle density is 1000kg/m3, 
then the aerodynamic diameter and the mobility di-

ameter have the same values.

　ρpd
2
bCC(db) = ρ0d

2
aCC(da)  (1)

　Measurement data can be treated by ELPI soft-
ware17, 19), which conver ts raw current data into 
aerosol concentration and size distribution. The only 
required parameters are the particle density and the 
calibration data. Both the charger and the cascade 
impactor calibrations are performed by the manufac-
turer16). Cascade impactor calibration provides the 
cut-off aerodynamic diameters of the ELPI stages. 
Charger calibration provides the charger efficiency 
(Ech) as a function of the mobility diameter. The 
charger efficiency represents the current carried by 
charged particles of a given size leaving the charger, 
divided by the particle number concentration in the 
aerosol.
　For each stage, ELPI software calculates the aver-
age aerodynamic diameter given by the geometric 
mean of the cut-off diameters of a given stage and 
the previous one. Then the mobility diameter is cal-
culated by Eq.(1). The charger efficiency is then cal-
culated according to its calibration data. Finally, the 
particle number concentration is given by the ratio 
between the current I’ and the charger ef ficiency 
Ech:

　N =
I 

Ech
 (2)

　I’ is not the measured current I, but a corrected 
current17) that takes into account the fine particle 
losses in upper ELPI stages20, 21). The rebound of the 
particles impacting against an ELPI stage is mini-
mised by greasing the ELPI substrates with Vaseline.

Table 1  Mean aerodynamic diameters of ELPI stages, and their equivalent mobility diameters

ELPI stage da (ρ0=1000 kg/m3) db (ρp=2300 kg/m3) db (ρp=3100 kg/m3)

1 38.3 nm 17.6 nm 13.2 nm

2 70.9 nm 34.1 nm 25.8 nm

3 119 nm 60.5 nm 46.6 nm

4 199 nm 108 nm 85.3 nm

5 312 nm 180 nm 146 nm

6 477 nm 289 nm 239 nm

7 753 nm 471 nm 396 nm

8 1.21μm 777 nm 660 nm

9 1.93μm 1.25 μm 1.07μm

10 3.05μm 2.01μm 1.70μm

11 5.11μm 3.37μm 2.90μm

12 8.05μm 5.31μm 4.57μm



2.3 Tested nanostructured powders
　Two types of nanostructured powders were se-
lected for testing the device: titanium dioxide, TiO2 
(G5, produced by Millenium Inorganic Chemicals) 
and fumed silica, SiO2 (Aerosil 200, produced by 
Degussa). Although both powders are formed by mi-
croscopic agglomerates of nanoparticles, their struc-
tures are quite different, as can be seen on the SEM 
photographs (Fig. 3). TiO2 agglomerates (Fig. 3.a) 
have a compact (raspberry-like) structure; whereas 
SiO2 agglomerates (Fig. 3.b) resemble a foam with a 
high air content.
　The main physical properties of both powders 
were measured and reported in Table 2. Agglomer-
ate size measurements were performed by laser dif-
fraction (Mastersizer 2000, Malvern Instruments). 
The difference between mass and number median 
diameters can be explained by the fact that for one 
given large particle, several fine particles are needed 
to obtain its weight. Primary particle sizes are provid-

ed by the manufacturers and are in agreement with 
our transmission electron microscopy (TEM) visuali-
sations (same range of sizes). Particle densities were 
measured by helium picnometry, whereas tapped 
densities were obtained using a Hosokawa Micron 
Powder Characteristics Tester. Finally, the bulk den-
sity was calculated from the dropped mass of powder 
measured when the beaker was completely filled (the 
beaker volume is 125cm3).

3. Results

3.1 Video recording of the powder fall
　In order to analyse the two sources of the aerosols: 
dust generation from the particles falling and dust 
generation after impaction on the chamber floor, 
the free-fall process was visualised by video camera 
recording. The same volume of dropping powder 
and same height of fall (130cm) were used for both 
powders TiO2 and SiO2. Several pictures were taken 

Fig. 3a  Titanium dioxide (TiO2). Fig. 3b  Fumed silica (SiO2).

Fig. 3  SEM photographs of the nanostructured powders.

Table 2  Specific properties of the nanostructured powders used in the free-fall test

TiO2 SiO2

Primary particle size (provided by the manufacturer, checked by 
TEM)

5-12 nm 12 nm

Agglomerate mass median diameter (measured by laser diffraction) 1.3μm 10μm

Agglomerate number median diameter (measured by laser diffrac-
tion)

0.80μm 5.2μm

Particle density (measured by helium picnometry) 3100 kg/m3 2300 kg/m3

Tapped density (measured by a Hosokawa Micron Powder Character-
istics Tester)

620 kg/m3 58 kg/m3

Bulk density (calculated as described in the text) 370 kg/m3 44 kg/m3

BET surface area 320 m2/g 190 m2/g

Crystalline structure (given by the manufacturer) Anatase Amorphous



during the fall: they show that for both powders, the 
column of the falling powder is neither regular in 
shape nor in particle concentration. Moreover, when 
the first particles reach the floor of the chamber, oth-
ers are still leaving the beaker in the upper part of 
the chamber. The mean time of the fall, considered as 
the time during which there was some powder falling 
from the silo, was found to be less than 2 s for TiO2 
and around 9 s for SiO2.
　For TiO2, the particle cluster impacts on the sur-

face of the chamber floor and generates smaller ag-
glomerates. Oblique jets are observed when the pow-
der impacts on a layer of particles previously fallen. 
These jets can lead to particle re-suspension. Fig. 4 
is a view of the impact of TiO2 powder, showing the 
rising jets.
　For SiO2 powder, the impact shown in Fig. 5 is 
dif ferent: the small agglomerates seem to bounce 
on the surface and horizontal air/particle clouds are 
generated parallel to the surface.

Fig. 4a  Camera visualisation Fig. 4b  Schematic representation of the fall

Fig. 4  TiO2 nanopowder fall.

Fig. 5a  Camera visualisation Fig. 5b  Schematic representation of the fall

Fig. 5  SiO2 nanopowder fall.



　Finally, in both cases, particles are re-suspended 
after the impact and rise along the walls of the cham-
ber. Consequently, the measurements performed on 
the aerosol with the ELPI instrument correspond to 
the added contributions of the dust generated from 
the fall and the dust generated from impact.

3.2 Time evolution of the aerosol
　The experimental conditions of the quantitative 
tests performed in the dustiness experimental set-up 
are reported in Table 3. 
　Although ELPI raw currents are measured in a 
continuous way, the results are averaged over at least 
5 consecutive seconds18) because of the different resi-
dence times of the particles in the cascade impactor. 
This time (5 seconds) compared with the time of fall 
(2 s for TiO2 and 9 s for SiO2) shows that the aerosol 
generation during the free fall and the aerosol gener-
ation due to impact cannot be distinguished by ELPI 
measurements. 
　Fig.s 6.a and 6.b show the time evolution of the 

raw currents measured on ELPI stages during the 
free fall of TiO2 and SiO2 nanopowders, respectively, 
the first one corresponding to experiment E2.5 and 
the second one to E1.5. For both powders, when sam-
pling near the impact surface, the aerosol concentra-
tion increases rapidly and then decreases faster than 
an exponential law. This is due to both settling and 
convection by the air vortex generated by the powder 
fall24).
　After some 10-15 minutes, aerosol concentration 
(which is proportional to the measured currents) de-
creases following an exponential law. This is typical 
of stirred settling23). 
　For SiO2 (Fig. 6.b), the fluctuations are much 
more significant, giving way to two independent 
peaks. When the second peak is reached, the aerosol 
concentration decreases in an exponential way. This 
decrease is faster than for TiO2, since SiO2 particles 
settle faster than the TiO2 ones because of their larg-
er aerodynamic diameter (see next section).
　In the following sections, the results (size distribu-

Table 3  Operating conditions of the experiments performed in the free-falling powder chamber

Experiment
 number Powder Height of fall Height of sam-

pling Dropped mass Temperature Humidity

E1 SiO2 160 cm 50 cm 5.5 ± 0.2 g E1.1 23.6℃ 52.2%

E1.2 22.8℃ 60.8%

E1.3 23.1℃ 56.3%

E1.4 25.1℃ 49.1%

E1.5 24.5℃ 48.4%

E3 SiO2 120 cm 50 cm 5.5 ± 0.2 g E3.1 26.1℃ 56.6%

E3.2 23.4℃ 65.2%

E4 SiO2 80 cm 50 cm 5.5 ± 0.2 g E4.1 26.0℃ 58.7%

E5 SiO2 50 cm 50 cm 5.5 ± 0.2 g E5.1 22.0℃ 52.3%

E5.2 23.7℃ 53.4 %

E5.3 22.8℃ 60.0%

E2 TiO2 160 cm 50 cm 45.9 ± 0.9 g E2.1 19.3℃ 40.3%

E2.2 22.5℃ 39.1%

E2.3 20.5℃ 40.9%

E2.4 23.1℃ 37.9%

E2.5 20.5℃ 48.0%

E6 TiO2 120 cm 50 cm 45.9 ± 0.9 g E6.1 23.7℃ 55.8%

E7 TiO2 80 cm 50 cm 45.9 ± 0.9 g E7.1 24.2℃ 47.1%

E8 TiO2 50 cm 50 cm 45.9 ± 0.9 g E8.1 22.7℃ 47.3%

E9 TiO2 160 cm 100 cm 45.9 ± 0.9 g E9.1 24.8℃ 58.8%

E10 TiO2 160 cm 150 cm 45.9 ± 0.9 g E10.1 20.6℃ 57.8%

E11 TiO2 160 cm 50 cm 5.5 g E11.1 23.2℃ 61.1%

5.5 g E11.2 25.0℃ 50.7%

E12 TiO2 120 cm 50 cm 5.5 g E12.1 23.6℃ 57.3%

E13 TiO2 80 cm 50 cm 5.5 g E13.1 24.0℃ 54.0%



tion and particle concentration) were obtained by 
considering the maximum of the first peak of the cur-
rent curve. In order to reduce the drift effect, the cur-
rents obtained just before the peak were subtracted 
from the measured currents.
　Aerosol concentration at higher sampling posi-
tions (100cm and 150cm) increases more slowly, 
and begins to decrease following an exponential law. 
This behaviour can be explained by the fact that the 
main part of the aerosol is generated during the im-
pact against the solid surface, and then diffuses (by 

Brownian and especially by hydrodynamic diffusion) 
to higher positions. Once the aerosol concentration is 
uniform in the chamber, only settling becomes impor-
tant. This can be verified in Fig. 7, which shows the 
particle concentration at different sampling positions 
for different times. At t=0 (which corresponds to the 
first peak), the aerosol is much more concentrated 
near the impact surface (since most of the aerosol 
is generated during the impact). Aerosol concentra-
tion near the surface decreases rapidly, whereas 
concentration at higher sampling positions increases. 

Fig. 6a  Experiment E2.5. Fig. 6b  Experiment E1.5.

Fig. 6  Time evolution of ELPI raw currents during the free fall of nanopowders

Fig. 7   Time evolution of the aerosol mass concentration at different sampling positions (t=0 corresponding to current maximum). Experi-
ments E2, E9 and E10.
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At t=10 min, aerosol concentration is uniform in the 
chamber. At t=15 min, aerosol concentration begins 
to decrease homogeneously in the entire chamber.

3.3 Characterisation of the emitted aerosol
3.3.1 Size distribution
　Fig. 8 shows the size distribution of the aerosols 
obtained in experiments E1 to E8, corresponding to 
different heights of fall at the same sampling position. 
Fig. 9 shows the size distribution of the aerosols in 
experiments E2, E9 and E10, corresponding to differ-
ent sampling heights for a same height of fall. Error 

bars represent the confidence interval for a confi-
dence level of 95%. In all cases, the size distributions 
show two maxima, one corresponding to ultrafine 
particles, the other one to micrometric particles. The 
maximum corresponding to micrometric particles 
is located on the 12th ELPI stage for SiO2 and on the 
8th stage for TiO2. They correspond to aerodynamic 
diameters of 8.05μm and 1.21μm, respectively. If par-
ticle sizes are expressed as mobility diameters, they 
are equal to 4.57μm for SiO2 and 0.660μm for TiO2. 
They are in good agreement with the number median 
diameters of the initial powders, measured by light 

Fig. 8a  SiO2 (experiments E1, E3 to E5).

Fig. 8b  TiO2 (experiments E2, E6 to E8).

Fig. 8  Number size distribution of the generated aerosols at different heights of fall



scattering, which are equal to 5.2μm for SiO2 and 
0.800μm for TiO2. Hence, these maxima correspond 
to the re-suspension of the particles just in the same 
state as they are in the powder.
　The ultrafine maximum is located in the 1st or the 
2nd ELPI stages, showing the presence of primary 
particles or at least ultrafine aggregates in the aero-
sol. This fact has been checked by visualisation of the 
particles collected on the ELPI stages by a scanning 
electron microscope (SEM), Section 3.3.2.
　In order to analyse the reproducibility of the mea-
surements, experiments E1 and E2 were repeated 5 
times and reproducibility was defined as the average 
of the ratio between the standard deviation and the 
averages of the particle number concentration for 
each stage (Eq. (3)).

Reproducibility = (1/12) ·
12

i=1

(σi/xi)  (3)

　The calculated reproducibility values are 0.47 for 
E1 and 0.62 for E2. The maximum corresponding to 
micrometric particles is reproducible for both pow-
ders (σ/x̄)12=0.16 for E1, (σ/x̄)8=0.076 for E2. Howev-
er, the maximum corresponding to ultrafine particles 
is variable, especially for TiO2: (σ/x̄)1=1.5, whereas it 
is equal to 0.63 for SiO2. This could indicate that the 
ultrafine aggregate generation by breakage and/or 
erosion of the micrometric agglomerates could be 
somewhat dependent on the operating conditions 
such as temperature or humidity which were not con-
trolled during the experiments.

3.3.2 SEM visualisation
　The presence of ultrafine aggregates in the air 
after the powder fall was checked by removing par-
ticles down the ELPI stages and analysing the col-
lected particles with a scanning electron microscope 
(SEM). Fig.s 10.a to 10.c show two ultrafine aggre-
gates of SiO2 and one of TiO2 found on the 1st, the 2nd 
and the 3rd stage of the ELPI device, respectively.
　In all cases, two main remarks can be made. The 
first one is that ultrafine aggregates are actually 
present in the aerosol, as observed from the ELPI 
measurements. This result shows that the peak cor-
responding to ultrafine particles in the size distribu-
tions given by the ELPI measurement in the chamber 
is representative of this population and is not due to 
measurement fluctuations. The second one is that 
aggregates and agglomerates are not spherical. This 
is especially the case with silica, whose aggregates 
seem to have a fractal structure in several cases as in 
Fig. 10.a.

3.4 Influence of the height of fall
　As shown in Fig. 8, neither the shape of the size 
distribution nor the position of the maxima is modi-
fied by the height of fall. However, increasing the 
height of fall increases the micrometric agglomerates 
concentration. On the other hand, the effect of the 
height of fall on the ultrafine aggregates concentra-
tion is not clear due to the problems of reproduc-
ibility of the experiments. This problem is stronger 
when the height of fall is small (50cm, experiments 
E5 and E8). In this case, the peak in the raw current 

Fig. 9  Number size distribution of the generated aerosols at different sampling heights, for TiO2 nanopowder (experiments E2, E9 and E10).



is small and the drift of the instrument becomes too 
important. This leads to a larger imprecision for ex-
periments E5 and E8 than for the others.
　Fig. 11.a shows the influence of the falling height 

on the mass concentration of the TiO2- and the SiO2-
generated aerosols. For the same volume of dropped 
powder, the dependence of mass concentration upon 
the falling height seems to be well described by a 
straight line for SiO2, whereas for TiO2, this depen-
dence correlates with the square of this height. It is 
generally supposed in the literature25-29) that the re-
suspension of micrometric particles depends upon a 
power of the falling height, hα , whereα varies from 
0.429) to 2.0526). Moreover, the value ofαcould depend 
on the type of the powder. Hence, our results for both 
powders seem to agree with previous works on mi-
crometric powders.

3.5 Influence of the dropped mass
　One should not be tempted to directly compare the 
concentration of the SiO2 aerosol in experiments E1, 
E3 to E5 with that of the TiO2 aerosol in experiments 
E2, E6 to E8. One could induce that TiO2 is much 
dustier than SiO2. In fact, the mass of TiO2 that falls 
in those experiments is 8 times higher than that of 
SiO2. It seems more judicious to compare the aerosol 
concentrations normalised by the mass of the fall. Re-
sults are shown in Fig. 11.b. Although normalised 
mass concentrations of TiO2 are within the confi-
dence interval of the SiO2 values for a confidence lev-
el of 95%, these values are always smaller than those 
for SiO2. We can therefore deduce that SiO2 is a little 
dustier than TiO2.
　Another way to compare the two powders is to use 
the same mass of falling powder in the beaker of the 
experiment (and not the same volume). Fig.s 11.a 
and 11.b represent the mass concentrations for ex-
periments E11, E12 and E13, for which the dropped 
mass of TiO2 was equal to the dropped mass of SiO2 
used in E1, E3 to E5 experiments. We can see that 
for the same dropped mass, the SiO2 aerosol mass 
concentrations are about 5 times higher than those of 
TiO2 aerosols. This consolidates the affirmation that 
the tested SiO2 nanopowder is dustier than the tested 
TiO2 one.
　Fig. 11.b shows that increasing the dropped 
mass increases the normalised mass concentration. 
When the dropped mass is reduced, the proportion 
of powder impacting on a layer of previously dropped 
particles is reduced. Since this is the main mecha-
nism of particle release, the quantity of re-suspended 
particles is lower, even when normalising the mass 
by the dropping mass. This observation agrees with 
Heitbrink et al’s work28).

Fig. 10a  SiO2, 1st stage (×120000)

Fig. 10b  SiO2, 2nd stage (×150000)

Fig. 10c  TiO2, 3rd stage (×300000)

Fig. 10   SEM visualisation of ultrafine aggregates collected on 
the ELPI stages.



4. Discussion

　The average number of particles falling each time 
(nfall) can be estimated from the mass of the falling 
powder (mfall), the particle density (ρp) and the diam-
eter (dp):

nfall =
mfall

ρp · (π/6) · d3p

 

(4)

　By normalising the particle number concentration 
on the 1st ELPI stage by nfall, a value of 10-8 part/cm3 
in the aerosol per dropped particle was obtained for 

SiO2, whereas it is 10-11 for TiO2 (experiments E1 and 
E2, respectively). Although it is a rough estimation, it 
is a good indication of the fact that SiO2 agglomerates 
break more easily than the TiO2 ones. The reason 
seems to be the much more open structure of the 
SiO2 agglomerates (see Fig. 2).
　The void fraction,ε, of TiO2 agglomerates can be 
estimated from the agglomerate densityρagg (mea-
sured by helium picnometry, Table 2) and the pri-
mary particle density ρpp, calculated from the crys-
tallographic parameters30). It is found to be equal to 

Fig. 11a  Absolute values of the generated aerosol.

Fig. 11b  Normalised values (aerosol mass concentration to the mass of the falling powder ratio).

Fig. 11  Influence of the height of fall and the dropped mass on the mass concentration of the generated aerosols.



0.20.

　ε = 1− (ρagg/ρpp)  (5)

　Since fumed silica is amorphous, the void fraction 
must be estimated using another method. It can be 
calculated from their fractal dimension, Df, Eq.(7)31). 
The average fractal dimension for SiO2 agglomerates 
can be measured by laser scattering31) with Master-
sizer 2000, and it has been found to be roughly equal 
to 2.1; this method, however, cannot be performed 
with TiO2 since TiO2 agglomerates are too small, and 
very large scattering wave vectors, not available in 
the Mastersizer 2000, are needed32).
　The solid-fraction-to-void-fraction ratio for SiO2 can 
be calculated by Eq.(6). It is found to be 4・10-3 for 
SiO2. This ratio is 1 000 times higher for TiO2.

　
1− ε

ε
∼= (dagg


dpp)Df−3  (6)

If the interparticle forces are attributed to van der 
Waals interactions33), then they are roughly equal for 
both SiO2 and TiO2.

　F =
A · dpp
24 · z2  (7)

Finally, the primary particle size for TiO2 is smaller 
than for SiO2 (see Table 2). Rumpf’s theory34) estab-
lishes that the tensile strength of an agglomerate (σt) 
depends upon its void fraction (ε), the interparticle 
force (F) and the primary particle size (dpp):

　σt =
1− ε

ε
· F

d2pp
 (8)

Applying Rumpf’s theory, we find that the tensile 
strength for TiO2 agglomerates is at least 1000 times 
higher than for the SiO2 ones. This could explain why 
SiO2 agglomerates break more easily than the TiO2 
ones. However, attention should be paid to the fact 
that the hydrodynamic stresses are not necessarily 
the same.
　In the future, the powder fall will be simulated by 
an Eulerian-Lagrangian approach, in order  to study 
the mechanism of the particle release.

Nomenclature

   A Hamaker constant  [J]
  CC slip correction factor  [-]
   da aerodynamic diameter  [m]
dagg agglomerate diameter  [m]
   db mobility diameter  [m]
   dp particle diameter  [m]
  dpp primary particle diameter  [m]
  Ech charger efficiency [A/m3]

    F interparticle force  [N]
    h falling height  [m]
    I measured current  [A]
    I’ corrected current  [A]
mfall mass of powder falling  [kg]
   N particle number concentration in the air
  [particles/m3]
 nfall number of particles falling  [-]
   x̄i average of the particle number concentration corre-

sponding to the ith ELPI stage  [particles/m3]
    z interparticle distance  [m]
   ε void fraction of an agglomerate  [-]
  ρ0 unit density: 1000 kg/m3

ρagg agglomerate density  [kg/m3]
  ρp particle density  [kg/m3]
    ρpp primary particle density  [kg/m3]
 σi standard deviation of the particle count concentration 

on the ith ELPI stage  [particles/m3]
 σt tensile strength of an agglomerate  [N/m2]
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