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Abstract:

Among the factors influencing dust explosion, the particle size distribution (PSD) is both one
of the most important and complex to consider. For instance, it is commonly accepted that the
explosion sensitivity increases when the particle size decreases. Such an assertion may be
questionable for nano-objects which easily agglomerate. However, agglomerates can be
broken during the dispersion process. Correlating the explosion parameters to the actual PSD
of a dust cloud at the moment of the ignition becomes then essential. The effects of the
moisture content and sieving were investigated on a nanocellulose powder and the impact of a
mechanical agglomeration was evaluated using a silicon coated by carbon powder. Each
sample was characterized before and after dispersion using in situ laser particle size

measurement and a fast mobility particle sizer, and explosion and minimum ignition energy
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tests were conducted respectively in a 20 L sphere and in a modified Hartmann tube. It was
observed that drying and/or sieving the nanocellulose mainly led to variations in terms of
ignition sensitivity but only slightly modified the explosion severity. In contrast, the
mechanical agglomeration of the silicon coated by carbon led to a great decrease in terms of
ignition sensitivity, with a minimum ignition energy varying from 5 mJ for the raw powder to
more than 1J for the agglomerated samples. The maximum rate of pressure rise also decreased
due to modifications in the reaction kinetics, inducing a transition from St2 class to Stl class

when agglomerating the dust.

Keywords: Dust explosion; Nanoparticles; Agglomeration; Dispersion

1. Introduction

According to the European Commission (2011/696/EU, 2011), a nanomaterial is “a natural,
incidental or manufactured material containing particles, in an unbound state or as an
aggregate or as an agglomerate and where, for 50% or more of the particles in the number size
distribution, one or more external dimensions is in the size range 1 nm — 100 nm”. This
recommendation also specifies that any material presenting a specific surface area by volume
of the material higher than 60 m?.cm™ must be considered as a nanomaterial. This small size
induces additional, enhanced or different properties for the nanomaterials, which implies that
the fundamental properties such as chemical, mechanical, optical or biological properties are
modified and often innovative (Stark et al., 2015). Those new properties resulted to an
increasing interest in nanoparticles for applications in different fields, like health, automotive

industry, construction, food or electronic sector, but also generated a question concerning the
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toxicity of the materials (Oberdorster et al., 2005). But nanoparticles, as well as any
combustible particles, present another important risk: their dispersion under certain conditions

and in the presence of an ignition source can lead to an explosion.

If dust explosion risks concerning micron-sized particles can be relatively well estimated, it is
not yet the case for nanoparticles. Indeed, the interest in nanotechnologies and in their specific
properties is quite recent and there are only a few feedbacks on accidental dust explosions
involving nanoparticles (Wu et al., 2014). Some laboratory tests were already carried out to
evaluate the ignition sensitivity and explosivity of nanopowders (Boilard et al., 2013;
Holbrow et al., 2010; Krietsch et al., 2015; Wu et al., 2009). It appears that powders are
usually more sensitive to ignition, but no significant variation concerning the explosion
severity was observed (Bouillard et al., 2010; Dufaud et al., 2011; Holbrow et al., 2010). This
phenomenon is mainly explained by the agglomeration and aggregation phenomenon induced
by the small size of the nanoparticles, which reduces the reactive surface area and decreases

the explosion severity (Eckhoff, 2011, 2012).

Generally, a nanopowder is comprised of primary nanoparticles, i.e. individual nanoparticles,
which aggregate, forming so-called “primary aggregates”, which themselves agglomerate
with each other. An agglomerate consists of weakly bonded particles that can be separated
while an aggregate is an assembly of strongly bonded particles that cannot be broken
(Sokolov et al., 2015; Walter, 2013). The main cohesion forces inducing the agglomeration of
nanoparticles aggregates are the van der Waals interactions, electrostatic and magnetic forces,
and, in the case of wet particles, capillary effects (Debrincat et al., 2008; Hartley et al., 1985).
Each agglomerate then possesses a cohesion strength that can be calculated by different ways
(Kendall, 1988; Rumpf, 1962; Weiler et al., 2010). In order to break an agglomerate, an
energy higher than the cohesion strength must be provided, leading back to the primary

aggregates.
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For an explosion to occur, some conditions are needed. Among them is the dispersion of the
powder, which can break the agglomerates, at least partially, depending on the shear stress
occurring during the dust dispersion. Since the particle size distribution (PSD) is a very
important parameter influencing dust explosion, it becomes necessary to characterize the dust
cloud not only before its dispersion, but also at the exact ignition time (Santandrea et al.,
2019b). Moreover, it is imperative to choose wisely the operating conditions for the explosion
tests, to be sure to evaluate the worst -but realistic- case scenario. Indeed, the standard
conditions were established for micron-sized particles and are currently applied when testing
nanoparticles. However, these conditions may need to be adapted due to the specific

properties of nanomaterials (Santandrea et al., 2020).

The impact of the agglomeration on the explosion severity of nanopowders was evaluated by
modifying the agglomerates size and cohesion strength before their dispersion and performing
explosion tests in a 20 L sphere according to international standards (EN 14034-1, 2004; EN
14034-2, 2006). Since the addition of a cohesive agent would modify the reactions involved
in the explosion, three main ways can be considered: grinding, selection (sieving), and
mechanical agglomeration (e.g. wet or dry granulation, compaction). The dispersion
procedure in the 20 L sphere already inducing a high shear stress due to the pressurization of
the dust container at 20 barg, it would be difficult to further reduce the size of the
agglomerates after dispersion. Indeed, the smaller the particle (or agglomerate), the harder it
is to be broken (Deng et al., 2016). Moreover, dry powder grinding would not allow to obtain
agglomerates smaller than around 1 pum, and the process would produce heat and possibly
electrostatic discharges that could be sufficient to ignite the most sensitive powders.
Therefore, powder grinding was not considered as a suitable solution. The effects of the

agglomeration on the explosion severity and ignition sensitivity were then investigated by
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sieving and by mechanical agglomeration, respectively on nanocellulose and carbon coated

silicon powders.

2. Materials and methods

2.1. Materials

The effects of nanopowders agglomeration on their explosivity were investigated using two
different materials. First, a nanocrystalline cellulose (NCC from CelluForce), called
‘nanocellulose’, was chosen due to its organic nature and wide range of applications. This
powder is constituted of primary nanofibers of 3 nm width and an average length of 70 nm
which form agglomerates with diameters ranging between 1 pum and several dozens of
micrometers, as presented in Figure 1. To avoid the influence of humidity on both
agglomeration state (capillary effects) and explosion characteristics, which was discussed by
Santandrea et al. (2020), this powder was systematically dried at 90°C under vacuum. The
water activity, i.e. the partial vapor pressure of water divided by the standard state partial
vapor pressure of water, was measured around 0.03 after drying (Aw-meter, Rotronic),
confirming that no additional water present in the powder would participate to the
combustion. In an attempt to obtain different agglomerate sizes, the nanocellulose was sieved
using a 40 um mesh strainer submitted to low amplitude vibrations to avoid the breakage of
the agglomerates. This procedure then allows the separation of the biggest agglomerates from

the finest particles.
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Figure 1. Raw nanocellulose observed by Scanning Electron Microscopy

Complementary to the PSD selection performed on nanocellulose, the effects of a mechanical
agglomeration without any additive were investigated on carbon coated silicon, noted ‘SiQC’,
through different agglomerated samples directly supplied by Nanomakers. Due to the low
density of the nanoparticles, such modification notably facilitates the transportation of the
powder and increases the powder flowability. Contrary to the nanocellulose, the powder was
not dried to avoid the breakage of the agglomerates, as the mechanical agglomeration was
realized directly on the raw powder without any additive. Moreover, the oxidation of silicon
in the presence of water can lead to the formation of hydrogen (Mehta et al., 2014), which
would increase the explosion severity. In this case, drying the powder would probably lead to

an underestimation of the safety parameters of the powders.

Four samples of carbon coated silicon constituted of the same powder with different densities,
agglomerates sizes and cohesion strengths were then studied in this work: the raw powder of
primary diameter of 40 nm and density of 40 g.L"!, two samples agglomerated according to a
process noted ‘process A’ with bulk densities of respectively 260 g.L'! and 400 g.L"!, which

will be noted powders Al and A2, and a sample agglomerated according to a ‘process B’ with
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a bulk density of 400 g.L'!, noted sample B. The specific processes of agglomeration are
confidential and unfortunately cannot be described here. Scanning Electron Microscopy
analyses were performed on each sample, without any modification, to visualize the shape

modifications due to the agglomeration (Figure 2).

The raw powder appears to be constituted of small spherical agglomerates of apparent
diameters lower than 10 um, as shown in Figure 2a. The modified powders also present the
same kind of agglomerated structures, but also bigger agglomerates. Indeed, the powder Al
seems essentially composed of big ‘roughly spherical’ agglomerates with a diameter around
100 to 200 um (Figure 2b). Similar agglomerates can be found in the sample A2, but with
agglomerates size around 300 um (Figure 2c). Finally, when using the process B to
agglomerate the powder, non-spherical agglomerates with an average size reaching 500 pm

were formed (Figure 2d).
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Figure 2. Carbon-coated silicon observed by Scanning Electron Microscopy a) Raw powder

b) Sample Al (260 g.L') ¢) Sample A2 (400 g.L') d) Sample B (400 g.L")
2.2. Methods

The initial particle size distribution (PSD), i.e. before dispersion in the testing equipment, of
each sample of nanocellulose and carbon coated silicon was measured in air using a laser
diffraction HELOS/KR-Vario (Sympatec GmbH). The PSD was characterized by
sedimentation of the powders in the measuring area of the apparatus. As this process was
realized manually (by sprinkling powders with a spatula shaken at a constant height), it may
therefore be questioned in terms of repeatability. Nevertheless, several tests on each sample
led to similar PSD, which then gives a good order of magnitude of the PSD of the dust cloud
submitted to very low shear rates. In this study, the surface fraction was considered instead of

the ‘commonly-used’ volume fraction when analyzing the PSD in order to highlight the
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surface specificities of nanoparticles. Moreover, when considering the volume fraction, the
high volume of big agglomerates tends to occult the presence of smaller nano-agglomerates.
Thus, the volume fraction measured by the apparatus was converted into a surface fraction

using the equivalent volume diameter.

Since the dispersion procedure, required to produce a dust explosion induces a shear stress
that can potentially break the agglomerates, PSD measurements were conducted after
dispersion in the explosion vessel. However, no apparatus or technique currently allow the
determination of a PSD over a wide range from 10 nm (primary particles) to 500 um
(agglomerates), at high concentration (above the lower explosion limit or at least at a few g.m’
%) and at high frequency (each millisecond or at least each 10 ms). Thus, different techniques
were combined. The dust dispersion was realized in a 20 L sphere equipped with windows
according to the same procedure than during explosion tests: the weighed sample is placed in
the dust container, and the sphere is evacuated to 0.4 bara. The container is then pressurized
20 barg and the electrovalve connecting the dust canister to the explosion chamber opens,
inducing the dispersion of the powder. Contrary to explosion tests, no ignition was performed,

and the time evolution of the PSD was recorded.

The laser diffraction sensor (Helos - Sympatec) used to measure the initial PSD of the dust
before dispersion was attached to the 20 L sphere equipped with visualization windows made
of borosilicate with a diameter of 9.7 cm to allow optical measurements (Murillo, 2016). The
PSD was then measured at the place of ignition using various lenses (called R1, R3 and RS5)
and systematically presented at the moment of ignition, i.e. 60 ms after the beginning of the
dispersion according to EN 14034 1&2 (2004; 2006). The boundaries of the measurement
ranges are 0.1 — 35 uym, 0.5 — 175 uym and 0.5 — 875 pum for R1, R3 and RS5 lenses,
respectively. It should be noted that the maximum distance between the lens and the sample is

20 mm for R1, whereas it can reach 47 cm for RS. As a consequence, only the powder located

9
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near the observation windows will be analyzed by using R1, whereas the other lenses will

give a PSD representative of the overall content of the sphere.

The presence of nanoparticles after dispersion of nanocellulose and carbon coated silicon in
the 20 L sphere was also investigated using a Fast Mobility Particle Sizer (FMPS - TSI)
measuring electrical mobility diameters from 5.6 to 560 nm with 1 Hz time resolution and a
Scanning Mobility Particle Sizer (SMPS), providing one measurement every two minutes.
Despite the low frequency and mass concentration which prevent an accurate characterization,
the observation of nanoparticles up to two minutes after dispersion, with particle size
distribution ranging from 10 to 400 nm, implies that such particles were also present a few

dozens of milliseconds after dispersion.

The explosion severity of each sample was measured in a standard 20 L sphere according to
EN 14034 1&2 (2004; 2006), i.e. using two chemical igniters of 5 kJ each and an ignition
delay time, tv of 60 ms. The 20 L sphere is equipped with a cooling jacket with water at 300
K. The minimum ignition energy (MIE) of the samples was measured using a standard
modified Hartmann tube according to ISO/IEC 80079-20-2 (2016). Although international
standards EN 14034-3 (2006) recommend to measure the lower explosion limit in the 20 L
sphere using an ignition energy of 2 kJ, this parameter was approximated in the same

conditions as the explosion severity tests, i.e. for an ignition energy of 10 klJ.

3. Results and discussions

3.1. Effects of particle size selection: example of nanocellulose

As detailed in section 2.1, the nanocellulose was dried and sieved using a 40 um mesh
strainer. The particle size distribution of each fraction was measured using the laser
diffraction sensor (R3 lens) by sedimentation. The upper fraction was constituted of

agglomerates of sizes between 40 and 100 um, whereas the lower fraction exhibited a surface
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diameter around 10 um. The agglomerates sizes of each sample are summarized in Table 1. It
should be noted that the sieving process does not modify the size of the agglomerates and
only aims at separating the agglomerates according to their sizes. However, the biggest
agglomerates, i.e. the less cohesive, may be broken during the sieving process (Deng et al.,

2016).

Table 1. Characteristics of the raw and sieved nanocellulose

Powder Raw powder Fine fraction Large fraction

Sieving size (um) N/A <40 > 40

M face di ter b
ean éur ace. iameter by 48 10 54
sedimentation (um)

Mean surface diameter 60 ms after 10 g 12
dispersion in the 20 L sphere (um)

The dust clouds produced after dispersion in the 20 L sphere were also characterized at the
moment of ignition, i.e. 60 ms after the dust injection (Table 1). First, it can be confirmed that
the injection system tends to break the powder agglomerates, as already shown by previous
studies (Du et al., 2015; Sanchirico et al., 2015). Despite the high shear stress induced by the
dispersion system of the 20 L sphere, a slight difference in the particle size distributions of the
samples can be observed in Figure 3. Indeed, the mean surface diameter obtained by
dispersion of the powder sieved below 40 um is 8 um whereas the dispersion of the bigger
agglomerates (> 40 um) led to a mean surface diameter of 12 um. As a comparison, the mean
surface diameter by dispersion of the raw powder is 10 pum, which confirms the efficiency of

the sieving procedure.
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Figure 3. Particle size distribution of raw and sieved nanocellulose after injection in the 20 L
at the place and moment of ignition (60 ms after dispersion) measured by the Helos

diffraction sensor (R3 lens, 0.5 — 175 um)

The explosion tests performed on the different samples conduced to rather similar explosion
severities, probably due to the small differences in the PSD after dispersion. Indeed, a
maximum overpressure of 8.9 + 0.4 bar and a maximum rate of pressure rise of 555 + 66
bar.s! were obtained for the bigger agglomerates (> 40 um) whereas these values respectively
reached 8.7 + 0.4 bar and 473 + 56 bar.s™! for the finest powder (Figure 4), which does not
constitute a significant difference with regard to the experimental uncertainties. Nevertheless,
the lowest concentration inducing an explosion was obtained at 125 g.m™ with the raw
powder and the smallest agglomerates and only at 250 g.m™ with the sample of agglomerates
bigger than 40 pm. Thus, despite the breakage of the majority of the agglomerates observed in
Figure 3, the sample constituted of agglomerates bigger than 40 um, which contains fewer

fine particles than the initial powder, appears to be less ignition sensitive than the two other

12



239  samples. This observation tends to corroborate the theory stipulating that the ignition
240  sensitivity of a powder is mainly affected by the presence of fine particles (Saeed et al., 2019)

241  as they are more prone to volatilize.
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242 a) Mass concentration (g.m's) b) Mass concentration (g.m'e)
243 Figure 4. Effects of nanocellulose sieving on a) the maximum overpressure and b) the
244 maximum rate of pressure rise

245

246  To further investigate on the influence of fine particles on the ignition sensitivity, ignition
247  energy tests were conducted in the modified Hartmann tube. The minimum ignition energy of
248  the raw dried powder was evaluated at 5 mJ. After drying and sieving at 40 um, both obtained
249  fractions also presented minimum ignition energies of 5 mJ. As their MIE is lower than
250 10 mlJ, these powders can be considered as being very sensitive to electrostatic ignition (Janes
251 et al., 2008). However, when drying and sieving at 70 um, the bigger fraction exhibited a
252  minimum ignition energy of 14 mlj. It should be noted that the MIE of microcrystalline
253  cellulose (MCC) ranges from 30 to 100 mJ for 30 um particles (BGIA, 1997) and previous
254  tests performed on MCC with a mean diameter of 100 um led to a MIE of 590 mJ .

255  These tests highlight the effects of the presence of fine particles on the ignition sensitivity,

256  especially for nanomaterials comprised of various sizes of agglomerates. Nevertheless,
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sieving is probably not the most accurate method of powder selection, as small particles can
stick to agglomerates (due to electrostatic interactions, for instance) and remain in the upper
fraction, although smaller than the mesh. Furthermore, for non-spherical particles, only one
dimension smaller than the mesh is sufficient for an agglomerate to be retrieved in the low
fraction, independently from its volume. As a consequence, in order to stress the influence of
agglomeration of nanopowders on their explosion severity and MIE, the impact of mechanical

agglomeration has been studied.

3.2.  Effects of mechanical agglomeration: example of carbon coated silicon

Since the agglomerates that naturally exist in the raw powder (especially for nanocellulose)
are easily breakable and in order to assess the influence of the particle size distribution on the
explosion severity, the effects of mechanical agglomeration were investigated through carbon
coated silicon (SiQC). The initial mean surface diameter was measured by sedimentation of
the powder using the laser diffraction sensor (Helos — Sympatec) and by wet dispersion in
ethanol using a Mastersizer 2000 S (Malvern Instruments). Analyzing the wet dispersion
measurements presented in Table 2, it appears that all the agglomerated samples present a
mean diameter much higher than that of the raw powder, i.e. 68 um, and that the powder B
exhibits the highest diameter, reaching 442 pm, which is consistent with the SEM
observations. However, when regarding the powders agglomerated by process A, it seems that
the powder A1 (260 g.L'!) is more agglomerated that the powder A2 (400 g.L'!), which seems
inconsistent with SEM observations. Once again, it should be kept in mind that the wet
dispersion in ethanol modifies the interactions between particles (variation of zeta potential)
and does not provide accurate information concerning the particle size distribution of a

powder in air.
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The surface diameter was measured by sedimentation of the powder using two lenses of the
laser diffraction sensor: R3 and RS (Table 2). Tests performed with the R3 lens led to rather
similar mean surface diameters by sedimentation, from 20 um to 32 um, which can be due to
the upper limitation of the lens. The RS lens allows the measurement of particles from 4.5 to
875 um, inducing that the agglomerates observed by SEM can be distinctly observed. First,
the powder B is then confirmed to be the most agglomerated (dso,rs = 297 um), although this
was not visible using the R3 lens. Then, the sample A2 presents a lower mean diameter than
the sample Al, which is conversely proportional to the particle density and confirms the
measurements performed by wet dispersion. Finally, the raw powder presents a mean surface
diameter of 207 um, which is considerably higher than the size of the agglomerates observed
by SEM. It should be reminded that this lens does not allow the measurement of particles
smaller than 4.5 um, implying that the small agglomerates may not be measured by the

apparatus.

Table 2. Mean diameter of the different samples of carbon-coated silicon measured by

sedimentation and wet and dry dispersion

Raw Sample Sample Sample B
powder Al A2
Mean diameter by wet dispersion in 68 352 261 442
ethanol (um) — Mastersizer 2000 S
Mean surface diameter by 207 249 132 297

sedimentation — RS lens (um) —
Helos laser diffraction sensor
Mean surface diameter by 30 26 32 20
sedimentation — R3 lens (um) —
Helos diffraction sensor
Mean surface diameter after 9 4 3.5 12
dispersion in the 20 L sphere —
R1+R3+R5 Helos diffraction sensor

15
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Mean surface diameter after 3.5 5.3 5 20
dispersion in the Scirocco device
(um) — Mastersizer 2000

To estimate the PSD during the combustion and specifically at the moment of ignition,
dispersion tests were performed with the laser diffraction sensor coupled with the
visualization 20 L sphere. Nevertheless, as seen in Table 2, each lens gives a peculiar and
useful information on the PSD, but in the case of a nanopowder, a more global view is
necessary. Unfortunately, as previously said, no apparatus currently allow such a
measurement (from nm to hundreds of micrometers) at high frequency and concentration. An
alternative solution could consist in using the same in-situ laser sensor and repeating three
times (at least) the same dust dispersion experiment with the three lenses (R1, R3 and RS5). In
order to normalize the intensities of the peaks, it may be useful to insert an internal reference
(nearly monomodal powder of low and fixed concentration, with a narrow PSD which does
not interfere with the studied powder). An instance of such application for carbon-coated

silicon is given in Figure 5.
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Figure 5. Representation of the global PSD of carbon-coated silicon powders after dispersion
in the 20 L (tv = 60 ms) obtained by the concatenation of PSD measurements done with R1,

R3 and R5 (Helos — Sympatec)

Figure 5 allows the visualization of the PSD of the nanopowders over a wide range of sizes
(from 0.1 um to 875 um). It appears that sample B (400 g.L!) presents the biggest
agglomerates after dispersion in the sphere, with modes at 4, 15 and 35 pum (omitting the
primary particles and nanometric agglomerates). The powders Al and A2 show the smallest
agglomerates after dispersion, with mean surface diameters of 4 and 3.5 pm, respectively
(Table 2). The raw SiQC powder, in addition to the common agglomeration mode at
approximately 4 pum, also presents larger structures around 20 um (Figure 5). It should be

noticed that, unlike the other samples, no significant peak is obtained for the powder Al at
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particle size lower than 0.5 um which may seem surprising and requires additional tests with

R1 lens.

These observations can lead to several comments: i) The measuring range being limited at
0.1/0.2 um, the particle size distributions may be different below this value, and the presence
of individualized nanoparticles is certainly more marked for the raw powder. ii) The dust
injection in the 20 L sphere clearly induces the fragmentation of the biggest structures (Table
2); however, the process B seems to generate more cohesive agglomerates over a wider range
of particle sizes. iii) During the agglomeration process, especially with the process A, the
structure of the initial agglomerates could have been weakened, reducing the cohesion
strength of these initial agglomerates. During particle size measurements by wet dispersion or
by sedimentation in air, their structure is not significantly modified. On the contrary, the very
high shear rate induced by the dispersion in the 20 L sphere (pressurization at 20 bar) can

break these agglomerates, demonstrating the existence of a threshold stress.

Table 2 and Figure 5 demonstrate the fragmentation of agglomerated structures during the
injection of SiQC in the 20 L sphere, but quantitative indicators can be proposed. For

(dagg_dso)
agg

instance, a diameter variation, defined by AD = 100. was calculated by Sanchirico

et al. (2015), who classified the powders into two classes: class 1 containing the hardest dusts
(AD < 50%) and class 2 for powders that undergo greater breakage (AD > 50%). By
considering only the smaller agglomerates (lens R3), values between 75 % and 98 % were
obtained in this work, implying that all the powders are in class 2. It should be underlined that
those values are slightly higher than that presented by Sanchirico et al. (2015). Nevertheless,

these authors collected the dust several minutes after dust settling, which potentially allows
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the re-agglomeration of the powder, whereas the measurements in this work were conducted

directly within the sphere and correspond to the moment and place of ignition.

Dry PSD measurements were also conducted using the Mastersizer 2000 particle size analyzer
equipped with a dispersion system called Scirocco (Malvern Instruments). This apparatus
allows the measurement of particle sizes from 0.2 to 2000 um. The powder dispersion is
ensured before the measurement by an air jet in a Venturi configuration (Ali et al., 2015;
Bonakdar et al., 2016). Although this measurement is not conducted at the same conditions as
the explosion tests, the evaluation of the particle size distribution after dispersion of the
powder still provides information on the potential agglomerate breakage during the
dispersion. The results, also presented in Table 2, are consistent with the SEM images, as the
powder B seems the more agglomerated, with a mean surface diameter of 20 um, whereas the
raw powder presents the smallest particles and a mean surface of 3.5 um. It should be noted
that the shear stress induced by the dispersion in the Scirocco device is much lower than that
induced during the injection in the 20 L sphere, notably due to a lower dispersion pressure (2
barg). Such values tend to show that most of the initial agglomerates are broken during the
dispersion in the 20 L sphere, but not necessarily in the Scirocco device, which corroborates
that the agglomerates fragmentation depends on the application of a threshold stress.
However, a whole characterization of the particle size distribution, from the nanometer to
several hundred of micrometers and for both apparatuses, is necessary to conclude on this

phenomenon.

Explosion tests were performed on each sample in the standard 20 L sphere (Figure 6). First,
it should be noticed that the increase of overpressure and rate of pressure rise with the dust
concentration is very fast, which tends to decrease the accuracy at the ‘transition’

concentration, i.e. 125 g.m‘3. Indeed, in this transition zone, a small variation in the dust
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concentration can greatly impact the pressure-time evolution. The maximum overpressures
obtained are similar independently of the agglomeration state of the sample, reaching around
8.8 bar (Figure 6a), which implies that the same amount of powder seems to react. From the
observation of the overpressure evolution with the concentration, agglomeration seems to
have a limited effect on the thermodynamic development of the explosion. On the other hand,
significant differences appear when regarding the maximum rate of pressure rise obtained for
each powder (Figure 6b). The raw powder leads to the most severe explosion, with a
maximum rate of pressure of 944 + 118 bar.s!. The less agglomerated (at least theoretically)
powder i.e. SiQC Al, is slightly less severe and reaches 822 + 98 bar.s"'. Both powders are
then classified in the St2 class, with explosivity index Ks of respectively 256 + 32 bar.m.s™!
and 223 + 27 bar.m.s™\. The explosions produced by the powders agglomerated with a density
of 400 g.L'! are less severe, reaching 713 #+ 85 bar.s! for the sample A2 and only 556 + 60

bar.s™! for the sample B, which ranks both powders as St1.

1000 |
10
"-;,_\ 800
# &
= =
s o
a . 2 600
S o
& 5
2 &
S 4 O 400
k] 7 a
> 5 y
< —=— Raw powder o é —=&— Raw powder
2 Sample A1,400g.L" § 200 »- Sample A1,260 g.L”
-4 Sample A2, 260 g.L" I -~ Sample A2, 400 g.L"
—-e- Sample B, 400 g.L" /J --e- Sample B, 400 g.L"
0 = T g T T T T T g T 1 0 L T 1 T ! T T T E T
0 200 400 600 800 1000 0 200 400 600 800 1000
a) Mass concentration (g.m°) b) Mass concentration (g.m’3)

Figure 6. Evolution of the a) maximum overpressure and b) maximum rate of pressure rise as

a function of the mass concentration of the four samples of carbon-coated silicon
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Then, it appears that only the maximum rate of pressure rise is affected by the agglomeration
state of the powder. Considering spherical particles, the density of each powder and the mean
surface diameter measured after dispersion in the 20 L sphere (Table 2), the reactive surface
area developed after dispersion was calculated for each sample at each concentration.
Contrary to the obvious correlations between the explosion severity and the reactive surface
observed for starch powders (Santandrea et al., 2019a), no clear relationship could be
extracted for the carbon coated silicon. Indeed, if the combustion of organic powder is limited
by the pyrolysis step or by the surface reaction of the particles (Di Benedetto et al., 2010), the
carbon-coated silicon does not undergo such pyrolysis step. Since the combustion does not
occur in gaseous phase, the distance between the particles is of great importance. Indeed,
increasing the concentration in the same volume reduces this distance, possibly leading to a
transition between the combustion of the individual particle (small concentration) to a group
combustion at higher concentrations. On the contrary, promoting the agglomeration tends
both to increase the average distance between the combustible structures and to decrease the

surface concentration.

After each explosion test, the evolution of the pressure was recorded during the cooling phase.
Since the combustion of silicon consumes oxygen and produces silica, the final pressure in the
sphere is lower than the atmospheric pressure, even if the combustion of the carbon layer
leads to the production of, among others, carbon monoxide and carbon dioxide. The stabilized
pressure after explosion can provide information on the combustion gases production and

oxygen consumption (Figure 7).

To evaluate the combustion mechanisms, two hypotheses were investigated. First, successive
reactions were considered: the carbon C reacts first, followed by the silicon Si (Figure 7). The
second hypothesis consists of simultaneous reactions of the carbon and the silicon, the oxygen

consumption by each reaction being proportional to the molar proportions of C and Si. The
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considered reactions are the formation of carbon dioxide from the carbon and oxygen, and the
reaction of silicon with oxygen to form silica (SiO2). Assuming that the particle diameter is
40 nm with 2 nm of carbon coating, a molar proportion of 27.4% of carbon and 72.6% of
silicon was considered. In light of the similar measured overpressures, it was previously
established that the reaction products were not significantly affected by the agglomeration
state. For a given mass concentration, the same amount of powder is then assumed to be

consumed for each sample and the reaction of nitrogen with silicon was neglected.

It appears in Figure 7 that the experimental residual pressure seems to follow the same
evolution than in the case of simultaneous reactions of carbon and silicon, even if the carbon
layer is the first compound theoretically in contact with oxygen. Such behavior can notably be
explained by the combustion of silicon in vapor phase, which is confirmed by considering
Glassman’s criterion: the boiling point of Si (2355°C) is much lower than the volatilization
temperature of its oxide (2950°C for silica) or of its carbon layer (more than 4000°C). As a
consequence, after ignition, i.e. at high temperatures, the carbon coating does not prevent or
hinder the combustion of the silicon. If the second model seems to represent satisfactorily the
experimental data, a concentration shift is visible for the low dust concentrations. Indeed, the
value experimentally measured at 125 g.m™ for the raw powder, i.e. around 0.97 bara,
corresponds to the value calculated at 60 g.m™ by both models. As a lower pressure would
have been theoretically expected, this shift may be due to oxygen adsorbed onto the particles
surface, reacting more easily with the carbon layer and generating an extra amount of carbon
dioxide. Moreover, Figure 7 shows that the powders agglomerated by the process A, i.e.
powders Al and A2, follows globally the same evolution than the raw powder with a final
pressure stabilized around 0.87 bara. On the contrary, the final pressure obtained after
combustion of powder B stabilized around 0.89 bara, which confirms the specificity of this

powder due to the agglomeration process. Due to the PSD of sample B being greater than
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438  those of the other SiQC powders, the heating rate of such structures is probably slower, which
439 may modify the reaction mechanism, promoting the effect of the carbon layer and thus

440 leading to a lowest explosion severity.
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Figure 7. Evolution of the stabilized pressure after explosion in the 20 L sphere with the mass
concentration: experimental data for the different samples of carbon-coated silicon and

models for the raw powder

In addition to the experiments conducted in the 20 L sphere, the minimum ignition energy
(MIE) of the different powders was determined in the modified Hartmann tube according to
ISO/IEC 80079-20-2 (2016). While the MIE of the raw powder was evaluated at 5 mJ, no
ignition was observed at 1J for the three other samples when varying the dust quantity from
0.6 to 1.8 g and the ignition delay time from 90 ms to 150 ms. Although some glowing
particles were observed when testing the sample Al, no flame was obtained. The
agglomeration then appears to significantly reduce the ignition sensitivity of SiQC powders,

turning very sensitive raw powders to samples almost insensitive to electrostatic ignition
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(Janes et al., 2008). By examining the evolution of the PSD in the tube with the RS lens, it
appears that mean surface diameters of 82 and 252 um were obtained for raw SiQC sample

and sample B, respectively; which is consistent with MIE results.

Nevertheless, as shown in Figure 6, the lowest concentration for which an explosion was
obtained at 10 kJ is the same for all the samples, i.e. 125 g.m™. Since these tests were
performed at 10 kJ, additional tests should be conducted with the standard ignition energy to
apply to determine the LEL, i.e. 2 kJ (EN 14034-3, 2006). Still, the LEL does not seem
significantly modified by the agglomeration state of the powder, which can notably be
explained by the strong fragmentation of the agglomerates during the dispersion in the 20 L
sphere. Indeed, the agglomerates submitted to the high shear stress of the injection device in
the 20 L sphere tend to break more easily than the agglomerates lifted by the air pulse in the
modified Hartmann tube, which give them ignition properties similar than the raw powder.

This point will be developed in the next section.

3.3. Some theoretical clues on relating the dispersion process and the particle size

distribution of nanopowders clouds

Inertia, rotary and turbulent stresses are the three main stresses exerted by the fluid flow on
the particles surface. It seems important to consider them as their evolution can explain the
deagglomeration phenomenon and thus, the changes in the ignition sensitivity and explosivity
previously described.

The inertia stress is due to agglomerates shifts and accelerations in the flow direction. It can

be defined by equation 1 (Deng et al., 2016; Weiler et al., 2010):

arccos
[ [1 _ (d gg‘dp

(uP B u) [Rerel Rerel05 +0. 4] (1)
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where p is the fluid density; dp, its primary diameter; dagg, the diameter of the agglomerate; u,
the flow velocity; up, the agglomerate velocity and Rer, the Reynolds number calculated

from the slip velocity us between the agglomerates and the gas:

us = (up —u) =d12,(p%._up).a (2)

where py is the particle density; p the fluid dynamic viscosity and a the acceleration term.
The rotary stress O; is generated in zones with high velocity gradient (du/dz). Weiler et al.

(2010) defines it as follows:

0 =22 (dagg) - (%)2 3)

Finally, turbulent stresses Ot caused by the vortices present in the velocity field can also lead
to agglomerate breakage both due to impaction between solid structures and to shear stresses.
They depend on the ratio between the Kolmogorov scale and the agglomerate size and are

expressed as a function of fitting parameters a; given by Weiler et al. (2010):

3ap—1
in( 2-1)

a3 a
or = arp. M| . (dage)” @)
where Viin is the kinematic viscosity of the fluid and Ip, the Kolmogorov scale of the flow.
The latter parameter can be found for the 20 L sphere at various dispersion times, especially at
10, 50 and 100 ms for Kolmogorov scale (Dahoe et al., 2001; Ogle, 2016). Due to Ip values
being unavailable for dust dispersions in the Hartmann tube, they have been evaluated by the

following equation:

0.25

= (%) ()

€

where € is the turbulence dissipation rate which can be estimated as follows by considering

only the vertical direction z:

& = 15. Viin. (ddlz)2 6)
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This assumption made on a privileged direction of the particle flow is confirmed by previous
Particle Image Velocimetry (PIV) experiments (Cuervo, 2015). Particles and agglomerates
velocities, velocity gradients and acceleration were determined both for the sphere and the
tube by CFD simulations and were validated experimentally by PIV measurements (Cuervo,
2015; Murillo, 2016).

Figure 8 shows that the inertia stress is by far the greatest stress which applies on the
agglomerates, significantly increasing when dagg increases. The predominance of drag forces
on other fragmentation mechanisms is confirmed by other authors (Breuer and Khalifa, 2019)
and is illustrated by a Stokes number greater than 90 for a dust dispersion of SiQC in the
sphere, corresponding to large relative velocities between the agglomerates and the flow.
However, other mechanisms such as the impaction of large particles on the upper and lower
plates of the rebound nozzle (Kalejaiye et al., 2010) should not be neglected. It should be
stressed that the calculations were performed for the first 10 ms of the dust dispersion as high

acceleration rates specifically occur on short time scales (Murillo, 2016; Weiler et al., 2010).
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Figure 8. Evaluation of the intensities of the rotary, turbulent and inertia stresses in the 20 L

sphere for SIQC agglomerates

Figure 9 represents the evolution of the global stress (sum of inertia, rotary and turbulent
stresses) exerted on SiQC agglomerates both in the 20 L sphere and in the modified Hartmann
tube. At first, it can be noticed that, whatever the dispersion time, the stress which applied on
the agglomerates in the 20 L sphere is always greater than in the modified Hartmann tube. It
can explain why the agglomerated samples of SiQC showed a minimum ignition energy
greater than 1 J as they cannot be fragmented during their dispersion in the tube. On the
contrary, Figure 5 demonstrates that the SiQC samples can be deagglomerated, at least
partially, by their injection in the 20 L vessel. As previously said, Figure 9 also confirms that
the fragmentation occurs during the first moments of the dust dispersion, when the
acceleration and the slip velocity are the greatest. Three models were used to assess the
agglomerate strength 0.z and compare it to the deagglomeration stress (Kendall, 1988;
Rumpf, 1962; Weiler et al., 2010). Rumpf model assumes that the agglomerate is separated in
two parts by a transverse section, without taking into account the actual structure of the
agglomerate. It implies that the breakage occurs through a simultaneous rupture of all the

bonds along the fracture plan:

OaggR = 2- <1;:p> 'g_f: )

where €, is the porosity of the agglomerate and F., the cohesion force, limited here to the Van
der Waals forces Fvaw. With regard to the work presented by Deng et al. (2016), the porosity
of SiQC agglomerates was set at 0.8 and Fvaw was estimated through the following

relationship valid for 2 identical spheres:

Hdp
2
24.hp

®)

|Fyaw| =
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where H is the Hamaker constant and hy, is the cutoff of separation, set at 0.165 nm (Deng et
al., 2016). As Si is coated by a carbon layer, an average Hamaker constant H of 2.5.10"% J
was chosen, based on the work of Dagastine et al. (2002), indicating that this value is valid for
graphite particles in air.

Kendall (1988) claimed that a more gradual rupture occurs and that the real cohesion strength
of an agglomerate is overestimated by Rumpf model. As a consequence, the following
relation was proposed for the cohesion strength:

(1_5p)4 H
* 2
dp 12.1‘[.hp

Gagg,K =15.6

€))

Finally, Weiler et al. (2010) proposed an alternative model assuming a total breakage of the
agglomerates, by considering all the contacts between the particles. Obviously, the cohesion

strength of such structure is greater than those obtained by the previous models:

3 Arccos(b)
o — (1—Sp) Fc dagg _ 4'(1_W) (10)
agg,W gp  2.d%ge |\ dp b2
. d
withb = —2—.
agg_dp

In Figure 9, it should be noticed that, even in the 20 L sphere, the stresses are not sufficient to
break every Van der Waals bond of SiQC agglomerates, which is notably confirmed by
Figure 5 in which microstructures are still clearly visible. By applying Rumpf model, it seems
that only the structures larger than 90 um will be broken during a dust injection in the 20 L
sphere, whereas the limit defined by Kendall model is close to 25 um. The latter value is
consistent with the measurements performed with the laser sensor (Figure 5), but no larger
agglomerates are visible after dust dispersion in the sphere, which tends to support Kendall’s
approach. These conclusions are also in accordance with the Monte Carlo simulations
developed by Deng et al. (2016) on 50 nm primary particles. Indeed, they obtained cohesion

strengths of 2.8.10% Pa and 1.7.10° Pa for Kendall and Rumpf models, respectively.
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Nevertheless, it should be underlined that the cohesion strengths presented in our study should
be considered as orders of magnitude as they are greatly dependent on variables which are
difficult to quantify, such as Hamaker constant and the cutoff of separation. The same
approach can be applied to nanocellulose dispersion, with similar conclusions. However, it
will not be detailed here as the fibrous nature of the primary particles makes even more

difficult to define their structural properties.
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Figure 9. Evaluation of the intensities of the deagglomeration stresses in the 20 L sphere and
in the modified Hartmann tube for SiQC agglomerates. Comparison with cohesion strengths

models.

4. Conclusions

The ignition and explosion characteristics of nanocellulose and silicon coated by carbon were
studied with regard to their agglomeration state, through sieving and mechanical
agglomeration. It mainly appears that the agglomerates, naturally or intentionally generated,
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can be broken if a sufficient stress is applied during their dispersion. The threshold stress can
be roughly estimated using models allowing for the determination of the cohesion strength of

agglomerates (Kendall model for instance).

When applying rather low shear stresses, as for instance during the dust dispersion in a
modified Hartmann tube, only the largest structures can be broken, and the minimum ignition
energy is greatly modified by the presence of big agglomerates. However, if a greater stress is
applied, such as during the dust dispersion in the 20 L sphere, most of the micrometric
agglomerates can be broken and the explosion severity is only slightly affected by the
presence of brittle agglomerates. But when harder structures are formed, as it is the case for
SiQC produced by the process B, the maximum rate of pressure rise is significantly decreased

and the combustion mechanisms can also be altered.

Such modification of the explosion risk may be considered as a direct application of the
moderation principle of inherent safety. By intentionally agglomerating nanopowders, their
ignition sensitivity, but also to a lesser extent, their explosion severity, can be greatly reduced.
Nevertheless, it should be underlined that such assertion mainly depends on the stress which
will be applied to disperse the powders, during explosion tests, but above all, during an
accident. It should be added that a similar approach can be applied to micron-size particles or

ultrafine particles.

The specificity of the nanopowders lies in their high specific surface area. But a dust cloud of
nanopowders (at concentrations greater than the minimum explosive concentration) is always
highly polydispersed and the whole particle size distribution has to be considered. Each part
of the cloud can ‘play its own role’: the primary nanoparticles influences greatly the ignition
step, the primary aggregates or agglomerates of a few micrometers play a significant role in

the radiative heat transfer and the bigger micrometric structures can be both considered as
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flame stretching agents and ‘fuel reserves’. But if the cohesion strength of the agglomerates is

too high with regard to the dispersion stress, the explosion risk will be lowered.
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