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Safety parameters assessment is not sufficient to fully understand the flammable and explosive behaviour of a
combustible dust and correctly manage potential risk. A correct evaluation requires the identification of flame
propagation path as well as the limiting step controlling fire propagation, through evaluation of dimensionless
numbers (Biot, Damkohler, Thiele, Sherwood, Thiele modulus numbers). Herein, these aspects were investigated
for non-traditional dusts, made of nylon 6,6 short fibers. To this purpose, flammability parameters including
minimum ignition energy (MIE), the maximum pressure of explosion and the deflagration index were assessed
and combined with results of extensive physical-chemical characterization, by means of several techniques
(TGA/DSC, FTIR, XRD). In particular, thermogravimetric analysis highlighted the presence of homogeneous and
heterogeneous phase phenomena activated at different temperatures and heating rates. The homogeneous phase
processes are controlled by the pyrolysis process strictly dependent on the dust size and its decomposition ki-
netics. The most flammable sample is characterized by smaller dimensions and a fast decomposition kinetics at
low temperature. Heterogeneous flame propagation is controlled by the intrinsic heterogeneous reaction. The
most reactive sample is characterized by the highest value of specific surface area and by intense exothermic
phenomena at low temperature, as evidenced by the analysis of the solid residue. As a main conclusion, the
processes involving nylon fibres that may modify the key parameters influencing the flammable/explosive
behaviour are also discussed.

1. Introduction packaging (Sirane Group, 2021). Nylon is produced starting from
diamine acid, a monomer extracted from crude oil, that is combined
with adipic acid to create a polymer (nylon salt crystals). The product is

then heated to melting and extruded through a metal spinneret. The

Most studies dealing with dusts explosibility and flammability were
performed assuming particle sphericity. However, combustible “non-

traditional” dusts do not match this model, showing non-spherical
shapes. Therefore, the study of the explosible properties of non-
traditional dust may be challenging and requires to set specific pro-
cedures (Amyotte et al., 2012). Yet, it is highly demanded because of the
widespread use of non-traditional dusts in the textile sectors as well as
agriculture and food processing. Nylon is one of the most used synthetic
polymers due to its high mechanical strength, flexibility, good stability
under heat or chemical treatments. Thus, not only has it replaced silk
and cotton to make fibres for textiles, but is also largely used to produce
films for vacuum food packaging for oven, microwave or sous-vide
allowing food to be packed, shipped, sold and cooked in the same
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produced fibres are loaded onto a bobbin and stretched to increase their
strength and elasticity. Finally, they are dyed and cut to produce the
desired end product (Sewport, 2021). Both fibres and films fabrication
involve production of short nylon fibres. For instance, the nylon films
manufacturing process starts with melting down small nylon fibres, until
they become molten and flattenable (Tricor Flexible Packaging Inc.,
2021). Due to the presence of small nylon fibres, obtained by cutting
longer nylon fibres loaded onto spool, a dust explosion may occur. Fibre
explosibility has been occasionally investigated over the years and,
consequently, there is a very low level of awareness of the risk of ex-
plosions due to these non-traditional dusts. Several authors highlighted
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that flocculent materials displayed the same behaviour as spherical
particles, explosion likelihood and severity increasing with a decrease in
fibre diameter (Amyotte et al., 2011, 2012; Hossain et al., 2013; Russo
etal., 2013; Worsfold et al., 2012). Moreover, Amyotte et al. (2012) and
Marmo et al. (2018) examined the potential hazard of these materials as
well as the experimental challenges posed by their marked flocculent
nature. Nevertheless, the same authors underlined the lack of informa-
tion about these samples, mainly regarding 20 L explosion chamber
experimentations, and the lack of data on the fundamental ignition
behaviour of flocculent dusts (Amyotte et al., 2012; Marmo et al., 2018).
In our previous paper, we showed that the explosion mechanism of dusts
occurs through the following network of series/parallel steps (Fig. 1) (Di
Benedetto et al., 2010). Therefore, the explosion/flammability behav-
iour depends on the controlling step. According to the model developed
by Di Benedetto et al. (2010) (Di Benedetto et al., 2010), the calculation
of dimensionless numbers allows the identification of the controlling
step. To calculate them and then to fully understand the explosion/-
flammable behaviour of dusts, the evaluation of the thermal behaviour
and the chemical nature is required. This work aims at fully character-
ising the flammability behaviour of nylon short fibres, that differs both
for diameter and length as well as finishing surficial treatment. To this
purpose, the ignition susceptibility analysis has been carried out to
assess the minimum ignition energy (MIE), the maximum pressure of
explosion and the deflagration index. Furthermore, an extensive
chemico-physical characterization including the thermal behaviour has
been performed by means of several techniques (TGA/DSC, FTIR, XRD).
All these analyses have been used for the evaluation of several dimen-
sionless numbers used to get insight into the step controlling the flame
propagation in homogeneous and heterogeneous phase and conse-
quently into the key features of the samples influencing the flame
propagation, flammability and explosibility.

2. Materials and methods

Five nylon 6.6 samples with different properties summarised in
Table 1 were investigated. Dtex (or decitex) is a unit of measurement for
the linear density of fibres. It is equivalent to the mass in grams per
10,000 m of a single filament and can be converted to a particle diameter
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Table 1

Properties and labels of nylon 6.6 samples.
Sample Linear density (Dtex) Activation Colour Label
Nylon 6.6 1.9 Yes Blue 1
Nylon 6.6 3.3 Yes No 2
Nylon 6.6 6.7 No Dark blue 3
Nylon 6.6 6.7 Yes Brown 4
Nylon 6.6 0.9 No Dark blue 5

do not disperse easily in the air. To remove the sticky layer, fibres are
coloured and activated through a wet process. Moreover, the activation
process alters the fibre surface and makes the fibres easy to suspend
(Marmo and Cavallero, 2008).

To identify the flame propagation controlling step, several dimen-
sionless numbers have to be evaluated. Particularly, to assess the role of
particle heating, we calculated the Biot number (Bi), which is the ratio
between the internal heat conduction time (t) with respect to the
external heat transfer time (t,) (Equation (1)). The evaluation of the
comparison between heat transfer and devolatilization reaction was
performed by calculating the Damkohler number (Da), which is the ratio
between the external heat transfer time (t,) and the devolatilization
chemical time (tyyr,) (Equation (2)). The thermal Thiele number (Th)
allow the comparison between the conduction heat transfer time (t;) and
the pyrolysis chemical time (t,yr,) (Equation (3)). Notably, in the case of
nylon, as well as for all non-traditional dusts, the dimensionless numbers
have to be all evaluated by using D4 as a representation of the dust size
(Russo et al., 2013). To compare the volatiles combustion time to the
pyrolysis time, the Pc number has to be evaluated as the ratio of the
volatile combustion time (t;mp) and the pyrolysis time (tr,) (Equation
(4)).
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Fig. 1. Schematic representation of the paths occurring during dust explosion (Di Benedetto and Russo, 2007).
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where AT; (K) is the temperature difference between particle and sur-
rounding gases, h, (W m~2 K1) is the heat transfer coefficient, ¢; (—) is
the emissivity, ¢ (W m~2 K4 is the Stefan-Boltzmann constant, Agys; (W
m? K’l) is the thermal conductivity of the solid, (kg/m3 s) is the
pyrolysis reaction rate, Cpgys: (J kg’1 K™D is the specific heat, I is the
flame thickness (typically, 1 mm), paus (kg/m>) is the dust density and S;
(m/s) is the laminar burning velocity. Pc number was calculated by
assuming S§; = 0.2 m/s. Moreover, two additional dimensionless
numbers have to be considered to assess the step controlling the het-
erogeneous combustion. More precisely, the Thiele modulus (@) in-
dicates the rate of reaction with respect to the rate of intra-particle
diffusion while the Sherwood number (Sh) represents the ratio of the
inter-particle (convective) mass transfer to the rate of intra-particle mass
diffusion transport. The Thiele modulus (¢q,) for a first order reaction
can be calculated as follows:

Kin
Do,

@ =Deg %)

The Sherwood number is a function of the Reynolds and Schmidt
dimensionless numbers (Ranz and Marshall Jr., 1952; Rowe et al.,
1965):

De
Sh=Ke- 4 — 2 4 0.69ReSch 6)

0,

where ki, (s™1) is the intrinsic kinetic constant for the first exothermic
peak found in oxidative atmosphere, Doz (m?/s) is the effective oxygen
diffusivity, Kc (m/s) is the external mass transfer coefficient and Sc (—) is
the Schmidt number defined as

__H
pDo,
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SEM analysis was carried out through Philips mod. XL30 at magni-
fications from 100x to 6000 x. From these images, the shape of the dust
was identified. In addition, ImageJ was used to estimate particle sizes by
means of a statistical analysis. To determine both the crystallographic
structure and the degree of crystallinity, XRD analysis was carried out
through XRD diffractometer PANalytical X’Pert Pro using Cu Ka radia-
tion (1.5406 A). The range of variability of 26 is [5°; 79.99°] with a step
size of 0.013° and a scan step time of 8.67 s. The calculation of inter-
planar spacing (d) was calculated through Bragg’s law (Bragg and Bragg,
1913) while the average crystal size (D) was determined by
Debye-Scherrer equation (Debye and Scherrer, 1916). BET theory aims
to explain the physical adsorption of gas molecules on a solid surface and
serves as the basis for an important analysis technique for the mea-
surement of the specific surface area (SSA) of materials. During this
analysis, the density of the material can also be evaluated. BET SSAs
were measured by Ny adsorption at 77 K with a Quantachrome
Autosorb-1C instrument after degassing the samples at 150 °C for 1.5 h.
The device MIKE3 was used to estimate minimum ignition energy of dust
samples (ASTM International, 2003). It consists of a 1.2 L volume ver-
tical glass tube. The bottom is made of stainless steel and it is shaped to
act as a dust distributor. A mushroom-shaped air nozzle, provided with
seven holes for air flow, is in the middle of the distributor. Two tungsten
electrodes are located at 1/3 height from the bottom of the test chamber.
The tips of the electrodes are located symmetrically with respect to the
vertical axis of the test chamber. The two tips are 6 mm apart. The top of
the test chamber is closed with a disk of filter paper held in place in such
a way that the explosion can open the test chamber to vent the explosion
products. The device can control the delivered energy and the delay time
between the dust suspension and the spark. The delay time can be varied
between 30 and 180 ms. In this work, the standard delay time has been
used (120 ms) with an inductance at 1 mH. Each sample was submitted
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to a maximum of ten ignition attempts at different concentrations and
delivered energy.

The standard 20 L explosion vessel was used to determine Py,x, (dP/
dt)max and Kg; (ASTM E1226-19, 2019). Due to the low bulk density of
the samples, for all the tested concentrations, the sample was placed
directly in the 20 L vessel around the rebound nozzle used for dust
dispersion, as suggested in Amyotte et al. (2012). In particular, Amyotte
etal. (2012) developed a test procedure for the 20-L chamber in which a
maximum of 15 g of dust were placed in the external dust storage
container and the remaining part was charged directly around the
rebound nozzle. In this work, we observed an obstruction of the external
electro-pneumatic valve already at 250 g/m® (5 g sample). For this
reason, we decided to charge the whole amount of sample around the
rebound nozzle. It is worth noting that in this case all the measurements
were repeated three times but all the results must be taken into account
as qualitative and not quantitative since the tests were not carried out
following the recommendation of the standard description (ASTM
E1226-19, 2019). Moreover, for all the samples, it was necessary to
perform a manual evaluation to identify the maximum rate of pressure
rise due to the flock explosion, always weaker than the chemical igniters
explosion. Indeed, as shown in Figure S1, the chemical igniters explosion
is always more severe than the flock explosion and the software evalu-
ation of the maximum rate of pressure rise is always relative to chemical
igniters explosion phenomenon.

To evaluate thermal properties and characteristic temperatures of
the samples and assess some parameters useful for the dimensionless
number evaluation, thermogravimetric analyses were carried out with
TGA/DSC TA instrument Q600SDT. 5 mg sample were loaded into an
alumina pan and were tested up to 1000 °C (heating rate 10 °C/min) in
both inert (N2) and oxidative (air) atmosphere (flow rate 100 mL/min).
Through TG/DSC analyses in inert atmosphere, some key information
about the homogeneous path may be derived such as the volatile con-
tent, the heat of devolatilization and the released gaseous species
composition. Conversely, with tests in oxidative atmosphere, the het-
erogeneous path may be investigated, the chemical interaction of the
dust with oxygen.

From TG analysis, the proximate analysis determined the moisture
content (M), volatile matter (V), ash (A) and the calculation of fixed
carbon (H), following the standard procedure (ASTM D7582 - 15, 2015).
Gases produced from samples degradation, were analysed through FTIR
gas spectroscopy which was carried out through TGA/FTIR interface in
line coupled with to TGA furnace. The cell and transfer line of the
TGA/FTIR interface were heated and kept at 220 °C. In this way, product
gases from samples degradation could not condense. The output of this
analysis is a Gram-Schmidt diagram. The HR Nicolet TGA Vapor Phase
library of OMNIC software has been used to recognize the product gases.
To confirm the chemical nature of the substances and to exclude dif-
ferences due to colouring and activation processes, FTIR analysis was
carried out on solid samples through Nicolet 5700 FTIR, solid (KBr
grade), disk 1%, resolution 4 cm’l, range 4000-400 em~! out with.

3. Results
3.1. SEM analysis

SEM analysis was carried out to assess the fibre shape, length and
diameter. Fig. 2 shows SEM images for all investigated dusts at different
magnifications. All the samples are composed by cylindrical fibres. From
these images, it is not possible to notice the differences due to the dying,
whereas the effects of the activation process are evident. In particular,
fibres of samples 1, 2 and 4 appear well separated because the surfactant
thin layer has been removed by the wet activation process. Conversely,
fibers in samples 3 and 5, both not activated, are more compact. Espe-
cially in 200x SEM image of sample 3 (Fig. 2 (c)), a sticky group of fibers
is easily visible. Average length and diameter of fibres were calculated
from the SEM images, by statistical analysis using ImageJ program
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Fig. 2. SEM images of sample 1 (a), sample 2 (b), sample 3 (c), sample 4 (d)
and sample 5 (e) investigated at 200x (left) and 6000x (right) magnification.

(Schneider et al., 2012) (Table 2).

The fibre diameter and length ranges from 10 up to 30 pm and 319 up
to 933 pm, respectively. Furthermore, sample 1 and 5 show the smallest
diameter and length. Table 2 also reports the equivalent particle di-
ameters, D,q as calculated according to the following formula (Russo
et al., 2013):
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Table 2
Average length and diameter of nylon 6.6 fibres.
Sample  Linear density (Dtex)  Length, L (um)  Diameter, df (um)  Deq (um)
1 1.9 393 15 87
2 3.3 520 20 115
3 6.7 540 30 144
4 6.7 933 30 189
5 0.9 319 10 64

drL
Doy =24/ (8)
¥

The smallest value of the equivalent diameter is found for sample 5.
3.2. Flammability

The flammability of nylon 6.6 fibres was investigated, by measuring
the minimum ignition energy in the Hartmann tube at 120 ms and 1 mH.
In Table 3, MIE or E; values are reported, as measured for all the nylon
6.6 samples. Samples 2, 3 and 4 did not ignite for ignition energy equal
up to 1000 mJ. Sample 5 is the most susceptible to electric discharge
ignition followed by sample 1. As found with SEM analysis, these sam-
ples are characterized by the smallest values of equivalent diameters.

3.3. Explosibility

Table 4 shows the values of maximum pressure of explosion,
maximum rate of the pressure rise and deflagration index, which were
obtained testing the samples with the standard procedure (ASTM
E1226-19, 2019), modified for the case of fibres. As it can be observed,
Sample 5 is not only the most sensitive to ignition but also the most
explosive, although all the samples turn out to be class St-1 explosives.

3.4. FTIR analysis

All the samples have been characterized by FTIR analysis to identify
their chemical nature. Figure S2 shows the FTIR spectra are shown as
obtained for all samples. The spectrum of Nylon 6,6 is also shown for
comparison. The bands of the spectra are given in Table S1. The spectra
of all samples (1-5) correspond to the spectrum of nylon 6.6 (Hummel
Polymer Sample Library of OMNIC software).

3.5. BET analysis

Table 5 reports the specific surface area (SSA) measured through BET
analysis as well as sample density. SSA values are quite similar except for
sample 3 and 5 which exhibit the lowest and the highest specific surface
area, respectively. The densities of each sample are comparable except
for sample 1 one which shows a slightly higher value. From these first
analyses, as expected, the explosive behaviour seems to strongly depend
on the sizes of the fibres. Small sizes make fibre dispersion easier and
more effective. This phenomenon makes the formation of an explosive
cloud more probable. Notably, the surface area also play a role in
determining the explosive behaviour. The specific surface area (SSA) is a
key parameter which significantly affects the heat transfer rate, the
volatilization rate, the heterogeneous combustion and most importantly

Table 3

Minimum Ignition Energy of nylon 6.6 samples, tv = 120 ms and L = 1 mH.
Sample E; (mJ) E; (mJ) Ez (mJ)
1 300 471 1000
2 - - >1000
3 - - >1000
4 - - >1000
5 100 228 300
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Table 4
Prax, (dP/dt)max and K, of nylon 6.6 samples, IE = 10 kJ.
Sample Ppax (bar) (dP/dt) max (bar/s) Ks, (bar m/s)
1 6.6 180 50
2 6.4 110 30
3 6.6 80 22
4 5.2 40 11
5 7.0 250 68
Table 5

Specific surface area and density of nylon 6.6 samples.

Sample SSA (m?/g) Density (g/cm®)
1 10.5 1.23
2 10.4 1.07
3 3.9 1.11
4 10.8 1.05
5 14.3 1.06

0, diffusion. Oxygen diffusion is also affected by crystalline fraction of
materials. Indeed, a low crystalline degree (amorphous material) pro-
motes the diffusion of oxygen that can sustain the combustion reaction
thus supporting the flame propagation (Nabatame et al., 2003). The
calculation of crystalline fraction for all the samples will be showed and
discussed in the following sections. Instead, activation ad coloration
seems to have slight effect on the explosive character, negligible
compared to the effect of the size of the fibers. Indeed, sample 5 is the
most reactive even if its dispersibility is compromised due to the absence
of the activation process. It can be concluded that in the case of sample
5, the dispersion is effective despite the absence of the activation process
due to the small size which plays a fundamental role. Therefore, acti-
vation ad coloration will considered as negligible in the rest of the study.
To correlate the chemical/physical properties to the flammability
feature, it is interesting to evaluate the thermal behaviour of nylon 6.6
samples in N> and oxidative atmosphere.

4. Thermal analysis
4.1. Proximate analysis

Proximate analysis was performed on each sample to quantify the
volatile (V), the humidity (M), the ash (A) and the fixed carbon (F)
contents (ASTM D7582 - 15, 2015). Obtained values are reported in
Table 6, for all samples. The moisture percentage is about 1% for all
samples. The volatile content is very high ranging from 90 to 98%. The
ash content is lower than 10% for all samples, while fixed carbon is not
present. From these data we may conclude that all the samples have a
very high volatile content. In our previous papers, we showed that the
dust response to the temperature increase is very useful for under-
standing the phenomena controlling the flammability/explosion
behaviour of dusts (Centrella et al., 2020; Portarapillo et al., 2020). In
this work, we performed thermogravimetric analysis of all samples, in

Table 6

Proximate analysis of nylon 6.6 samples (ASTM D7582 - 15, 2015).
Sample M% V% A% F%
1 0.3 98.7 1.0 ~0
2 1.1 96.5 2.4 ~0
3 1.1 98.7 0.2 ~0
4 0.4 91.0 8.6 ~0
5 0.7 92.3 7.0 ~0
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both Ny and air atmosphere. The temperature has been varied up to
600 °C, at a heating rate equal to 10 °C/min.

4.2. N3 atmosphere

TG curves for all samples are reported in Figure S3, in terms of
weight loss as function of temperature are shown as obtained for all the
samples. From these profiles, characteristic temperatures were calcu-
lated: the onset temperature at which weight loss starts (Tonser), the in-
flection point temperature at which there is the maximum rate of weight
decrease (Tpex) and the temperature at which the weight loss ends
(Togfser)- The calculated values are reported in Table 7. Sample 5 has an
early thermal degradation (380 °C) compared to the others (=390 °C).
This could be due to the lowest fibre sizes. The maximum degradation
rate is also reached earlier (Tgey), about 10 °C, by sample 5. In addition
to the TG curves, DSC curves in nitrogen atmosphere are reported in
Fig. 3.

Two endothermic peaks are found for all samples. The former peaks
(256 °C) can be addressed to the melting of the crystalline material. The
temperature of the second (endothermic) peak is slightly different for all
samples and it is equal to the flex temperature (Tge,). This peak has been
addressed to the occurrence of a pyrolysis reaction. To evaluate the
nature of the produced gas, FTIR gas analysis was carried out and the
obtained the Gram-Schmidt diagram is shown in Figure S4. All samples
exhibit a single peak which corresponds to the temperature of the second
peak in the DSC diagrams (Fig. 3), confirming the occurrence of the
pyrolysis reaction. At each peak of Gram-Schmidt diagram corresponds
a spectrum shown in Fig. 4.

All curves have the same main peaks. Noteworthy, decomposition of
all samples leads to the formation of the same volatile substances. In
particular, CO, (peaks between 2400 and 2200 cm ! and at 669 cm™Y),
NH; (peaks at 3330 em~! and between 2000 and 600 cm ™) and H,0
(peaks in bands 4000-3000 ecm ! and 2200-500 cm™!) are the main
products in Ny atmosphere measurements. Moreover, the two peaks at
2934 and 2866 cm™! are due to C-H bond, so they indicate a hydro-
carbon chain while the peak at 1766 cm™! is related to C=0 bond,
related to the production of cyclopentanone (Hornsby et al., 1996).

4.3. Air atmosphere

The tests in air have been carried out up to 600 °C with heating rate
equal to of 10 °C/min. TG curves for all samples are shown in Fig. 5.

The TG curves in oxidative atmosphere are significantly different
from those obtained in N,. Several additional weight losses are
observed. Table 8 shows different onset, offset and inflection tempera-
tures as many as the phenomena occurring for each sample.

Focusing on sample 5, it is characterized by the lowest value of onset
temperature, thus, its thermal decomposition as well as interaction with
oxygen start at lower temperature. The first weight loss of sample 5 is
the highest, with a weight loss of 40% at temperature below 342 °C
(Togfset, 1)- It is worth noting that between Tofe1 and Tonser,2 of sample 5
there are about 100 °C in which the sample actually continues to lose
weight (about 20%) with a slower phenomenon than the first and third
ones, with the latter which ends with the complete consumption of the
solid within 500 °C. Fig. 6 shows the corresponding DSC curves as

Table 7
Characteristic temperatures from TG curves in N, atmosphere.
Sample Tonser (°C) Tfex (°C) Tofpser (°C)
1 390 427 510
2 391 429 495
3 387 425 507
4 392 430 493
5 380 417 510
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Fig. 5. TG curves of nylon 6.6 samples in oxidative atmosphere (air),
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obtained for each sample.

All samples exhibit a first endothermic peak which can be addressed
to the crystalline melting of the material (as in the Ny measurement).
Furthermore, several exothermic peaks are evident unlike DSC curves
recorded in Ny atmosphere. In the case of sample 5 these peaks are the
highest among investigated samples. Table 9 shows the peak tempera-
ture (Trexopeak) and the released heat (AHexgpeat) in correspondence of the
first exothermic peak, for all samples.

It is worth noting that the heat released at the first peak, increases as
the characteristic fibre dimension (D) decreases. To assess the chemi-
cal nature of the solid residue after the first exothermic peak, FTIR
analysis was performed. For samples 1, 2, 3, 4, the residue had a very
tough shell. However, inside the shell, the substance present is still nylon
6.6 as reported in the spectra of Figure S5. The residue of sample 5 had a
porous and easy to pulverize shell. As can be seen in Fig. 7, the spectrum
of sample 5 after the first exothermic peak, (Sample5_afterlexopeak) is
significantly different from that of nylon 6.6 and very similar to the
spectrum of char (Xia et al., 2015), suggesting that a chemical trans-
formation has occurred.

As can be seen in Fig. 6, at 400 °C, other exothermic reactions occur
in the case of the other samples. DSC and FTIR results suggests that after
the first peak, a surface hard is formed which isolates the nylon core
until, at high temperatures, the shell breaks allowing the diffusion of
oxygen and then the heterogeneous reaction. To evaluate the chemical
nature of the gaseous substances released during the first peak, FTIR on
evolved gas was carried out. Figure S6 shows the Gram-Schmidt profiles
as functions of time and temperature for each sample. All Gram-Schmidt
diagrams show two main peaks, the former recorded during the
exothermic phenomenon in DSC analysis. The spectra of evolved gases
are reported in Fig. 8.

From the comparison between FTIR spectra, it can be driven that
there are some differences between the composition of evolved gases in
oxidative (Fig. s9; S7-S9) and inert atmosphere (Fig. 5). In particular,
Figure S7 shows FTIR spectra of the volatile substances produced by
sample 1 evidencing that CO5 (at 2400-2200 cm’l) and H,O (at 4000-
3400 cm ™! and 2000-1200 cm™!) are the main products, with CO in
trace (at 2200-2000 cm™1). Thus, differently from the results under Ny
atmosphere, cyclopentanone was not found. Figure S8 shows the FTIR
spectra of samples 2, 3 and 4, which evidence that. The main product is
CO,. The peaks at 2960 cm™! and at 2252 cm ™! can be addressed to
metyl-isocyanate (CoH3sNO), whereas the bands at 2181 and 2106 em™?
suggest the presence of CO. Furthermore, the peaks at about 1750 cm ™!
suggest the presence of small amount of cyclopentanone. Moreover, in
the case of Sample 5 the formation of CO (green) and NHj (red) is
detected (Figure S9). The peak at 1766 cm~! is related to C=0 bond
(production of a significant amount of cyclopentanone) while bands at
2181 and 2106 cm ! are due to CO. As for samples 2, 3 and 4, the peaks
at 2960 cm™! and at 2252 cm™! are attributable to metyl-isocyanate
(C2H3NO). The interaction with oxygen of Sample 5 at low tempera-
ture (the onset temperature in oxidative atmosphere is about 300 °C)
leads to the generation of combustible volatiles (CO, NH3, CoH3NO and
cyclopentanone). It is worth noting that although in the oxidizing
environment the main products are those typical of complete combus-
tion (CO; and water) due to the presence of the combustion reaction in
the heterogeneous phase, even in oxidative atmosphere there is still the
formation of flammable gaseous species produced by thermal decom-
position of the fibres that can take part to combustion in the homoge-
neous phase. In order to better clarify the reason why sample 5 is the
most reactive, we evaluated the step controlling the sample ignition/
explosion.

4.4. Evaluation of the controlling step
To assess all the dimensionless numbers, the pyrolysis kinetics and

the thermal trends in oxidative atmosphere were studied in detail. The
Flynn—Wall—Ozawa (FWO) method was used to calculate the activation
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Table 8
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Characteristic temperatures from TG curves in oxidative atmosphere (air), 10 °C/min.

Sample Tonser,1 (°C) Tfiex,1 (°C) Toffeer,1 (°C) Tonser,2 (°C) Tiex.2 °C) Toffeer.2 (°C) Tonser,3 (°C) Tiex.3 (°C) Toffser,3 (°C)
1 325 344 357 414 436 472 512 538 571

2 396 434 469 514 533 567 - - -

3 391 432 471 506 523 548 - -

4 390 431 465 500 518 562 - - -

5 318 328 342 450 474 483 483 493 500

—— Sample1
1 —— Sample2
—— Sample3
—— Sample4
—— Sampleb5

]

Heat flow (W/g)
T

T T T 1
300 400 500 600

T(°C)

T T
100 200

Fig. 6. DSC curves of nylon 6.6 samples in oxidative atmosphere.

Table 9
Temperatures and heat released at first exothermic peak of each sample. The
equivalent diameter is also reported.

Sample Deg (pm) Tiexopeak (°C) AHpexopeak (J/8)
1 87 351 —233.0
2 115 350 -12.6
3 144 305 -14.4
4 189 282 —27.4
5 64 334 —508.6
—— Sample5_afterlexopeak
—— Nylon 6,6
)
o
e
©
)
o
(2]
2 ]
<C
T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Fig. 7. Spectra of nylon 6.6 TQ (black) and sample 5 (blue) after the first
exothermic peak.

energy E, and Arrhenius pre-exponential factor Z values (Liu et al.,
2020). The kinetic analysis is fully reported in the Supplementary Ma-
terial file (Figure S10-S17). Table 10 reports the kinetic parameters of
pyrolysis reaction which consists of a single stage for each sample. As
shown in Table 10, the activation energy (E,) and the intrinsic kinetic
constant (Z) are the same for all samples, except for sample 5, suggesting
that a different mechanism is occurring when the sample undergoes
pyrolysis.

In Table 11, the external heat transfer coefficient, the fibre equiva-
lent diameter and the effective oxygen diffusivity are reported for each
sample. Table 12 contains the values of Bi, Da, Th and Pc as calculated
for all samples, where h, = D%q is the heat transfer coefficient with the

model of pipe wall.
The other parameters to calculate dimensionless numbers are (Pro-
fessional Plastics, n.d.):

- Cpaust = 1670 J/kg K

- Adust = 0.25 W/m K

- ¢ =0.88

- AT = 0.5 K value chosen due to the fibres size
- 6=5.67x10"8 W/m? K*

Biot number is equal to 1 for all the samples, suggesting that external
and conduction (internal) heat transfer time are comparable. Da and Th
numbers are found to be both much lower than 1, for all samples. From
the values of Pc (>>1) we may conclude that the pyrolysis time is much
higher than the volatile combustion time then identifying the pyrolysis
of nylon 6,6 as the controlling step of the flame propagation. However,
the pyrolysis time strongly depends on the fibre size.

Table 12 shows the pyrolysis time (ty;= pause/7p) for each sample,
with a value quite lower in the case of Sample5, which proved to be the
most sensitive to ignition (lowest value of the MIE). As a result, when the
pyrolysis is faster, the dust is more flammable and the explosion that
occurs is more severe.

As far as it regards the analysis in oxidative atmosphere, the kinetic
analysis was more complex due to the presence of several phenomena
occurring at different temperatures and heating rates (e.g., oxygen
diffusion, heterogeneous combustion, devolatilization etc.). For all the
samples except Samples 3 and 4, it was possible to focus on three
different stages and the respective kinetic parameters were evaluated.
The kinetic analysis is fully reported in the Supplementary Material file
(Figure S18-S32).

For the calculation the Thiele modulus (¢q3), the intrinsic kinetic
constant (k;,) was evaluated by considering the effectiveness factor n and
the Weisz-Prater module &, so that the effect of oxygen mass transfer
can be evaluated and eliminated (Zhao and Sun, 2013). Sh was calcu-
lated assuming Reynolds number equal to 2000 (i.e., the maximum
value allowable by Equation (6) by (Ranz and Marshall Jr., 1952; Rowe
et al., 1965).

The effective oxygen diffusivity was calculated for each sample using
Equation 9

100 — X,

2 3/2
T )'Du T, 9

peak

Do, ;= (

where X, is the crystalline fraction within the sample and D, (m?/s) is
the oxygen diffusion coefficient of the amorphous polyethylene (Xc = 0)
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Fig. 8. Spectra of product gases at first exothermic peak of nylon 6.6 samples.

Table 10
- Kinetic parameters relative to decomposition in inert atmosphere for each
sample.

Sample  Deq Tpeak Tpeak () Tpeak (K)  Eq (kJ/ Z(™h
(um) (K) 10 °C/ 20 °C/ mol)
5°C/ min min
min
1 87 675 698 718 ~169.0 3.2x10'°
2 115 675 698 718 ~169.0 3.2x10%°
3 144 675 698 718 ~169.0 3.2x10%°
4 189 675 698 718 ~169.0 3.2x10'°
5 64 671 689 708 ~176.5 1.8x10"
Table 11
Hydraulic diameter and heat transfer coefficient of nylon 6.6 samples.
Sample L (pm) dy (pm) Deg (pm) he (W/m® K)
1 393 15 87 2499.0
2 520 20 115 2172.5
3 540 30 144 1740.7
4 933 30 189 1324.3
5 319 10 64 3922.7
Table 12
Dimensionless numbers for all samples and pyrolysis time.
Sample Bi Da Th Pc toyr (8)
1 1 4.42x10°* 4.42%x10°* 2.84x10% 1.41x10?
2 1 7.72x107* 6.72x10~* 2.82x10* 1.41x10?
3 1 1.21x107° 1.09x1072 2.82x10* 1.41x10?
4 1 2.09x1072 1.78x107° 2.82x10* 1.41x10?
5 1 2.39x107* 2.14x107* 2.71x10* 1.36x10?

at ambient temperature (1.70x 10719 m?2/s) (Michaels and Bixler, 1961).

To estimate X, we calculated the fusion heat AHff"wle from the DSC

analysis for each sample:

X = AHﬁZ:xple (1 0)
‘ AHift_uv;wz
where AH’:;ID" (J/g) is the heat of fusion of crystalline nylon 6,6 (175.6 J/

g) (Starkweather et al., 1984). In Table 13, the heats of fusion and the
crystalline fractions are reported.

Table 13

Heats of fusion and the crystalline fractions of nylon 6.6 samples.
Sample Dq (um) AH{Z; pte 0/8) X (=)
1 87 63.94 0.36
2 115 68.57 0.39
3 144 69.28 0.39
4 189 70.76 0.40
5 64 53.27 0.30

The evaluation of the crystallinity degree is very important since it
has been shown that amorphous materials have oxygen diffusion coef-
ficient much higher than crystalline materials (Nabatame et al., 2003),
thus increasing the reaction rate of the heterogeneous path which is
mainly controlled by Os diffusion. Therefore, the reactivity of dusts
should increase with the lower crystalline degrees. Sample 5 is charac-
terized by the lowest crystalline fraction thus, at the same temperature,
it is characterized by the highest value of oxygen diffusivity.

XRD analysis was carried out to assess crystal sizes and patterns are
shown in Figure S33. According to Diaz-Alejo et al. (2013) (Diaz-Alejo
et al., 2013), the samples show a similar diffraction pattern of a pre-
dominant amorphous material with some crystallinity degree as
conferment by the presence of melting peak in DSC curve. The peaks at
around 26 = 19° and 260 = 26° correspond to the reflection of (100) and
(010,110) doublet of the a phase of nylon 6.6 crystals oriented in a
triclinic cell. From this analysis, average crystal size (D) and interplanar
spacing (d) were calculated by Debye-Scherrer equation (Debye and
Scherrer, 1916) and Bragg law (Bragg and Bragg, 1913), respectively.
These parameters are reported in Table S2. The interplanar spacing lies

between 3.5 and 4.5 A while the average crystal size changes a lot from
sample to sample. Sample 5 shows the lowest pair of parameters.

In Table 14, the kinetic parameters of oxidation reactions are re-
ported while all the dimensionless numbers have been calculated and
showed in Table 15. From the obtained values of &7, («1), we may
conclude that the heterogeneous flame propagation path is controlled by
the intrinsic reaction. Consequently, the main effect is played by the
specific surface area. Sample 5, that has the highest value of SSA, reacts
faster and at lower temperature compared to the other samples.

5. Discussion

To summarize, it is possible to have the nylon fibres intrinsically safe
by controlling three key factors:
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Table 14

Kinetic parameters, oxidative atmosphere.

Third stage

Second stage

First stage

Deq

Sample

(um)

Z(s™H

E, (kJ/
mol)

Tpeak )
20 °C/

Tpeak )
10 °C/
min

Tpeak
min

Tpeak

)

Z (™

E, (kJ/
mol)

Tpeak )
20°C/

Tpeak (K)
10 °C/
min

min

Tpeak

)

Tpeak
X

VACES)

E, (kJ/
mol)

Tpeak )
20 °C/

Tpeak Tpeak (K)
10 °C/
min min

x)

Tpeak
(X)

5°C/
min

2°C/

min

5°C/

min

2°C/

min

5°C/

min

2°C/
min

4.62x10°
2.47x107

148.4
160.9

833
853

800
809

3.40x10?
9.74x10?

80.7

763
774

733
734

3.94x10°
4.43x10°

95.3

606
604
689
690
593

583

582

87

86.8

106.3
210.3
206.5
147.8

115
144
189
64

3.5x10'°

718
719
619

703
705
603

1.71x10"
5.23x10'°

6.10x10°

649 673 693 94.7 9.40x10* - 740 751 773 167.9
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Table 15
Dimensionless numbers for all sample, oxidative atmosphere.
Stage Sample Doz (m?/s) Dy Sh
I 1 9.68x1077 3.42x107° 7.88x10"!
2 8.87x1077 4.34x1073 8.10x107!
3 1.16x107° 1.20x1072 7.43x10*!
4 1.13x107° 1.63x1072 7.49x10"!
5 1.22x107° 5.19x1072 7.31x107!
i} 1 1.36x107° 2.10x1073 7.06x10*!
2 1.26x107° 2.60x1072 7.25x10*!
3 — — _
4 — — —
5 1.44x107° 3.43x1072 6.93x10*!
11 1 1.56x107° 2.45x1072 6.77x10"!
2 1.45x107° 3.01x1072 6.92x107!
3 — — -
4 — — —
5 1.70x107° 1.74x107% 6.58x10"!

1. size of the fibres that regulates the dispersibility and the pyrolysis
time;
2. specific surface area which controls the heterogeneous reaction rate;

5.1. Degree of crystallinity that influences the oxygen diffusivity

Large dimensions of the fibres characterized by limited surface areas
(therefore low porosity) and relevant amorphous fraction should be
guaranteed in every step of the nylon production process.

Unfortunately, during the production of nylon fibres the formation of
small nylon fibres is inevitable (Sewport, 2021).

The explosion risk would be significantly reduced if the dimensions
of the fibres are limited to D > 30 pm and L > 0.5 mm. It is worth noting
that in this work we studied the effect of dimensions by looking at the
equivalent diameter parameter. In a previous work, Marmo and Cav-
allero (2008) found that the influence on MIE of the diameter is more
marked with respect to the length (Marmo and Cavallero, 2008).
However, the fibers length greatly influences the dispersibility of the
fibers within a confined environment and, moreover, it is the parameter
that can be most easily modified and reduced during the processing of
nylon fibers. For this reason, we have decided to take into account the
effect of fibres size in terms of equivalent diameter always considering
that generally the diameter plays a more significant role on the flam-
mability and explosiveness of non-traditional powders than the fibers
length.

Frequently, to increase the interfacial adhesion performance of
nylon-rubber composites with high mechanical resistance, the nylon
fibres are subjected to surface treatments with chemical agents (e.g.,
formic acid) eventually increasing the surface roughness (Krishna Pra-
sad et al., 2017; Krump et al., 2005; Maher and Wardman, 2015; Zille
et al., 2015). These treatments increase the porosity (formation of
roughness containing pits, cracks and micropores) as a function of the
concentration of the chemical agent. Consequently, the surface area of
the treated samples would result higher than the untreated sample and
would cause a faster heterogeneous reaction in case of ignition. Since the
flame propagation in the heterogeneous phase for these materials is
controlled by the intrinsic reaction, the effects of any surface treatments
must be a priori evaluated. Notably, the superficial treatments most
likely modify the surface to the order of submicron level without
affecting the bulk properties.

Other surface treatments such as ablation and etching involve sig-
nificant attack both in the para-crystalline regions or in the crystalline
regions (Okuno et al., 1992). Specifically, these treatments may reduce
the characteristic size of the fibres and also change the amorphous
fraction of the material, influencing the oxygen diffusion through the
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combustible fibres (Kim et al., 2019). Typically, if the fibre treatment is
carried out at high temperatures, the crystallinity degree increases, thus
reducing the oxygen diffusion and making the fibres intrinsically safer.
Uncontrolled treatments can however cause the formation of defects in
the material with an increase in the amorphous fraction with an
unfavourable effect in terms of safety (Kim et al., 2019; Okuno et al.,
1992). Also in this case, the effects of the treatments on the fibres must
be evaluated a priori to be able to design appropriate safety measures.

6. Conclusions

The size of nylon 6.6 fibres, considered in terms of equivalent
diameter, is the main feature to be considered in the flammability and
explosibility risk. Fibres with smaller equivalent diameter can be easily
dispersed thus driving more easily the formation of a flammable cloud.
In addition, smaller samples have a faster thermal degradation as
observed both in inert and oxidative atmosphere. The higher reactivity
exhibited in the thermal tests was confirmed in the flammability tests as
shown by the measured values of the minimum ignition energy.
Dimensionless analysis allowed the evaluation of the step controlling the
fibre reaction paths. It was found that both the homogeneous and the
heterogeneous reactive paths play a significant role in affecting the
reactivity of the samples. In the homogeneous path, the pyrolysis con-
trols flame propagation path while the heterogeneous combustion path
is controlled by the intrinsic kinetic and then mainly affected by the
specific surface area. All these results suggest that to reduce reactivity/
flammability, the key phenomena affecting the reaction progress must
be identified and quantified. Moreover, all the treatments (e.g., super-
ficial ones) that can influence and modify these key parameters should
be examined in order to evaluate the feasibility and if possible try to
apply procedures to obtain an intrinsically safe material.
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