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A B S T R A C T

The number of products containing nanomaterials is increasing this last ten years. Information and literature about the end-of-life of 
nanocomposites often remains partial and does not address the overall fate and trans-formations of nanoparticles that may affect biological 
responses. This paper underlines that the physico-chemical features of nanoparticles can be modified by the incineration process and the 
available toxicological data on pristine nanofillers might not be relevant to assess the modified nanoparticles included in soot. Combustion 
tests have been performed at lab-scale using a cone calorimeter modified to collect fumes (particulate matter and gas phase) and have been 
characterized using various techniques. Nanocomposites selected were poly(ethylene vinyl acetate) containing Al-based nanoparticles, i.e. 
boehmites or alumina. Evaluations of in vitro cytotoxicity re-sponses on pristine nanofillers, soot and residual ash, show that safe boehmite 
nanoparticles, become toxic due to a chemical modification after incineration process.
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1. Introduction

Recently, nanomaterials have become an ever-increasing feature on
the market [1], with applications like mechanical strengthening, col-
oring, fire-proofing or chemical catalysis. These applications are linked
to the specific properties (size, shape, surface area) of nanoparticles.
However, the specific properties of nanoparticles also imply that they
may represent a risk for human health or the environment. Their size
allows them to cross biological barriers [2], and their reactivity can
lead to adverse health effects [3,4]. The risk assessment led to a large
amount of studies on the toxicity of nanoparticles, too often with
conflicting results [5] as the biological behavior of nanoparticles can be
very difficult to understand and thus to predict. It is therefore needed to
perform a very thorough an accurate characterization of the nano-
particles’ features before carrying out toxicological assessment, as re-
commended by ISO/TR 13,014 guidelines [6].

Organization for Economic Co-operation and Development (OECD)
recently published a report [7] dealing with the amount of nanoma-
terials entering each type of waste treatment facility and the associated
risks of human and environmental exposure. This report pointed at a
general lack of knowledge on the fate of nanoparticles during waste
management. On the specific field of incineration, one of the main
questions was the efficiency of flue gas treatments for the removal of
nanoparticles [8]. Previous works [9,10] showed that some nano-
particles can escape destruction in waste incinerator or trapping in the
incineration plant’s flue gas treatment system. However, the physico-
chemical features as well as the hazard of nanoparticles can be modified
by the incineration process [11], and the available toxicological data
(based on nanoparticles as produced which are initially introduced into
the manufactured products) might not be relevant to the modified na-
noparticles included in soot. It is indeed possible that a non-toxic or
weakly toxic nanoparticle can be transformed and become more toxic
after changes due to incineration conditions.

The literature is limited on the thermal degradation process of nano-
enable products. Sotiriou et al. [12] underline the brittle residual ash
and raised the question of potential release of nanofillers in environ-
ment. Vejerano et al. [13] focused on waste containing nanomaterials
through lab-scale incineration. The authors noted that the majority of
nanoparticles were found in residual ash. Singh, [14] using an in-
cinerator facility presented the key factors governing the release of
nanofillers such as temperature, nanofillers loading. Finally, Ou-
noughene et al. [15] highlighted the necessity to develop analytic tools
in order to quantify the nanostructure in the waste, in the residues and
in the aerosol.

Moreover, very little is known on the potential physical, chemical
and morphological transformation of nanomaterials during the in-
cineration process of nano-enable products. The present study focuses
particularly on nanocomposites since in the last years, inorganic fillers
have been widely incorporated in polymer matrix to improve me-
chanical properties or fire behavior. Some works reported on emission
of pollutants resulting from accidental fire of nanocomposites [16,17]
or focused on smoke characterization and fire toxicity [18], whereas,
few studies dealt with the evaluation of particle size and concentration
of the released aerosol from the thermal decomposition of nano-
composites [19,20]. Some works stressed on the effect of nanofillers
loading and also on the temperature of the combustion [21–23], which
can affect the fate and the possible transformation of the nano-objects
initially incorporated in the polymer matrix, when they are not de-
stroyed during incineration.

All things considered, there is a lack of a fundamental under-
standing on the thermal decomposition of nanocomposites. More spe-
cifically, some key points should be deeply investigated such as the
physical, chemical and morphological changes of nanofillers during the
incineration process, their release as components of by-products (i.e.
soot and residual ash), and finally the hazard associated to these by-
products. Therefore, this work aims at providing original data in term of

the identification of nanofillers modification and their related hazard
during the thermal degradation of industrial nanocomposites.

The in vitro cellular response was assessed using a macrophage cell
line in terms of cytotoxicity (i.e. quantification of LDH release). This
cytotoxicological response was considered regarding the physico-che-
mical parameters defined by ISO standards.

We focused on nanocomposites relevant of the wire and cable in-
dustry, i.e. ethylene vinyl acetate (EVA) nano-enabled thermoplastics
incorporating Aluminium-based nanofillers (alumina and boehmites)
incorporated into a poly(ethylene vinyl acetate) (noted EVA) matrix.
Indeed, EVA-based composites are frequently filled with Al-based nano-
sized particles in order to significantly improve mechanical properties
and fire reaction.

2. Materials and methods

2.1. Sample’s description and formulations

The Poly(ethylene vinylacetate) used is Repsol EVA PA 440 from
Gazechim. Alumina nanoparticles were purchased from Evonick (AluC)
and two boehmites have been given by Saint Gobain. The boehmite
were selected with varying shape platelet or spherical, boehmite; AlO
(OH)-p vs. AlO(OH)-s). The first step to facilitate the formulation im-
plementation was the preparation of EVA solution in tetrahydrofurane
(THF) at 50 °C before particles dispersion using a magnetic stirrer. After
THF evaporation composite master batch film was collected and cru-
shed. Then the master batches were diluted using a twin-screw ex-
truder. The melt blending was carried out on a co-rotating twin-screw
extruder (Clextral, standard profile, length = 1200 mm, speed = 200
rpm, screw diameter = 20 mm, T = 120 °C to 170 °C and rate flow =
9 kg/h). The samples were injection molded (Krauss Maffei KM 50 t,
T = 170–180 °C, mold temperature = 25 °C) to obtain specimens
(100 × 100 × 4 mm3). Sample pellets were dried at 70 °C for 8 h before
injection molding.

2.2. Lab-scale incineration process and sampling soot and residual ash for
analysis

Experiments are performed using a lab-scale incineration facility
mainly composed of a modified a cone calorimeter with controlled at-
mosphere. These device was developed, validated and compared in a
previous work [22,24]. The combustion parameters are well-controlled
in terms of temperature (850 °C in the combustion and post-combustion
zone), residence time (at least two seconds in the post combustion zone
at 850 °C), atmosphere (air-excess, never below 11% of oxygen) and
flow turbulence (with a mixture between combustible and oxygen). The
heat flux was fixed at 75 kW.m−2 on the sample (2.5 g) embedded in a
fine inconel grid. The aerosol combustion was sampled with an iso-
probe (insulated at 150 °C) especially design for keeping isokinetic in
the duct. The total amount of aerosol was deposited on 47 mm diameter
polycarbonate membranes (Isopore 0.2 μm GTTP– Merck Millipore)
(Fig. 1).

It was noticed that aerosols from the incineration of nanocomposites
consisted of a complex mixture of particles called soot or particulate
matter (PM). During incineration process, the residual ash collected
contained very different products such as, fly ash and bottom ash.

For the toxicological assessment, soot and residual ash from in-
cineration were dispersed to obtain a stock suspension at a concentra-
tion of 12 mg/100 mL in water milliQ. This dispersion requires the es-
tablishment of a specific protocol in view of the constraints associated
with the presence of carbonaceous soot, more or less oily, or with a
liquid phase modifying the local state of aggregation of particles.
Firstly, a 30-minutes sonication at a power of 70 W, (using an ultrasonic
bath) was performed to remove all particles from filters used for the
collection of the soot. To avoid agglomeration and to obtain a stable
suspension, the suspension was then sonicated using a Bioblock



Scientific Vibracell 75,043 probe-sonicator (750 W) for 10 s and 20 s
pause, for 40 min in total. The same protocol was kept for final dilution
in the biological medium.

2.3. Physical, chemical and morphological characterization

2.3.1. Thermogravimetric analysis (TGA)
The thermal decomposition was investigated using a Perkin Elmer

Pyris-1 TGA. All measurements were performed under air with a heating
rate of 10 °C min-1, from 30 °C to 900 °C. The sample weight was
10 ± 2 mg.

2.3.2. X-Ray diffraction
X-Ray Diffraction (XRD) analyses of nanoparticles were performed

on a Bruker X-ray diffractometer using Cu Kα radiation.

2.3.3. Zeta potential measurement
The optimal dispersion of nanoparticles on a substrate depends on

zeta potential of the initial suspension. The nanoparticles are well dis-
persed when the suspension is stable and then absolute value of the zeta
potential is higher than 30 mV. For each sample, the measurements of
zeta potential as a function of pH were carried out by keeping constant
ionic strength with sodium perchlorate solution, perchloric acid and
sodium hydroxide of concentration 0.1 mol/L.

2.3.4. SEM measurements
SEM images have been performed with a Zeiss ULTRA-Plus

equipped of a Field Emission Gun (FEG) microscope and in-Lens SE
detector. All images have been carried out through secondary electrons
collected by InLens detector. Size of particles have been determined and
this measurand (area-equivalent diameter, Darea-eq.), is defined as the
diameter of a sphere that would have a projected surface.

2.4. Cytotoxicity assessment

2.4.1. Cell line and culture conditions
The RAW 264.7 were provided by the ATCC Cell Biology Collection

(Promochem LGC). This murine peritoneal macrophages cell line is
transformed by the Abelson Murine Leukemia Virus. Incubation of cells
were performed at 37 °C under a 5% carbon dioxide humidified atmo-
sphere using Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen).
This medium was complemented (DMEMc) with 10% of fetal calf serum
(FCS, Invitrogen), 1% penicillin-streptomycin (penicillin 10 000 units/
mL, streptomycin 10 mg/mL; Sigma-Aldrich). Cell viability was
checked by trypan blue dye exclusion (Sigma). We used the protocol
previously described by Leclerc et al. [25,26]. Cells were prepared in
96-well plates. A nanoparticle stock suspension of 1200 μg/mL in water
milliQ was prepared in order to perform dilutions in DMEMc. These
dilutions were then added to the cell culture wells. Different doses of
nanoparticles were tested: 11.25, 22.5, 45 and 90 μg of nanoparticles
per mL. Three independent experiments were performed for each con-
dition.

2.4.2. Cytotoxicity assay
The release of lactate dehydrogenase (LDH) in the culture super-

natant, after a 24H incubation, lead to assess the damage of cell
membranes in presence of nanoparticles. The CytoTox-ONE™
Homogeneous Membrane Integrity Assay (Promega) was purchased, in
order to dose LDH using a fluorometer (Fluoroskan Ascent,
Thermolabsystems) with excitation/emission wavelengths set at 530/
590 nm. The positive control consists in measuring the released LDH
after the lysis of control cells, this level of LDH corresponding to 100%
of cytotoxicity. Finally, the activity of the released LDH for the different
experimental conditions was expressed as a percentage of this positive
control.

Fig. 1. Lab-scale incinerator (cone calorimeter with controlled atmosphere according to G. Ounoughene et al. 2015).



3. Results and discussion

3.1. Thermal stability degradation

Fire behaviour of pure polymer and nanocomposites was in-
vestigated using a cone calorimeter with an incident irradiance of
50 kW/m2 and incineration with heat flux fixed at 75 kW/m2. The cone
calorimeter test permits to assess the fire behaviour and to determine
the weight loss of neat EVA and EVA nanocomposites (Fig. 2).

In incineration condition, specimens containing alumina, boehmites
(AlO(OH)-s and AlO(OH)-p) have shown an increase of peak heat re-
lease rate. These particles impaired the fire behaviour of neat EVA. The
residue increase was only due to the substitution of a part of polymer by
inorganic particles.

In order to characterize the thermal stability of the neat EVA and
EVA nanocomposites thermogravimetric analyses (TGA) have been
performed. Unlike the cone calorimeter no difference between the neat
EVA and the EVA composites except at the end of test were noted for
the same reasons as outlined for cone calorimeter tests. The difference
rate of residue between neat EVA and EVA based nanoparticles is
mainly due to the presence of nanoparticles during the degradation
process (Fig. 3). Moreover, few organic carbon is detectable in the re-
sidual ash from EVA based nanocomposites.

In order to focus on the end of life of nanocomposites and to in-
vestigate the possible release of PM by sampling aerosols. The following
part devoted to the study of the morphological analysis of soot and
residual ash. The physical and morphological transformation of re-
leased PM and residual ash will be investigated in the following section.
Finally, the nanoparticles effect on biological outcome will be de-
termined.

3.2. Chemical, physical and morphological transformation of nanofillers in
soot and residual ash

Fig. 4 shows the SEM images regarding the fate of nanoparticles (in
soot and/or residual ash) after incineration of EVA nanocomposites.

The irradiation use in incineration simulation test (75 kW/m²) is

equivalent to 850 °C, and the full decomposition of EVA is at around
480 °C that leading to no residue only soot could be observed. Then,
EVA burns quickly and generates a high smoke emission without
leaving any char residues during incineration process (Fig. 5).

This is probably attributed to the full decomposition of EVA at
480 °C (Fig. 3), leading to no residue. The morphology of soot of EVA-
based nanocomposite is quite similar to pristine EVA. While the soot of
pristine EVA consists in an agglomerated structure with pseudo-sphe-
rical nanoparticles, the presence of boehmite and alumina doesn’t lead
to significant modifications of the soot structure. The XRD analysis
(Fig. 6) confirmed that there are no nanofillers detectable inside the
soot. Moreover, the presence of nanofillers doesn’t seem to increase the
soot production during the matrix thermal decomposition.

Then, knowing the burning way of EVA, it seems that the phe-
nomenon speed might induce the presence of nanoparticles in residue.
This seems to be confirmed by the TGA measurement where the yields
of residue is closed to the percentage introduce in the nanocomposite

Fig. 2. Cone calorimeter test (a) in fire condition at 50 kW.m−2 and (b) in incineration condition at 75 kW.m-2.

Fig. 3. TGA measurements of EVA composites.



(3% wt. Fig. 3- versus 5 wt.% included in the formulations) in case of all
boehmites and alumina.

The presence of nanoparticles has few influences on soot features.
On the contrary, in the residual ash for all kinds of nanoparticles
(boehmites and alumina) the presence of initial nanoparticles can be
highlighted regarding the specific morphology and XRD spectra (Figs. 6
and 7). In EVA nanocomposites containing boehmites (Fig. 7), a frac-
tion of isolated pristine nanoparticles is quite distinct in the residual
ash, whatever the shape of boehmite nanoparticles (AlO(OH)-p and AlO
(OH)-s).

Even if nanoparticles are not detected in aerosol for the nano-
composite in incineration conditions, soot morphology is affected by
their presence. The presence of nanoparticles in ash residue was also
investigated by XRD analysis. The nanoparticle affects the residue
morphology. Significant residual ash is generated with boehmites and
alumina.

The particles and residue characterizations by XRD (Fig. 6) show the
stability of alumina during heat treatment and the transformation of

boehmites in alumina. Indeed, it is knowing that the boehmites present
a degradation temperature between 450 °C–500 °C and this degradation
corresponds to the dehydroxylation of AlO(OH). The irradiation used in
incineration simulation test (75 kW/m²) is equivalent to 850 °C, the
boehmites are so exposed to a higher temperature than necessary to
transform it in alumina. These analyses have demonstrated that the
particle shape has no influence on the particles degradation pathway.

For each of the batches of nanoparticles prepared, size distribution
were established and fitted by a statistical model (the Maximum-

Fig. 4. Scanning electron microscopy (SEM) images of nanoparticles alone, soot and the residual ash after incineration for EVA-based nanocomposites.

Fig. 5. Soot from EVA incineration.

Fig. 6. XRD analysis of neat particles (left) and residues of composites (right).



Likelihood estimation) [27]. Around twenty images have been acquired
and 200 particles have been selected and measured by the image ana-
lysis software developed by Delvallée [28]. As the particles are not
always spherical, the measured diameter is an area-equivalent dia-
meter, Darea-eq. Then, the mean diameter and the standard deviation
were calculated.”

Whatever the origin of soot (EVA based nanocomposites), images
from SEM analysis and results from zeta potential measurements con-
duct to similar behavior with an equivalent diameter closed to 45 nm in
average and an isoelectric point (noted IEP) around to 2.

This seems that the EVA soot governs emission at high temperature.
Even if residual ash from boehmites contained some similar shape na-
noparticles (see Fig. 7), the chemistry is clearly modified with alumina
formation (see Fig. 6). In contrast to soot, the equivalent diameter
(Table 1) measured for residual ash is decreasing for AlO(OH)-p and
Al2O3, excepted for AlO(OH)-s. In this last case, it should be due to
absorption of residual carbon from EVA decomposition.

To go in depth, we investigated variation of the ζ-potential mea-
surements in order to investigate the effect of the morphology of na-
noparticle and the coverage of EVA soot absorbed on different nano-
particles (Fig. 8). According to Gao et al. [29] the absorption of
nanoparticle to pollutants is dependent on pH. The adsorption onto a
solid depends on the pH and at the pH at which the surface of nano-
particle become neutral (isoelectric point IP) particle tends to be ag-
glomerated. Generally, pH could be one factor which can have an in-
fluence on the state of aggregation of nanoparticle under different
conditions (temperature, coating…). As underlines Kosmulski in a re-
cent review [37], the ζ-potential is not only related to the type of ma-
terial. Zêta potential could depend on the chemical and crystallographic
composition, particle size, crystallinity, impurities, and the presence of
thermodynamically unstable phases.

In our case, the boehmites nanoparticles (i.e. AlO(OH)-s and AlO
(OH)-p) exhibit a close zeta potential of + 50 mV at natural pH of about
4. By adding NaOH, the potential decreases gradually to a negative
value of −35 mV at pH 12 via an isoelectric point (IEP) at pH 10.
Alumina (i.e. Al2O3) has a natural pH of 5 with a positive zeta potential.
By adding of NaOH, the potential decreases gradually to reach a ne-
gative value of −35 mV at pH 12 through an isoelectric point at pH 6.2.

Aerosols from EVA nanocomposites incineration of based on

boehmites (i.e. AlO(OH)-s and AlO(OH)-p) and alumina nanoparticles
have a zeta potential close to −45 mV at the natural pH of soot which is
around 7. By adding NaOH base, the potential decreases gradually to a
negative value of −60 mV at pH 12. The comparison of zeta potential
profile show a similar behavior between pristine EVA and soot from
EVA filled NP. These results suggest that the behavior of aerosols from
incineration containing NP becomes similar to that of the EVA soot
alone. That suggested the soot is a carbon-containing structure. The
presence of NP does not cause changes in the surface charge of the soot.
At acid pH, the zeta potential is close to 0. The repulsion due to the
surface charge is non-existent and sedimentation of soot in an aqueous
medium is maximal. It seems to demonstrate that the nanoparticles are
not associated (or interact) with soot of particles from EVA incineration
process. The fate of by-product generated by incineration highlights the
important role of the matrix EVA thermal properties on the release of
nanofillers in soot or in residual ash during end-of-life incineration. It is
confirmed by the all the data analysis in previous section. It may be
noticed that the zeta potential for residual ash is affected by the pre-
sence of nanoparticles and the evolution of the curve is close to this of
pristine nanoparticles. Indeed, nanoparticles from boehmites are easily
broken up and isolated from residual ash (see Fig. 7).

However, important changes are observed and summarized in the
Table 2.

The toxicological responses were evaluated by dosing the LDH re-
lease assessing the damage of the cell membrane (Fig. 9).

Concerning the cytotoxicty level of the pristine nanofillers, two
behaviours are observed when cells are incubated 24H with nano-
particles. Whatever the shape of boehmite nanoparticles (AlO(OH)-p
and AlO(OH)-s), the LDH values are always at the same level by com-
parison with the negative control (i.e. macrophages incubated without
nanoparticles). This result supports the conclusion that all boehmite
nanofillers studied were not cytotoxic. By contrast, Alumina nanofillers
showed a significant and moderate cytotoxic profile, but only for the
higher dose used (i.e. 90 μg/mL). Although, the biological outcome of
the pristine nanofillers was clearly disparate, interestingly we noticed
that the cytotoxicity level of the by-products obtained after the in-
cineration process lead to a same toxicological behaviour whatever the
Al-based nanocomposites (i.e. using boehmite or alumina nanofillers).
Indeed, firstly our findings clearly demonstrated that the resulted

Fig. 7. Focus on residual ash from EVA containing boehmites (AlO(OH)-p and AlO(OH)-s).

Table 1
Statistical parameter for estimation of the size distribution of nanoparticles measured on SEM Images.

Pristine NP Soot from EVA/NP Residues from EVA/NP

AlO(OH)-s AlO(OH)-p Al2O3 EVA alone AlO(OH)-s AlO(OH)-p Al2O3 AlO(OH)-s AlO(OH)-p Al2O3

Mean diameter
Darea-eq. (nm)

33.6 29.5 30.5 48.6 43.5 48.6 42 46.6 26.4 < 10a

Standard deviation (σ) 18.5 9.7 18.7 12.9 13.9 12.9 12.6 12.3 10.2 a

a not measured.



residual ash of Al-based nanocomposites is not cytotoxic. On the con-
trary, the soot obtained after thermodegradation of Al-based nano-
composites showed a significant and moderate cytotoxic profile, but
only for the higher dose used (i.e. 90 μg/mL). In other words, the bio-
logical outcome confirms that the chemical transformation of pristine
nanofillers during the incineration process (i.e. mainly the transfor-
mation of boehmite into alumina) lead to obtain similar hazard profile
in by-products, although the cytotoxicological profile of the pristine
nanofillers initially incorporated into the EVA matrix were disparate.

Indeed, the biological outcome confirms that the chemical trans-
formation of pristine nanofillers during the incineration process (i.e.
mainly the transformation of boehmite into alumina) lead to obtain
similar hazard profile in by-products, although the cytotoxicological
profile of the pristine nanofillers initially incorporated into the EVA
matrix were disparate.

4. Conclusion

In summary, the LDH toxicological responses of pristine Al-based
nanofillers (boehmites and alumina) are different. The boehmites were
not cytotoxic contrary to alumina that shows a moderate cytotoxic
profile. The data presented here clearly underline that the residual ash
of Al-based nanocomposites are not cytotoxic. By contrast, we showed
that soot resulting of Al-based nanocomposites is cytotoxic with no
significant impact of the type of nanofillers (Boehmite versus Alumina).
Thus the residual ash from incineration of Al-based nanocomposites can
be re-used for road construction, or landfilled.

Enhanced, safer approaches by design apply to the design stage of
the nanocomposites using nanoparticles less toxic during the produc-
tion phase. However, during the end-of-life cycle, especially here in-
cineration, nanoparticles that appeared "safe" at the production stage of

Fig. 8. Variation of Zeta potential as a function of pH in three different metal oxides. Zeta-potential reported for (a) nanoparticles alone, (b) soot from EVA
nanocomposites and (c) residual ash from EVA nanocomposites.

Table 2
Factors affecting the fate of nanoparticles from nanocomposites after incineration.

Statistical analysis

Al Morphology Size

Pristine nanoparticles AlO(OH)-s **** Spherical Around 30 nm
AlO(OH)-p **** Platelet
Al2O3 **** Spherical

Soot AlO(OH)-s Ns Spherical Around 45 nm
AlO(OH)-p Ns Spherical
Al2O3 ns Spherical

Residual ash AlO(OH)-s *** Spherical Value close to pristine nanoparticles
AlO(OH)-p *** Spherical and Platelet Value close to soot
Al2O3 *** Spherical Value smaller than pristine nanoparticles



the nanocomposite (i.e. boehmite), may have physico-chemical trans-
formations with a strong impact on the biological outcomes of soot. The
factors that can influence the toxicological risk are linked to the phy-
sico-chemical parameters that can be modified during incineration
process. The transformation of boehmites into alumina during the in-
cineration process leads to obtain similar cytotoxicological profile in
soot, whereas pristine boehmites appeared as safe.

These results lead to the conclusion that both flue gas and slag
treatments will be affected by concerns about nanomaterials risks and
hence, potential precautions will need to be taken in their subsequent
treatment steps. That needs to develop analysis methods and tools to
characterize the waste nanostructure.
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