
HAL Id: hal-04747776
https://imt-mines-ales.hal.science/hal-04747776v1

Submitted on 22 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

New insights on physicochemical features and
toxicological outcome provided from incineration of

nanocomposites
Claire Longuet, Carine Chivas-Joly, Nora Lambeng, Valérie Forest, Lara

Leclerc, Gwendoline Sarry, Jérémie Pourchez, J. Lopez-Cuesta

To cite this version:
Claire Longuet, Carine Chivas-Joly, Nora Lambeng, Valérie Forest, Lara Leclerc, et al.. New insights
on physicochemical features and toxicological outcome provided from incineration of nanocomposites.
Next Nanotechnology, 2025, 7, pp.100113. �10.1016/j.nxnano.2024.100113�. �hal-04747776�

https://imt-mines-ales.hal.science/hal-04747776v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Research article

New insights on physicochemical features and toxicological outcome 
provided from incineration of nanocomposites

Claire Longuet a,*, Carine Chivas-Joly b, Nora Lambeng b, Valérie Forest c, Lara Leclerc c,  
Gwendoline Sarry c, Jérémie Pourchez c, José-Marie Lopez-Cuesta a
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A B S T R A C T

This study focuses on research in the area of "nanomaterials in waste" and shows the difficulty of providing 
quantitative data on nanomaterials in different wastes. As highlighted in the ECHA report (November 2021) and 
although substantial progress have been made in the characterization and measurement of nanomaterials, some 
challenges remain, particularly the characterization of nanomaterials in complex media. Therefore, work to 
improve the detection, characterization, and quantification of nanomaterials should be continued to complete 
the database with different types of nanowaste mixtures. The dominant end-of-life scenario for nanocomposites is 
the incineration. The environmental by-products impact on the soil and air have been considered from the point 
of view of nanoparticles partitioning and the potential toxicological synergistic effects. A specific management of 
nanocomposites end-of-life should be implemented as recommended by the Organization for Economic Co- 
operation and Development (OECD) in order to limit nanoparticles dissemination by landfilling and particu-
larly in incineration facilities where their presence is significantly increasing. The aim of our study was to expand 
the current knowledge of the partition of nanowaste, mainly in case of nanocomposites mixture, and the po-
tential synergetic or antagonistic impact of potential hazardous nanowastes on the toxicological profile. Incin-
eration products of ethylene-vinyl acetate copolymer (EVA) and polydimethylsiloxane (PDMS) nanocomposites 
containing both silica and precipitated calcium carbonate, corresponding to cable sheaths compositions, were 
investigated in this study, using a lab-scale incineration process. Soot and residue composition were analysed 
using various relevant experimental techniques in order to assess the presence of initial nanoparticles. In vitro 
toxicological assessments were carried out and have shown that only pro-inflammatory responses seem to be 
affected by the presence of nanoparticles. SiO2 nanoparticles appear to have a major impact on toxicity whatever 
the partitioning in soot or residue. Conversely, CaCO3 as expected does not impact the nanowaste toxicity and 
does not seem able to mitigate the SiO2 toxicity.

1. Introduction

Many industrial sectors and applications (cosmetic, building, auto-
mobiles, aeronautic, aerospace industry, etc.) benefit from the extraor-
dinary nanocomposites properties [1]. In 2022, the worldwide plastics 
production was estimated to 400.3 million metric tons, and, in Europe to 
58.7 million metrics tons [2]. In the European building industry, the 
electrical and electronic sector accounts for 6.2 % (3.17 million tons) of 
the total plastics processors demands [3]. From the end of the nineties, 
the wire and cable industry has been one of the main consumers of 

nanoparticles to create nanocomposites endowed with flame retardant 
properties among others [4,5].

Despite their considerable interest, nanocomposites may have 
adverse environmental impacts, from the different phases of their life- 
cycle to their end-of-life [6-8]. In particular, one of the main issues 
regarding incineration is the potential biological effects that may be 
induced by the incineration by-products of nanocomposites that may 
contain nanoparticles. The knowledge about the fate of nanoparticles 
during incineration of nanocomposites is still limited [9,10]. From the 
few existing studies the fate of nanoparticles in wastes cannot be 
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generalized [11-17,7].
A specific management of the end-of-life of nanocomposites should 

be implemented as recommended by the Organization for Economic Co- 
operation and Development (OECD) [10,18] in order to avoid nano-
particles dissemination by landfilling and particularly in incineration 
facilities where their presence is significantly increasing [15,19]. 
Despite the increasing efficiency of gas treatments, the potential hazard 
profile of nanoparticles can be exacerbated during incineration pro-
cesses, owing to surface chemistry modifications, aggregation or 
adsorption phenomena [20]. In some cases, it was demonstrated that 
high temperatures can lead to partial or total fragmentation, oxidation 
or combustion of organic nanoparticles, even if inorganic ones can be 
aggregated with soot. Various incineration conditions can be found 
using temperatures between 850 and 1100◦C [7]. To address the lack of 
data, lab-scale experimental platforms have been developed to investi-
gate and reproduce the end-of-life scenario in link with standard in-
dustrial incineration conditions such as the temperature, the oxygen 
concentration, the residence time and the fuel turbulence [21–23,7,20].

After incineration, two kinds of residues can have emerged. The 
question of the state and the fate of NPs and their potential toxicity of 
this residual part (i.e. nanoparticles present in residues or soot after 
incineration) have not been widely studied. Yet, toxicological studies 
using in vitro assays are important to assess the hazard associated to the 
release of ultrafine particles from the incineration of nanocomposites 
[12,16,24]. Indeed, although some laboratory studies on different types 
of nanocomposites have highlighted the presence of nanoparticles in 
residues or soot, they have not addressed the impact on risk resulting 
from a mixture of nanoparticles that may be present in the waste stream.

The experimental investigations on the partitioning of nanowaste 
after incineration process is essential to perform toxicological profile 
and to reproduce real-life scenarios of exposure for predicting the 
environmental concentrations of nanoparticles in model calculations.

The main objectives of this study are to improve the current 
comprehension of the partition of nanowaste and the potential syner-
getic or antagonist impact of potential hazardous nanowastes on toxi-
cological profile.

Our specific aims were as follows: 

(i) to examine the fate of a mixture of nanoparticles (SiO2 and 
CaCO3) incorporated in EVA or PDMS polymer matrix in order to 
determine their release and by-products distribution in soot or 
residue ash;

(ii) to elucidate transformation or destruction of nanostructures 
during the combustion process and the possible unchanged 
release of nanoparticles;

(iii) to explore potentially nanoparticles synergistic effect on biolog-
ical outcomes.

The presence of a mixture of nanoparticles in nanocomposite incin-
erated with polymer blends of polyamide 6 and polypropylene (PA-6/ 
PP) containing ZnO nanoparticles [25] leads to biological activities 
related to ZnO nanowaste in these residues. To better understand the 
interactive effects and mechanisms between the mixture of NPs (ZnO, 
SiO2 and CaCO3), we focused our study on polyolefin polymer blends 
(PA-6/PP) associated with EVA, which are widely present in waste 
streams and which generate no residues.

Hence, chemical, physical, and morphological changes of by- 
products from nanocomposites and mix nanoparticles, and the in vitro 
hazards arising from the mixture of these by-products have been 
investigated. For this purpose, a macrophage cell line was used to assess 
cytotoxicity in terms of induction of cell death (LDH (Lactate DeHy-
drogenase) release assay), pro-inflammatory response (TNF-α (Tumor 
Necrosis Factor) production) and oxidative stress (production of ROS 
(reactive oxygen species)).

2. Materials and methods

The combination of existing set-up (Lab-Scale incinerator developed 
in 2015 by Ounoughene et al.) and the experimental mixture of wastes 
streams are necessary to fully characterize nanowaste and feed further 
toxicological models.

2.1. Materials

The ethylene-vinyl acetate copolymer (EVA) used was PA440 from 
Repsol and polydimethylsiloxane (PDMS, High Temperature 

Fig. 1. Illustration of 4 nanowastes stream before incineration: a,b,c) individual nanocomposites and d) mixture nanocomposites simulation. Lab-scale incinerator 
(cone calorimeter with controlled atmosphere according to G. [23]).
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Vulcanization, HTV) was provided by Elkem Silicones. The silica parti-
cles were purchased from Evonik (Aerosil 150 noted SiO2) and the cal-
cium carbonate (Socal 31 noted CaCO3) was supplied by Solvay. SiO2 
used was a hydrophilic fumed silica with a specific surface area (BET 
value) of 135–165 m2/g (data from manufacturer) and average primary 
particle size of 14 nm. CaCO3 was an ultrafine precipitated calcium 
carbonate (particle diameter between 50 and 100 nm) with a specific 
surface area (BET value) of 17 m2/g (data from manufacturer). Nano-
particles were selected and mixed in order to reproduce industrial for-
mulations of the cable industry.

Polymer blend (PA-6/PP) was provided by Arkema (rigid Orgal-
loy®). PA-6/PP was chosen as a model of polymer blends to generate no 
residue after incineration step. ZnO has been widely used for the UV- 
stabilization in the field of automotive sector [26], and is a good 
candidate to promote a carbonaceous structure and create a 
pro-inflammatory response [25]. The zinc oxide nanopowder was pur-
chased from Nanoshel.

2.2. Nanocomposites preparation

The silicone matrix, kindly supplied by Elkem Silicones, contained 
74.4 wt% of vinyl-terminated polydimethylsiloxane (MW of 550,000 g/ 
mol) and 0.6 wt% of 2.5-dimethyl-2.5-di(tertbutylperoxy)hexane as a 
crosslinking agent. It was specifically prepared in order to avoid the 
presence of any other additives in the formula. Composite formulations 
were prepared using a HAAKE internal mixer at a temperature of 40◦C, 
shear rate of 40 rpm and mixing time of 50 min. The HAAKE internal 
mixer has two rotors running in a contra-rotating way to blend the filler 
and matrix. Thereafter, filled silicone was crosslinked under heat at 
150◦C and with a pressure of 90 bars during 15 min to obtain a 
10 cm×10 cm x 0.4 cm elastomer sheet.

EVA compound formulation was carried out via a twin-screw coro-
tating (Clextral, BC21 type, France). This extruder has a 25 mm diameter 
screw profile, a 4 mm diameter die, and an L/D (length/diameter) ratio 
of 48. The extrusion temperature used was 170◦C. The obtained pellets 
were injection moulded (Krauss Maffei 180-CX 50) to obtain sheets with 
similar dimensions. Two nanocomposites based on EVA or PDMS that 
are of relevance to cable industries applications were formulated by 
adding 40 % by weight nanofillers (mixture of SiO2/CaCO3; ratio 1:1). 
ZnO with a content fixed at 5 wt% (as inorganic UV filters) was dispersed 
in the polymer blend (PA-6/PP) by extrusion with a processing tem-
perature from 200 ◦C to 240 ◦C.

2.3. Experimental set-up: incineration process to collect by-products 
(residues and soot)

Existing set-up (Lab-Scale incinerator developed in 2015 by 
Ounoughene et al. and validated in previous works [12,22])with a 
specific device including a modified cone calorimeter (FTT) with an 
irradiance of 75 kW/m2, controlled atmosphere (21 % O2) and air flow 
of 160 L/min has been used (Fig. 1) and. During the test, released soot 
were captured using a polycarbonate filter membrane (Isopore 0.2 µm 
GTTP - Merck Millipore) in the extraction chimney. The sampling was 
performed in order to collect a maximum of soot for all characterization. 
Residue was also collected on the inconel grid located in the incinerator 
chamber. The same operating conditions were applied for all incinera-
tion tests and for all samples.

2.4. Characterization methods of pristine nanoparticles, soot and residues

Physicochemical characterization of pristine nanoparticles and by- 
products generated after incineration process were conducted using 
several analytical techniques according to [27,28] required for nano-
toxicology and risk assessment for nanomaterials.

Dimensional characterizations were performed by scanning electron 
microscopy (SEM) to assess particle size distribution, constitutive 

particle size and morphology; dynamic light scattering (DLS) to provide 
the intensity-averaged hydrodynamic diameter. Chemical identifica-
tions were performed by Energy-Dispersive X-Ray Spectroscopy EDS and 
Pyrolysis-Gas Chromatography coupled with Mass Spectrometry (Py- 
GC/MS) and zeta potential to access to the surface charge. Structural 
characterizations were achieved by using X-ray powder diffraction 
(XRD) for crystallinity structure and BET (Brunauer Emmett Teller) to 
assess specific surface area.

2.4.1. Scanning Electron Microscopy
SEM images were performed with a Zeiss ULTRA-Plus equipped with 

a Field Emission Gun (FEG) microscope and in-Lens SE detector. All 
images were carried out through secondary electrons collected by InLens 
detector. The size measurement was done on SEM images to measure a 
minimum number of 300 particles and obtain an average size that is 
representative of the sample. Platypus®, software developed by Pollen 
Metrology [29] allows the user to measure and automatically count 
particles by adjusting an ellipse on a particle. Then the particle edge and 
corresponding area inside the edge were automatically calculated. From 
images, the equivalent diameter, DSEM-eq., was determined, this meas-
urand is defined as the diameter of a sphere that would have a projected 
surface similar to the projected image of nanoparticle to be measured.

The size distribution was estimated using the Maximum-Likelihood 
estimation statistical method. Prior to the calculation, a choice must 
be made regarding the theoretical probability distribution that is suit-
able to represent the size distribution [30]. Four theoretical models: 
Gaussian, Lognormal, Gaussian mixture, and Lognormal mixture, were 
used to draw the histograms. The probability density function (PFD) of 
the 4 models was determined for the measured sizes of the single par-
ticles. To discriminate between the 4 models, we used the Akaike In-
formation Criteria (AIC) and the Bayesian Information Criteria (BIC). 
The best model is the one that has a minimum AIC and/or BIC, with the 
BIC criterion preferred in case of conflict (taking into account the 
complexity of the model and favouring the model with the fewest pa-
rameters). Dynamic Light Scattering (DLS)

Since DLS measurements must be performed in suspension, all the 
by-products’ particles from filters (soot) or grids (residues) were 
extracted into deionized water. The hydrodynamic diameter of nano-
particles in each suspension was measured by DLS with a Zetasizer Nano 
ZS from Malvern equipped with a Helium-Neon laser (4 mW - 
632.8 nm). DLS was used to obtain information about the hydrodynamic 
diameter of nanoparticles, the average size distribution (Z-average) and 
the dispersity index. Around 250 μL of sample were deposited onto the 
cell as dispersion and were irradiated by a laser. Each acquisition was 
processed by cumulates method.

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

zeta potential of the initial suspension. The nanoparticles are well 
dispersed when the suspension is stable and when absolute value of the 
zeta potential is higher than |30| mV. For each sample, the measure-
ments of zeta potential as a function of pH were carried out by keeping 
constant ionic strength (1 mM) with sodium perchlorate solution, 
perchloric acid and sodium hydroxide of concentration 0.1 mol/L.

2.4.3. Specific surface area
The characterization of individual particles was performed by 

measuring average particle size, polydispersity index, and specific sur-
face area using BET method that is expected to be a pertinent charac-
teristic for ecological and toxicological hazard assessment. The 
equivalent diameter was calculated according to Wohlleben et al. 
Wohlleben et al., [31]. The equivalent primary particle diameter, dBET, 
was calculated, by assuming a spherical shape of particles (see Eq. 1). 

dBET= 6000/(SBET*ρparticle),                                                            (1)
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where SBET is the surface measured by BET and ρparticle corresponds to 
the particle density.

2.4.4. Pyrolysis-gas chromatography coupled with mass spectrometry
Py-GC/MS analysis was used for gases identification. Pyroprobe 

5000 pyrolizer (CDS analytical) equipped with an electrically heated 
platinum filament was used to flash pyrolyze the samples in a helium 
environment. One coil probe enables the pyrolysis of samples (1 mg) 
placed in a quartz tube between two pieces of rock wool. The sample was 
heated at 900 ◦C and the temperature was held for 15 s, and then the 
gases were sent to the gas chromatograph for 5 min. The pyroprobe 
5000 is inter-faced to a 450-GC chromatograph (Varian) by means of a 
chamber heated at 270 ◦C. In the oven, the initial temperature of 70 ◦C 
was raised to 310 ◦C at 10 ◦C/ min. The column is a Varian Vf-5 ms 
capillary column (30 m length; thickness = 0.25 mm) and helium (1 L/ 
min) was used as the carrier gas, a split ratio was set to 1:50. The gases 
were introduced from the GC transfer line to the ion trap analyser of the 
240-MS mass spectrometer (Varian) through the direct-coupled capil-
lary column.

2.4.5. X-Ray diffraction
XRD analyses of pristine particles and soot and residues were per-

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

2.5. In vitro toxicity assessment

Residues and soot in powder form were weighted and dispersed 
using ultrasonication in MilliQ water. The stock suspension was ultra- 
sonicated by Bioblock Scientific Vibracell 75043 probe-sonicator 
(750 W, 20 HHz, 13 mm horn) with a dispersion energy value fixed at 
1667 J/mL (amplitude of 40 %) combined with cycles of pulses (10 s 
ON, 10 s OFF) during 20 min in cooled external ice water bath according 
to previous work [32]. DMEM stock dispersions were prepared by 
diluting by-products in DMEM as described below.

2.5.1. Cell line and culture conditions
The RAW 264.7 cell line derived from murine peritoneal macro-

phages transformed by the Abelson Murine Leukemia Virus was pro-
vided by the ATCC Cell Biology Collection (Promochem LGC, 
Molsheim). Cells were cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM, Biowest), complemented with 10 % of foetal calf serum (FCS, 
Biowest), 1 % penicillin-streptomycin (penicillin 10 000 units/mL, 
streptomycin 10 mg/mL; Biowest) and incubated at 37◦C under a 5 % 
CO2 humidified atmosphere. Cell viability was determined by trypan 
blue dye exclusion. For each experiment, cells were seeded in 96-well 
plates (100 000 cells/well to assess Tumour Necrosis Factor alpha and 
reactive oxygen species production, and 25 000 cells/well for lactate 
dehydrogenase assays) in 25 µL of complete DMEM (DMEMc), as pre-
viously described [33,34]. Suspensions of nanoparticles were prepared 
at a concentration of 1200 µg/mL in water milliQ. For contact with cells, 
samples were further diluted in DMEMc to reach the following final 
concentrations: 11.25, 22.5, 45 and 90 µg/mL. The stability of the sus-
pensions was checked (dynamic light scattering, nanozetasizer, Malvern 
instrument) and samples were added to the cell culture and incubated 
for 90 min or 24 h at 37 ◦C in a 5 % CO2 humidified atmosphere. A 
negative control, corresponding to the cells incubated alone, was 
included. Three independent experiments were performed for each 
condition.

2.5.2. Cytotoxicity assays
After a 24 h incubation of cells with the samples, the activity of the 

lactate dehydrogenase (LDH) released from cells with damaged mem-
branes was assessed in the culture supernatant. The CytoTox-ONE™ 
Homogeneous Membrane Integrity Assay (Promega, Charbonnières les 
bains, France) was used according to the manufacturer’s instructions. 
Detection was performed using a fluorometer (Fluoroskan Ascent, 

Thermolabsystems), with excitation/emission wavelengths set at 530/ 
590 nm. The activity of the released LDH was reported to that of 
negative control cells (unexposed to the samples). A positive control was 
also included and consisted of the total cellular LDH released (measured 
after the lysis of control cells).

2.5.3. Pro-inflammatory response
Tumour Necrosis Factor alpha (TNF-α) production was assessed in 

the cell culture supernatant after a 24 h contact between cells and 
samples. It was assessed using a commercial enzyme-linked immuno-
sorbent assay (ELISA) kit (Quantikine® Mouse TNF-α Immunoassay, 
R&D Systems). The optical density of each well was determined ac-
cording to the manufacturer’s instructions by using a microplate reader 
(Multiskan RC, Thermolabsystems) set to 450 nm. A standard curve was 
established and results were expressed in picograms of TNF-α per mil-
lilitre of supernatant.

2.5.4. Oxidative stress
The OxiSelect™ ROS Assay Kit (Euromedex, Mundolsheim, France) 

was used to detect a large array of reactive oxygen species (ROS) ac-
tivity. The assay uses the conversion of a non-fluorescent substrate, 2.7′- 
dichlorodihydrofluorescein diacetate that can easily diffuse through cell 
membranes and be converted into a fluorogenic molecule 2′.7′-dichlor-
odihydrofluorescein (DCF) in the presence of ROS. The fluorescence 
detected using a Fluoroskan Ascent fluorometer (Ex: 480 nm, Em: 
530 nm, Thermolabsystems) is directly related to the ROS level. The 
production of ROS was assessed after 90 min (short term oxidative 
stress) and 24 h (long term oxidative stress) of cell/ sample contact and 
was expressed as nanomolar using a standard curve previously 
established.

3. Results

3.1. Physicochemical characterization of pristine nanoparticles

SEM images (Fig. S1) were used as a direct method to define the 
morphology and to perform the dimensional characterization of pristine 
CaCO3 and SiO2 nanoparticles.

For the pristine nanomaterials, the mean equivalent diameter was 
obtained by SEM measurement by assuming spherical particles, DSEM-eq. 
for SiO2 and CaCO3 were 14.3 ± 4.3 nm and 89.6 ± 25 nm respectively. 
To complete the dimensional characterisation of nanoparticles surface 
specific area in powder form of nanoparticles have been evaluated by 
BET [31]. Specific surface area of SiO2 and CaCO3 were 150 and 23 m2/g 
respectively (corresponding to an equivalent diameter of 15.1 nm for 
SiO2 and 96.3 nm for CaCO3 by assuming spherical particles model 
described Eq. 1). Values are consistent with constitutive SEM nano-
particles analysis with 15 nm for SiO2 vs. 14 nm by SEM and 96 nm for 
CaCO3 vs. 90 nm by SEM.

The particles surface charge can vary from one nanoparticle to 
another, depending on the elements present at the surface and has a 
direct impact on the zeta potential value. It is therefore an indirect way 
to identify the state of agglomeration/aggregation. The surface charge of 
SiO2 and CaCO3 nanoparticles was evaluated by zeta potential mea-
surement. The nanoparticles are negatively charged ζSiO2 = − 34.6 mV 
and ζCaCO3 =-5.5 mV. A negative zeta potential was also measured for 
the physical mixture of SiO2/CaCO3 (1:1) (ζSiO2/CaCO3 =-22 mV). To go in 
depth, the hydrodynamic diameter was measured by DLS to evaluate the 
state of agglomeration/aggregation of SiO2 and CaCO3 at neutral pH. 
Silica nanoparticles presented a Z-average equal to 156.6 nm as 
measured by DLS, corresponding to the size of agglomerates/aggregates 
observed by SEM. Consequently, the DLS and SEM measurements are 
consistent. CaCO3 nanoparticles aggregates measured by DLS presented 
a Z-average equal to 521.8 nm. The physical mixture of SiO2/CaCO3 
(1:1) presented an average agglomeration/aggregation size with a Z- 
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average equal to 289.5 nm. Table 1 summarizes the main 

physicochemical features of SiO2 and CaCO3 before incorporation in 
PDMS or EVA polymer.

3.2. Physicochemical and morphological transformation of nanoparticles 
in soot and residues after incineration of EVA and PDMS nanocomposites

3.2.1. Dimensional characterisations of constitutive nanoparticles in soot 
and residues

Fig. 2 shows SEM images to visualize the fate of nanoparticles 
mixture, SiO2/CaCO3, (in soot and/or residue) after incineration of EVA 
or PDMS based nanocomposites (Fig. 2a, b).

In the case of incineration of the EVA matrix in absence of nano-
particles, only soot was generated as end-products due to the total 
degradation of the polymer over 450 ◦C (and thus we observed the 

Table 1 
Summary of the physicochemical features of the SiO2 and CaCO3 nanoparticles.

Parameters analysed SiO2 CaCO3

SEM Mean diameter (nm) 14.3 89.6
Shape Pseudo- 

spherical
Irregularly 
rhombohedral

XRD Amorphous or crystalline 
structure

Crystalline 
structure

Crystalline 
structure

BET Specific surface (m2/g) 150 23
DLS Hydrodynamic diameter 

(nm)
156.6 521.8

Surface 
charge

Zeta potential at natural 
pH (mV)

- 34.6 - 5.5

Fig. 2. SEM images from soot and residue after incineration process of EVA (a) and PDMS (b) pristine polymers and based nanocomposites.
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absence of residues). The soot morphology from EVA-based nano-
composite appeared quite similar to the soot generated by the inciner-
ation of the pristine EVA matrix (without SiO2/CaCO3 nanoparticles). 
Thus, the presence of SiO2/CaCO3 did not seem to affect the structure of 
the soot of EVA nanocomposite compared to the soot provided by pris-
tine EVA matrix. In both cases the soot consisted of a charred and 
agglomerated structure of pseudo-spherical nanoparticles. For EVA 
nanocomposite and pristine EVA, the dimensional soot were around 
55 nm and 64 nm, respectively.

By contrast, the addition of SiO2/CaCO3 nanoparticles clearly 
changed the thermal degradation pathway of the EVA polymer matrix 
since a residue was produced (residue which was absent for the incin-
eration of the EVA matrix without nanoparticles). Concerning the PDMS 
matrix, both soot and residues were generated as observed in a previous 
work [22]. The presence of the SiO2/CaCO3 nanoparticles did not seem 
to modify the morphology of both by-products (soot and residue). The 
primary particles provided from PDMS matrix presented a size diameter 
around 54 nm for the soot and 174 nm for the residues with an 
observable phenomenon of aggregation/agglomeration.

The nanocomposites formulation using a mixture of SiO2/CaCO3 
nanoparticles in EVA or PDMS can induce physicochemical reactions 
(synergistic or antagonistic) and size modifications of released primary 
nanoparticles. The addition of nanoparticles in PDMS seemed to affect 
the residue by favouring the agglomeration/aggregation phenomena 
giving an average particle size around 100 nm. On the opposite, the soot 
size seemed less impacted by the presence of SiO2/CaCO3 nanoparticles.

From the SEM images, a set of particles of each type of nanowaste 
was measured in order to construct a histogram of number size distri-
bution (Fig. S2). Primary particle was measured as recommended by the 
European authorities. In order to ensure that the dimensional mea-
surements are representative of the entire population studied, around 
300 particles were analysed by using Platypus software [29]. For each 
set of data, the number size distribution was constructed (Fig. S2) and 
different parameters were extracted (average diameter and standard 
deviation of the size distribution) (Table 2).

3.2.2. Surface charge measurements and aggregation/agglomeration 
phenomena

Fig. 3 shows the evolution of the zeta potential (ZP) with the pH 
value for each sample. For the pristine nanoparticles alone, the evolu-
tion of zeta potential depends on the nanoparticle’s chemistry. So, the 
ratio 1:1 of nanoparticles mixture led to an intermediate evolution. 
Concerning the soot, the zeta potential was not significantly affected by 
the presence of the nanoparticle mixture as shown by comparing the 
zeta potential of pristine matrices (PDMS or EVA) and that of the 
nanocomposites. No residue was obtained from thermal degradation of 
EVA matrix. For PDMS residues, the evolution of the zeta potential was 
very close for pristine and filled matrices.

The hydrodynamic diameter for SiO2/CaCO3-nanoparticle mixture 
was evaluated at 289.5 nm corresponding to an average value of pristine 
nanoparticles. The hydrodynamic diameter from matrices soot increased 

Table 2 
Statistical parameters from SEM measurement (average diameters and standard 
deviation of the size distribution).

Measurand D SEM-eq 

(nm)
Standard deviation of the size 
distributionSamples

Incineration of the polymer matrix
EVA - Soot 63.6 15.4
EVA - Residue None None
PDMS - Soot 54.2 42.5
PDMS - Residue 174.1 89.1
Incineration of nanocomposites soot and residues
EVA + (SiO2/CaCO3) - Soot 54.9 14.9
EVA + (SiO2/CaCO3) - 
Residue

19.1 7.3

PDMS + (SiO2/CaCO3) - 
Soot

71.7 42.2

PDMS + (SiO2/CaCO3) - 
Residue

100.3 50.4

Fig. 3. Variation of zeta potential as a function of pH reported for a nanoparticle mixture (SiO2/CaCO3) (a) soot and (b) residue from EVA or PDMS based 
nanocomposites.

Table 3 
Summary of the evaluation of the agglomeration/aggregation state before and 
after the incineration process.

Measurand Z-average (nm) ZP (mV) @ initial pH
Sample

Pristine nanoparticles
SiO2 156.6 − 34.6
CaCO3 521.8 − 5.5
Physical mixture SiO2/CaCO3 (1:1) 289.5 − 22
Incineration of the polymer matrix
EVA - Soot 345.1 − 35
EVA - Residue No residue  
PDMS - Soot 197.3 − 51.0
PDMS - Residue 792.1 − 54.3
Incineration of nanocomposites soot and residues
EVA + (SiO2/CaCO3) - Soot 204.6 − 49.6
EVA + (SiO2/CaCO3) - Residue 211.2 − 18.7
PDMS + (SiO2/CaCO3) - Soot 175.5 − 51.3
PDMS + (SiO2/CaCO3) - Residue 1383.0 − 47.2
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significantly corresponding to a phenomenon of agglomeration/ ag-
gregation knowing that the primary nanoparticle soot value was 
respectively 64 nm for EVA and 54 nm for PDMS.

In soot, whatever the matrix, the presence of the nanoparticle 
mixture induced a decrease of the particle soot size hydrodynamic 
diameter. As the EVA matrix did not induce residues, the addition of 
nanoparticles generated particles agglomeration/aggregation with an 
equivalent hydrodynamic diameter close to those obtained by physical 
mixture of SiO2/CaCO3 (211 nm vs 289 nm respectively). In the PDMS +
(SiO2/CaCO3) residue, the value of the hydrodynamic diameter was 
drastically increased. Table 3 summarizes the DLS measurements and 
the corresponding zeta potential (ZP) values.

3.2.3. X-Rays diffraction analyses
XRD analyses (Figs. 4 and 5) confirmed that there were detectable 

CaCO3 particles inside the residues. CaCO3 begins to decompose in CaO 
from 800◦C [35], but re-carbonatation occurs afterwards, during the 
cooling phase, leading to transformation of CaO into CaCO3. The pres-
ence of new diffraction peaks for both filled EVA and PDMS residues (2θ 
~26/28◦) indicates that re-carbonatation corresponds to the formation 
of calcite but also aragonite and vaterite which are allotropic varieties of 
CaCO3. Silica entails the formation of a bump on all diffractograms. 
PDMS residues show the presence of a bump, even for pristine PDMS 
since an additional formation of silica results from the decomposition of 

the polymer in presence of oxygen.

3.2.4. Analyses of released gases from thermal degradation
To go in depth in the understanding of PDMS degradation, a Py-GC/ 

MS analyse was carried out and allowed the gas released during the 
polymer degradation to be characterized.

PDMS and PDMS nanocomposite chromatograms (Fig. 6) showed a 
similar thermal degradation pathway. The only difference which could 
be highlighted was the size of the cyclosiloxanes generated. Concerning 
the PDMS chromatogram the identified cycles were comprised of 3 units 
to more than 10 units, unlike for PDMS nanocomposite where the cycles 
were limited to around 6 units. These results were consistent with the 
literature [36].

Concerning EVA chromatogram (Fig. 7), the peaks present between 
5 min to 25 min correspond to alkanes and alkenes generated by the 
degradation of the macromolecular skeleton. The comparison of both 
EVA’s formulations chromatograms showed a modification of the 
released gas proportions during the pyrolysis in the presence of the 
SiO2/CaCO3 mixture. Indeed, the presence of the nanoparticle mixture 
exacerbated the peaks corresponding to the release of benzene 
(2.94 min), toluene (4.03 min), styrene (5.24 min), indene (8.52 min) 
and naphthalene (10.97 min). The nanoparticles mixture seemed to 
induce a thermal degradation pathway favouring aromatic structures, 
these types of structure being at the origin of soot and char formation.

3.2.5. Elemental analysis of the by-products
To explore the fate of the element of interest contained in the by- 

products, an elemental analysis was performed on the agglomerates/ 
aggregates using the EDS technique. For all samples, we analysed the 
impact of the nanoparticle mixture (SiO2/CaCO3) on the by-products by 
using a deposit on a Cu-grid that allowed us to quantify the Si element 
instead of silica wafer usually used.

The proportion in the by-products of the following elements of in-
terest: Si, Ca, C and O can be estimated from EDS spectrum and the 
particles partitioning was scrutinized and the state of agglomeration/ 
aggregation was evaluated after incineration process (Figs. 8 and 9).

Concerning the EVA nanocomposite soot, noticeable amounts of 
carbon were found. The release of inorganic nanoparticles SiO2 and 
CaCO3 in soot was not obviously observed during incineration of EVA 
nanocomposite.

The relative abundance of Si elements in PDMS soot suggested that 
the particles were made only of silicon dioxide (SiO2). Silica could come 
from PDMS and nano-silica incorporated in the nanocomposite. The 
CaCO3 was located in residue and not detectable in soot. The simulta-
neous presence of silicon and absence of calcium in the soot tends to 
confirm that most of the nanoparticles found in the aerosol were mainly 
generated by the PDMS degradation and to a lower impact of the silica 
initially introduced in the PDMS nanocomposite.

Experiments revealed significant amounts of CaCO3-nano-
nanoparticles in the residues of EVA nanocomposite and a very low 
presence of Si element. Results are in accordance with XRD analyses 
where some silicon dioxide was observed in residue whereas the 
signature of calcium carbonate was clearly noticed.

The observation of the repartition of silicon, oxygen and calcium in 
the PDMS residue (Fig. 9) allowed to conclude that the presence of silica 
seemed significant. As already mentioned, silica is issued from both 
PDMS degradation owing to oxidant degradation atmosphere and from 
the silica initially introduced in the nanocomposite. The analyse of 
PDMS residue highlighted information on the fate of silica particles, 
with the formation of particles mainly higher than 100 nm. In the resi-
dues of PDMS nanocomposite, as indicated by the size distribution of 
particles, only medium (~ 50 nm) and bigger (> 100 nm) size of 
nanoparticles were measured. The analysis of all the elements of interest 
by EDS highlighted some traces of Ca and suggested that the main 
degradation products coming from PDMS was silica. Moreover, EDS also 
showed the presence of carbon which could be ascribed to silicon 

Fig. 4. XRD Pattern of samples based on PDMS. ** Soot PDMS + CaCO3/SiO2 
analysed appeared less in intensity due to a fewer quantity of soot.

Fig. 5. XRD Pattern of samples based on EVA.
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oxycarbide formation (SixOyCz) [22].
Fig. 11 illustrates the presence of silicon and oxygen which corre-

spond exactly to the location of the particles. This clearly confirmed the 
presence of silicon dioxide particles in PDMS based nanocomposite 
residue. In addition, the presence of calcium enabled to confirm that 
calcium carbonate was also mainly present in the EVA based nano-
composite residue.

3.2.6. Simulation of a waste stream composed by a mixture of 
nanoparticles (SiO2 and CaCO3) incorporated in an EVA and a blend 
polymer matrix (PA-6/PP) with ZnO in order to determine their release and 
by-products distribution in soot or residue ash

To further investigate a residual ash and soot formed during the 
incineration, observation of particles was conducted by EDS.

In a previous paper [25], we studied the effects of another type of 
commonly used nanocomposite: PA-6/PP+ZnO. Then we combined this 
nanocomposite to that studied in the present paper to mimic the incin-
eration of a mixture of nanocomposites as can happen in real life with 
the aim of determining which component governs the toxicity of the 
incineration by-products. Fig. 10 shows the by-products obtained after 
incineration of the nanocomposites PA-6/PP and the mixture of 
nanocomposites.

The partitioning of nanoparticles in the by-products obtained after 
the incineration of the mixture (EVA-SiO2/CaCO3 and PA-6/PP-ZnO) 
(50/50) are reported in Figs. S3 and S4 respectively for soot and resid-
ual ash.

3.3. Toxicological profile of the nanowastes resulting from EVA or PDMS 
nanocomposites incineration

3.3.1. Cytotoxicity
The results of the LDH release assay, corresponding to cell membrane 

damage and thus the cytotoxicity induced, are reported in Fig. 11.
Pristine SiO2 nanoparticles exhibited a moderate dose-dependent 

toxicity, with a significantly different LDH level compared to the 
negative control (cells incubated without nanoparticles) only at the 
highest concentrations. By contrast, pristine CaCO3 nanoparticles were 
not cytotoxic at all. Finally, the SiO2/CaCO3 mixture did not induce a 
significant toxicity. However, we can convert the dose effect of SiO2/ 
CaCO3 mixture to SiO2 dose effect considering the weight ratio 1:1 for 
the nanoparticle’s mixture composition. Indeed, the mixture dose effect 
at 90 µg/mL is equivalent to the dose effect of SiO2 at 45 µg/mL. So, it is 
not as SiO2/CaCO3 mixture is biologically inert but as for the weight 
ratio 1:1 the dose effect is divided by 2. In other words, for the cyto-
toxicity profile of SiO2/CaCO3 mixture, the dose effect appears too low 
to induce a cytotoxic response considering that SiO2 alone already 
presents a moderate response.

The PDMS residue induced a dose-dependent toxicity and presented 
a similar pattern with or without the nanoparticle mixture. Same 
conclusion could be drawn for the soot. This phenomenon can be 
explained by the chemical nature from thermal degradation by- 

Fig. 6. Chromatograms obtained by Pyrolysis GC/MS of PDMS and PDMS nanocomposite.

Fig. 7. Chromatograms obtained by Pyrolysis GC/MS of EVA and EVA 
nanocomposite.
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products. Indeed, the PDMS generates silica nanoparticles, and the 
behaviour of these nanoparticles is equivalent to the introduced SiO2 
nanoparticles in polymer matrices. While EVA soot was not cytotoxic, 
EVA + SiO2/CaCO3 soot showed a dose-dependent toxicity, significant 
only at the highest concentration. On the contrary, EVA + SiO2/CaCO3 
residue was not cytotoxic.

3.3.2. Pro-inflammatory response
The results of the production of TNF-α, a major pro-inflammatory 

cytokine, are reported in Fig. 12.
All samples were able to induce a dose-dependent pro-inflammatory 

response, especially at high concentrations. Pristine SiO2 and CaCO3 
showed a quite similar pro-inflammatory behaviour, and their mixture 
induced a slightly higher response. Indeed, for the mixture of particles, 
additive effects are observed (no synergistic or antagonistic effect) as the 

Fig. 8. EDS mapping and spectrum of soot nanocomposite with allocation and proportion of Si and Ca in the residual structure (a) EVA + SiO2/CaCO3 and (b) PDMS 
+ SiO2/CaCO3.
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response to 90 µg/ mL for SiO2/CaCO3 corresponded to the sum of the 
SiO2 response at 45 µg/mL plus that of CaCO3 at 45 µg/mL, considering 
the weight ratio 1:1 for the nanoparticle’s mixture composition.

PDMS matrix without nanoparticles showed a slightly enhanced 
production of TNF-α in the residue compared to the soot. The pro- 
inflammatory response induced by PDMS matrix in the presence or in 
the absence of the SiO2/CaCO3 mixture was similar both at the level of 
residue and soot. EVA matrix filled with nanoparticles showed an 
enhanced production of TNF-α in the residue compared to the soot. The 
pro-inflammatory response induced by EVA + SiO2/CaCO3 soot was 
decreased compared to that observed for EVA soot. The comparison of 
the obtained results in cytotoxicity and pro-inflammatory tests showed 

that the LDH release is the more discriminant toxicity test. Indeed, all 
the samples had a pro-inflammatory response, however only a part of 
samples showed LDH release.

3.3.3. Reactive Oxygen Species (ROS) production
The production of ROS, indicative of the induction of oxidative 

stress, is reported in Fig. 13. No significant ROS production was 
observed, whatever the sample and the time of analysis.

Fig. 9. EDS mapping and spectrum of residue nanocomposite with allocation and proportion of Si and Ca in the residual structure (a) EVA + SiO2/CaCO3 and (b) 
PDMS + SiO2/CaCO3.
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3.4. Toxicological profile of the by-products obtained after incineration of 
complex mixture of 2 matrices and 3 nanofillers: EVA- SiO2/CaCO3 + PA- 
6/PP-ZnO

We assessed the toxicity of the by-products obtained after the 
incineration of a complex mixture made of 50 % EVA- SiO2/CaCO3 and 
50 % PA-6/PP-ZnO.

The cytotoxicity, pro-inflammatory effects and oxidative stress 
induced by the by-products obtained after the incineration of the EVA- 

SiO2/CaCO3 and PA-6/PP-ZnO mixture are reported in Figs. S7, S8 and 
S9 respectively. For comparison, the toxicological profile of the pristine 
nanoparticles and that of the by-products of the nanocomposites are also 
represented.

To analyse the results, we have to keep in mind that the EVA-SiO2/ 
CaCO3 + PA-6/PP-ZnO mixture is composed of half EVA-SiO2/CaCO3 
and half PA-6/PP-ZnO, therefore when comparing the toxicological 
response of their by-products to that of the by-products of the individual 
nanocomposites, we should not make comparison at a similar dose but 
we should compare the toxicity of the mix at a certain dose to that of the 

Fig. 10. Illustrations of by-products obtained after the incineration of the mixture (EVA-SiO2/CaCO3 and PA-6/PP-ZnO) (50/50).

Fig. 11. Cytotoxicity of silica and calcium carbonate as fillers alone and by- 
products from PDMS and EVA nanocomposites as determined by the LDH 
release. Results are expressed relative to control (unexposed cells). Statistically 
different from control cells ****p < 0.0001, ***p < 0.001.

Fig. 12. Pro-inflammatory response induced by silica and calcium carbonate as 
fillers alone and by-products from PDMS and EVA nanocomposites as deter-
mined by the production of TNF-α. Results are expressed relative to con-
trol (unexposed).
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individual components at half this dose. For example, the effects of EVA- 
SiO2/CaCO3 + PA-6/PP-ZnO at 90 µg/mL should be compared to those 
of EVA-SiO2/CaCO3 or those of PA-6/PP-ZnO at 45 µg/mL. Keeping this 
in mind, we can make the following observations: 

− The EVA- SiO2/CaCO3 + PA-6/PP-ZnO residue does not induce a 
significant toxicity compared to the control (unexposed) cells. 
Globally, we observe additive effects as the cytotoxic signal induced 
by the EVA- SiO2/CaCO3 + PA-6/PP-ZnO residue corresponds 
roughly to the sum of the cytotoxic effects of EVA- SiO2/CaCO3 
residue and that of PA-6/PP-ZnO residue.

− The EVA- SiO2/CaCO3 + PA-6/PP-ZnO soot induces a significantly 
increased toxicity compared to control cells at the highest dose. As 
for EVA- SiO2/CaCO3 + PA-6/PP-ZnO residue, the effects were found 
to be additive, except at the highest concentration. By comparing the 
cytotoxic profile of EVA- SiO2/CaCO3 + PA-6/PP-ZnO soot to that of 
EVA- SiO2/CaCO3 soot, PA-6/PP-ZnO soot and pristine nanofillers, 
we can conclude that the toxicity triggered by EVA- SiO2/CaCO3 +

PA-6/PP-ZnO soot is governed by SiO2.

Regarding the pro-inflammatory effect induced by EVA- SiO2/CaCO3 
+ PA-6/PP-ZnO residue, we observe additive effects of EVA- SiO2/ 
CaCO3 residue and PA-6/PP-ZnO residue only at the lowest concentra-
tion. As all components show a pro-inflammatory effect, it is impossible 
to determine which one governs the pro-inflammatory effect of EVA- 
SiO2/CaCO3 + PA-6/PP-ZnO residue. On the other hand, for EVA- SiO2/ 
CaCO3 + PA-6/PP-ZnO soot, additive effects of EVA- SiO2/CaCO3 soot 
and PA-6/PP-ZnO soot are observed and it can be established that the 
pro-inflammatory effect is governed by the SiO2/CaCO3 nanoparticles.

Regarding oxidative stress, the EVA- SiO2/CaCO3 + PA-6/PP-ZnO 
by-products (both residue and soot) did not trigger an enhanced ROS 
production, whatever the time of analysis (90 min or 24 h).

4. Discussion

4.1. Fate of nanoparticles in different types of nanowaste stream after 
incineration (partitioning and physicochemical transformation)

The impact of the nanoparticle mixture (SiO2/CaCO3) on the 
released particles physicochemical characteristics was evaluated during 

Fig. 13. Oxidative stress induced by silica and calcium carbonate as fillers alone and by-products from PDMS and EVA nanocomposites as determined by the 
production of ROS after 90 min (a) and 24 h (b) of cell-sample contact. Results are expressed relative to control (unexposed) cells. Statistically different from control 
cells ****p < 0.0001, ***p < 0.001, *p < 0.05.
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the incineration process of PMDS or EVA based nanocomposites. Table 4
summarizes the main chemical composition of the matrices and nano-
composites after incineration provided by EDS mapping in Fig. S5 and 
S6.

Significant differences were observed about size distribution (soot 
and residue) between the pristine and filled matrices. According to the 
Py-GC/MS analyses, DLS measurements and SEM/EDS characteriza-
tions, in the case of EVA nanocomposite, the nanoparticles presence 
seemed to favour the formation of a carbonaceous structure during the 
incineration (residue). An intermediate structure (CaO) was formed that 
will be recarbonated during the cooling phase. Concerning the EVA 
nanocomposite, the individual particle size in the residue was directly 
induced by the silica and the calcium carbonate particles size with pri-
mary particle size at 19.1 nm. Moreover, the Zeta potential value was 
close to that of the mixture of pristine nanoparticles (SiO2/ CaCO3) and 
XRD exhibited peaks corresponding to CaCO3 and a bump corresponding 
to SiO2.

A noticeable influence of the EVA-matrix on the soot size was illus-
trated by the presence of same particle size in comparison with the 
matrix. One can note that the average carbon particles size in nano-
composite soot (54.9 nm) was quite similar to the initial value of 
63.6 nm obtained for EVA. As Ounoughene et al. Ounoughene et al., 
[22] have shown the PDMS incineration promotes three kinds of parti-
cles size population (less than 20 nm, around 50 nm and up to 100 nm). 
In this study similar partitioning was obtained in PDMS soot. However, 
only intermediate and bigger particles were observed in PDMS nano-
composite soot. This phenomenon seems to be linked to the agglomer-
ation/aggregation of the particles in the presence of nanoparticle 
mixture, according to DLS measurements.

The analysis of the results obtained shows that a priori the nano-
particles remain mainly in the

residues, even if the results seem to depend on the nature and the rate 
of nanoparticles as well as on the chemical composition of the polymer 
matrix used to formulate the nanocomposites.

Moreover, analyses of residues showed the presence of nanoparticles 
for both polymers and that their initial crystalline structure was main-
tained. Silica and calcium carbonate nanoparticles were found in soot 
for all matrices. Image analysis highlighted that the presence of nano-
particles in soot did not entail significant agglomeration/aggregation 
phenomena.

The discussion of the behaviour and fate of nanomaterials in waste 
has shown that EVA does not produced soot after incineration. But the 
presence of nanoparticles can generate residual ash. The different 
characterizations performed on PA-6/PP + ZnO nanocomposite show 
ZnO nanoparticles found in the residues is agglomerated/aggregated 
with composite particles with carbonaceous structures. (ref article). In 
addition, the presence of ZnO nanoparticles can also affect the recovery 
of ZnO-nanoparticles in residual ash, which needs to be taken into 
consideration when dealing with toxicity of waste. Thus, at lab-scale 
study, resembling waste incineration, simulation of a mixture of nano-
particles and matrixes in waste. For comparison, the by-products of the 
nanocomposites are also represented in the Table 5.

The presence of all nanoparticles in residue improve the under-
standing of nanocomposite degradation during incineration and the 
composition of the waste, including the presence of a mix of nano-
materials. Accumulation of nanowaste in residue raised the crucial point 
of the toxicological profile of this mixture, including uncertainties about 
the synergistic or antagonist effects of a mix of nanomaterials. Toxico-
logical profile from the by-products emitted by mixture of SiO2/CaCO3 
in nanocomposite-based EVA or PDMS.

The toxicity profiles of the EVA or PDMS polymer blends with a 
mixture of nanoparticles (SiO2 + CaCO3) were compared in the sum-
marizing Table 6.

The main conclusion is that concerning the mixture of SiO2/CaCO3 
nanoparticles, whatever the matrix considered (EVA or PDMS), the 
biological activities of the residues and the soot are always linked to 
those of the silica particles. We can attribute this effect to silica, knowing 
that CaCO3 has been shown to have no toxicological signature.

The mixture of pristine particles SiO2/CaCO3 were not cytotoxic but 
induced a high pro-inflammatory response. Concerning the nano-
composite, the toxicity profile was mainly governed by the thermal 
degradation matrix pathway. The major impact is observed with pro- 
inflammatory responses whatever the matrix. About the soot, the 
nanoparticles released from PDMS nanocomposite, slightly increased 
the pro-inflammatory response compared to PDMS alone, although the 
morphology of the particles was similar. On the opposite, the mixture of 
nanoparticles impacts the nature of molecules released during the 
incineration of EVA nanocomposite leading to residue with a pro- 
inflammatory response increase. Indeed, the mixture of nanoparticles 
drives the composition of soot effluents and consequently the pro- 
inflammatory response decreases drastically vs pristine EVA. So, the 
compounds responsible of the pro-inflammatory response remain trap-
ped in the residue when the nanoparticles mixture is used. The results of 
the LDH release assay, corresponding to cell membrane damage and thus 
the cytotoxicity induced, showed that at the highest dose in the PDMS 
with or without mixture of nanoparticles triggered a similar cytotoxicity 
either in residue or in soot. The nanoparticles mixture did not induce 
significant cytotoxicity. After 90 min or 24 h of cell-sample contact, 
mixture of SiO2 / CaCO3 nanoparticles did not exhibit a significant ROS 
production compared to that of the control (unexposed) cells.

Regarding the SiO2/CaCO3 nanoparticle mixture, whatever the ma-
trix considered (EVA or PDMS), the biological activities of the residues 
and soot are always linked to those of the silica particles. We can 
attribute this effect to silica from nanoparticles incorporated in the 
matrix and, not given by the presence of CaCO3 which have no toxico-
logical signature. Furthermore, we note that the addition of CaCO3 does 
not reduce the impact of silica (dilution) on toxicological responses.

4.2. Exploration of a potentially synergistic/ antagonist effect on 
biological outcomes by a mixture of nanoparticles (SiO2/CaCO3) in EVA- 
nanocomposite incinerated with a mixture of polymers (PA-6/PP) 
containing ZnO nanoparticles

As reported in Supplementary data (Figs. S7, S8 and S9), we also 
assessed the toxicity of the by-products obtained after the incineration of 
a complex mix consisting of 2 matrices (EVA and PA6/PP) and 3 
nanoparticles (ZnO, SiO2 and CaCO3). Such mixture is more represen-
tative of real-life scenarios where nanowastes from different sources can 
be combined.

Table 4 
Fate of nanoparticles elements from end by-products during incineration SiO2/ 
CaCO3 nanocomposite-based EVA or PDMS.

Incineration

Matrix Initial 
nanoparticles

Soot Residue

EVA - Carbon No residue
EVA 
nanocomposite

SiO2 / CaCO3 Carbon Carbon, Oxygen and 
Calcium - Few Silicon

PDMS - Silicon Silicon
PDMS 
nanocomposite

SiO2 / CaCO3 Oxygen, 
Silicon, 
Carbon

Carbon, Oxygen, 
Silicon, Calcium

Table 5 
Summary of location of by-products generated by the mixture of 3 polymers and 
3 nanoparticles.

Nanocomposites 
Matrix

Initial 
nanoparticles

Incineration by-products

Soot Residue

PA¡6/PP þ EVA ZnO þSiO2 / 
CaCO3

Oxygen, 
Carbon

Carbon, Oxygen, 
Silicon, Calcium, Zinc
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The Table 7 proposes a summary of potential toxicity regarding 
nanowaste stream provided by a mixture of nanocomposite. Low pro- 
inflammatory response was governed by the presence of pristine SiO2/ 
CaCO3 mixture in soot whatever the matrices. Moderate pro- 
inflammatory response was obtained due to an antagonistic phenome-
non caused by the presence of ZnO. In some cases, such as this one, 
mixing nanoparticles can have a positive impact on reducing the toxic 
potential of incineration residues, while polymer matrices generate no 
residues at all. Only the nature of the nanoparticles can generate 
toxicity. This study must be supplemented by other types of polymers 
that could generate residues during their own degradation.

5. Conclusion

The aim of this work was to study the physicochemical trans-
formations and the hazard profile of nanowaste (residues and soot) 
resulting from the incineration process of nanocomposites formulated 
with mixtures of nanoparticles (SiO2 and CaCO3) that are widely used in 
the composition of electrical wires and cables. A wide range of instru-
mental techniques dedicated to the characterization of the incineration 
by-products was used to achieve this objective: SEM, BET, DLS, Zeta 
potential, XRD.

This work mainly showed that the mixture of silica and calcium 
carbonate nanoparticles always remained in the residue. In vitro toxi-
cological profiles clearly demonstrated that only pro-inflammatory re-
sponses seemed to be affected by the presence of the nanoparticles. 
Moreover, this study showed that the silica nanoparticles have a major 
impact on toxicity whatever the partitioning in soot or residue, 
regardless the matrices. On the opposite, the addition of CaCO3 did not 
provide the expected impact to reduce the nanowaste toxicity and did 
not seem really able to mitigate the SiO2 toxicity.

As Schwab et al. underlined recently [37], a large variety of nano-
materials, and complex mixture nanowastes were not discussed in detail 
in literature and a global regulation on nanowaste is still pending. To 
conclude, the nanowaste residue tends to be agglomerated/aggregated 
and could be combined with other nanowastes in various processes. So, 
studies dedicated to the mixing of nanoparticles and nanocomposites in 
waste streams during incineration seem necessary. Moreover, the cur-
rent data available, about existing nanomaterials on the EU market, 
shows the difficulty to give the quantitative data of nanomaterials in 
different waste stream. The lack of quantitative information about 
nanowaste creates some challenges. In this context, guidance on waste 
flow from nanocomposites incineration is an important step to facilitate 

practical actions in managing nanowaste.
In this context, the ECHA study alerts the society about the hazard-

ous of nanocomposites end of life and answers the scientists about the 
solutions to be developed in order to reduce the environmental impact. 
Currently, the studies are focused on the incineration behaviour of only 
one nanocomposite without taking into account the potential synergetic 
or antagonistic impact of potential hazardous nanowastes on the toxi-
cological profile.

Our first new insight of nanowaste stream investigated in this paper 
highlights the need to characterize the residual ash whatever the 
mixture of matrices and nanoparticles. Further studies on the simulta-
neous incineration of nanocomposites mixtures with combination of 
nanoparticles (toxic or non-toxic) would allow databases to be updated. 
The mechanisms induced by these mixtures are not currently investi-
gated, but it would enable to predict the risks of the generated 
nanowastes.
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