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A B S T R A C T

The aim of the present article is to expose a new method based on TGA-FTIR coupling to quantify the different steps of the thermal degradation of EVA in the 
presence of HNT. Moreover, this quantification of the thermal degradation was also correlated to the color change. EVA/HNT composites were processed with 
different pro-cessing conditions: solvent casting in THF or melt blending at different temperatures. The HNT fillers content (from 10 wt% up to 30 wt%) and 
the melt blending temperature (at 130 ◦C, 150 ◦C, 170 ◦C and 190 ◦C) were varied. The thermal degradation of EVA in the presence of HNT presents three 
noticeable steps as evidenced by TG analysis: i) P1, which was identified as the catalytic degradation of vinyl acetate (VA) part of EVA occurring during the 
heating ramp (around 250 ◦C), ii) P2, which is the main degradation of VA (around 350 ◦C) and iii) P3, which is the degradation of the polyethylene chain of 
EVA (around 500 ◦C). Nevertheless, in the case of melt blended EVA/HNT composites, macroscopic changes (strong smell and browning color) indicate a 
thermal degradation occurring during the melt blending process, namely P0. FTIR-TGA coupling allows to quantify the contribution of P0, P1 and P2 (thermal 
degradation of VA units of EVA) using Gram Schmidt curves of released acetic acid gas which are obtained from the C––Oac. band of acetic acid at 1795 cm−  1. 
The contribution of each thermal degradation step of the VA part of EVA (named P0 to P2) was then quantified and reported as A0 to A2, respectively. The 
blending process (solvent or melt) such as the HNT fillers content and the melt blending temperatures have a significant influence on the EVA thermal 
degradation catalyzed by HNT. For example, it was shown that the thermal degradation of VA units occurring during the processing of EVA+ 30HNT 
composite (named A0 and catalyzed by the HNT) was of 40% for melt blending process (at 170 ◦C), whereas it was close to 0% for solvent casting process. 
Moreover, the macroscopic changes were evaluated by color measurements and an interesting correlation could be made between A0 and ΔE* which is the 
total color deviation. When a sig-nificant catalytic effect, during the melt process was observed (A0 values higher than 5%), the total color de-viation ΔE* was 
increased linearly with A0. Finally, in order to avoid the catalytic effect of HNT on the EVA thermal degradation, a functionalization strategy has been 
developed with an organosilane leading to the sup-pression of P1, the catalytic degradation of VA in TG analyses.   

1. Introduction

In recent years, nanocomposite materials have attracted consider-
able attention while they can provide a significant improvement in 
terms of physical, mechanical and thermal properties of materials at 
very low filler content without affecting their processability [1], [2]. 
The most commonly known layered silicates have been recognized as an 

interesting resource due to their unique characteristics coupling with 
their sustainability and low cost [3–5]. Clay minerals are hydrated 
aluminum phyllosilicates, sometimes containing variable amounts of 
iron, magnesium, alkali metals, alkaline earths and other cations [5]. 
Their effective reinforcing effect has been attributed to their lamellar 
structure, high specific surface area (about 750 m2.g− 1) and high aspect 
ratio [4]. They are basically composed of tetrahedral silica sheets 
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urethane rubber, etc.…. 
However, very few studies in the literature described the HNT 

addition into ethylene-co-vinyl acetate, EVA copolymer [27–29]. Bid-
sorkhi et al. [28] prepared EVA nanocomposites filled with 3 wt% of 
HNT by solvent casting method and demonstrated an improvement of 
the thermal and mechanical properties of nanocomposites as well as of 
their ductility, toughness, water resistance and oxygen permeability. 
Similarly, Padhi et al. [27,30] have formulated EVA/HNT nano-
composites with 10 phr loading of unmodified/modified HNT by solvent 
casting method. In general, the thermal stability and the mechanical 
properties such as tensile strength, tensile modulus and tear strength of 
EVA nanocomposites achieved an optimum at 5 phr of unmodified HNT 
and further decreased due to a poor dispersion and an agglomeration at 
higher filler loading. In the case of modified HNT (m-HNT) by γ-meth-
acryloxypropyltrimethoxysilane, the intertubular and interfacial inter-
action of modified HNT and EVA matrix increased and so the 

agglomeration at higher filler loading was limited which further 
enhanced the thermal and the mechanical properties of EVA/m-HNT 
nanocomposites. 

EVA copolymer is widely used in various applications, especially in 
wire and cable industry. The above reported approach to produce EVA/ 
HNT nanocomposites by solvent casting method is not the conventional 
method to process thermoplastic polymers and it is just not sustainable 
at the industrial scale. In spite of this observation and an extensive 
research in literature, the number of studies on EVA/HNT nano-
composites prepared by melt blending process is even lower, almost 
nonexistent, except the works of Zubkiewicz et al. [29,31]. The authors 
have prepared EVA-based nanocomposites containing from 2 to 8 wt% 
of HNT by melt blending using a twin screw-extruder. They have shown 
that with an increasing HNT fillers content up to 8 wt%, the mechanical 
properties such as the tensile strength and the Young’s modulus, the 
flame retardancy and the thermo-oxidative stability were enhanced. 
Concerning the interpretations about the thermo-oxidative degradation 
of EVA and EVA/HNT nanocomposites, the authors emphasized that the 
thermal degradation was the same for EVA and EVA/HNT nano-
composites that takes place in two steps, each belonging to each part of 
the copolymer (ethylene and vinyl acetate) [29]. However, if we look 
closely to the mass loss curves and their derivatives obtained by ther-
mogravimetric analysis, a preliminary degradation step occurs around 
250 ◦C. The authors attributed this mass loss to the evaporation of the 
physically absorbed water on the HNT surface and some water from 
interlayer. Nevertheless, the physically absorbed water represents 
approximately 5% of the HNT mass loss and the HNT content is 8 wt%, 
thus the mass loss due to physically absorbed water should be barely 
noticeable, being of 0.4% while the observed mass loss on the curve is 
about 5% at 250 ◦C. Hence, as the observed mass loss is more than ten 
times greater than the corresponding mass loss due to the evaporation of 
the physically absorbed water, we assume that even if the authors did 
not mention any thermal degradation of EVA caused by the presence of 
HNT, there should be one since a brown color appeared in samples 
during melt blending process [31]. However, to the best of our knowl-
edge, there are no other publications investigating the thermal degra-
dation of EVA/HNT composites. Contrarily, EVA/montmorillonite 
composites are more often reported in the literature. And the deacety-
lation of EVA/clays occurring at low temperature is well known in the 
literature [32–36]. The presence of acid sites on clay surface is 
renowned for having catalytic effect on the thermal degradation of EVA. 
Camino et al. [32] were the first to describe the preliminary mass loss 
due to acetic acid release at lower temperature due to the presence of 
acid sites on the clay surface. Zanetti et al. [37] described a deacetyla-
tion of EVA occurring at lower temperature in TGA in the presence of 
fluorohectorite. Costache et al. [36] carried out experiments which 
consisted to modify the montmorillonite surface with a silane coupling 
agent in order to protect the acid sites. And so, they have confirmed the 
hypothesis that the acid sites present at the clays surface have a catalytic 
effect on the EVA thermal degradation. The HNTs present similar 
chemical surface and so, the same catalytic effect should be observed. 
Nevertheless, to the best of our knowledge, there is no quantitative study 
that has tried to quantify the contribution of the different steps of the 
thermal degradation of EVA in the presence of HNT. This is the subject of 
the present paper using a new quantitative method based on TGA/FTIR 
coupling. Moreover, a correlation with color changes was performed. 
For this, EVA/HNT composites were produce with different processes 
(solvent casting or melt blending), different HNT filler contents (up to 
30 wt%) and different melt blending temperatures. 

2. Experimental

2.1. Material

EVA copolymer with around 28 wt% of vinyl acetate (VA) (EVA-
TANE 28–03), density of 0.93 g.cm3 and melt flow index of 3–4.5 g/10 

alternating with octahedral alumina sheets in different ratios and are 
classified into different categories such as (2:1) smectite class including 
montmorillonite or (1:1) kaolinite class [2,5]. 

Halloysites nanotubes, HNTs belong to the clay family, more spe-
cifically belonging to the (1:1) kaolinite class with an unique tubular 
structure, consisting of an outer silica tetrahedral surface layer and an 
inner alumina octahedral surface [2]. Thanks to their tubular structure 
and high mechanical strength, HNTs are often compared to synthetic 
nanotubes as carbon nanotubes (CNT) and exhibits numerous other 
advantages; natural availability, good biocompatibility and low cost. 
According to Lvov et al., HNT costs around $ 4 per kg against $ 500 per 
kg for CNT [6]. HNTs are of widespread occurrence in many soils of 
hydrothermal origin [7,8] and form important natural deposits in China, 
Japan, New Zealand, Brazil, USA, Turkey, France [9]. The raw material 
is mined from these natural deposits and easily ground into powder. The 
HNT molecular formula is Al2Si2O5(OH)4.nH2O, where n equal 2 and 0, 
representing hydrated or dehydrated HNT, respectively [8,9]. According 
to the hydration state, the crystalline structures differ; the freshly mined 
HNT has a fully hydrated form (n = 2) with an intercalated monolayer of 
water molecules in the interlayer spaces and the d001 spacing is 10 . 
The thermal behavior of HNT is characterized by three thermal events 
[10]: i) the dehydratation step with the loss of adsorbed water (surface 
and interlayer) occurring between 90 ◦C and 150 ◦C and the resulting 
dehydrated HNT forms present a d001 spacing at 7  [6,11], ii) the 
dehydroxylation step arises in 450–600 ◦C range and iii) the formation 
of new phases attributed to amorphous SiO2 and γ-Al2O3. Pure HNTs 
appear milky white, but according to the deposit origin, different colors 
from yellow to brown could be observed which could be attributed to the 
partial substitution of Al or Si by other ions such as Fe, Cr or Ti [12]. As 
color and purity, the HNT dimensions depend on deposits area. Gener-
ally, the HNT length covers a range from submicron scale to several 
microns, the external diameter range is between 30 and 190 nm and the 
internal diameter is included between 10 and 100 nm. 

Due to the versatile features as a large surface area, a hollow tubular 
structure and a tailored surface chemistry, HNTs have found numerous 
applications in many fields as in the drug-controlled release, the nano-
templating and the sorption [9]. Many studies have demonstrated the 
HNT effective potential as nanocarriers for encapsulation and controlled 
or sustained release of chemically or biologically active compounds 
[13–18]. Moreover, the idea to use HNT lumen as nanoreactors or 
nanotemplates to prepare nanoparticles, nanowires and nanocoatings 
has been studied [19–21]. Sorption applications of HNTs due to their 
ability in the adsorption of contaminants and other substances were 
evaluated which highlighted a novel effective biofilter [22–24]. And 
mainly, numerous works have been conducted on the HNT addition into 
polymer matrix to prepare polymer nanocomposites [11,25,26]; in 
which a consensus on the improvement of materials performances in 
terms of physical, mechanical and thermal properties has been reported. 
These works have been carried out in almost all polymer matrices [25]: 
polyolefins, polyamide, polyester, polystyrene, epoxy resin, poly-



with increasing pressure levels up to 100 bars using a hydraulic forming 
press (Darragon, 100 T). 

2.4. Characterizations of nanocomposites films 

2.4.1. Photometry 
The color measurements were carried out in a dark room using a CS 

1000 spectroradiometer (Konica Minolta). The sample films were 
superimposed on an opacity chart consisting of black and white areas 
(BYK). For our study, the measurements were made on the covered 
white areas. The sample films have been illuminated with a 4700 K light 
source that approximates CIE D50 daylight (standard corresponding to 
horizon light) with a smooth, continuous and full spectral power dis-
tribution. The color rendering index of the light is 99.35. The mea-
surement geometry has been chosen in order to avoid specular reflexion 
in the measured area. The measurements of the colorimetric parameters 
L* , a* and b* indicate color changes; with L* characterizing the light-
ness from black to white, a* the range of color from green to red, and b* 
the range color from blue to yellow. Other different deduced parameters 
consider the color variation; ΔL* as the lightness deviation, Δa* as the 
deviation on the green-red axis, Δb* as the deviation on the blue-yellow 
axis and ΔE* as the total color deviation. 

ΔL∗ = L∗
sample − L∗

neat EVA

Δa∗ = a∗
sample − a∗

neat EVA

Δb∗ = b∗
sample − b∗

neat EVA

ΔE∗ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ΔL∗2 + Δa∗2 + Δb∗2

√

2.4.2. Scanning electron microscopy, SEM 
A scanning electron microscope, Quanta 200 ESEM (FEI Company) 

was used to evaluate the dispersion and distribution states of HNT in 
EVA copolymer matrix. The SEM micrographs were performed on cry-
ofractured films. 

2.4.3. ATR-FTIR 
The Fourier Transform Infrared spectroscopy, FTIR analyses of films 

were performed using a Vertex 70 spectrometer (Bruker) in transmission 
mode through a “Golden gate” attenuated total reflectance accessory 
equipped with a diamond crystal. Spectra were obtained from 32 scans 
with a resolution of 4 cm− 1 at room temperature in a wavelength range 
of 4000–400 cm− 1. 

2.4.4. FTIR-TGA coupling 
Thermogravimetric analyses, TGA were carried out using a Setsys 

Evolution apparatus (Setaram) for samples of 10 ± 2 mg. Each sample 
were heated at a heating rate of 10 ◦C/min from room temperature to 
900 ◦C under nitrogen flow of 40 mL/min. The gases released from the 
pyrolysis were analyzed by Fourier transformed infrared (FTIR) spec-
troscopy. The gases were sent to the gas cell through a transfer line 
heated at 200 ◦C. The FTIR analyses were carried out using a Nicolet 
iS10 FTIR spectrometer (ThermoFischer Scientific) with a wavelength 
range of 4000–400 cm− 1 and a resolution of 2 cm− 1. 

3. Results and discussion

3.1. Characterization of the HNT-filled EVA nanocomposite films

3.1.1. Macroscopic changes
Visually, pure EVA films appeared transparent and homogeneous 

regardless of the production method or the melt temperature in melt 
blending process as shown in Fig. 1. The addition of HNT systematically 
resulted in a slight opacity and a significant color change of EVA 
nanocomposite films as well as a release of a strong acetic acid odor. It is 

Process conditions  

Formulations wt% 
EVA 

wt% HNT 
(or wt% HNT- 
APTS) 

Melt temperature 
(◦C)

Neat EVA  100 / / 
MELT EVA-130  100 / 130 

EVA/10HNT-130  90 10 130 
EVA-150  100 / 150 
EVA/10HNT-150  90 10 150 
EVA-170  100 / 170 
EVA/10HNT-170  90 10 170 
EVA/20HNT-170  80 20 170  
EVA/30HNT-170  70 30 170  
EVA-190  100 / 190 
EVA/10HNT-190  90 10 190 

SOLVENT EVA-THF  100 / / 
EVA/10HNT-THF  90 10 / 
EVA/20HNT-THF  80 20 / 
EVA/30HNT-THF  70 30 / 
EVA/30HNT- 
APTS-THF  

70 30 /  

min, was supplied by ARKEMA (France). HNTs were purchased from 
Sigma-Aldrich (Germany). Some informations on commercial HNT are 
provided in Supporting Information (SI1). These nanotubes had an 
average tube diameter of 50 nm and an inner lumen diameter of 15 nm 
with a length around 1–3 µm. Their characteristics were: true density of 
2.53 g.cm3, specific surface area of 64 m2. g−  1, pore volume of 
1.26–1.34 mL.g−  1 and refractive index of 1.54. THF and 3-aminopropyl-
triethoxysilane (APTS) were supplied by Merck. 

2.2. Modified HNT-APTS 

3-aminopropyltriethoxysilane (APTS) was grafted onto HNT at a 
weight ratio of HNT/APTS of 1/0.5 in toluene. The mixture was heated 
at 120 ◦C for 24 h. The modified HNT, named HNT-APTS was filtered 
and washed four times with toluene to remove unreacted APTS. Then, it 
was dried under vacuum at 100 ◦C for one night. 

2.3. Preparation of EVA/HNT nanocomposites 

2.3.1. Nanocomposites produced by melt blending process 
EVA/HNT nanocomposites obtained by melt blending process were 

carried out using an internal mixer, Haake Rheomix 600 (ThermoFischer 
Scientific) at 50 rpm during 10 min, equipped with a 50 cm3 tank. The 
mixing chamber temperature was set at different temperatures from 
130 ◦C up to 190 ◦C according to the nanocomposite’s formulations 
(Table 1). 

2.3.2. Nanocomposites produced by solvent casting method 
Some EVA/HNT nanocomposites were performed by solvent casting 

method. 1.8 g of EVA were dissolved in THF at 50 ◦C during 1 h and in 
parallel 0.2 g of HNT were dispersed by sonication in THF in the same 
conditions. The quantity of dispersed HNT was adapted in function of 
the final filler content in EVA/HNT nanocomposites (Table 1). The 
suspension with HNT was added to the EVA solution and was dispersed 
again by sonication at 50 ◦C during 1 h, before to be casted over a 
polyethylene support and dried at room temperature for 1 day. 

2.3.3. Nanocomposites films produced by thermocompression 
Nanocomposites films (disk of 7 cm in diameter and about 300 µm 

thick) were obtained as follows. In a first step, nanocomposite com-
pounds were heated during 30 s at 100 ◦C without pressure between two 
Teflon-coated plates. Then samples were pressed during 30 s at 100 ◦C 

Table 1 
EVA-based formulations: EVA and EVA/HNT with increased HNT content up to 
30 wt% produced by melt blending process (MELT) or by solvent casting method 
(SOLVENT).    



noting the particular issue of EVA+ 30HNT@ 170 ◦C formulation; the 
obtention of a homogeneous film could not be achieved. Moreover, the 
dispersion and distribution of HNT into EVA copolymer matrix by sol-
vent casting method did not enable to obtain a completely homogeneous 
film, as agglomerates of particles were visually observable. The occur-
rence of the yellow color was more or less pronounced according to the 
production method or the melt temperature in melt blending process. 
Regarding the color changes of EVA/HNT films, several visual obser-
vations could be made: i) the yellow color was more pronounced in 
EVA/HNT films obtained by melt blending process by comparison with 
the solvent casting method, ii) a yellow color gradient was observed 
when the melt temperature in melt blending process was increased, and 
iii) a yellow color gradient was observed when the HNT fillers content

was increased. 
The color changes of EVA and EVA/HNT films were evaluated by 

photometry measurements. The visual observations were quantitatively 
confirmed by the measurements of the colorimetric parameters L* , 
a* and b* which are reported in Table 2. The films without HNT present 
similar aspect and close values of L* , b* and a* (grey lines in Table 2). 
The addition of HNT in EVA copolymer matrix by melt blending process 
slightly decreased the L* value (L*EVA+10HNT 170 ◦C = 93.3 vs L*neat EVA =

97.4) and significantly increased the b* value (b*EVA+10HNT 170 ◦C = 4.4 
vs b*neat EVA = − 7.7). This trend was accentuated with an increasing 
HNT content in EVA copolymer matrix; b*EVA+10HNT 170 ◦C = 4.4, 
b*EVA+20HNT 170 ◦C = 15.1 and b*EVA+30HNT 170 ◦C = 32.3. However, this 
trend was much less noticeable when HNT was incorporated in EVA 

Fig. 1. Photos of EVA-based Films: EVA and EVA/HNT with increased HNT content up to 30 wt% produced by melt blending process (noted “@ 130–190 ◦C”) or by 
solvent casting method (noted “in THF”). 

Table 2 
Color parameters expressing the color changes of EVA-based formulations: EVA and EVA/HNT with increased HNT content up to 30 wt% produced by melt blending 
process or by solvent casting method.   

Formulations L* a* b* ΔL* Δa* Δb* ΔE*  
Neat EVA 95.4 3.3 -7.7 0 0 0 0 

MELT EVA-130  95.1  3.3  -7.6 -0.2 0  0.1  0.3 
EVA/10HNT-130  93.5  2.3  -1.4 -1.9 -1.0 6.3  6.7 
EVA-150  95.0  3.3  -7.6 -0.4 0 0.1  0.4 
EVA/10HNT-150  94.0  1.7  1.3 -1.4 -1.6 9.0  9.3 
EVA-170  95.1  3.2  -7.4 -0.3 -0.1 0.3  0.4 
EVA/10HNT-170  92.8  1.0  4.4 -2.6 -2.3 12.1  12.5 
EVA/20HNT-170  90.6  0.3  15.1 -4.8 -3.0 22.8  23.5 
EVA/30HNT-170  82.8  3.0  32.3 -12.4 -0.3 40.0  41.9 
EVA-190  95.9  3.3  -7.8 0.5 0 -0.1 0.5 
EVA/10HNT-190  93.1  0.9  6.3 -2.3 -2.4 14.0 14.3 

SOLVENT (THF) EVA  94.6  3.3  -7.5 -0.8 0 0.2 0.8 
EVA/10HNT  96.1  3.0  -6.0 0.7 -0.4 1.7 1.8 
EVA/20HNT  95.8  2.9  -6.1 0.5 -0.4 1.6 1.7 
EVA/30HNT  93.4  2.5  -2.4 -1.9 -0.8 5.2 5.7  



1003 cm− 1. The 1120 cm− 1 band is assigned to stretching mode of 
apical Si-O. The vibrational band at 907 cm− 1 corresponds to bending 
vibration of inner hydroxyl Al-OH group. HNT spectrum also shows 
obvious vibrational bands in the 500–400 cm− 1 range, at 523 cm− 1 and 
461 cm− 1 due to the deformation of Si-O (Si-O bend) in Al-O-Si and 
Si-O-Si, respectively. 

The EVA degradation induced by the presence of HNT in EVA matrix 
seems not observable by FTIR analyses in EVA/HNT films. Except a 
gradual decrease in peak intensities at 1736 and 1236 cm− 1 and a 
gradual increase in peak intensities at 1003, 907, 523 and 461 cm− 1 

which are characteristic of vinyl acetate group and Si-O group in HNT, 
respectively. This observation is in agreement with an HNT content in-
crease in EVA/HNT formulations up to 30 wt% and consequently the 
vinyl acetate content drop. 

3.2. Quantification of the different contributions of the thermal 
degradation of EVA in presence of HNT 

3.2.1. Catalytic effect on thermal degradation of EVA in presence of HNT 
In addition to macroscopic/microscopic changes described above, 

the thermal behavior was studied to highlight changes in EVA thermal 
degradation in presence of HNT. As previously mentioned, EVA copol-
ymer undergoes two degradation steps: i) the first degradation step is 
due to the release of acetic acid (deacetylation), involving the vinyl 
acetate units of the polymeric chains and the formation of unsaturated 
C––C bonds on the backbone (Δm1 = 20% in Fig. 4-a) and ii) the second 
degradation step involves the polyene chain and leads to the complete 
polymer volatilization, without the formation of a stable residue above 
600 ◦C [32] (Δm2 = 80% in Fig. 4-a). The incorporation of HNT in EVA 
matrix modifies the thermal degradation pathway. In addition to pre-
vious degradation steps, another weight loss appears at a lower tem-
perature around 250 ◦C as presented in the Fig. 4-a. The DTG curves of 
EVA/HNT formulations show this new catalytic peak at lower temper-
ature corresponding to acetic acid release, as discussed below (Fig. 4-b). 

Fig. 2 SEM observations of EVA/HNT films with increased HNT content up to 30 wt% produced by melt blending process at 170 ◦C and by solvent casting method in 
THF (Magnification x 400). 

copolymer matrix by solvent casting method; if we compare 
EVA+ 30HNT@ 170 ◦C and EVA+ 30HNT in THF films, L*EVA+30HNT 

THF = 93.4 was higher than L*EVA+30HNT 170 ◦C = 82.8 and b*EVA+30HNT 

THF = −  2.4 was lower than b*EVA+30HNT 170 ◦ C = 32.3. 

3.1.2. Dispersion and distribution of HNT 
The HNT dispersion and distribution in EVA matrix were evaluated 

by SEM observations performed through the whole thickness of the film 
(Fig. 2). It is clear that higher amounts of HNT in EVA films prepared by 
solvent casting lead to poorer distribution with the formation of huge 
aggregates of nanoparticles localized in one part of the thickness of the 
film. When melt blended by internal mixer, HNT dispersion is better 
than with solvent casting but it seems that dispersion decreases when the 
amount of HNT increases. 

3.1.3. FTIR spectroscopy 
The EVA/HNT nanocomposites films were also characterized by 

ATR-FTIR spectroscopy and some resulted FTIR spectra are presented in  
Fig. 3. The characteristic vibrational bands of EVA are observed; both 
typical bands of vinyl acetate group at: 1736 cm−  1 (C––Oester stretch), 
1236 cm−  1 (C-Oester antisymmetric stretch), and 1019 cm−  1 (C-Oester 
symmetric stretch), and ethylene backbone at: 2917 cm−  1 (CH2 anti-
symmetric stretch), 2849 cm−  1 (CH2 symmetric stretch), 1467 cm−  1 

(CH3 antisymmetric bend), 1371 cm−  1 (symmetric bend) and 718 cm−  1 

(CH2 inner rock) are identified [38–40]. The HNT spectrum exhibited 
characteristic vibrational bands into two wavelength ranges (in grey 
area on the Fig. 3) [41]. The 3700 – 3600 cm−  1 range is specific to 
stretching vibrations of hydroxyl groups (O-H stretch). The vibrational 
bands at 3694 cm−  1 and 3622 cm−  1 are attributed to the stretching vi-
bration of inner surface Al-OH groups. The interlayer H2O stretching 
band is observed at 3550 cm−  1. There is no characteristic vibrational 
bands of HNT in the range of 3000 – 1300 cm−  1, except a band centered 
at 1651 cm−  1 which is ascribed to bending vibrations of H2O. The 
vibrational band relating to the stretching bond of Si-O appears at 



Fig. 3. FTIR spectra of HNT, neat EVA and EVA/HNT films with HNT content up to 30 wt% produced in different conditions.  

Fig. 4. FTIR-TGA coupling of EVA and EVA+ 10HNT@ 130 ◦C: a) TG curves and b) DTG curves and c) FTIR gas spectra at P1, P2 and P3.  



Ratio =
MCH3COOH

MCH3COOC2H3

=
60.05
86.09

= 70% (1) 

As previously mentioned, usually EVA copolymer degradation occurs 
into two steps: i) the current (or regular) released acetic acid gas cor-
responds to the first peak at 350 ◦C, noted “P2” and ii) the degradation of 
the polyethylene part of the copolymer corresponds to the second peak 
around 500 ◦C, noted “P3”. The presence of HNT induced a catalytic 
effect with the occurrence of a peak at 250 ◦C, noted “P1”. The released 
gases during the thermal degradation in TG analysis are identified by 
FTIR from the P1, P2 and P3 peaks in DTG curves and are presented in 
Fig. 4-c. The FTIR spectrum from P2 corresponds mainly to acetic acid 
which is confirmed by the presence of characteristic bands at: 
3582 cm− 1 (O-Hac. stretch), 1795 cm− 1 (C––Oac. stretch), 1387 cm− 1 

(O-Hac. bend) and 1186 cm− 1 (C-Oac. stretch). Moreover, small amounts 
of CO2 (around 2350 cm− 1) and CO (around 2150 cm− 1) are detected 
which discloses a secondary partial acetate decomposition into CO, CO2, 
ketene and water as reported in the literature [32,43,44]. This reaction 
of deacetylation should lead to the formation of unsaturated C––C bonds 
in polymer backbone, as demonstrated in the literature [45,46]. At P3, 
the degradation of the polymeric chain corresponds to a complex hy-
drocarbon mixture including alkanes, alkenes and small aromatic com-
pounds [32]. The FTIR spectrum acquired at P3 is in accordance with the 
literature [32,36,47,48], and presents the characteristic bands at: 
3019 cm− 1 (=CH2 stretch), 2934 cm− 1 (-CH2- asymmetrical stretch), 
and 2865 cm− 1 (-CH2- symmetrical stretch). Moreover, in presence of 
HNT, the presence of water is detected (numerous bands around 
3800 cm− 1 and 1600 cm− 1) which corresponds to the dehydroxylation 
of HNT operating at 450 ◦C [10]. Despite being under nitrogen flux, 
characteristic bands of CO2 (around 2350 cm− 1) and CO (around 
2150 cm− 1) are observed which may be explained by a limited nitrogen 
flux (only 40 mL/min) or by the presence of condensed species due to 
previous degradation steps. 

The FTIR spectra obtained for P2 and P3 for EVA@ 130 ◦C and 
EVA+ 10HNT@ 130 ◦C, both prepared by melt blending (Fig. 4-c) 
showed no significant differences; same characteristic vibrational bands 
are observed and their intensity variation are not noticeable. The 
obvious difference concerns the FTIR spectra at P1. There is no vibra-
tional band all over the FTIR spectrum for EVA@ 130 ◦C, indicating no 
degradation before 250 ◦C. For EVA+ 10HNT@ 130 ◦C, vibrational 

bands are observed on the FTIR spectrum and they are characteristic of 
acetic acid, as for FTIR spectra at P2. The only difference between 
spectra from P1 and P2 is the intensity of vibrational bands; the absor-
bance of C––Oac stretching band is around 0.4 arbitrary unit (a.u.) for P2 
and it is less than 0.2 a.u. for P1. 

In order to quantify the fractions of released gases, a new method is 
developed, based on the hypothesis of the presence of three CH3COOH 
gas populations. Previously, it has been demonstrated for melt blended 
HNT-filled EVA formulations that TG analysis showed the presence of 
two peaks assigned to acetic acid elimination; i.e. a catalytic CH3COOH 
gas population (P1 on DTG curves) and the “regular” CH3COOH gas 
population (P2 on DTG curves). These two CH3COOH gas populations 
are observed on DTG curves and also by FTIR analysis. The area of the 
vibrational band C––Oac. at 1795 cm− 1 is monitored and a Gram- 
Schmidt curve is plotted, based on the vector analysis and the recon-
struction of acquired interferograms which allows to plot the total 
evolved CH3COOH gas detected by the spectrometer. Fig. 5 presents the 
Gram-Schmidt curves for evolved CH3COOH gas normalized to the EVA 
mass for each sample. As DTG curves, the Gram-Schmidt curves present 
two peaks of acetic acid gas corresponding to P1 and P2. For 
EVA+ 10HNT@ 130 ◦C, the P1 intensity is about 0.37 a.u./mg whereas 
it is only about 0.18 a.u./mg for EVA+ 10HNT@ 170 ◦C. Hence, the P1 
intensity decreases from EVA+ 10HNT@ 130 ◦C to 
EVA+ 10HNT@ 170 ◦C and has disappeared for EVA+ 10HNT@ 190 ◦C 
and EVA+ 30HNT@ 170 ◦C. 

However, as mentioned previously, another CH3COOH gas popula-
tion corresponds to the release of acetic acid during processing (named 
“P0” peak), i.e. before TG analysis. This release of acetic acid is 
confirmed by the released strong acetic acid odor after melt blending 
process. The strong acetic acid odor was undetected for neat EVA or 
EVA-HNT samples obtained by solvent casting method. A quantitative 
method by iterative approach is proposed and it is based on the hy-
pothesis that the three CH3COOH gas populations, counting for 20 wt% 
of EVA total mass, are: i) a CH3COOH fraction released during the 
melting blend process (assigned to P0), ii) a CH3COOH released at low 
temperature under TGA (assigned to P1); both fractions are related to the 
catalytic action of HNT, and iii) a “regular” CH3COOH fraction released 
in TGA at around 350 ◦C (assigned to P2) as observed for neat EVA. 

The peak area measurements on Gram-Schmidt curves are assigned 
to CH3COOH gas normalized to the EVA mass in sample and are 
respectively named A1 and A2 (corresponding to P1 and P2) in the 
following text. The peak area of CH3COOH gas population correspond-
ing to the release of acetic acid during melt blending process is named A0 

Fig. 5. Gram Schmidt curves of released CH3COOH gas in TG analysis for neat 
EVA and different EVA-based formulations. The Gram Schmidt intensity was 
normalized considering the mass of EVA for each formulation. 

Moreover, the incorporation of HNT only induces modification of the 
two first peaks, noted “P1” for the first acetic acid elimination and “P2” 
for the second one, in Fig. 4-b, whereas the peak corresponding to the 
degradation of the polyene chain is unchanged (“noted P3”). Moreover, 
according to the macroscopic observations, and especially the color 
changing of melt blended EVA/HNT nanocomposites (Table 2), we 
know that there is a thermal degradation of EVA occurring during the 
melt blending process and due to the presence of HNT. This phenome-
non leads to a fictional degradation peak “noted P0”. Obviously, this P0 
peak cannot be seen by TGA-FTIR as this degradation step has occurred 
prior to the thermo-analysis of the samples. 

In the following section, an approach has been developed based on 
FTIR-TGA coupling results, in order to quantify the catalytic degradation 
of EVA due to HNT (namely, P0 and P1 steps) and leading to a release of 
acetic acid at low temperature during the thermal degradation of EVA 
copolymer. 

3.2.2. Quantification of the different EVA decomposition steps 
Regarding the TG curves of neat EVA copolymer (Fig. 4-a), the 

released acetic acid represents a weight loss around 20 wt%. This weight 
loss represents 70% of the nominal vinyl acetate (VA) content which is 
26–28 wt% for the studied EVA copolymer grade. This difference be-
tween the evolved acetic acid and the nominal VA values corresponds to 
the ratio between the molecular masses of acetic acid (CH3COOH) and 
vinyl acetate (CH3COOC2H3) (Eq. 1) [42]. 



A0 = 100 ∗
Aref − (A1 + A2)

Aref
(2)  

where Aref corresponds to the peak area (in %) for neat EVA. 
The sum of A0 + A1 corresponds to the catalytic released gas due to 

the presence of HNT and the sum of the three acetic acid fractions, A0 
+ A1 + A2 represents a weight loss around 20 wt%. for each sample. It is
important to emphasize that due to the release of acetic acid during
processing, the composition of the samples analyzed under TGA is not
exactly the initial one. Indeed, the samples are slightly poorer in EVA,
especially in vinyl acetate, and richer in HNT than expected. The initial
mass of the sample (before TGA measurement) has to be adjusted to take
into account this weight loss during processing step. First, the maximum
area of the vibrational band C––Oac. at 1795 cm− 1 is calculated using
neat EVA and named Aref. A1 and A2 are measured (per g of EVA) and
compared to the maximum area, Aref. The fraction A0 is estimated as the
difference between the VA content and the sum of A1 and A2. This value
is slightly overestimated due to the error on the EVA content in the
sample. Then, considering this fraction, the sample composition is re- 
calculated and the calculations are carried out once again. Several it-
erations are needed to obtain a stable sample composition; i.e. a
composition which does not change anymore after a further iteration
(see Supporting Information, SI2). The final results are summarized in
the Table 3.

3.3. Influence of different parameters on the EVA thermal degradation 

3.3.1. Determination of catalytic effect 
As already stated, the addition of HNT into EVA copolymer matrix 

induces a more or less important catalytic effect on the EVA thermal 
degradation pathway. This effect has been quantified using the iterative 
approach described above. In this study, different parameters have been 
evaluated: i) the nanocomposites production method (melt blending 
process or solvent casting method), ii) the different HNT contents for 
each process, and iii) the different melting temperatures for the melt 
blending process. 

Fig. 6 represents the three different fractions; A0, A1 and A2 of the 
released acetic acid gas for EVA+ 10HNT nanocomposites obtained by 
solvent casting method (circle signs in green boxes in Fig. 6) or by melt 
blending process at different processing temperatures (triangle signs in 
Fig. 6). Concerning the CH3COOH fraction released at around 350 ◦C, 
A2, (grey signs in Fig. 6) it is relatively stable around 80% whatever the 
nanocomposite production method or the melt blending temperature. 
Even if the 80/20 proportion assigned to A2 versus A0 + A1 is difficult to 
explain, we can assume that it is linked to the dispersion of HNT into the 

EVA matrix and the possible interaction between the HNT surface and 
VA part of the EVA chains. The two fractions of released acetic acid for 
EVA+ 10HNT nanocomposites. A0 (the CH3COOH fraction released 
during the melting blend process) and A1 (the CH3COOH fraction 
released at 250 ◦C), correspond to the catalytic released acetic acid. In 
the case of solvent casting, A0 is negligible and A1 represents around 
20% of the total acetic acid. In the case of melt blending, A0 is no longer 
negligible. The sum of A0 and A1 is rather constant (around 20%) but the 
proportions of both fractions change according to the processing con-
ditions. At low melt blending temperature, A1 fraction is predominant, 
hence few catalytic CH3COOH is released during the process. A1 value 
decreases when the melt blending temperature increases whereas the A0 
value increases in the same time. At higher melt blending temperatures, 
A0 fraction becomes predominant and few catalytic CH3COOH is 
released during TGA. For EVA+ 10HNT performed at 190 ◦C, the 
available catalytic CH3COOH is almost fully released during the process 
(A1 value is almost negligible). Noting that A0 value is not zero for 
formulations obtained by solvent casting method while there is no 
decomposition expected during processing according the absence of 
macroscopic changes (no strong odor of acetic acid and no color 
change). This non-zero value is attributed to uncertainties of measure-
ment in the FTIR-TGA coupling. 

Fig. 7 demonstrates the influence of HNT content in EVA-based 
nanocomposites on the evolved acetic acid gas by comparing the pro-
cessing methods (solvent casting method or melt blending process at 

Table 3 
Determination of the different evolved acetic acid gas fractions (A0, A1 and A2) by FTIR-TGA coupling and iterative approach. It must be noticed that for EVA for-
mulations without HNT and so without catalytic effect, A0 and A1 are close to zero.   

Formulations A1 measured A2 measured A1 +A2 measured A0 (%) A1 (%) A2 (%) A0 +A1 +A2 

(%)  
Neat EVA 0 54.5 54.5 0 0 100 100 

MELT EVA-130  0  55.1  55.1  -0.9 0 100,9  100 
EVA/10HNT-130  13.8  41.2  55.0  -0.8 25.3 75.5  100 
EVA-150  0  54.5  54.5  0 0 100  100 
EVA/10HNT-150  6.4  43.1  49.5  7.7 11.9 80.4  100 
EVA-170  0  53.6  53.6  1.3 0 98.7  100 
EVA/10HNT-170  6.2  42.4  48.7  9.1 11.6 79.1  99.8 
EVA/20HNT-170  1.2  37.6  38.9  24.9 2.3 72.6  99.8 
EVA/30HNT-170  1.5  28.7  30.3  39.6 3.0 57.2  99.8 
EVA-190  0  53.9  53.9  0.9 0 99.1  100 
EVA/10HNT-190  1.6  42  43.6  17.2 3.0 79.8  100 

SOLVENT (THF) EVA  0  53.3  53.3  1.8 0 98.2  100 
EVA/10HNT  9.5  43.9  53.8  1.1 17.5 80.7  99.3 
EVA/20HNT  10.5  42  52.5  3.1 19.4 77.5  100 
EVA/30HNT  12.5  42.9  55.4  -1.4 22.9 78.5  100  

Fig. 6. Graphical representation of the distribution of the evolved acetic acid 
gas between Ao, A1 and A2 for EVA+ 10HNT nanocomposites obtained by 
different processing methods (solvent casting method with circle signs • in 
green boxes and melt blending process with triangle signs ▴) and for different 
melt blending temperatures. The dotted lines are drawn as eyes guideline. 

and it is calculated as following (Eq. 2): 



170 ◦C). For neat EVA, A2 is equal to 100% which evidences that in the 
absence of HNT there is no catalytic effect whatever the production 
process. For EVA+HNT nanocomposites, concerning A2 (the CH3COOH 
fraction released at around 350 ◦C), two trends are clearly observed 
depending on the processing. For solvent casting method, as previously 
mentioned, A2 values are relatively stable around 80%. This implies that 
between 10 and 30 wt% of HNT in EVA, the fractions of acetic acid 
released through a catalytic process (A0 + A1) are constant at about 
20 wt%, whatever the HNT content. This is not the same case for melt 
blending process: the A2 values decrease when the HNT content in-
creases into EVA copolymer matrix; A2 values decrease from 100% to 
57% from 0 to 30 wt% of HNT. This is consistent with our previous 
argument saying that the dispersion of HNT into the EVA matrix and the 
possible interaction between the HNT surface and VA part of EVA plays a 
key role in the catalytic degradation of EVA before 350 ◦C (corre-
sponding to A0 + A1). Indeed, as shown in Fig. 2, the dispersion of 30 wt 
% HNT is better when the sample is prepared by melt blending than by 
solvent casting. Hence, as there are more interactions between HNT 
nanotubes and VA part of EVA in EVA+ 30HNT@ 170 ◦C than in 
EVA+ 30HNT in THF, the catalytic effect (A0 + A1) is higher (43%) for 
EVA+ 30HNT@ 170 ◦C than for in EVA+ 30HNT in THF (20%). 

The A0 values describe two different trends depending on the 
nanocomposites production method; i) for solvent casting method, no 
acetic acid is released during process (A0 value is close to zero repre-
sented by red dotted line on Fig. 7) whereas ii) for melt blending process, 
A0 value increases when HNT content increases. These two different 
behaviors could be correlated to the macroscopic changes; there are no 
strong odor of acetic acid and no color change for nanocomposites ob-
tained by solvent casting method in contrast to the nanocomposites 
obtained by melt blending process as shown in Table 2. The A1 values 
seem to be roughly stable for solvent casting method and reach a plateau 
around 20% at 10 wt% of HNT content (blue dotted line on Fig. 7). The 
A1 values obtained by melt blending process start to increase before to 
decrease (while A0 increases); it would appear that a maximum value is 
reached at about 11.5% for 10 wt% of HNT content, before to decrease 
around 2%. 

3.3.2. Correlation with color deviations 
As presented above, the color changes of nanocomposite films are 

evaluated by the measurements of the colorimetric parameters L* , 
a* and b* in the CIELAB system and different parameters considering 

the color variation (Table 2). Regarding these results, few variations on 
the green-red axis are noticeable and they are more slightly pronounced 
on the lightness axis. The major variations occur on the blue-yellow axis 
which implies a significant increase of ΔE* , as the total color deviation. 
According to these observations, Fig. 8 shows the relationship between 
parameters deduced from FTIR-TGA coupling (fraction of acetic acid 
released during processing, A0) and color measurements due to the 
thermal degradation of EVA. A proportional linear trend seems to be 
emerging especially for EVA+HNT films obtained by melt blending 
process (red triangle signs on Fig. 8-a). When ΔE* values and A0 per-
centages are close to zero (i.e., ΔE* < 2 and A0 < 3%), the experimental 
points for all films without HNT (black square, blue triangle and blue 
circle signs on Fig. 8-b) are grouped around zero. In the grouped area, 
we also observe the representative points of EVA+HNT films obtained 
by solvent casting method (red circle signs on Fig. 8-b). This means that 
there are not much color changing and catalytic degradation of EVA 
when the process used is solvent casting (even with HNT) or when EVA 
is melt processed without HNT (even at high temperature). Neverthe-
less, a slight ΔE* variation (ΔE* > 5) for EVA+ 30HNT in THF could be 
explained by poor dispersion and distribution of HNT into EVA matrix, 
through solvent casting method at high HNT content (at 30 wt%). The 
Fig. 8 allows to demonstrate a correlation between the film color 
changes of the melt blended samples and the catalytic degradation of 
HNT during the process. 

3.4. Catalytic protection approach 

In order to avoid the catalytic effect induced by HNT on the EVA 
thermal degradation, HNT was modified with 3-aminopropyltriethoxy-
silane (APTS) in non-anhydrous condition and silanes can self- 
condense as shown in SI3 (supporting information) and as demon-
strated by Sahnoune et al. [49]. Fig. 9 shows the thermal gravimetric 
analysis of EVA compared to EVA+HNT and EVA+HNT-APTS. The 
evolution of mass versus temperature (Fig. 9a) clearly shows a prior 
degradation of EVA for the EVA+HNT sample which is due to the cat-
alytic effect of pure HNT (as demonstrated before). This is identified by a 
DTG peak centered at 240 ◦C, equivalent to P1 peak. This catalytic effect 
shown with HNT is cancelled when HNT is grafted with 2 wt% of APTS 
(SI4). Indeed, there is no degradation for EVA+HNT-APTS centered at 
240 ◦C (absence of P1 peak for EVA+HNT-APTS in Fig. 9b). Regarding 
the P2 peak on Fig. 9b, the ones of EVA and EVA+HNT-APTS are almost 

Fig. 7. Graphical representation of the distribution of the evolved acetic acid gas according to the HNT content in nanocomposites, by comparing the processing 
methods: solvent casting method with circle signs • and dotted line and melt blending process performed at 170 ◦C with triangle signs ▴ and solid line). The drawn 
lines are plotted as eyes guideline. 



equivalent (same area of P2 peak) whereas that of EVA+HNT is much 
lower due to the prior thermal degradation of vinyl acetate catalyzed by 
pure HNT for this sample. 

Due to the non anhydrous conditions for the reaction of APTS onto 
HNT, it is probable that APTS has self-condensed, leading to grafting 
rate of 2 wt% (see SI3 and SI4). Hence, the protective effect of APTS can 
be due to the fact that the silane forms a coating around the nanoclay 
(see SI3) and hinder the hydroxyl groups at the inner and outer surface 
of halloysite to catalyze the EVA degradation and start to form acetic 
acid at 200 ◦C under TGA. 

4. Conclusions

The present article has used TGA combined to FTIR to separate and
quantify the different phases of thermal degradation of EVA in the 
presence of halloysite nanotubes. It is seen that among the four contri-
butions of thermal degradation (from A0 to A3 assigned to P0 to P3 peaks 
in TGA, respectively), three are attributed to the degradation of the VA 
part of EVA copolymer (A0, A1 and A2), among which A0 and A1 
correspond to catalytic effects due to the presence of HNT. A0 represents 
the thermal degradation contribution catalyzed under melt process, 
whereas A1 is catalyzed at 250 ◦C in TGA. An iterative method is used to 
estimate the contribution of each contribution of the VA degradation 
and it is seen that when the EVA+HNT films are prepared by solvent 
casting, the contribution of A0, A1 and A2 are 0%, 20% and 80%, 
respectively, whatever the HNT content. This constant value of A2 is 
probably due to a poor dispersion and distribution of HNT with solvent 

casting process. However, when EVA+ 10HNT films are prepared by 
melt blending process, increasing the process temperature leads to an 
increase in the A0 contribution while keeping A0 +A1 = 20% (and A2 
=80%). Finally, the influence of the HNT content in the case of melt 
processing is significant as A0 reaches 40% (A1 =2% and A2 =58%) with 
30% of HNT and a processing temperature at 170 ◦C. These values ob-
tained for EVA+ 30HNT @ 170 ◦C mean that 40% of the VA is degraded 
during processing. The better dispersion of HNT into EVA with melt 
processing (regarding to solvent process) increases the surface area of 
contact between HNT and EVA that increases the catalytic degradation 
of EVA. This catalytic degradation can be avoided by grafting an orga-
nosilane (APTS) on the nanotubes that forms a coating around the 
nanoparticles. Finally, a quantitative correlation was made between the 
catalytic degradation during the melt process (A0 contribution) and the 
color changing. This last result opens perspectives on the possibility of 
establishing calibration curves based on colorimetry studies to quanti-
tatively assess the thermal degradation of composites. 
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Fig. 8. Graphical representation of ΔE* = f(A0) for EVA-based films: EVA and EVA/HNT with increased HNT content up to 30 wt% produced by melt blending 
process or by solvent casting method (a) Overall representation and b) Focus representation at lower values of ΔE* and A0. Increasing size of the triangles and circles 
signs represent increasing amounts of HNT. The drawn line/group are as eyes guideline. 

Fig. 9. TGA analysis of EVA, EVA with unmodified HNT and EVA with HNT modified with APTS. a): mass versus temperature; b): DTG versus temperature.  
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