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Highlights 

 

 DNA-modified clays were embedded at 10 wt.% loading in EVA copolymer; 

 New formulations increased the stiffness of the polymer matrix; 

 Observed decrease in the peak of heat release rate and thermal parameters; 

 Registered suppression in total smoke production and other smoke parameters. 

 

 

Abstract 

In this paper, two natural clays (namely, Sodium Cloisite and Sepiolite) were modified with low MW 

DNA from herring sperm and compounded in EVA copolymer (19% of vinyl acetate) at 10 wt.% 

loading, using an internal mixer. The effect of the presence of the biomacromolecule-modified fillers 

on the thermal properties and on the flame retardance of the resulting composites was thoroughly 

investigated. In particular, thermogravimetric analyses showed that the presence of the DNA-

modified filler enhanced the thermal and thermo-oxidative stability of the polymer matrix. Despite a 

very limited effect on flammability, cone calorimetry tests revealed that the DNA-modified 

nanofillers were able to significantly decrease the heat release rate, the peak of heat release rate, the 

total smoke production, and the specific extinction area. Finally, the presence of the modified 

nanofillers was responsible for the increase of stiffness, as well as for a certain decrease of ductility 

of the polymer matrix, as assessed by tensile tests. 

 

Keywords: EVA copolymer; Nanoclays; DNA; thermal stability; flame retardance. 

 

1 Introduction  

Thermoplastics and thermoplastic-based nanocomposites are widely used in industry and have 

found a broad number of engineered applications, ranging from automotive, aeronautical, electronics, 

packaging, construction, up to the biomedical sector [1–5]. However, if not inherently flame retarded, 

they cannot be exploited for many advances uses, for which the resistance to a flame application or 

to the exposure to an irradiative heat flux is mandatory. Therefore, improving the fire retardant 

properties of thermoplastic systems is always a challenging issue. In this regard, EVA (ethylene-co-

vinyl acetate) is a thermoplastic widely employed; some of its applications deal with the coating of 

electrical wires and cables. However, its main disadvantage is connected with high flammability and 
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emission of great amounts of smoke while burning [6]. A common approach to fix this issue is to 

embed some flame retardant (FR) additives in the copolymer matrix, having different structures, fire 

retardant mechanisms and fire performances as well. As a result, very often, the good fire 

performances achieved in the resulting flame retardant copolymer are accompanied by significant 

changes in its mechanical behavior (i.e. stiffness, ductility and toughness) [7]. EVA copolymers are 

compounded with inorganic hydroxides, like magnesium hydroxide or aluminum trihydrate; 

however, usually loadings beyond 50 wt.% are required to get satisfying flame retardant performances 

[8,9]: as a consequence, the filled copolymers usually show poor mechanical properties, as they 

become stiffer but, at the same time, very brittle.   

As clearly reported in the literature, one possibility to overcome this issue is to incorporate 

fillers at the nanoscale, such as nanoclays: they are able to create a ceramic physical barrier on the 

surface of the degrading material during a combustion process, hence lowering the heat and mass 

transfer from the material to the surroundings and vice-versa [10–12]. Thus, this approach allows 

decreasing the flame retardant loadings below 15 wt.%, even, in some cases, beneath 5 wt.%  [13–

16]. Two of commonly known clays are montmorillonite (MMT; general formula: 

(Na,Ca)(Al,Mg)6(Si4O10)3(OH)6-nH2O) [17] and soft white fibrous sepiolite (SEP; general formula: 

Mg8Si12O30(OH)4(H2O)4
.8H2O) [18,19]. MMT is built by stack layers of two tetrahedral silica sheets 

sandwiching one alumina octahedral sheet: this structure is suitable for being intercalated or 

exfoliated by different modifiers entering the clay nanogalleries [7,20]. SEP possesses a ribbon-like 

structure, where two sheets of tetrahedral silica units are linked to a central octahedral sheet of 

magnesium via oxygen atoms that creates a path of tunnels and channels. These latter can also be 

entered by selected modifiers [21–23]. 

The clay modification can be performed exploiting cation exchange, electrostatic interaction, 

hydrogen bond or hydrophobic/hydrophilic interaction. Furthermore, the modifier absorption 

depends on the structure, charge and surface of clays and on the experimental conditions adopted for 

the modification.   

The literature reports several examples of EVA embedding different nanoclays, usually ion-

exchanged with ammonium quaternary salts: the resulting systems showed increased thermal and 

thermo-oxidative stability with respect to the unfilled copolymer matrix; besides, they also exhibited 

an enhanced fire behavior. In particular, Jang and coworkers thoroughly investigated the thermal 

degradation behavior and the fire retardancy of different thermoplastics (namely EVA, PMMA, PA6, 

PS, PE, PP, SAN, PAN and ABS) embedding an organo-modified clay at 4 wt.%. It was found that 

the fire retardancy was strictly related to the occurrence of intermolecular reactions (i.e. inter-chain 
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aminolysis/acidolysis, radical recombination and hydrogen abstraction) during the degradation 

[24,25].  

Duquesne et al. selected two nanoclays, namely Sodium montmorillonite and Cloisite 30B® 

in order to prepare nanocomposites with enhanced fire retardant properties. These latter were found 

to depend on the structure of the clay and its loading; besides, the dispersion at the nano level of the 

fillers allowed achieving much better fire performances with respect to the micro level [26]. 

Quite recently, the effectiveness of certain biomacromolecules (namely, some proteins and 

nucleic acids) as low impact flame retardants for plastics, textiles and foams has been assessed and 

proven [27–32]. Among the selected FR biomacromolecules, deoxyribonucleic acid (DNA) turned 

out to be one of the most effective additive: in fact, it is considered as an “all-in-one” intumescent 

material, since it comprises the three main components of an intumescent system in its structure 

[29,33]. More specifically, it contains phosphate groups that are capable to produce phosphoric acid, 

deoxyribose units that behave as a carbon source and as blowing agents and the nitrogen-containing 

bases (adenine, guanine, cytosine and thymine) that may release ammonia. In addition, the availability 

of DNA is becoming competitive with those of other chemicals, thanks to the large-scale method 

recently developed [34]. The effectiveness of low MW DNA from herring sperm as flame retardant 

for EVA was already demonstrated, either using the biomacromolecule as a surface coating or in bulk 

via melt-blending [35–37]. 

The scientific literature reports only few examples of nanoclay modification with selected 

biomacromolecules; besides, to the best of the authors’ knowledge, the exploitation of the so-

modified nanofillers has been only marginally devoted to enhance the flame retardant features of the 

polymer matrix. In particular, montmorillonite was surface-coated by soy protein (SP) that led to 

intercalation or exfoliation of the substrate [38]. In another research, a monolayer of polydopamine 

was immobilized onto clay surface and later incorporated into an epoxy resin (3.5 wt.% loading). 

This resulted in increase of storage modulus up to 30% [39]. The intercalation of cationic chitosan 

into MMT layers was carried out to obtain compact and robust three-dimensional nanocomposites 

that, combined with graphite, allowed fabricating bulk-modified electrodes [40]. Then, 

montmorillonite was modified with quaternized chitosan nanoparticles and embedded into an epoxy-

resin [41]. 5 wt.% nanoclay loading enhanced the tensile modulus by about 74%; in addition, a lower 

loading (i.e. 2.5 wt.%) increased significantly the Tg of the neat resin from 172 °C to 184 °C. The 

same research group incorporated DNA-modified montmorillonite into an epoxy-resin (2.5 wt.%) 

and observed an improvement of the flame retardant properties, as well as an increase of the 

mechanical behavior of the obtained composites [42]. In particular, the peak of heat release rate 

(PHRR) was decreased by 20.1% and the total heat release (THR) was visibly suppressed by the 
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presence of intercalated DNA since the value was reduced by 31.2% with respect to the unfilled 

epoxy-resin. Finally, the tensile strength of the resulting composite was increased by around 20%.  

In this work we assess the effect of the presence of DNA-modified clays (namely MMT or 

SEP) on the fire retardant properties of an EVA copolymer (19% vinyl acetate content). The two 

selected nanoclays differ as far as the structure is considered: therefore, they are expected, after 

modification with the biomacromolecule, to affect the fire retardance of EVA in a different way. To 

the best of the authors’ knowledge, this is the first example, in which two different clays, modified 

with deoxyribonucleic acid strands, are compared as far as their effect on the flame retardance of 

EVA copolymer is considered. To this aim, the clays were first modified with low MW 

deoxyribonucleic acid, following a procedure reported in the literature [42]. Then, composites 

containing 10 wt.% of the DNA-modified clays were obtained by melt compounding in a Brabender 

mixer: this concentration was selected after different trials using lower or higher modified clay 

loadings. In particular, loadings below 10 wt.% did not show significant enhancements in the fire 

behavior of the copolymer, while higher loading made this latter too brittle and therefore unsuitable 

for functional purposes. The rheological, thermal, mechanical and fire behavior of the resulting 

composites was thoroughly investigated and compared with that of EVA and composites containing 

the same amount of unmodified clays. From an overall point of view, the incorporation of the clays, 

irrespective of the possible modification with DNA, showed a very limited effect on the flammability 

of the copolymer; however, as assessed in forced combustion tests, the clays, modified or not, lowered 

both the thermal (i.e. heat release rate and peak of heat release rate) and smoke (namely, total smoke 

production and specific extinction area) parameters with respect to unfilled EVA. For these latter, the 

modification of the clays led to better performances as compared to the unmodified counterparts. As 

expected, the incorporation of the clays (either unmodified or modified with the biomacromolecule) 

turned out to increase the stiffness of the copolymer, lowering, at the same time, its ductility, without 

a significant embrittlement. 

 

2 Materials and methods 

An ethylene vinyl acetate copolymer, Greenflex® EVA MQ 40F (19% vinyl acetate content) 

was kindly supplied by Versalis Spa (Mantova, Italy). Montmorillonite clay Sodium Cloisite® and 

sepiolite were purchased from Southern Clay Products (Gonzales, TX, USA) and TOLSA (Madrid, 

Spain), respectively. 

Deoxyribonucleic acid (DNA) from herring sperm testes (<50bp) and 1M HCl solution were 

purchased from Sigma Aldrich® (Milano, Italy). Water solutions/suspensions were prepared using 

18.2 MΩ deionized water supplied by a Q20 Millipore system (Milano, Italy).  
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2.1 Modification of Sodium Cloisite with DNA  

Briefly, 2g of DNA and 2g of clay were individually dissolved and dispersed respectively in 

200ml of deionized water and heated up to 60°C. Afterwards, the DNA solution was adjusted to pH 

~2 with HCl and combined with the clay suspension. The resulting mixture was stirred for 20 h and 

then centrifuged for 60min at 4100rpm. The supernatant was discarded and the precipitated washed 

two times with deionized water and centrifuged again. The resulting product, hereinafter coded as 

MMTmod, was dried overnight at 60°C and grounded using a mortar. 

 

2.2 Modification of sepiolite with DNA 

Briefly, 3g of sepiolite were suspended in 400ml of water and sonicated for 50min at room 

temperature. 2g of DNA were dissolved in 100ml of deionized water, the solution was heated up to 

60°C; then its pH was adjusted to ~2. Later, the DNA solution and the sepiolite suspension were 

combined and stirred for 20 h, then centrifuged for 60min. The supernatant was discarded and the 

precipitated washed two times with deionized water and centrifuged again. The resulting product, 

hereinafter coded as SEPmod, was dried overnight at 60°C and grounded using a mortar. 

 

2.3 Preparation of EVA-based composites 

The different composites were prepared using a Brabender mixing unit, operating at 110°C, 

working at 80 rpm, for 3 min. The formulations are shown in Table 1. 

 

Table 1. Formulations of the investigated compounds. 

Sample code Composition (wt.%) of the compounded material 

 EVA MMT MMTmod SEP SEPmod 

EVA 100      

EVA/MMT 90 10    

EVA/MMTmod 90  10   

EVA/SEP 90   10  

EVA/SEPmod 90    10 

 

3 Characterization techniques 
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X-ray diffraction spectra were collected on Panalytical X’PERT PRO with copper Cu Kα 

radiation (λ = 1.54059 Å) in the 2θ range of 2–30° and a step size of 0.026 °/min. All samples were 

dried at 60°C before XRD measurements. 

FT-IR ATR spectra were collected using Perkin-Elmer spectrophotometer (model: Frontier 

FTIR) equipped a diamond probe. FTIR spectra were recorded at wavelengths from 600 to 4000 cm-

1, collecting 16 scans with 4 cm-1 resolution. 

Rheological analyses were performed using a ARES (TA Instrument Inc., Waters LLC, USA) 

strain-controlled rheometer in parallel plate geometry (plate diameter: 25 mm). The complex viscosity 

was measured performing frequency scans from 10-1 to 102 rad/s at 110°C. The strain amplitude was 

fixed at γ = 10%, which is low enough to be in the linear viscoelastic regime, as probed by preliminary 

strain sweep measurements.  

The surface morphology of the composites was investigated using a LEO-1450VP Scanning 

Electron Microscope (beam voltage: 20kV). Fragments of the compounds obtained by a brittle 

fracture in liquid nitrogen were fixed to conductive adhesive tapes and gold-metallized.  

Thermogravimetric analyses were carried out using a TAQ500 analyzer (TA Instrument Inc., 

Waters LLC, USA) in the temperature range from 50 to 800°C and with a heating rate of 10°C/min, 

under nitrogen or air flow of 60 ml/min. Tests were performed placing about 10 mg of sample in 

alumina pans. T5% and T50% (temperature, at which 5 and 50% weight loss occurs, respectively), Tmax 

(temperature, at which maximum weight loss rate is observed in dTG curves), residue at Tmax and 

residue at 800°C were measured. 

Differential scanning calorimetry (DSC) analyses were carried out using a QA1000 TA 

Instrument apparatus (TA Instrument Inc., Waters LLC, USA). All the experiments were performed 

under dry N2 gas (50 mL/min) using samples of around 10 mg in sealed aluminum pans. All the 

materials were heated up from 30 to 150 °C at 10 °C/min. The crystallinity degree was calculated 

according to [43]. 

Flammability tests in vertical configuration were performed according to the UL94 standard. 

Forced combustion tests were carried out using Noselab Ats Cone Calorimeter (Nova 

Milanese, Italy) according to the ISO 5660 standard. In particular, square specimens (10x10x0.3 cm3) 

were irradiated with a heat flux of 35 kW/m2 in horizontal configuration; for each formulation, the 

test was repeated three times and the results averaged. A standard deviation of 2% was calculated for 

the following parameters: Time to Ignition (TTI, s), Total Heat Release (THR, MJ/m2), peak of Heal 

Release Rate (pkHRR, kW/m2), Total smoke release (m2/m2), Total smoke production (m2) and 

Specific extinction area (m2/kg). All the samples were stored for 2 days in the climatic chamber 

(23°C, 50% humidity) before test.  
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Tensile tests were performed on dog-bone (type 5A) specimens using an Instron® 5966 

Dynamometer (Norwood, MA, USA). An initial deformation speed of 1mm/min was applied and 

maintained up to the achievement of 1% of deformation. Then the speed was increased up to 100 

mm/min until break. 5 specimens for each investigated system were tested and the results averaged. 

  

4 Results and discussion 

4.1 XRD characterization of the clays 

Montmorillonite (MMT), due to its smectite structure (2:1), possesses two tetrahedral sheets 

of silica that are sandwiching an octahedral sheet of alumina [17]. This particular feature allows for 

a cation exchange or for an intercalation of organic substrate between the layers [44]. DNA-

intercalation into montmorillonite silica layers has been already reported in the scientific literature 

[42].  

Natural sepiolite (SEP) possesses a 2:1 layer structure of tetrahedral and octahedral sheets, 

which create arrangement of tunnels and open channels [21]. Unlike MMT, sepiolite layers are 

connected via covalent bonds that make them stronger. This means that the DNA can be adsorbed 

onto the outer surface of the nanofiller and DNA strands may protrude from the gaps [21]. In acidic 

conditions, new silanol groups are formed on sepiolite: they can interact with DNA via hydrogen 

bonds, thus further helping the modification of the clay. 

The structure of obtained materials were examined through X-ray diffraction technique. The 

X-ray diffractograms of the raw and modified materials are shown in Figure 1. The diffractogram of 

pristine clay (MMT) at 8.97° shows reflection of (001) crystalline plane. The 

layer stacking in phyllosilicate is around 10 Å (Table 2). After modification (MMTmod, red line) the 

interlayer distance was more than doubled (up to 20.79 Å). This clearly supports the DNA 

intercalation within the nanoclay layers [42,45]. Furthermore, a broadening of the peak was observed: 

this finding can be ascribed to the presence of slightly disordered structures within clay tactoids [46]. 

Besides, some small changes are observed in other peaks, which may indicate some decrease in 

crystallinity.  

Conversely, SEPmod (red line, Figure 1B) does show any change in the diffractogram with 

respect to pristine SEP (black line): this clearly indicates that natural sepiolite maintained its 

organized structure after modification with DNA. This finding is in agreement with the scientific 

literature, where similar results are observed for other organo-modifications of the nanofiller [21,47]. 
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Table 2. X-ray analysis: 2θ values and interlayer space of natural clays and modified materials. 

Sample 2θ angle [°] interlayer distance [Å] 

MMT 8.97 9.84 

MMTmod 4.24 20.79 

SEP 7.37 11.98 

SEPmod 7.47 11.81 

 

 

Figure 1. Diffractograms of clays before and after the modification with DNA: A) montmorillonite 

(MMT) and DNA-modified montmorillonite (MMTmod); B) sepiolite (SEP) and DNA-modified 

sepiolite (SEPmod). 

 

4.2 FT-IR ATR spectroscopy 

Figure 2 shows the FTIR spectra in ATR configuration of the biomacromolecule, as well as of the 

nanofillers, before and after modification. 

As reported in the scientific literature [48,49], the clays display characteristic bands in the 

region 3670-3600 cm-1 (vibrations of Mg-OH of octahedral sheets), broad band between 3450-

3400cm-1 (presence of water adsorbed on the surface) [50], rather sharp signal at 1640 cm-1 (-OH 

water bending vibrations bands) [51,52] and a very strong signal situated at 1075-1050 cm-1 

(asymmetric Si-O-Si stretching band). Furthermore, an additional band located around 500 cm-1 is 

attributed to the deformation vibrations of Si–O–Al.  
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Blue lines in Figures 2A-B display DNA FT-IR ATR spectrum. One can distinguish two bands 

located at 1230 and 1090 cm-1 due to the asymmetric and symmetric stretching of the phosphate 

groups [48]. The region 1000 – 750 cm-1 covers the vibrations bands of the phosphate-sugar 

backbones. The peak at 1695 cm-1 refers to the stretching vibrations of N-H bonds. The broad band 

between 3400 and 2700 cm-1 suggests –OH and –NH overlapping peaks. 

 

Figure 2. FTIR ATR spectra of DNA and of the nanofillers before and after the modification (Inlet 

magnifies the bands within 3000 and 3500 cm-1). 

  

In Figure 2A the red line shows montmorillonite intercalated with DNA strands (MMTmod). 

As a result of the modification, additional peaks at 3300 and 1230 cm-1 related to N-H and P-O 

stretching vibrations of DNA, respectively, appear in the spectrum of MMTmod. Besides, a well 

visible band at ~1700 cm-1 indicates the intercalation of organic substrate, in agreement with 

previously published data [42]. 

The spectrum of pristine sepiolite is shown as a black line in Figure 2B. Bands at 3691, 3561 

and 3434 cm-1 can be assigned to vibrations of Mg-OH, structural water and zeolitic water, 

respectively [51,52]. The signal located at 1645 cm-1 refers to -OH bending of water and the intense 

wide signal at 1020 cm-1 corresponds to Si-O-Si vibrations of tetrahedral units; in addition, the signals 

at 1220 cm-1, 1087 cm-1 and 980 cm-1 are attributed to combination bands of Si-O. The spectrum of 

modified sepiolite (SEPmod, red line, Figure 2B) does not show any significant changes apart from 

an enrichment and a slight shift of some signals (by 2–5 cm-1), hence further supporting the results 

from XRD analyses. This finding can also be ascribed to DNA, which shows absorption bands 

overlapping those of sepiolite. On the other hand, similar slight differences were sufficient to prove 

the occurrence, after modification, of interactions of aminosilanes [47,51] and an organic dye [52] 

with sepiolite. 
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4.3 Thermogravimetric analyses on the nanofillers and DNA 

Thermogravimetric analyses in air were carried out on DNA and on the clays, before and after 

modification with the biomacromolecule, in order to quantitatively assess the modification the clays 

underwent. The TG and dTG thermograms of DNA, pristine clays and DNA-modified products are 

shown in Figure 3A-D.  
 

 

Figure 3. TG and dTG plots of used fillers and DNA in air.  

Referring to Figure 3A, one can observe 7.6, 22 and 62.7% mass loss for MMT, MMTmod 

and DNA, respectively. The difference between the first two mass loss values suggests the presence 

of 14.4% of DNA within the clay galleries.  

TG and dTG curves of DNA in air show significant weight losses at 90°C, in between 182 

and 320°C and at 490°C, attributable to loss of water, production of ammonia and degradation of 

phosphorus groups, respectively.  
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Pure sepiolite displays four mass loss stages at 64°C (removal of zeolitic water), 275°C, 501°C 

(both due to loss of coordinated water) and 795°C (because of the occurrence of dehydroxylation 

reactions) [21]. DNA and sepiolite TG derivative curves (Figure 3D, black and red lines, respectively) 

overlap in a wide region. However, an intense decomposition step with a maximum at 537°C is 

observed for SEPmod. As depicted in Figure 3C, SEP and SEPmod show 11.3 and 19.8% mass loss, 

respectively: therefore, the DNA content onto sepiolite structure was estimated as 8.5%.  

The differences in DNA content between MMTmod and SEPmod is not surprising, as the ion 

exchange capacity for montmorillonite is much higher with respect to sepiolite [53]. 

 

4.4 Rheological behavior of the composites 

The study of the rheological behavior of polymer-based composites allows gaining an insight 

into the dispersion of the embedded particles within the host matrix and the interactions established 

between the two species in the interfacial region. Besides, important information about the material 

processability can be obtained from the evaluation of the rheological functions in the linear 

viscoelastic region of the polymer. In Figure 4A-B, the trend of the complex viscosity as a function 

of frequency for MMT- and SEP-based composites is reported and compared to that of neat EVA. 

The pure matrix exhibits the typical viscoelastic response of unfilled polymeric materials, with the 

presence of a Newtonian plateau in the low frequency region, followed by a shear thinning behavior, 

involving a progressive decrease of the viscosity with increasing of frequency. The presence of MMT 

particles, irrespective from their possible modification, does not significantly affect the EVA 

rheological behavior; differently, SEP- and SEPmod-containing composites show higher viscosity 

values in the whole investigated frequency range, compared to the neat matrix. The obtained results 

suggest that embedded particles could form some aggregates within the host matrix; however, the 

presence of these agglomerates does not compromise the processability of the composites, since their 

viscosity remains quite similar to that of neat EVA in the range of frequency typical of melt-mixing 

operations. 
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Figure 4. Complex viscosity as a function of frequency for neat EVA and MMT (A) and SEP (B) 

composites  

4.5 Morphology of the prepared composites 

SEM analyses were performed on fracture surfaces of the composites, in order to verify the 

homogeneity of distribution of the fillers before and after the modification with DNA. Some typical 

images are shown in Figure 5 at different magnifications. Independently from the type of clay and its 

possible modification, the nanofillers are quite well distributed within the polymer matrix; however, 

some aggregates, the dimensions of which range from 30 to 150 microns, are formed during the melt 

compounding process, especially when modified sepiolite is incorporated in EVA. 
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 Figure 5. Typical SEM images for the prepared composites at 250 (left panel) and 1000  (right panel) 

magnifications (line A: EVA/MMT; line B: EVA/MMTmod; line C: EVA/SEP; line D: 

EVA/SEPmod) 
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4.6 Thermal and thermo-oxidative stability 

The thermal stability of EVA composites was assessed through thermogravimetric analyses 

(TGA) either in nitrogen or air atmosphere. Figures 6A-D show mass loss and the corresponding 

derivative (dTG) curves obtained in nitrogen. 

 

Figure 6. Thermogravimetric curves in nitrogen for clay (A,B) and sepiolite (C,D) composites. 

 

In nitrogen, the thermal decomposition of EVA takes place in two steps [54]. The first one 

(Tmax1), occurring between 300 and 395°C, is ascribed to the decomposition of vinyl acetate, and the 

second one (Tmax2, between 400 and 500°C), corresponds to the degradation of the polyethylene 

chains [54]. In all cases, the addition of 10 wt.% of DNA-modified nanofiller, is responsible for an 

improve of the thermal stability of the copolymer, as shown by the increase of T50% values collected 

in Table 3 (478 and 472 vs. 461°C, for EVA/MMTmod, EVA/SEPmod and EVA, respectively). This 

improvement in the thermal stability may be explained by the physical barrier effect and the 

entrapment of volatile products arisen from EVA degradation inside the structure of the clays.  

More complex changes in the thermogravimetric analyses are observed in air atmosphere 

(Figure 7). In air, the decomposition of EVA takes place according to three steps. The first two refer 
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to the loss of acetic acid and the subsequent random chain scission of the remaining material. The 

third one involves the formation of the char residue [54]. From an overall point of view, the presence 

of the clays increases the thermo-oxidative stability of the copolymer, as the TG curves of the 

composites are shifted towards higher temperatures with respect to the unfilled polymer.  

 

Figure 7. Thermogravimetric curves in air for clay (A,B) and sepiolite (C,D) composites. 

 

As far as EVA/MMTmod is considered, it is worthy to note that the residue in air at 800°C is slightly 

higher (i.e. 9.1%) with respect to the theoretical one (i.e. 6.6%), calculated on the basis of the 

composition of the composite. Conversely, there are no significant differences for EVA/SEPmod (7.9 

vs. 8%). In fact, as revealed by XRD analyses, the crystalline structure of SEP after the treatment 

with DNA is not modified at all: this means that DNA is not likely to enter the clay channels, but it’s 

absorbed on the nanofiller surface.  
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Table 3. The results of thermogravimetric analyses of the obtained composites. 

Sample T5% 

[°C] 

T50% 

[°C] 

Tmax1  

[°C] 

Tmax2  

[°C] 

Tmax3  

[°C] 

Residue 

@Tmax1 

[%] 

Residue 

@Tmax2 

[%] 

Residue 

@Tmax3 

[%] 

Residue  

@ 800°C 

[%] 

 Atmosphere: nitrogen 

EVA 328 461 347 470 - 92.2 31.4 - 1.0 

EVA/MMT 324 476 332 482 - 93.3 38.6 - 8.8 

EVA/MMTmod 340 478 356 484 - 91.5 38.8 - 9.1 

EVA/SEP 244 471 354 480 - 87.3 35.5 - 8.0 

EVA/SEPmod 330 472 349 479 - 91.3 36.5 - 7.8 

 Atmosphere: air 

EVA 308 427 339 435 524 87.3 35.1 3.6 0.8 

EVA/MMT 317 433 333 429 493 89.9 56.5 12.5 8.8 

EVA/MMTmod 317 435 345 432 495 87.1 54.4 13.1 9.1 

EVA/SEP 268 445 342 442 525 86.9 56.2 10.7 8.4 

EVA/SEPmod 314 435 342 433 525 88.3 54.4 10.1 7.9 

 

4.7 DSC analyses 

DSC analyses were exploited in order to assess the effect of the presence of the clays on the 

degree of crystallinity and Tm of EVA. The results are shown in Figure 8 and Table 4; in particular, 

the thermograms revealed similar runs for all samples. In a heating range from 30 to 130°C, two 

endothermal peaks at about 44 and 78°C are observed: as reported in the literature, the former is 

ascribed to the softening of vinyl acetate parts, while the latter to Tm [55,56]. None of them seems to 

be remarkably affected by the presence of the fillers, since Tpeak variations are within 2°C. Conversely, 

the calculated enthalpies of the second peak suggest a slight decrease in the degree of crystallinity for 

all the composites with respect to the unfilled polymer matrix. This finding was already reported in 

the literature for EVA containing bacterial cellulose nanofibers [56]. 
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Figure 8. DSC thermograms for A) clay-based and B) sepiolite-based composites. 

 

Table 4. DSC results (endothermal peaks, enthalpy and crystallinity degree) for clay-based and 

sepiolite-based composites. 

Sample Tpeak1 [°C] Tpeak2 [°C] Enthalpy H [J/g] Degree of 

crystallinity* [%] 

EVA 42.7 78.0 27.3 9.4 

EVA/MMT 45.1 78.9 22.4 7.7 

EVA/MMTmod 45.0 79.5 22.6 7.8 

EVA/SEP 44.4 79.0 22.1 7.6 

EVA/SEPmod 44.9 78.7 22.1 7.6 

*Calculated according to [43] 

 

4.8 Flammability tests 

Vertical flame spread tests were performed on EVA and its composites following the UL94 

standard. Table 5 collects the obtained data. From an overall point of view, the incorporation of either 

unmodified or DNA-modified clays in the polymer matrix slightly affects the flammability behavior 

of the composites: in fact, melt dripping phenomena are not avoided, though, unlike unfilled EVA 

(no rating), all the composites achieved V2 classification.  
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Table 5: Results from vertical flame spread tests 

Sample Classification 

EVA - 

EVA/MMT V-2 

EVA/MMTmod V-2 

EVA/SEP V-2 

EVA/SEPmod V-2 

 

4.9 Cone calorimetry tests 

Forced combustion tests were carried out in order to study the effect of the clays (before and 

after modification with DNA) on the resistance to a 35 kW/m2 irradiative heat flux.  Figure 9 shows 

the HRR vs. time curves; Tables 6 and 7 collect the thermal and smoke parameters, respectively.  

First of all, it is noteworthy that the incorporation of any clay in EVA, irrespective of the 

modification, causes a faster ignition of composites (i.e. a lowering of TTI); the TTI anticipation is 

more pronounced when the clays were modified with DNA. This behavior can be attributed to the 

biomacromolecule that has to activate prior the polymer decomposition [57,55]. 

Furthermore, all the composites, irrespective of the possible modification of the clays with 

DNA, show a decrease of THR and mean HRR values, as well as a remarkable decrease of pkHRR 

with respect to unfilled EVA (Table 7). Besides, in any case, the modification of the clays with the 

biomacromolecule does not provide any improvement in pkHRR values, notwithstanding the slight 

enhancements of mean HRR and THR values found for EVA/MMTmod composites as compared to 

EVA/MMT counterparts. Moreover, the modification of sepiolite with DNA leads to lower fire 

performances with respect to the unmodified clay. This finding could be ascribed to: i) the 

aggregation phenomena occurring in modified sepiolite when embedded in the polymer matrix and 

ii) the impossibility of DNA to enter the clay channels, being the former mostly absorbed on the 

nanofiller surface.   Jo
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Figure 9. HRR vs. time curves. 

Table 6. Cone calorimetry results for EVA and its composites: thermal parameters.  

SAMPLE 
Time to 

ignition (s) 

mean HRR  

(kW/m2) 

pkHRR 

(kW/m2) 

THR 

(MJ/m2) 

Residue 

(%) 

EVA 69  319 1159 90  0.05  

EVA/MMT 37  311 754 89 8.0  

EVA/MMTmod 31  298 875 79 6.5  

EVA/SEP 48  300 489 81 8.6  

EVA/SEPmod 31  294  779  82 7.3  

 

Table 7. Cone calorimetry results for EVA and its composites: smoke parameters.  

SAMPLE TSR (m2/m2) TSP (m2) SEA (m2/kg) CO yield 

(kg/kg) 

CO2 yield 

(kg/kg) 

EVA 1543 15.4 608 0.0012  0.0052  

EVA/MMT 1752 17.5  702 0.0009 0.0102  

EVA/MMTmod 1275 12.8  557 0.0004  0.0084  

EVA/SEP 1853 18.6 746 0.0002 0.0052 

EVA/SEPmod 1284 12.8 539  0.0015 0.0148  

 

 

4.10 Mechanical behavior 

Finally, tensile tests were carried out on EVA and its composites, aiming at assessing the 

effect of the fillers on the mechanical behavior of the copolymer. The typical stress-strain curves are 

shown in Figure 10; Young moduli and elongation at break are collected in Table 8. It is worthy to 

note that the incorporation of the clays increases the stiffness of the polymer matrix, while decreasing 
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the ductility (i.e. the elongation at break). These results seem to indicate that 10 wt.% loading (that is 

much higher as compared to the standard clay content in polymer nanocomposites) does not lead to 

a significant embrittlement of the copolymer. Besides, the observed mechanical behavior is strictly 

affected by the micro-size of the modified clays due to the aggregation phenomena already assessed 

by SEM analyses.   

 

Table 8. Mechanical properties of EVA and its composites. 

Sample Young Modulus [MPa] Deformation @break [%] 

EVA 13.0 ± 0.6 1227 ± 45 

EVA/MMT 17.1 ± 0.6 1064 ± 33 

EVA/MMTmod 19.3 ± 0.9 787 ± 102 

EVA/SEP 26.9 ± 0.9 908 ± 25 

EVA/SEPmod 24.1 ± 1.0 810 ± 65 

 

 

Figure 10. Stress-strain curves for EVA and its composites. 

 

 

5 Conclusions 

Two nanoclays, namely montmorillonite (MMT) and sepiolite (SEP), were modified with low 

MW DNA strands. The modification was assessed by means of XRD, FT-IR ATR and 

thermogravimetric analyses. The modified clays were embedded at 10 wt.% loading in EVA 

copolymer. The obtained composites showed enhanced thermal and thermo-oxidative stability with 
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respect to unfilled EVA; in addition, the presence of the unmodified or modified fillers slightly 

reduced the crystallinity degree of the copolymer, without determining significant changes of Tm. 

Besides, the presence of the fillers, irrespective of the possible modification, increased the 

stiffness of the polymer matrix, reducing, at the same time, its ductility. While the flammability of 

the copolymer was only slightly affected by the presence of the fillers, these latter, as compared to 

unfilled EVA, turned out to lower the heat release rate (up to 8% for EVA/SEPmod composites), the 

peak of heat release rate (by 24.5 and 32.8%, respectively for EVA/MMTmod and EVA/SEPmod), 

the total smoke production (by around 17% for both) and the specific extinction area (between 8 and 

11%), as revealed by forced combustion tests. 

The control of aggregation seems to be a key issue for the use of the clays modified with DNA 

at a relevant loading in EVA. Future work will be devoted to enhance the disaggregation/dispersion 

of the modified clays, in order to further improve the fire behavior and the mechanical properties of 

the obtained composites.  
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