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Abstract: A sustainable alternative to the destination of polyethylene (PE) residue from the
prepreg package was established. This work intends to develop nanocomposites for packaging
containing neat low-density polyethylene (LDPE), a compatibilizer agent (maleic anhydride
grafted-LDPE, LDPE-g-MA), recycled LDPE obtained from the protective films of prepreg (rLDPE)
and montmorillonite (MMT). The rLDPE, from the prepreg shield, has a primary role during the
transport and storage of prepreg, which can be composed of epoxy resin and carbon fiber or glass
fiber. However, this rLDPE is withdrawn and discarded, besides, it is estimated that tons of this
material are discarded monthly by the company Alltec Materiais Compostos Ltd. (Sao José dos
Campos-SP, Brazil). Due to several factors, including the lack of technology for recycling, the majority
of this material is incinerated. In this context, this work presents a technical and ecologically viable
alternative for the use of this discarded material. Nanocomposites of LDPE/rLDPE blends and
montmorillonite (MMT) with different contents (0.0, 1.0, and 3.0 wt%) and with the addition of
compatibilizer agent (LDPE-g-MA) were prepared by extrusion process. Test specimens were obtained
by hot pressing in a hydropneumatic press followed by die-cutting. The nanocomposites produced
using rLDPE presented good mechanical, thermal, and morphological properties, being the ideal
concentration of 1 wt% MMT. Thus, the results obtained confirmed the viability of recycling LDPE
from the prepreg package which contributes to the reduction of waste and the use of this material in
technological applications.

Keywords: low-density polyethylene; montmorillonite; nanocomposites; recycling

1. Introduction

The consumption of polymeric materials has been growing in recent years. Polyethylene (PE)
is a good example that besides having good properties is highly versatile, with applications in both
automobiles and plastic packaging [1]. Plastic packages account for about 40% of all plastic waste
and are usually destined for landfills after disposal. When this discarding is done incorrectly, several
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negative impacts can arise as a result, such as pollution of the oceans affecting marine life, emission of
toxic pollutants into the atmosphere, soil contamination and water pollution, besides changes in the
ecosystem [2-5]. An alternative could be incineration of residues; however, besides having a high cost
involved, it generates ash residues containing heavy metals, as well as releasing dioxins and other toxic
compounds, which can cause leaching, for example [4]. Unfortunately, these are the most commonly
found destinations for these polymeric residues.

In addition to landfilling and incineration, a third alternative would be to recycle the plastic
waste [6,7]. In this way, it becomes possible to use waste that would be eliminated for the preparation
and development of new material, not only avoiding all the negative impacts coming from the other
methods but also reducing the consumption of petroleum-based-polymer, consequently, the extraction
of petroleum [1,8,9].

In the literature, it is possible to find several successful research suggesting the recycling of
polyethylene, mainly concerning plastic packaging [2,10]. In one of these studies, Jnr et al. [2]
performed a detailed analysis of the statistics involving the disposal of polymer packages after
consumption. Mechanical and rheological tests were carried out on these materials to analyze the
feasibility of recycling them according to the presented properties. Another study carried out by
Garofalo et al. [10] also focused on recycling flexible polymer packages, and it was suggested that the
addition of nanoparticles, like nanosilicates, is an alternative to improve the mechanical properties of the
recycled material. Moreover, the increase in the mechanical properties was obtained with the addition
of a compatibilizer agent composed by maleic anhydride, which contributed to the compatibilization
of the system. In addition to confirm the possibility of recycling into blends, the authors also found
that the presence of a compatibilizer agent causes increased ductility of the material.

The presence of nanoparticles in the polymeric matrix acts as reinforcement and, due to its
dimensions, provides a larger surface area between the reinforcement and the polymer matrix.
Thus, good mechanical properties are achieved when the nanofiller is well dispersed into the polymer
matrix [11,12]. Consequently, a lesser amount of nanofiller is required because of its low dimensions,
resulting in a decrease in the mass of the material compared to traditional composites, using micrometer
fillers [13].

Among the several reinforcement options, the montmorillonite nanoclay (MMT) is an interesting
alternative due to the low cost allied with high availability, besides having a high degree of exfoliation
and good mechanical strength [13,14]. However, due to hydrophilic characteristics surface modification
of MMT becomes indispensable, and it is necessary to add a compatibilizer agent to assist in the
interfacial interaction between the filler and the polymer, thus promoting good dispersion [13-16].

Chang [17] investigated the structures and properties of various organic/inorganic nanocomposites
of low-density polyethylene (LDPE) containing MMT and maleic anhydride-grafted LDPE/MMT
(LDPE-g-MA/MMT), which were produced with a twin-screw extruder and injection molding machine.
The mechanical properties significantly improved when the proper amounts of MMT and MA-grafted
materials were added to LDPE. This improvement in properties is mainly due to the compatibilizing
effect of MA grafts.

Therefore, this work studies the feasibility of recycling polymer film waste that is used for
protection and storage of prepreg (composed of epoxy resin and carbon or glass fiber). This polymer
film waste is composed of low-density polyethylene (rLDPE) and is widely used in the composite
industry, mainly in the city of Sao José dos Campos (Brazil), which owns the largest Brazilian aircraft
company. The main goal of this work is to prepare LDPE/rLDPE blend-based MMT nanocomposites
using MA-grafted LDPE (LDPE-¢g-MA) as a compatibilizer agent. The objective is to find a sustainable
and less harmful alternative to the destination of this polymer residue, applying the new material in
technological applications.
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2. Experimental

2.1. Materials

Low-density polyethylene film waste ({LDPE) was supplied by Alltec Materiais Compostos Ltd.
(Sao José dos Campos-SP/Brazil). Low-density polyethylene (LDPE, LD 5000 A) with a melt index of
1.4 g/10 min (190 °C/2.16 kg) was supplied by Braskem, Brazil. Benzoyl peroxide (BPO) supplied by
Contemporary Chemistry Dynamics and Maleic Anhydride (MA) (Aldrich with 99% purity) were used
for the production of compatibilizer agent LDPE-g-MA. Montmorillonite clay (MMT) was supplied as
Cloisite® 20 A by Southem Clay Products Inc (Gonzales, TX, USA). This MMT was ion-exchanged
with dimethyl dihydrogenated tallow ammonium ions, where tallow was composed predominantly of
octadecyl chains with a smaller amount of lower homologs. The approximate composition was C18
(65%), C16 (30%), and C14 (5%). This organoclay was selected based upon recent studies showing
improved organoclay exfoliation in PE using surfactants with two tails on the ammonium ion instead
of one tail [15,18].

2.2. Preparation of Compatibilizer Agent (LDPE-g-MA)

To enable the preparation of the LDPE/rfLDPE/MMT nanocomposites, it was necessary to prepare
a compatibilizer to allow the formation of intercalated layers of MMT in the polymer chains, avoiding
their agglomeration and poor dispersion in the matrix of LDPE/rLDPE [19].

A co-rotational double screw extruder from AX Plasticos, model AX16:40DR (L/D =40, D = 16 mm)
was used, with the temperature profile of 170/180/180/190/190 °C, from the first section to the die,
operating at a screw rotation speed of 100 rpm and feeding of 20 rpm. LDPE-¢g-MA was produced with
the addition of 96 wt% of LDPE, 2 wt% of MA, and 2 wt% of BPO, which was used as the initiator.
The reaction occurred during the extrusion process, being noticed by the change in the coloration of
the extruded material, resulting in the granulated material in the form of pellets.

2.3. Preparation of rLDPE by Milling of the LDPE Films Waste

rLDPE was received in films, and was milled for the production of the nanocomposites. In
this way, the cryogenic milling of the material was done using an analytical mini-mill (IKA A11).
This procedure was necessary to obtain the material in powder, which is the strategy required for
processing in the extruder. Figure 1 shows rLDPE before and after the milling process.

Figure 1. Preparation of prepreg low-density polyethylene (rLDPE): material as received by Alltec
Materiais Compostos Ltd. (Sao José dos Campos-SP, Brazil) (A) and after cryogenic milling (B).

2.4. Sample Processing

Prior to processing, the MMT was oven-dried at 60 °C for 24 h. LDPE/LDPE-g-MA/MMT
and LDPE/LDPE-g-MA/rLDPE/MMT nanocomposites with different contents of MMT (0.0, 1.0, and
3.0 wt/%) were prepared by melt blending in a co-rotational double screw extruder from AX Plasticos,
model AX16:40DR. The temperature profile was 170/180/180/190/190 °C from the first section to the
die, operating at a screw rotation speed of 120 rpm and feeding of 30 rpm. The compositions used are
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shown in Table 1. The final blend nanocomposites were prepared with a ratio of 1:1 (LDPE/rLDPE)
and 5 wt% of compatbilizer agent (LDPE-g-MA).

Table 1. Composition and designation of nanocomposites.

Samples Composition LDPE (%) LDPE-g-MA (wt%) rLDPE (%) MMT (wt/%)
50LDPE/50rLDPE/OM 50 5 50 0
50LDPE/50rLDPE/1IM 50 5 50 1
50LDPE/50rLDPE/3M 50 5 50 3
100LDPE/OM 100 5 0 0
100LDPE/1IM 100 5 0 1
100LDPE/3M 100 5 0 3

After homogenizing the blends nanocomposites by an extrusion process, the samples were
granulated and standardized specimens were molded into 3.2. mm thick plates in a hydropneumatic
press (MH Equipamentos, Guarulhos, Brazil, model PR8H) at 190 °C with a pressure of 5 bar for 3 min.
Standardized specimens for the impact and tensile tests were prepared using a pneumatic hollow die
punch machine (CEAST/Instron).

3. Composites Obtained: Characterization

The following sections will present the characterizations and comparisons made of the composites
obtained using recycled material ({fLDPE) and only with virgin material (LDPE from Braskem).

3.1. X-Ray Diffraction (XRD)

The phase composition of MMT was analyzed by X-ray diffraction (PANalytical EMPYREAN)
with Cu-Ka radiation (A = 1.5406 A) in the 20 range 5-50° at a scan rate of 0.6 s/step. The operating
current and voltage were set at 40 mA and 40 kV, respectively.

3.2. FT-IRUATR

Grafting reaction of maleic anhydride to LDPE and the nanocomposites samples were evaluated
by FT-IR, recorded on a Frontier spectrometer (PerkinElmer, Waltham, MA, USA), equipped with a
universal attenuated total reflection (UATR) accessory. Each spectrum was acquired in transmittance
mode by accumulation of 20 scans with a range of 4000-400 cm™.

3.3. Differential Scanning Calorimetry (DSC)

DSC analyses were performed on a Netzsch Phoenix® DSC 204 F1. Small amounts (10 mg) of
dried samples were placed into aluminum pans. The heating rate of 10 °C min™! from 25 to 200 °C,
in nitrogen atmosphere with a gas flow of 20 mL min~! to obtain the melting point (Trn) and the
enthalpy of fusion directly obtained by DSC (AHm), in a single heating. The crystalline content (Xc)
was calculated by Equation (1), where the melting enthalpy of the 100% crystalline LDPE (AHm®) was
taken as 293 J/g [20], AHc is the crystallization enthalpy during heating that in this case is 0 J/g, & is the
volume fraction of the MMT in the polymer. Tm, AHm, and Xc were obtained during second heating
scans for all compositions.

AHm — AHc

Xc(%) = - -100 M)
( 0) AHmM®-@Montmorillonite

3.4. Scanning Electron Microscopy (SEM)

The cryogenic fracture surface morphology of the samples was observed by scanning electron
microscopy (SEM) using an Inspect S50 FEI Company® microscope, with detectors of secondary
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electrons mode (SE), an accelerating voltage of 15 kV, and with magnification of 10.000x. The samples
were cryogenically fractured, fixed on aluminum stubs, and covered with gold.

3.5. Mechanical Properties

The mechanical properties of the samples were determined by Izod impact test, tensile tests, and
Shore D hardness test. The Izod impact test was performed on a CEAST/Instron Izod impact testing
machine (model 950), with a 5.5 ] hammer and sample dimensions: length 63.5 mm; width 12.7 mm;
3.28 mm thickness. The test method was carried out according to ASTM D256-06. All the test specimens
were notched using a manual notching machine (CEAST/Instron), with a depth of 2.54 + 0.1 mm.
Tensile tests were carried out according to ASTM D638 using a Universal testing machine (EMIC, model
DL20.000) at a crosshead speed of 50 mm min~! and sample dimensions: length 165 mm; thickness
3.28 mm; working length 57.0 mm and narrow section width 13.0. A minimum of 5 specimens for each
composition was tested. The specimens were submitted to Shore D hardness test using a digital Shore
D hardness tester (Instrutherm, Model DP-400). Measurements were performed on the surface of the
samples, at distant points. The experiment was accomplished according to ASTM D790.

4. Results and Discussion

4.1. XRD: MMT and Nanocomposites

Figure 2 shows the diffraction pattern for MMT and the nanocomposites. For neat MMT,
characteristic peaks are observed at 20 = 7.09° and 26 = 19.82°. The peak at 20 = 19.82° is characteristic
for nonbasal reflections, due to the layered structure [21]. In the samples with 3 wt% of MMT, it can
be observed that the MMT characteristic peak shifts to lower angles if compared to the peak of the
pristine organoclay (which was at 26 = 7.09° for neat MMT), suggesting intercalation of the polymer
molecules into the galleries of the clay. The results indicated that an intercalated structure in the
compatibilized nanocomposites was predominant. For 100PE/3M, the peak was shifted to 26 = 6.77°,
and for 50LDPE/50rLDPE/3M, the peak was shifted to 26 = 6.57°. It was not possible to obtain the curve
for angles smaller than 5°, so the composition with 1 wt% MMT did not present the MMT characteristic
peak. The absence of this peak in the samples with 1wt% of MMT suggests that the MMT has nearly
exfoliated into the matrix [22].

A B
MMT]
MMT

100LDPE/OM

WOLDPEOM| |

100LDPE/1M

LOOLDPE/IM| | e et

e T e Mo0DPE]
100LDPE/3M

SOLDPE/S0rLDPE/OM

SOLDPE/SOILDPEAM| | oot

SOLDPE/SrLDPEMM
SOLDPE/SOILDPEAM | | ]

SOLDPE/SOILDPEAM | [™ e SULDPESKLDPESM |
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29 (0) 26( )

Figure 2. X-Ray diffraction spectra of montmorillonite (MMT) and nanocomposites with LDPE and
rLDPE. (A), 10-50°; (B), 5-10°.
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4.2. FT-IRUATR

Figure 3 shows the FI-IR spectra of neat LDPE, rLDPE, and LDPE-¢g-MA. Neat LDPE and rLDPE
spectra show the well-known main absorption bands at 2914, 2847, 1461, 719 cm™", attributed to CH,
and CH vibrations [23]. The LDPE-g-MA spectrum shows all the absorption bands found on LDPE,
added to new absorption bands at 1682, 1581, 1287, and 929 cem™!, due to anhydride functions [24,25].

160
150
140
130
120
110 JLDPE-g-MA

rLDPE

90 ]
80
70
60 _'Neat LDPE
50
40
30
20 -
10

o

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Absorbance (u.a.)
g
|

Figure 3. FT-IR spectra of neat LDPE, rLDPE, and LDPE-g-MA.

Figure 4 shows the FI-IR spectra of MMT, neat LDPE, and nanocomposites. MMT shows the
main absorption band at 1005 cm™!, attributed to Si~O stretch [26]. The presence of MMT is slightly
observed in the composites spectra, through the presence of a small shoulder at 1035 cm™. The shift in
the MMT characteristic band to higher wavelengths (1005 to 1035 cm™!) means that there may exist
interactions as hydrogen bonding between the matrix and the MMT [27], possibly because of the
incorporation of LDPE-g-MA in all samples. It can be observed that samples without MMT did not
show the shoulder at 1035 cm~!. These results prove that maleic anhydride was satisfactorily grafted
to LDPE chains and, more than that, acted as an active compatibilizer agent between the neat polymer
and MMT nanoparticles, promoting a good interaction between them.

550
500 4 MMT
450 - w
1100LDPE/3M
400 - '8 'an
= 550 _JIOOLDPE/IM W
3] 4 Y
8 500 | 100LDPE/OM
g VT R
-5 250 <50LDPE/50rLDPE/3M
2 1 v Y
& 200 | 50LDPE/SOrLDPE/IM
= 150 - v
SOLDPE/S0rLDPE/0M
100 - vV V
{Neat LDPE
%0 W 14 R
& T T T T y T T T y T T T y
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4. FT-IR spectra of MMT, neat LDPE, and nanocomposites.
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4.3. Thermal, Morphological and Mechanical Characterization

Figure 5 shows the thermograms obtained by DSC. Figure 5A shows the thermogram of neat rLDPE,
Figure 5B the neat LDPE and LDPE-¢g-MA, and Figure 5C the thermograms of the nanocomposites.
All the data were collected from the second heating scan. For better visualization and comparison
of the results from DSC thermal analysis, melting point (Tr), melting enthalpy (AHm) and degree of
crystallinity (Xc) are shown in Table 2.

Neat r(LDPE
LDPE-g-MA
Neat 1L.DPE
l Endo
lEndo ~1131°C
A ~ zon
111.5°C B ~1122°C
T T T T T T T T T T T T T T T
50 75 100 125 150 175 200 2256 250 40 60 80 100 120 140 160 180 200
Temperature (°C) Temperature (°C)

100LDPE/3M

100LDPE/1M|

100LDPE/OM

SOLDPE/S0rLDPE/3M

S0LDPE/S0rLDPE/IM

SOLDPE/S0rLDPE/ON
Cl Endo
T v T T v T v T T o T
40 60 80 100 120 140 160 180 200

Temperature (°C)

Figure 5. Differential Scanning Calorimetry (DSC) thermograms of neat rLDPE (A), neat LDPE,
and LDPE-g-MA (B), and the nanocomposites (C).

Table 2. Results obtained by DSC analysis by the second heating cycle.

Samples T,, °C) AH,, (J/g) Xc (%)
Neat rLDPE 112 100.4 34.3
Neat LDPE 112 76.86 26.2
LDPE-¢-MA 113 84.28 28.8
50LDPE/50rLDPE/OM 112 98.38 33.6
50LDPE/50rLDPE/1M 112 96.52 34.0
50LDPE/50rLDPE/3M 112 98.93 34.5
100LDPE/OM 112 84.78 28.9
100LDPE/1IM 111 81.94 28.2
100LDPE/3M 110 73.06 25.7

Samples containing neat LDPE in the composition showed a single T, peak at about 100 °C,
but when analyzing the samples containing 50% of rLDPE and 50% of neat LDPE, it is possible to
observe the presence of a shoulder on this peak, at about 125 °C. This shoulder can be justified by the
fact that rLDPE already has undergone primary processing, once it is recycled material. Recycled
materials have some thermal properties modified when being reused, so this second melting peak
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is possibly a result of this modification. Moreover, since the return to solid-phase polymer would
achieve a new structural configuration different from that which existed previously, the double melting
peaks may be a result of morphological variations or from recrystallization-re-melting processes of the
material [1,28,29].

It is also possible to observe in the thermograms (Figure 5C) that the addition of MMT into the
polymer matrix resulted in a slight broadening of the endothermic crystalline melting peak. This fact
may be related to the incorporation of MMT into the matrix of neat LDPE/rLDPE because MMT is a
layered silicate that causes a strong effect on the structure and the crystallization process, causing a
restriction in the chain folding, and a disturbance in the formation of the crystals [30,31].

Regardless of the MMT content added in the polymer matrix, it was not possible to detect changes
in Ty characteristics when comparing all the samples. Therefore, the presence of MMT does not
appear to interfere in the intermolecular forces of the polymer chains, since there was no change in
melt temperatures. The same behavior was observed by Lee et al. [30] which synthesized PE/MMT
by in situ polymerization and observed no change in the Tr, values of neat PE when compared with
PE/MMT nanocomposites. Other authors who verified the non-alteration of Ty, with the addition of
MMT in the polymer matrix of PE were Golebiewski et al. [32]. In this way, the values presented are in
agreement with Tp, values (120 °C) shown in the literature for LDPE [28].

According to X, results shown in Table 2, the samples 50LDPE/50LDPE;../0M,
50LDPE/50rLDPE/1M, and 50LDPE/50rLDPE/3M, which contain rLDPE in the composition, presented
crystallinity very close to neat r(LDPE. Moreover, the addition of MMT resulted in a slight increase
in the crystallinity values of the nanocomposites. This may indicate that, although this increase in
crystallinity obtained is not very expressive, it may have caused the intercalation of the MMT with the
polymer chain, since with this arrangement the organization is conserved. Therefore, the increase in
the degree of crystallinity is justified because MMT acts as a nucleating agent in the polymer [33].

Figure 6 shows SEM micrographs of the cryogenic fracture surface of the samples
(50LDPE/50rLDPE/OM, 50LDPE/50rLDPE/1M, 50LDPE/50rLDPE/3M, 100LDPE/OM, 100LDPE/1M,
and 100LDPE/0OM) with a magnification of 10.000x. There is a similarity in all micrographs since
the samples presented resembling cryogenic surface morphology. However, it is noted that MMT is
probably well dispersed in the polymer matrix since the formation of agglomerates was not identified.
Furthermore, the nanocomposites micrographs resemble much of the samples without the addition
of MMT, Figure 6 A-D, reinforcing the possibility of good MMT dispersion in the polymer matrix.
The good miscibility of the rTLDPE/LDPE/LDPE-g-MA blend was confirmed (Figure 6 A-C) since the
formation of a single-phase was observed. Moreover, it is not possible to identify the presence of pores
in the structures.

Comparing the samples with (Figure 6 A-C) and without (Figure 6 D-F) rLDPE in the formulation,
regardless of the MMT contents (0, 1 and 3 wt%), a morphological similarity is observed, which is a good
indication of the viability of using recycled polyethylene to obtain nanocomposites of rTLDPE/LDPE
blends/LDPE-¢-MA and MMT.

Table 3 shows the mechanical test results of the samples (50PE/50rLDPE/OM, 50PE/50rLDPE/1M,
50PE/50rLDPE/3M, 100PE/0M, 100PE/1M, and 100PE/OM). Changes in the values of the mechanical
properties analyzed were verified, but all values obtained are close to the standard deviation. The Izod
impact strength (IS) was improved for samples with rLDPE in the composition. The presence of rLDPE
in the nanocomposites led to an increase of approximately 11% in the values of impact strength when
compared to nanocomposites containing only the neat LDPE matrix, but this increase is close to the
error range (standard deviation). Moreover, it was also possible to observe that the IS values have a
decreasing trend of 1.7% and 5.6% for 50LDPE/50rLDPE/IM and 50LDPE/50rLDPE/3M, respectively, in
SI values, probably due to the increase in MMT content.
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Figure 6. Scanning Electron Microscopy (SEM) micrographs of cryogenic surface fracture:
50LDPE/50rLDPE/OM (A), 50LDPE/50rLDPE/1IM (B), 50LDPE/50rLDPE/3M (C), 100LDPE/OM (D),
100LDPE/1M (E), and 100LDPE/OM (F), with a magnification of 10.000x.

Table 3. Values of Izod impact strength (IS), ultimate tensile strength (UTS), Young’s modulus (E),
and shore D hardness for the samples.

Samples IS (J/m) UTS (MPa) E (MPa) Shore D Hardness
50LDPE/50rLDPE/OM 40.45 +2.81 9.5+0.1 88.20 + 14.86 52.64 +1.09
50LDPE/50rLDPE/IM 39.75 + 0.46 9.6 +0.3 54.93 +11.03 56.09 + 0.89
50LDPE/50rLDPE/3M 38.17 + 2.55 9.6 +0.1 47.25 + 6.01 54.84 +1.07

100LDPE/OM 34.31 + 3.42 8.4+0.1 53.70 £ 12.01 52.07 £ 0.88
100LDPE/1IM 36.81 + 7.30 87+0.7 54.75 + 10.83 52.37 £ 091
100LDPE/3M 34.59 + 3.57 84+0.1 51.88 + 5.05 51.51 + 0.94

Regarding tensile strength (UTS), it was also possible to observe an increase in 10% for the
samples containing rLDPE. Concerning the different contents of MMT (1 and 3 wt%), due to the
standard deviation, similar values of tension strength are obtained for all compositions using rLDPE.
However; nanocomposites containing only neat LDPE matrix exhibited an improvement in the tensile
properties with the addition of 1 wt% MMT, but with higher contents (3 wt%) there was a decrease in
tensile strength values.

According to the research conducted by Liu and Tu [34], the introduction of MMT into polymer
matrix does effectively affect the tensile properties of a pristine polymer. However, the decrease in
tensile strength may be due to the aggregation of MMTs and MAs in nanocomposites. However, in the
present work, a small increase in the tensile strength values was observed, with values which are in
accordance with the standard deviation presented. Moreover, in SEM images (Figure 6), it was not
possible to identify aggregates/agglomerates of MMT.

The Young’s modulus is an indicator of the stiffness of the samples, in this way corresponds to the
region in which the increase in elongation is reversible and proportional to the deformation. Accordingly,
it was possible to observe that the presence of rLDPE and MMT influenced Young’s modulus of
the nanocomposites. The 50LDPE/50rLDPE/OM sample had a high Young’s modulus of 88.20 MPa,
indicating lower ductility and consequently greater brittleness. However, when incorporating MMT in
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the composition, a gradual reduction of approximately 38% and 46% in Young’s modulus values was
observed for 50LDPE/50rLDPE/IM and 50LDPE/50rLDPE/3M, respectively.

Moreover, this increase in the Young’s modulus observed for the samples produced with rLDPE
occurs because the addition of MMT provides an increase in rigidity of the test specimens, acting as
reinforcement, which was expected [35].

The samples containing only the neat LDPE matrix presented similar values of Young’s modulus,
meaning that the rigidity of these samples did not show significant changes after the addition of MMT.

In this way, it is observed that the values of the mechanical properties are in agreement with the values
of the degree of crystallinity presented in Table 2. Samples with rLDPE in the composition presented the
best results in the analyzed mechanical properties, and consequently the highest values of X..

Table 3 also shows the Shore D hardness values of the samples. The hardness values of all the
analyzed samples are close to 49 Shore D, the value presented in the literature for the LDPE [36].
The addition of MMT increased the penetration resistance of the nanocomposites, specifically, increased
hardness values by approximately 8%. This increase is more evident in samples containing rLDPE
in the composition. This fact was already expected since MMT is a highly hard ceramic material,
which consequently transferred part of this characteristic to the LDPE matrix [35,37].

5. Conclusions

The production of LDPE nanocomposites with MMT using 50 wt% recycled material, which is
industrial waste, was successfully handled. The results showed the feasibility of reuse and recycling of
polymer film waste (rLDPE) for the development of nanocomposites with good thermal, mechanical,
and morphological characteristics, which presented values equal and/or superior to virgin neat material
(neat LDPE) used as a comparative. The addition of MMT caused an increase in crystallinity degree
values due to the nucleating effect of MMT. Samples produced using rLDPE in the composition showed
improved mechanical properties, compared to neat LDPE. The homogeneity and interaction between
the neat LDPE, rLDPE, and the MMT were satisfactory, and no alteration or discontinuity was verified
on the analyzed surfaces. Given the numerous environmental problems and impacts of polymer waste
pollution, the development of new materials from waste and tailings must be prioritized, to bring
numerous benefits to our planet and the world’s health.
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