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ABSTRACT

Awareness about environmental problems has generated interest in the research for new materials in line with
the sustainability principles. The recycling of industrial solid waste has contributed to the transformation of
environmental liabilities into new products with added commercial value. In this study, the physical, mechan-
ical and thermal properties of low-density polyethylene (LDPE) composites reinforced with polyethylene
terephthalate (PET)-coated solid bleached sulfate (SBS) paperboard shavings were investigated according to
composite formation process variables: preparation temperature, mean particle diameter of components and
reinforcement concentration. Very few studies on the characterization of composites reinforced with PET-
coated SBS paperboard shavings have been reported to date. The analyses were carried out based on standard
methods published by the American Society for Testing and Materials. The results indicate an increase in the
moisture content and water absorption occurred as a function of the increase in the reinforcement. With re-
gard to the density, there was no significant influence of variations in the granulometry or concentration of
the PET-coated SBS paperboard shavings. Composites formed with particles of 0.73 mm at 140 °C presented
satisfactory tensile and flexural strength, compared with the values for the LDPE resin. Composites with 20%
reinforcement formed by particles of 4.05 mm at 140 °C showed 14% improvement in impact resistance
properties. The thermal analysis indicated that shavings degradation occurred at 190 °C. Thus lower tempera-
tures need to be applied in the processing of this composite material. The processing conditions of the com-
posites resulted in different performance for each evaluated property. The use of the composite in manufac-
turing products must follow the process conditions that will provide to material the desirable level of proper-
ties for the best performance of the final product.
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1. INTRODUCTION

The concept of moving towards a sustainable society involves prioritizing products considering the environ-
mental scope. In recent years, consumer demands on corporate commitment to society and nature have be-
come increasingly important [1-4]. In the current economic scenario, recourse to environmentally correct
alternatives has driven the business strategy of many entrepreneurs, and this has become a differential for
competitiveness in the market [3-5]. Contemporary life, together with new technologies, has led to an expan-
sion in the consumption of industrialized products, which are mostly marketed in primary, secondary and
tertiary packaging. The production of greater amounts of packaging has, in turn, increased the generation of
solid waste [6-9].
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There are many types of packaging materials and a notable example is solid bleached sulfate (SBS)
paperboard coated with polyethylene terephthalate (PET) [10], which is widely used for the packaging of
food products. An example are ultra-frozen foods ready for consumption and semi-finished products. A sin-
gle company can generate about 40 tons per month of waste from this type of packaging [10-11]. The change
in consumer eating habits and preference for frozen ready meals stimulates the generation of solid waste from
packaging. In the case of packaging produced with thermoformed plastics, the annual global production of
these resins is approximately 335 million tons [12]. The disposal of packaging from this type of material,
notably low-density polyethylene (LDPE) [13], generates environmental problems as a consequence to the
low recyclability due to the presence of contaminants such as paints, varnishes and residues remaining in the
post-consumer packaging [14-15].

The use of packaging waste comprised of lignocellulosic or polymeric material in the formulation of
composites represents an environmental and economic activity of great potential application in engineering
and can aid the development of new technologies. In the current scenario, many researchers in this area are
focusing on the study of composites with a polymer matrix reinforced with a variety of cellulosic materials
[13]. WEARN et al. [16] investigated the thermal and mechanical properties, as well as the morphological
characteristics, of LDPE composites with different levels of coconut fiber (mass concentrations of 5% and
10%) chemically treated by alkaline extraction with sodium hydroxide. The mass fiber content had an influ-
ence on the mechanical properties, so that an increase in the mass coconut fiber content slightly reduced the
tensile strength and caused an increase of around 100% in the elastic modulus value of the composite.
Through the results obtained by scanning electron microscopy (SEM), the treatment via alkaline extraction
proved to be efficient for better fiber-matrix adhesion.

The effect of short fibers of Cortaderia selloana residues on the mechanical and thermal properties of
the polyethylene matrix were studied by JORDA-VILAPLANA et al. [17]. Tensile and impact tests, differen-
tial scanning calorimetry and thermogravimetric analysis were performed. The addition of 15 to 30% (by
weight) of fiber resulted in high elastic and flexural modulus values, without significant changes in the ther-
mal degradation of the polymeric composite. INAI et al. [18] studied the effects of a polyethylene oxide
compatibilizer agent on the formation of polyethylene matrix composites reinforced with cellulose nanocrys-
tals. The composites modified by the compatibilizer showed increased elastic force, elastic modulus and ten-
sile strength with up to 1.5% (by weight) reinforcement with cellulose nanocrystals. It was observed that the
polyethylene had a higher degree of crystallinity in the modified samples.

FERREIRA et al. [19] assessed biodegradable composites based on poly(butylene
adipate-co-terephthalate) (PBAT) reinforced with natural fibers (Croton lanjouwensis, Malvastrum tomento-
sum and Trema micrantha) from the Amazon forest. All composites showed greater elasticity modulus than
neat polymer. Addition of Croton lanjouwensis increased 48% the elasticity modulus of the polymer, while
the addition of the Malvastrum tomentosum and Trema micrantha increased 70 and 72% the elasticity modu-
lus of the PBAT, respectively. JESUS et al. [20] studied the thermal properties of recycled polystyrene com-
posites reinforced with 10% and 20% by weight of cellulose fiber from sugarcane bagasse. The results
showed that the reinforcement improved the material stiffness, as well as promoting an increase in the ther-
mal deflection temperature. The composites thermal stability was intermediate between the fiber and matrix,
decreasing with the increase in the fiber content.

In order to reduce the negative impact of the disposal of waste from the packaging industry in the en-
vironment, this study was aimed at demonstrating the relationship between the physical, mechanical and
thermal properties and the processing conditions used to prepare composites with a matrix of post-consumer
low-density polyethylene (LDPE) packaging waste, reinforced with PET-coated SBS paperboard shavings
from the thermoforming of frozen food packaging.

2. MATERIAL AND METHODS

2.1 Materials

In order to obtain the composites, a mixture of several pieces of post-consumer LDPE packaging was used as
the polymer matrix and passed through the recycling process. This material was donated by a plastics recy-
cling plant from Indaial, Santa Catarina state, Brazil. The composites reinforcement consisted of PET-coated
SBS paperboard shavings from the thermoforming of frozen food packaging and provided by a graphics
company in Blumenau, Santa Catarina state, Brazil.
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2.2 Sample preparation

The particle size classification of the LDPE waste sample was carried out in order to select the particles size
used for the composite formation. This procedure was performed according to the ASTM D1921 [21] stand-
ard, on a sieve shaker (Marconi, MA750, Piracicaba, Brazil) whose the opening order (a,) for the assembly of
the sieve towers (Solotest, model 2.2, Sdo Paulo, Brazil) followed Eq. 1. The LDPE waste sample showed
greater amount in the particle size range between 12 MESH (1.70 mm) and 14 MESH (1.18 mm), corre-
sponding to the mean particle diameter of 1.44 mm. The largest diameter of LDPE particles was between 4
MESH (4.75 mm) and 5 MESH (3.35 mm), corresponding to the mean particle diameter of 4.05 mm. The
smallest diameter was between 20 MESH (0.85 mm) and 28 MESH (0.6 mm), corresponding to the mean
particle diameter of 0.73 mm. The granulometry was considered as a process variable because the specific
surface area of the particles has a strong influence on the interaction and dispersion of the reinforcement in
the polymeric matrix [15]. In this way, the largest (4.05 mm), medium (1.44 mm) and smallest (0.73 mm)
particle diameter found in the granulometric classification of the LDPE waste was selected for the compo-
sites formation. The LDPE waste and PET-coated SBS paperboard shavings were ground in a Willye-type
knife mill (Tecnal, model TE-650, Piracicaba, Brazil). The sieve diameter at the mill outlet varied by 4, 12
and 20 MESH, according to the granulometric sizes required for forming the composite material. All the ma-
terial ground was sieved according to the granulometric classification process mentioned above, in order to
ensure the homogeneity of the mixture between LDPE waste and PET-coated SBS paperboard shavings.

a, = 0.074 x (v/2)" 1)

After the sieving process, known amounts of the material (weighed on a digital scale, Marte, model
AD2000, S&o Paulo, Brazil) were obtained according to the percentages of matrix and reinforcement required
for the composites. The compositions were: 80% LDPE and 20% PET-coated SBS paperboard; 90% LDPE
and 10% PET-coated SBS paperboard; and 100% LDPE. The mass percentages for the composite materials
were based on the research of GOLL et al. [22]. The authors investigated the characteristics of composites
whose compositions varied between 10 and 30% for PET-coated SBS paperboard shavings and 90 to 70% for
the stretch film waste (LDPE) and concluded that reinforcement of PET-coated SBS paperboard above 20%
hinder the extrusion process and composite homogeneity. Before the forming step, LDPE waste and PET-
coated SBS paperboard shavings, in their respective concentrations, were deposited in a plastic container and
stirred for 2 minutes to obtain a homogeneous material. Then, each mixture was distributed into the molds to
produce the specimens according to the respective tests.

The samples were pressed in a hydraulic press (Marconi, model MA 098/AR15, Piracicaba, Brazil), at
a pressure of 54.4 MPa with a temperature gradient. According to reports in the literature, the thermal degra-
dation of cellulose starts at 200 °C [23] and the melting temperature of the LDPE varies between 110 °C and
135 °C depending on its molecular structure [24]. Tests were carried out using the hydraulic press in order to
verify the maximum temperature applicable without burning the PET-coated SBS paperboard and the mini-
mum temperature that allows the fusion of the LDPE. In order to identify the influence of the process tem-
perature on the response variables, the temperatures of 190 °C and 140 °C were established for the above-
mentioned conditions. An intermediate temperature of 165 °C was established. After cooling the material in
the press to a temperature of 30 °C, the specimens were removed from the mold and subjected to the charac-
terization tests, performed in triplicate.

2.3 Sample characterization

All tests performed for the composite characterization are shown in Table 1 together their respective ASTM
Standards, parameters and response variables. For physical analysis, the samples were dried in oven with
forced air circulation (Prolab, model SXCR40, S8o Paulo, Brazil) and the mass was measured on analytical
balance (Shimadzu, model AUY?220, Kyoto, Japan). The impact machine (EMIC, model 1zod, Sao José dos
Pinhais, Brazil) was used to measure the 1zod impact. Tensile and flexural strength tests were performed on
the universal testing machine (EMIC, model DL 30,000, S&o José dos Pinhais, Brazil). In the thermogravi-
metric analysis, the dynamic thermogravimetry technique was applied, in which the temperature variation is
linear. The equipment used was the thermogravimetric analyzer (Shimadzu, model DTG - 60, Kyoto, Japan).
The differential scanning calorimetry analysis was performed using a differential scanning calorimeter (Shi-
madzu, model DSC - 60, Kyoto, Japan). The glass transition temperature (Tg) and melt enthalpy (AHF) of
each sample were obtained in this assay. The degree of crystallinity of these samples was calculated from the



()

VENZON, J. S.; VEGINI, A A;; ELEOTERIO, J.R., et al., revista Matéria, v.26, n.1, 2021

melting enthalpy results according to Eq. 2, where X, ppe corresponds to the mass fraction of the LDPE in the
samples and AHC is the crystallization enthalpy of the pure LDPE, which corresponds to 148.25 J.g™* [25].

Degree of crystallinity (%) =

XinerXAHe

r % 100

()

Table 1: Analyses performed for the composite characterization according respective properties, ASTM Standards, pa-

rameters and response variables.

ANALYSIS RESPONSE VARIA-
PROPERTY TESTS STANDARDS PARAMETERS BLES
Moisture con- e Sample dimensions: 60x60x5 mm Moisture  content
tent ASTM D570 Drying: 50°C for 24 h. (%)
Sample dimensions: 60x60x5 mm
PHYSICAL Watet’igﬁsorp' ASTM D570 Initial immersion in  water: 2 h. Waterﬁon (O/a)bsorp'
Final immersion in water: 24 h. 0
Density ASTM Sample dimensions: 20x30x5 mm Density (g.cm™)
D1622M[7 ' '
1zod impact ASTM D256 Pendulum: 2.7 J. I1zod |mpacﬁlstrength
strength (J.m™)
Tensile strength
Tensile Applied speed: 5 mm.min™. (MPa)
ASTM D638 2 .
MECHANICAL strength Load cell applied: 10,000 N. Modulus of elasticity
(MPa)
Flexural strength
Flexural @Bo)  Speed: 21.13 mm.mint, (MPa)
strength ASTM D790 Load cell: 10,000 N. Modulus of elasticity
(MPa)
Thermograv- Heating rate: 10 °C.min-1. Thermal . degrada-
. . ASTM ’ o tion profile — mass
imetric analy- [31] Temperature range: 0 to 800 °C.
. D3850 : . . loss (%) versus
Sis Nitrogen flow: 100 mL.min-1. temperature (°C)
THERMAL Glassriransition tem-
Differential Heating rate: 10 °C.min-1. o
. ASTM ) o perature(°C)
scanning [32] Temperature range: 0 to 600 °C.
. D3418 - . . Degree of crystal-
calorimetry Nitrogen flow: 100 mL.min-1. linity (%)

2.4 Experimental design

In this study, a 3% full factorial experimental design was applied. It was based on the controllable factors of
temperature, mean particle diameter and sample composition, at three levels of variation. The results ob-
tained for each test were interpreted with the aid of statistical treatment using Statistica 10.0 software. ANO-
VA and Tukey's test were employed (5% probability).

3. RESULTS AND DISCUSSION

3.1 Moisture content of the composites
The moisture content values for the LDPE composites reinforced with 10% and 20% of PET-coated SBS

paperboard shavings and of the samples comprised of 100% LDPE residue are shown in Figure 1, according
to the thermal and granulometric variations used in the composite preparation process.
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Figure 1: Moisture content for the LDPE composites reinforced with 10 and 20% of PET-coated SBS paperboard shav-
ings and for the samples formed by the LDPE residue, according to the thermal and granulometric variation used in the
specimens formation process.

Significant differences between the moisture contents of the samples as a function of the process tem-
perature were not observed. However, the granulometric size and the composition had a significant influence.
No significant differences were noted in samples formed with LDPE resin. An increase in the moisture con-
tent with an increase in the reinforcement content was observed for the composites reinforced with PET-
coated SBS paperboard shavings. This finding is associated with the SBS paperboard composition, consisting
of 85% cellulose pulp, which is composed of cellulose, hemicellulose and lignin, compounds that favor the
absorption of moisture [22, 33]. Lignocellulosic fibers have hygroscopic characteristics due to the presence
of hydroxyl groups in their structure. These groups form regions favorable to water adsorption, resulting in
the destruction of the cell walls of the fibers and, consequently, the expansion of the composite material, re-
ducing the interaction between the matrix and the fiber [15, 33].

In relation to the granulometric scale, it was noted that the moisture content decreased with a reduc-
tion in the mean diameter of the particles used for the formation of the composites. This trend is even more
pronounced for the specimens with 80% LDPE and 20% PET-coated SBS paperboard shavings, where sig-
nificant differences for the three levels of granulometric variation were observed. Studies on the production
of composites with lignocellulosic reinforcement have shown that the particle size is a factor that influences
the saturation point of the composite moisture content. Particles with larger fibers tend to have higher levels
of moisture content [34-36]. This could be because fibers of larger diameter are less likely to be completely
surrounded by the matrix and thus the reinforcement particle surface is more accessible for contact with the
water in the surrounding environment.

The composites formed by 80% LDPE and 20% PET-coated SBS paperboard shavings with particles
of 0.73 mm, at temperatures of 140 °C, did not present a significant difference in relation to the samples
comprised with 100% LDPE residue. The same is true for samples prepared using particles with mean diame-
ters of 1.44 and 0.73 mm, at the three temperature levels, for the composition of 90% LDPE and 10% shav-
ings. Thus, for the reported conditions, it is possible to use the composite material in the manufacture of
products made from LDPE without changes in the moisture content.

3.2 Water absorption of the composites

The results for the water absorption capacity of the LDPE composites reinforced with 10% and 20% of PET -
coated SBS paperboard shavings and of samples comprised with only LDPE residue are shown in Figure 2,
according to the thermal and granulometric variation employed in the specimen preparation process.
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Figure 2: Water absorption for the LDPE composites reinforced with 10 and 20% of PET-coated SBS paperboard shav-
ings and for the samples formed by the LDPE residue, according to the thermal and granulometric variation used in the
specimens formation process.

No significant differences were noted in samples formed with LDPE resin. There was a tendency to-
ward a higher water absorption capacity with increase in the particles mean diameter and with greater rein-
forcement concentration in the samples. The same trend observed for the behavior of moisture content of
composites, as shown in Figure 1. The higher the moisture content of the material, the greater its hydrophilic
character, which indicates a greater possibility for water absorption. Other influencing factors are the contact
surface area of the reinforcing particles and the extent to which the fibers are surrounded by the polymer
[37].

For the composition 80% LDPE and 20% PET-coated SBS paperboard shavings, there was a signifi-
cant difference for samples prepared using particles with mean diameters of 1.44 and 0.73 mm, at a tempera-
ture of 190 °C, in relation to specimens obtained applying the other temperatures. For the samples with 90%
LDPE and 10% PET-coated SBS paperboard shavings with a mean diameter of 4.05 mm, significant differ-
ences were observed between the results obtained for the three temperature levels applied. These findings
suggest the degradation of the reinforcement as the temperature increases, particularly at 190 °C, since the
lignocellulosic materials have low thermal resistance and their degradation in the composite influences the
void volume [38]. The composites obtained using particles with an average diameter of 0.73 mm, with 90%
LDPE and 10% PET-coated SBS paperboard shavings, at the three temperature levels, did not present signif-
icant differences in relation to the samples comprised solely of the LDPE residue. The good dimensional sta-
bility attributed to the composites obtained with smaller particles guarantees greater homogeneity. Therefore,
there are less inequalities that allow the absorption of water. In general, species with better stability also
showed high internal bond strength, since good particle contact can reduce the penetration of moisture into
the composite [35].

3.3 Density of the composites
The effects of the addition of 10% and 20% by mass of PET-coated SBS paperboard shavings in the compo-

sites, in relation to the density of the LDPE mixture, are shown in Figure 3, according to the thermal and
granulometric variations applied in the specimen preparation process.
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Figure 3: Density for the LDPE composites reinforced with 10 and 20% of PET-coated SBS paperboard shavings and for
the samples formed by the LDPE residue, according to the thermal and granulometric variation used in the specimens’
formation process.

No significative variation in the density with an increasing amount of PET-coated SBS paperboard
shavings in the LDPE mixture was observed. This can be attributed to the similar densities of cellulose pulp,
the main component of SBS paperboard, and LDPE, which are approximately 0.8 g.cm™ [39] and 0.9 g.cm™
[24], respectively. Regarding the mean particle diameter, there is a tendency for the density value to decrease
with an increase in the size of the particles used to obtain the specimens, although the majority of the samples
do not show a significant difference in relation to this factor. This trend is caused by the increase in the sam-
ple volume due to the increase in the diameter of the reinforcement particles, which interferes in the void
index of the composite. Polymers tend to adhere better when shorter fibrous reinforcements are used [40, 41],
causing a reduction in the sample void volume, which leads to higher density values. The results for density
showed high standard deviation between samples. It could be due to a lack of homogeneity of mixture be-
tween reinforcement and matrix, generating differences between samples. The lack of homogeneity is one of
the difficulties associated with preparing composites [22].

The temperature applied in the specimen preparation process also influenced the density values, which
decreased as the temperature increased. Regarding this factor, significant differences were observed for most
of the samples obtained at 190 °C. Previous studies have shown that an increase in temperature leads to an
increase in the LDPE plasticization, with a weakening of the interface between the reinforcement and the
matrix [42]. The separation between these two phases facilitates the opening of the void fraction in the com-
posite, decreasing its density [43]. This can be verified by observing the results in Figure 2, since the compo-
sites prepared at 190 °C absorbed a greater amount of water, indicating a higher void fraction.

3.4 1zod impact strength of the composites

The results obtained for the Izod impact strength of the LDPE composites reinforced with 10% and 20%
PET-coated SBS paperboard shavings and for samples comprised with only LDPE residue are shown in Fig-
ure 4, according to the specified process conditions.

In general, a decrease in the impact resistance modulus was observed when the PET-coated SBS pa-
perboard shavings were added to the LDPE resin, mainly for composites formed by smaller particles. This
results from the low affinity between the matrix and the reinforcement caused by the hydrophilic character of
the cellulose present in the SBS paperboard shavings, reducing the adhesion with the LDPE [44]. SEM imag-
es for LDPE composites reinforced with coconut fiber indicated a rough surface with cellulose exposure,
whose high concentration in the fiber made it difficult to adhere with the polymeric matrix. The coupling of
the fibrous material with LDPE was more efficient after chemical treatment of the fiber, which reduced its
hydrophilic character [16]. The low surface adhesion in the composite causes the reinforcement particles to
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behave as points of stress concentration, facilitating the propagation of cracks [45]. In addition, it contributes
to the appearance of void content in the sample, which reduces the mechanical properties of materials, even
in small proportions [46]. SEM images of the HDPE composite surfaces with coconut and jute fibers without
compatibilizer showed fractured surfaces induced by plastic deformation. The remaining fibers on the frac-
tured surfaces created sites similar to crater holes, which proves the low adhesion of the fibers to the matrix
material and provides mechanical failures [47]. Goll [48] highlighted images of LDPE composites reinforced
with PET-coated SBS paperboard shavings and difficulties in the composites production that result in fibers
agglomeration.
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Figure 4: Results of the Izod impact strength for the LDPE composites reinforced with 10 and 20% of PET-coated SBS
paperboard shavings and for the samples formed by the LDPE residue, according to the thermal and granulometric
variation used in the specimens formation process.

Regarding the composites obtained at the different temperatures, the impact resistance value was low-
est for the samples containing particles with an average diameter of 0.73 mm, and tended to increase for the
particle size of 1.44 mm. For most samples there was no significant difference between the composites com-
prised of particles with average diameters of 1.44 mm and 4.05 mm, applying the same temperature. An ex-
ception occurred for the composite with 80% LDPE and 20% PET-coated SBS paperboard shavings obtained
at a temperature of 140 °C. When compared to pure LDPE under the same conditions, the specimens ob-
tained with 1.44 mm particles did not present a significant difference and those with 4.05 mm particles
showed a 14% improvement in relation to the impact resistance. Studies have shown that the shape and size
of lignocellulosic fibers are also factors that influence the impact resistance of composites [37, 47]. This is
because the mechanical force is dependent on the effective stress transfer between the reinforcement and the
matrix. When the impact force is applied to the composite, the stress concentration causes the sample to rup-
ture at the interface between these two phases. Thus, materials obtained using reinforcement with longer fi-
bers can resist a greater impact force [37].

The preparation temperature also influenced the performance of the composites in relation to the im-
pact resistance modulus, which decreased as the temperature used to prepare the test specimens increased.
This effect was also significant for samples comprised of 100% LDPE obtained at 190 °C. This phenomenon
is associated with the temperature-induced plasticization of the polymer matrix, which leads to a reduction in
the polymer glass transition temperature and, consequently, to changes in the mechanical properties of the
composite material. Furthermore, it causes changes at the interface between the reinforcement and the poly-
mer matrix, affecting the physical-chemical interactions between the resin and the fiber [42, 44]. Another
possible explanation for these results is the thermal degradation of the reinforcement with a higher prepara-
tion temperature. The selection of the temperatures applied in this study was based on information available
in the literature. It is reported that the thermal degradation of cellulose occurs at 200 °C [23]. However, tem-
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peratures above 180 °C result in the decomposition of biomass. Temperatures below this value are generally
applied when a biomass material is used as reinforcement [49].

3.5 Tensile testing of the composites

The values for the tensile strength and elasticity modulus for the LDPE composites reinforced with 10% and
20% of PET-coated SBS paperboard shavings and for the samples comprised with only LDPE residue are
shown in Figure 5, according to the specified processing conditions.
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Figure 5: The a) tensile strength and b) modulus of elasticity for the LDPE composites reinforced with 10 and 20% of
PET-coated SBS paperboard shavings and for the samples formed by the LDPE residue, according to the thermal and
granulometric variation used in the specimens formation process.

It can be observed that the addition of PET-coated SBS paperboard to the LDPE resin decreased the
tensile strength and elasticity modulus of the samples, indicating low stress transfer from the matrix to the
reinforcement and greater stiffness of the composite in comparison with the polymer matrix. This is due to
the lack of compatibility between the molecular structure of the hydrophilic fibrous reinforcement and the
hydrophobic polymer matrix, which leads to poor interfacial adhesion. Studies have shown that the tensile
strength and modulus of elasticity decrease significantly with increasing water uptake [50-52], which is in
agreement with the results obtained in this study and reported in Figures 2 and 5. This finding has been at-
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tributed to the polymer matrix plasticization and to the weak interface between the fiber and the matrix [42,
51].

The composites obtained using particles with a mean diameter of 4.05 mm showed the lowest tensile
strength and the values varied significantly in comparison to the other granulometric indices. The tensile
strength values for the samples with 90% LDPE and 10% PET-coated SBS paperboard shavings, obtained at
temperatures of 165 and 190 °C, also varied significantly when comparing the particle diameters of 1.44 mm
and 0.73 mm. In Figure 5a, it can be observed that the tensile strength obtained for the composites produced
at 140 °C with 4.05 mm particles is approximately 53% of the value obtained for samples prepared with par-
ticles of 0.73 mm, for both reinforcement concentrations.

The increase in the grain size index also resulted in composites with a lower elasticity modulus. Pre-
vious studies have shown that the fiber length, diameter and direction affect the tensile properties of polymer
composites, since the mechanical performance of these materials is strongly dependent on the amount of fi-
bers aligned in the direction of the load applied [50, 51]. These aspects were observed during the production
of the specimens, and the homogeneity of the mixture and the orientation of the reinforcement in the direc-
tion of load applied were better when using particles with a mean diameter of 0.73 mm. For the larger fibers,
the distribution in different directions and the formation of agglomerates were evident, causing a lack of ho-
mogeneity between the reinforcement and matrix phases.

An increase in the temperature also decreased the tensile strength and elasticity of the samples. Alt-
hough this was noted for the three temperatures studied, few significant variations were observed in this re-
gard for the modulus of elasticity results. For the tensile strength, the difference was greatest between the
samples prepared at 140 °C and 190 °C. The influence of temperature on the tensile properties is usually as-
sociated with the material that makes up the matrix [50]. In polymer composites, the fracture stress and mod-
ulus of elasticity decrease mainly when the glass transition temperature of the polymer is exceeded, causing
the softening of the matrix and weakening of the interface between the composite phases [51, 53]. The effects
related to the preparation temperature and the decrease in tensile strength and elasticity of the studied compo-
sites can be attributed to the fact that the three temperatures used to obtain the test specimens exceeded the
glass transition temperature of the LDPE resin (136 °C, Figure 8a). However, the hypothesis that the fibers
underwent thermal degradation at higher temperatures cannot be ruled out. This circumstance could lead to
failures in the distribution of stresses in the composite.

3.6 Flexural test of the composites

The flexural strength and elasticity modulus for LDPE composites reinforced with 10% and 20% PET-coated
SBS paperboard shavings and for samples comprised with 100% LDPE are shown in Figure 6, according to
the thermal and granulometric variations used in the preparation of the specimens.

The incorporation of PET-coated SBS paperboard shavings into the LDPE residue caused a reduction
in the flexural strength and elasticity of the samples. This tendency is accentuated by the use of a larger mean
particle diameter and higher temperature in the specimen preparation process. Similar observations have been
reported by other researchers, who noted that biomass acts as a nucleating agent and reduces the elasticity
and stress rupture of the material [49]. However, the samples containing 20% of reinforcement, obtained at
140 °C with particles of 0.73 mm, diverged from the aforementioned tendency. In this case, on increasing the
percentage of shavings, the flexural strength and elasticity modulus value did not differ significantly in rela-
tion to the values for the 100% LDPE samples, under the same conditions. Samples formed with 20% rein-
forcement at 165 ° C and 0.73 mm showed no significant difference in relation to the flexural strength of
those produced with 10% reinforcement, neither did they differ in terms of the elasticity module of the 100%
LDPE samples, considering for both cases the same process conditions. The small size of the reinforcement
particle used to obtain the samples contributed to these results.

The flexural strength values presented significant variations for the composites comprised of 4.05 mm
particles in comparison with the other particle sizes, applying preparation temperatures of 140 °C and 165 °C.
In Figure 6a, the composites produced at 140 °C with 10% reinforcement and 4.05 mm particles showed a
reduction of approximately 14% in the flexural strength compared to those prepared with particles of 0.73
mm. This reduction increased to 37% when the amount of reinforcement incorporated was 20%. As previous-
ly noted in mechanical studies on other composites, these findings are related to the forces arising from the
surface interaction between the composite phases [44]. Increasing the concentration of PET-coated SBS pa-
perboard shavings and the use of larger particles may result in decreased homogenization between the matrix
and the dispersed phase, affecting the mechanical properties of the composite material [52]. In addition, it is
possible that fibers of larger diameter are not fully enveloped by the matrix. In this situation, the surface area
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of the large particles facilitates contact between the reinforcement and the environment, which can enhance
the absorption of water and leads to a reduction in the mechanical properties of the materials [22, 36].

Regarding the temperature factor, significant variations occurred mainly for the samples produced at
190 °C in comparison with the other temperatures applied. In this condition, there were no significant differ-
ences according to the granulometric index used, except for the samples prepared with particles of 0.73 mm
with 10% reinforcement. These results suggest that the temperature of 190 °C led to the thermal degradation

of SBS paperboard shavings, which is also influenced by increases in the reinforcement concentration and
mean particle diameter.
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Figure 6: The a) flexural strength and b) modulus of elasticity for the LDPE composites reinforced with 10 and 20% of
PET-coated SBS paperboard shavings and for the samples formed by the LDPE residue, according to the thermal and
granulometric variation used in the specimens formation process.

For the composites prepared at 190 °C, which resulted in the same range of values for the properties
measured, the flexural strength and elasticity values were approximately 40% lower compared to the samples
of 100% LDPE residue obtained under the same conditions. Based on this analysis, it can be assumed that the
application of a higher temperature in the preparation of the composites leads to the degradation of the fibers.
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Therefore, it promotes the opening of voids in the sample making it more prone to the propagation of cracks
[38, 46]. The plasticization phenomenon of the polymer matrix also occurred [42], since the samples com-
prised of only LDPE residue produced at 190 °C presented a significant variation in relation to the other spec-

imens.
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3.7 Thermal gravimetric analysis

The results for the thermal degradation of the LDPE composites reinforced with 10% and 20% PET-coated
SBS paperboard shavings and the samples comprised of 100% LDPE are shown in Figure 7, according to the

thermal and granulometric variations applied in the preparation of the specimens.
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The thermal degradation profile for the samples obtained with 100% LDPE (Figure 7a) showed that
this polymer has stability in relation to its chemical structure until reaching a temperature of 400 °C, where
the mass loss of the specimens begins. However, for samples prepared at 190 °C with 4.05 mm and 1.44 mm
particles, a deviation from the TGA curve was observed in comparison with the other specimens. Under these
conditions, the degradation of the polymer began to occur at 300 °C and on reaching 400 °C a mass loss of
around 10% was recorded. The degradation ended at 500 °C for all samples, with the mass loss reaching ap-
proximately 95%.

The addition of PET-coated SBS paperboard shavings to the LDPE resin reduced the degradation on-
set temperature of the samples to 300 °C. According to the results obtained for the composites with 10%
(Figure 7b) and 20% (Figure 7c) of reinforcement, it can be noted that the mass loss occurred in two stages:
first from 300 °C to 350 °C and second from 400 °C to 500 °C. The first stage is associated principally with
the thermal degradation of the reinforcement, since for hemicellulose, cellulose and lignin occurs at between
200 °C and 500 °C [23]. The mass loss was most accelerated for the specimens prepared with particles of
4.05 mm at a temperature of 190 °C. The second stage tends to be similar to the thermal degradation curves
of the LDPE residue.

For the composites prepared with 10% PET-coated SBS paperboard shavings it was found that the
degradation in the first stage is more accelerated for the samples obtained with particles of 4.05 mm, fol-
lowed by 1.44 mm and 0.73 mm, and for the highest temperature followed by the lower temperatures. This
indicates that the reinforcement particles with larger diameter are not easily surrounded by the polymer and
are more conducive to interactions with the environment.

The results for the composites with 20% of reinforcement showed more clearly the influence of an in-
crease in the temperature applied in the preparation of the specimens. For this composition, the samples ob-
tained at 190 °C showed more rapid degradation in the first stage. For the samples with particles of 4.05 mm
the beginning of the degradation was recorded at 50 °C and there was a mass loss of 40% at 350 °C. This re-
sult indicates that the use of a temperature at 190 °C during the preparation of the specimens may have
caused damage to the composite reinforcement, which is aggravated by an increase in the average diameter
of the particles, due to the contact surface expansion.

The most satisfactory results, when compared to LDPE residue, were obtained for the composites pre-
pared at 140 °C with particles of 0.73 mm, for both 10% and 20% of reinforcement. These presented only 5%
of mass loss from the beginning of the degradation to 400 °C. In this case, it can be affirmed that there was
no degradation of the sample during its preparation and the reinforcement particles were surrounded by the
matrix, because the composite follows the same trend with regard to its degradation as the pure polymer.

3.8 Differential scanning calorimetry

The effects of the addition of PET-coated SBS paperboard shavings (10 and 20% by mass) on the thermal
characteristics of the LDPE composites can be observed in Figure 8, according to the variations in thermal
and granulometric parameters applied to the preparation of the specimens.

According to the results, the glass transition temperature (Tg) (Figure 8a) increased with the incorpo-
ration of the PET-coated SBS paperboard shavings into the LDPE residue. An increase in the Tg with the
addition of reinforcement indicates an increasingly rigid interface in the composite, which is associated with
stronger interfacial interactions and results in a decrease in the polymer chain mobility [54]. Falls in compo-
sites mechanical proprieties (as observed in the Figures 4, 5 and 6) may be related to this fact, since high ri-
gidity reduces the elastic aspect of the material [51, 53].

Composites obtained with 10% reinforcement, at 140 °C and 165 °C and particles of 0.28 and 1.44
mm presented Tg close to 138 ° C. Similar result was observed for composites of 20% reinforcement, at 140
°C, with particles of 0.28 and 1.44 mm, as well as for 165 °C with 0.28 mm. The resulting Tg is lower than
the lowest processing temperature used in the composites manufacture. Thermal stresses inside the compo-
sites can result from the heating process of the samples above the Tg value, causing problems in the mechan-
ical performance of the material.

The Tg value decreased when particles with a mean diameter of 4.05 mm were used to obtain the
composites. This indicated that in composites prepared with particles of 4.05 mm there are weak interactions
between the matrix and the reinforcement. Samples prepared at 190 °C gave lower Tg values when compared
to the samples obtained at the other temperatures. In this case, the weak interactions between the composite
phases can be associated with the degradation of the SBS paperboard shavings during the preparation of
specimens and with the effect by plasticization, which degrades the Tg, as well as the strength and stiffness
of the composite [42].
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The values obtained for the crystallinity degree (Figure 8b) increased when the PET-coated SBS pa-
perboard shavings were incorporated into the LDPE residue, accompanied by a slight decrease with increas-
ing size of the particles used to prepare the specimens. The variation in the composition of the lignocellulosic
fibers may lead to different effects on the inhibition of the thermal mobility of the polymer chains [55]. For
those with lignin and hemicellulose content, an increase in the nucleation effect is observed, due to the fiber
viscosity characteristics, which increase the crystallization degree of the polymer composite [54]. According-
ly, it has been postulated that PET-coated SBS paperboard shavings have the ability to modify the crystalliza-
tion of the composite by increasing the nucleation area of LDPE, resulting in increased crystallinity. The de-
crease in the crystallinity degree with increasing particle diameter used to prepare the specimens is associated
with relatively long fibers having little nucleation capacity due to the low interaction between the composite
phases [56].
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Figure 8: Results of a) glass transition temperature b) degree of crystallinity for the LDPE composites reinforced with
10 and 20% of PET-coated SBS paperboard shavings and for the samples formed by the LDPE residue, according to the
thermal and granulometric variation used in the specimens formation process.

4. CONCLUSIONS

Composites of LDPE residues reinforced with PET-coated SBS paperboard shavings (in mass proportions of
10% and 20%) were obtained varying the temperature applied in the preparation of the specimens and using
three different average particle diameters. The use of larger particle diameters and higher amount of rein-
forcement in the composites formulation increased the moisture content and water absorption by composites.
However, the composites did not show high values for these properties. With regard to the density, there was
no significant variation in this property according to the amount of PET-coated SBS paperboard shavings in
the composite or their particle size. Composites processed at temperature of 190 °C resulted in a decrease in
the density of the specimens obtained.
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Regarding the mechanical properties, the average particle diameter and the sample preparation tem-
perature were the main factors that influenced the performance of the composites. Composites obtained with
particles of 0.73 mm at 140 °C presented satisfactory tensile and flexural strength values compared to the
LDPE resin samples obtained under the same conditions. However, an increase in the reinforcement concen-
tration and the use of particles with a larger diameter led to an improvement in the impact strength. For com-
posites with 20% reinforcement with a particle size of 4.05 mm, obtained at a temperature of 140 °C, the im-
pact strength was 14% higher than the value for samples obtained with 100% LDPE residue. The thermal
analysis indicated that at 190 °C degradation of the SBS paperboard shavings in the composite occurs, and
thus temperatures below this are recommended for the processing of this material.

The results of this study uphold the hypothesis that PET-coated SBS paperboard shavings can be in-
corporated into a low density polyethylene matrix without compromising its physical, mechanical and ther-
mal properties when the composite is produced under the appropriate conditions. Furthermore, it was ob-
served that the processing conditions (temperature, mean particle diameter and reinforcement concentration)
affect the performance results for the physical, mechanical and thermal properties evaluated. Thus, prior to
the manufacturing of products comprised of LDPE and PET-coated SBS paperboard shavings, it is important
to select the process conditions that will provide a material with the properties that will ensure the best per-
formance of the final product.
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7. SUPPLEMENTARY MATERIAL

Table 2: Triplicate data from physical and mechanical tests obtained for LDPE composites reinforced with 10% and
20% PET-coated SBS paperboard shavings, according to temperature and particle size variations.

TEMP. GRAN. CONC. MOISTURE ABSORPTION DENSITY 1ZOD IMPACT TENSILE FLEXURE

140 28 80 0.1757 0.5377 0.91 236.7509 6.56 14.78
140 28 90 0.0758 0.2215 0.88 222.9 8.23 13.83
140 28 100 0.0308 0.0249 0.9 307.5625 9.86 145
140 14 80 0.4237 1.0956 0.9 279.5491 6.92 13.89
140 14 90 0.1157 0.5946 0.9 258.6482 7.55 13.76
140 14 100 0.0308 0.0249 0.9 290.5567 9.64 15.58
140 5 80 0.9755 2.6587 0.86 322.2911 2.7 9.46
140 5 90 0.2304 0.7774 0.85 247.6144 3.92 10.99
140 5 100 0.0678 0.057 0.88 282.5509 9.42 17.18
165 28 80 0.2746 0.6387 0.84 173.5907 5.29 13.53
165 28 90 0.084 0.5899 0.79 186.27 7.34 135
165 28 100 0.0307 0.0293 0.89 242.3833 9.66 14.22
165 14 80 0.393 0.7924 0.92 203.4746 4.77 12.98
165 14 90 0.1633 0.5922 0.8 228.8449 6.74 13.76
165 14 100 0.0307 0.0234 0.87 248.5084 9.31 15.44
165 5 80 0.7006 1.9431 0.83 252.6478 3.6 9.25
165 5 90 0.2933 1.6909 0.96 201.6704 3.01 12.21
165 5 100 0.0268 0 0.88 254.6334 8.96 16.66
190 28 80 0.2884 1.2134 0.86 172.8349 4.69 7.54
190 28 90 0.1267 0.282 0.72 148.7844 6.84 10.68
190 28 100 0.026 0.0357 0.88 298.5892 8.59 12.8
190 14 80 0.3454 1.4555 0.93 187.4049 4.42 7.09
190 14 90 0.2072 0.6924 0.75 179.058 5.17 6.73
190 14 100 0.0309 0.0016 0.89 286.0793 8.47 12.53
190 5 80 0.9341 2.6059 0.75 176.9613 2.3 7.65
190 5 90 0.3499 2.7412 0.87 174.8037 3.85 6.32
190 5 100 0.0369 0.1256 0.84 273.5693 8.34 12.25
140 28 80 0.1994 0.5234 0.91 236.6704 6.71 14.89
140 28 90 0.0742 0.4343 0.91 223.9068 8.59 13.77
140 28 100 0.0227 0.0038 0.9 310.0087 10.09 15.15
140 14 80 0.5459 1.0081 0.94 281.1621 6.05 135
140 14 90 0.1049 0.5895 0.92 255.0088 8.04 13.77
140 14 100 0.024 0.0038 0.9 284.2257 10.05 15.6
140 5 80 1.0841 2.9724 0.88 320.6986 2.76 9.79
140 5 90 0.2311 0.8006 0.87 2475126 4.52 10.35
140 5 100 0.0391 0.0105 0.88 278.4428 10 16.05
165 28 80 0.182 0.5259 0.92 175.6047 5.06 14.15
165 28 90 0.0842 0.4152 0.89 187.3792 8.27 14
165 28 100 0.0281 0.0038 0.9 241.3897 9.83 14.3
165 14 80 0.4919 1.1677 0.93 204.4422 5.92 1291

165 14 90 0.1538 0.7143 0.91 229.8178 6.33 14.06
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Cont. Table 2.

165 14 100 0.0297 0.0176 0.9 250.9455 9.4 15.27
165 5 80 1.1273 2.9486 0.83 253.3828 2.93 9.01
165 5 90 0.3038 1.7709 0.9 199.5694 2.16 12.53
165 5 100 0.0281 0.0675 0.85 256.5014 8.96 16.24
190 28 80 0.4775 1.2477 0.77 170.207 4.37 7.33
190 28 90 0.0909 0.7532 0.76 150.207 6.33 10.72
190 28 100 0.0206 0.0386 0.9 299.7614 9.03 12.21
190 14 80 0.4696 1.5274 0.81 186.5324 4.22 7.58
190 14 90 0.1848 0.4878 0.65 178.097 5.33 7.16
190 14 100 0.0219 0.0129 0.88 289.248 8.84 12.27
190 5 80 0.9073 2.5502 0.76 175.4281 2.7 6.95
190 5 90 0.4333 1.6945 0.8 175.4281 3.61 7.44
190 5 100 0.0373 0 0.85 274.7346 8.65 12.32
140 28 80 0.1614 0.5094 0.93 237.984 6.23 15.1
140 28 90 0.0765 0.1557 0.9 221.721 8.37 13.2
140 28 100 0.071 0.0425 0.9 300.2376 9.17 15.04
140 14 80 0.2883 0.5623 0.91 279.1405 6.76 14.03
140 14 90 0.104 0.5848 0.9 256.6714 7.15 13.27
140 14 100 0.071 0.0436 0.9 292.188 9.58 15.84
140 5 80 0.9654 2.3694 0.9 324.2418 3.04 9.12
140 5 90 0.2443 0.7604 0.84 245.682 3.19 10.57
140 5 100 0.0284 0.0316 0.9 288.1384 9.99 16.11
165 28 80 0.1503 0.6003 0.96 173.5664 5.53 14.03
165 28 90 0.0855 0.4459 0.83 185.3366 8.17 14.8
165 28 100 0.0174 0.0425 0.91 243.4065 9.05 14.54
165 14 80 0.4565 0.8195 0.92 201.5538 5.15 12.8
165 14 90 0.1648 0.7615 0.74 227.495 5.85 14.91
165 14 100 0.0187 0.0447 0.91 252.5801 8.98 15.61
165 5 80 1.0644 2.8593 0.82 249.9077 3.06 9.42
165 5 90 0.2997 1.8783 0.95 200.8923 2.27 11.99
165 5 100 0.0293 0.0647 0.83 258.7538 8.9 16.68
190 28 80 0.2503 1.2156 0.91 171.4319 431 7.26
190 28 90 0.1491 0.4225 0.69 151.2875 6.72 11.74
190 28 100 0.0235 0.0112 0.89 304.8963 7.92 12.24
190 14 80 0.6893 15671 0.68 188.2046 4.77 7.08
190 14 90 0.206 0.9359 0.58 178.6571 5.66 7.44
190 14 100 0.0246 0.078 0.89 288.6591 8.17 12.12
190 5 80 0.924 2.6396 0.75 177.3454 2.99 6.93
190 5 90 0.4593 2.2116 0.74 174.5809 3.61 6.5

190 5 100 0.0317 0 0.86 272.4219 8.42 12




