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Obstract

The objective of this study was to develop bionanocomposites from blends of poly(lactic acid) (PLA) and poly(butylene 
adipate-co-terephthalate) (PBAT) and from 3% and 6% bentonite clay. Initially, the bentonite clay was treated with 
Praepagen salt, and the properties of the modified clay were evaluated. After the organophilization of the clay was 
completed, 50:50 blends of PLA/PBAT were prepared, and 3 and 6% clay was added. To test the dispersion of the 
system, the blending sequence was performed using eight different sequences for the addition of clay to the PLA/PBAT 
matrices. The mixtures were prepared in a twin screw extruder, and the specimens were subsequently injection molded. 
The investigated mechanical and morphological properties included the yield strength, yield strain, tensile and bending 
elastic modulus, and scanning and transmission electron microscopy analyses. The results of this study showed increases 
of the mechanical properties when nanoparticles were added and the formation of bionanocomposites with intercalated 
structures.
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1. Introduction

In the last 50 years, polymers derived from petroleum 
have been used extensively due to their versatility, 
mechanical properties, and relatively low cost. However, 
its extensive use has had environmental impacts because a 
large volume of waste is disposed of in the environment, 
especially disposable plastics packaging[1,2]. As a result, 
plastic packaging has become one of the main contributors 
to the various environmental impacts since over a third of 
current plastics production is used to make them, and also 
because its relativity short life cycle[3,4]. In addition, recent 
increases in the cost of raw petroleum have led to a dramatic 
increase in the cost of plastics. Technologies for recovering 
plastic have also improved in recent years but are not totally 
free from environmental damage[5].

As a result, society has pressured the industrial sector 
to adopt innovative environmentally friendly policies, such 
as the rational use of natural resources, especially in the 
production of resins for the productive sector. In this context, 
several materials have been researched in the search for 
environmentally favorable solutions[6-10]. As an alternative 
to reduce environmental impacts, a new class of materials, 

biopolymers, has emerged and have motivated a significant 
number of studies due to the large environmental interest 
and possible lack of fossil resources[2,11-15].

Compared to conventional thermoplastics, biopolymers 
exhibit poor performance in several specific properties and 
therefore must be modified to become more competitive[16-19]. 
This process resulted in different biopolymers with smart 
behavior and a significant change in one property upon an 
external trigger[20]. Biodegradable polymers are not easily 
classified because they can be organized according to their 
chemical composition, synthesis method, processing method, 
economic relevance, and application[21-27].

These biopolymers are commonly blending with 
other biopolymers or with conventional polymers and/or 
inorganic particles. The blending of biopolymers with 
other polymers provides a way to modify the properties of 
biopolymers and can reduce the overall cost of the material. 
These blends form a new class of materials: biocomposites 
that are obtained from based on biodegradable polymers 
as matrix[6,28-30]. Poly(lactic acid) (PLA) and poly(butylene 
adipate-co-terephthalate) (PBAT) are among the polymers 
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 most investigated as possible matrices for the formation 
of these blends, on account of chemical and mechanical 
properties, besides being are both biodegradables[30-32].

The development of polymer blends using nanotechnology 
has emerged as a possible solution that may be adopted in 
different fields of technology to improve mechanical, barrier, 
flammability, thermal, electric, and cosmetic properties[33-35]. 
Nanoclay is among the most studied nanomaterials, because 
its potential of use is variable fields, thanks to properties 
such as the highly oriented nanoclay structures showed a 
tortuous path that was responsible for the reduced gas and 
vapor transmission[36]. Besides that, nanoclay provides 
increased of the nanocomposite tensile strength and the 
compressive, fracture and Young’s modulus were related to 
the dispersion of the clay, degree of delamination, form factor 
of the clay, and polymer-clay interfacial interactions[37-40]. 
Correa et al.[15] and Kumar et al.[41] analyzed the properties 
of Polyhydroxybutyrate/Polycaprolactone (PHB/PCL) and 
PLA/PBAT blends, respectively, incorporated with nanoclays. 
The results showed that the blends with the nanoclays 
presented better thermal stability, mechanical, and barrier 
properties when compared to their respective controls.

In this context, the aim of this study was to develop 
bionanocomposites from two polymer matrices, PLA and 
PBAT with bentonite clay, using the melt intercalation 
technique with different blending sequences and to then 
evaluate the mechanical and morphological properties of 
the bionanocomposites obtained.

2. Materials and Methods

2.1 Materials

Brasgel PA clay, supplied by Indústria Bentonit União 
Nordeste (BUN), located in Campina Grande, Paraíba, 
Brazil, was used to obtain organophilic clay. Industrialized 
clay was treated with Praepagen WB® salt and the following 
procedure was adopted: dispersions containing 768 mL of 
distilled water and 32.0 g of clay were prepared. The clay 
was slowly added with concomitant mechanical stirring and 
after the addition of all the clay the stirring was maintained 
for 20 minutes. Then, a solution containing 20 mL of 
distilled water and 20.4 g of the quaternary ammonium salt 
was added. Stirring was continued for another 20 minutes. 
Sequentially, the containers were closed and kept at room 
temperature for 24 h. After that, the material obtained was 
washed and filtered to remove excess salt. The washing 
was done with 2000 mL of distilled water, using Buchner 
Funnel with kitassato, coupled to a vacuum pump with a 
pressure of 635 mmHg. The agglomerates obtained were 
oven dried at 60 °C ± 5 °C for a period of 48 h. Finally, 
the dry agglomerates were disaggregated with the aid of a 
mortar until powdery materials were obtained, which were 
passed in ABNT No. 200 sieve for further characterization.

Two polymers were used as polymer matrices: 
i) poly(lactic acid) (PLA), which was supplied by 
Cargill-Dow and is commercially known as Nature Works 
2002D and ii) poly(butylene adipate-co-terephthalate) (PBAT), 
a biodegradable polyester that was supplied by BASF and 
is commercially known as ECOFLEX® F BX 7011.

2.2 Preparation of the PLA/PBAT/Clay (OMMT) systems

Eight PLA/PBAT blend samples with 50/50 weight ratios 
that contained clay at concentrations of 3% and 6% were 
investigated. These polymer/clay systems were prepared in a 
modular co-rotating twin screw extruder (model DRC 30:40 IF, 
Imacom, Barretos, Brazil) with a thread diameter of 30 mm 
and an L/D ratio of 30 that was fitted with a degassing 
system. Before processing, the organophilic clay and the 
polymer matrices were dried at 100 ± 5 °C for three hours 
in a forced air oven. First, the materials were weighed and 
pre-blended by tumbling. The samples were subsequently 
dosed at the main feed zone of the extruder (beginning of 
the thread) using a volume doser from Brabender.

To investigate the influence of the blending sequence 
of the material, four procedures were used to obtain 50% 
PLA and 50% PBAT blends for both clay concentrations 
(3% and 6%) as described: (1) For the first blending 
sequence, a blend of 50% PLA and 50% PBAT was prepared 
with the extrusion technique, and 3% and 6% by weight of 
clay was then added to the PLA/PBAT blend, which was 
extruded again; (2) For the second sequence, concentrates 
that contained PBAT and 3% and 6% by weight of clay 
were prepared by the extrusion technique, and PLA was 
then added to the systems with the extrusion technique; 
(3) For the third sequence, concentrates that contained 
PLA and 3% and 6% by weight of clay were prepared with 
the extrusion technique, and PBAT was then added to the 
systems with the extrusion technique; and, (4) For the fourth 
sequence, the three components (PLA/PBAT/clay) were 
added simultaneously with 3% and 6% concentrations by 
weight of clay and processed using the extrusion technique.

The temperatures in the 10 zones in the twin 
screw extruder for the PLA and PBAT blends were 
Z1 = 140 °C, Z2 = 150 °C, Z3 = 175 °C, Z4 = 180 °C, 
Z5 = 185 °C, Z6 = 185 °C, Z7 = 185 °C, Z8 = 175 °C, 
Z9 = 175 °C and Z10 = 170 °C[42]. A screw speed of 80 rpm 
was used for the 3% (PLA + clay) and (PBAT + clay) 
concentrations, and 60 rpm was used for the 6% clay 
concentrations. The measured temperature of the molten 
polymer was 185°C, and the same screw configuration was 
used for all the investigated samples[43]. The extruded material 
was granulated and dried, and the injected specimens were 
subsequently prepared as will be described throughout the 
text. The thread profile is illustrated in Figure 1.

Figure 1. Thread profile used for processing the PLA/PBAT/clay 
systems (Redrawn from Ref.[44]).
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First, the blends described above were dried for 4 h at 50 °C. 
Specimens were then produced using the injection molding 
process. The samples were prepared in injection machine 
with a mold clamping force of 100 tons, manufactured by 
ROMI model PRIMAX 120 (Santa Bárbara d’Oste, Brazil). 
The injection conditions were: injection pressure of 250 bar, 
injection velocity of 120cm3/s, settling of 1s / 100 bar and tube 
temperature profile of T1 = 170 °C, T2 = 170 °C T3 = 175 °C 
and (no) nozzle T4 = 160 °C (injection nozzle). Samples 
were produced for tensile/bending strength and Izod impact 
strength tests according to standards ISO 527 and ISO 180.

2.3 Mechanical properties

Tensile/bending measurements were performed according 
to standard ISO 527 at a temperature of 25 ± 2 °C and a 
relative humidity of 55 ± 5%. Five specimens were tested 
on average for each sample. The tests were performed in 
an universal testing machine (model DL200, EMIC) at a 
constant speed of 10 mm/min. Notched Izod impact strength 
tests were performed according to standard ISO 180 on an 
EMIC impact tester.

2.4 X-ray diffraction

X-ray diffraction (XRD) analyses of the 8 samples were 
performed on a diffractometer (model XRD 6000, Shimadzu) 
that operated with copper Kα radiation (λ=1.5406), 40 kV 
and 30 mA. Diffraction patterns were collected at a scanning 
rate of 20(2Ɵ)/min in the interval of 1.50<2Ɵ<300 with 
exposition the 60sec.

2.5 Scanning electron microscopy

Scanning electron microscopy (SEM) analyses of 
the 8 samples were performed on a microscope (model 
SSX-550, Shimadzu, Kyoto, Japan) that operated under 
different conditions, which can be observed in the captured 
images. The injected specimens underwent brittle fracture 
in liquid nitrogen, and the fracture surfaces were analyzed.

2.6 Transmission electron microscopy

For the transmission electron microscopy (TEM) analyses, 
samples were prepared by reducing the cross-sectional area 
of the sample (“trimming”), and the edge of the sample to 
be ultramicrotomed was sized into a trapezoidal shape for a 

better stress distribution when cutting thin slices (sections) 
with a surface area of approximately 0.5 mm2.

The samples were cut with an ultramicrotome (model 
Reichert Ultracut S, Leica) using a diamond knife (Diatome) 
at a cutting temperature of -40 °C under liquid nitrogen at a 
cutting speed of 0.1 mm.s-1 and a slice thickness of 25 nm. 
The cryo-ultramicrotomed samples were observed in a 
TEM (model CM120, Philips) with a voltage of 120 kV.

3. Results and Discussions

3.1 Mechanical characterization

Table 1 presents the values obtained for the yield 
strength, yield strain, and tensile and bending elastic 
moduli for the PLA/PBAT blend and the PLA/PBAT/clay 
systems investigated. The maximum yield strength of the 
systems with clay was 24.3 MPa for sample 7 (PLA 6% clay 
concentrate + PBAT), and the minimum was 8.3 MPa for 
sample 6 (PLA 3% clay concentrate + PBAT). The maximum 
yield strain was 2.0% in sample 5, and the minimum yield strain 
was 1.0% in sample 6 (PLA 6% clay concentrate + PBAT). 
The results indicate that different blending conditions and the 
addition of different concentrations of clay cause changes 
in the mechanical properties. It is important to emphasize 
that this system is composed of two polymer matrices with 
distinct behaviors. Different studies with PLA/PBAT blends, 
showed the use additives to improve properties mechanical 
and morphology such as Signori et al.[45] and Jiang et al.[46]. 
These studies suggested that adding PBAT to the PLA matrix 
increased the ductility of the PLA.

In the other study, Ko et al.[47] made PLA/PBAT blends 
and carbon nanotubes 2% (MNWT) in the presence the 
antioxidant additive. It has verified that the PLA/PBAT 
blends are immiscible, and that the MWNT has a (referential) 
affinity for the PBAT phase and this phenomenon makes 
unique morphological properties of the nanocomposite system. 
Such a strong affinity of the MWNT to the PBAT phase 
might be related to chemical structure of the PBAT which 
possesses aromatic molecules in its main chain, as many 
groups reported that MWNT prefers aromatic molecules. 
Therefore, having as reference these results, the increases 
in the properties resulted from the greater dispersion of 
the clay in the PLA/PBAT blend, which provided greater 
interaction between the two matrices and consequently 
improved the results.

Table 1. Mechanical properties of the PLA/PBAT blends and PLA/PBAT/clay systems.

Samples
Yield Strength Yield Strain Flexure Elast. Mod.

(MPa) (%) (MPa)
1 PLA + PBAT pure blend 4.0 ± 1.0 1.8 ± 0.70 1248 ± 52.5
2 PLA + PBAT blend + 3% clay 15.5 ± 1.4 1.71 ± 0.20 1222 ± 37.2
3 PLA + PBAT blend + 6% clay 15.1 ± 0.3 1.75 ± 0.03 1263 ± 15.0
4 PBAT 3% clay concentrate + PLA 12.7 ± 1.0 1.42 ± 0.20 1443 ± 65.5
5 PBAT 6% clay concentrate + PLA 16.2 ± 2.0 2.00 ± 0.40 1388 ± 177
6 PLA 3% clay concentrate + PBAT 8.3 ± 0.5 1.00 ± 0.08 1249 ± 38.3
7 PLA 6% clay concentrate + PBAT 24.3 ± 1.8 1.46 ± 0.15 1485 ± 53.5
8 PLA + PBAT + 3% clay 11.7 ± 0.5 1.32 ± 0.06 1232 ± 45.6
9 PLA + PBAT + 6% clay 9.5 ± 2.0 1.14 ± 0.50 1224 ± 60.5

The reported data represents arithmetic mean values and the error bars refer to the standard deviation of the mean.
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It is worth mentioning that the polymer chains that 
form the PBAT/PLA system exhibit a dipole moment 
as a function of the chain configuration (slight polarity 
difference), which most likely contributed to the increase 
of the properties. This finding can be confirmed when the 
mechanical performance obtained for the blend in sample 
7 (PLA 6% clay concentrate + PBAT) is observed individually. 
Similar behavior was observed by Kumar et al.[41] for 
PLA/PBAT/Glycidyl methacrylate nanocomposites with 
5% clay, which exhibited a significant increase in the elastic 
modulus, in this case the additive plastificant (glycidyl) was 
essential to improve these properties because it provided 
better compatibility the matrices PLA/PBAT. This finding 
confirms that a change in the morphology of the system 
most likely occurred. When researching PLA/PBAT and 
acetyl tributyl citrate blends, Coltelli et al.[48] showed that 
the plasticizer exhibited higher solubility in the PBAT phase 
because the dipole moment of this phase is on the order of 
4132 Debye, while the dipole moment of the PLA is on the 
order of 3223 Debye.

The formation of the morphology of immiscible polymer 
blends is the result of interaction between process variables 
(temperature, deformation types and rate) and blend components 
properties (composition, viscosity ratio, interfacial tension, 
continuous phase viscosity and elasticity of the components). 
Thus, the final morphology is the combination of these 
factors. The initial particle size, the polymer elasticity, the 
dispersed phase percentage and the draw ratio are the main 
factors affecting the morphology formed during drawing. 
When the dispersed phase concentration gets close to 1:1, 
complex structures, such as ribbon- or sheet-like, platelet, 
stratified and continuous structures, are formed. However, 
the prevalence of one or other structure is basically controlled 
by factors such as the flow type and the intensity during its 
processing in the molten state, the viscosity ratio and the 
interfacial tension[49-51].

Table 2 shows the results of the Izod impact strength 
tests for the PLA/PBAT blend and for the PLA/PBAT/clay 
systems. The results showed that the blending conditions and 
the increased clay concentration influenced the dispersion of 
the clay in the blends such that the samples with 6% clay had 
lower impact strengths regardless of the blending sequence. 
Nishida et al.[52] showed that the addition of a crosslinking 
agent [5-Dimethyl 2,5-di(tert-butylperoxy)hexane] in the 
PLA/PBAT blend increased the fracture toughness of the 
Izod impact tests. Furthermore, it is important to highlight 
that polymer research has shown that the addition of 
conventional reinforcements can increase the stiffness of 
the material and simultaneously reduce the impact strength 
due to nucleating properties. This affects crystal growth and 
crystallization also acting as a stress concentrator. Defects 
that begin to form around the reinforcement will quickly 
create cracks that will cause fracturing or failure of the 
material. In general, studies have shown that the greatest 
challenge is to modify the stiffness of the PLA by adding 
more flexible polymers[53]. The results of the mechanical 
properties of the PLA/PBAT/clay systems indicated the 
possibility of obtaining materials with good mechanical 
performance. A comparative analysis shows that it is possible 
to increase the mechanical properties (strength, tensile and 
bending elastic moduli, and impact strength) by adding 
organophilic clay to the PLA/PBAT system, a behavior 
similar to that found by Adrar et al.[54].

3.2 X-Ray diffraction

Table 3 shows the interplanar basal distances for the 
PLA/PBAT/clay systems as well as the d001 values of the 
systems in relation to the d001 distance of the organophilic 
clay. Increases in the d001 interlamellar spacings were 
observed for all the systems, which indicates the formation 
of nanocomposites with intercalated structures. The largest 
values were for samples 4, 6 and 7. These results show that 
the different blending conditions influenced the polymer/clay 
interaction and consequently the degree of exfoliation of 
the clay in the polymer matrix. A similar behavior was 
found by Nofar et al.[55], which analyzed blends of PLA 
with 25 wt% PBAT containing 1 and 5 wt% Cloisite 
30B nanoclay that were prepared using an internal batch 
mixer with three mixing strategies. However, they conclude 
that this difference is not significant.

3.3 Scanning electron microscopy and transmission 
electron microscopy

SEM observations were performed for the morphological 
analyses of the PLA/PBAT/clay systems, and photomicrographs 
of the fracture surface of the specimens were obtained. 
These photomicrographs indicate that the blending sequence 
is directly responsible for the morphological changes 
in the bionanocomposites that formed. Possible clay 
clusters are observed in these photomicrographs (circled). 
Figures 2 to 6 show photomicrographs of the different 
PLA/PBAT/clay systems at concentrations of 3% and 6%. 

Table 2. Impact properties of the PLA/PBAT blend and the 
PLA/PBAT/clay systems.

Samples
Izod Impact Strength

(KJ/m2)
1 PLA + PBAT pure blend 5.7 ± 0.5
2 PLA + PBAT blend + 3% clay 5.8 ± 0.2
3 PLA + PBAT blend + 6% clay 4.0 ± 0.3
4 PBAT 3% clay concentrate + PLA 6.5 ± 0.1
5 PBAT 6% clay concentrate + PLA 5.8 ± 0.2
6 PLA 3% clay concentrate + PBAT 4.8 ± 0.3
7 PLA 6% clay concentrate + PBAT 3.9 ± 0.2
8 PLA + PBAT + 3% clay 5.2 ± 0.2
9 PLA + PBAT + 6% clay 4.0 ± 0.1
The reported data represents arithmetic mean values and the error 
bars refer to the standard deviation of the mean.

Table 3. Interplanar basal distances for the PLA/PBAT/clay 
systems and the changes in the systems with organophilic clay.

System Evaluated *d001(Å) **Δd (Å)

1 PLA + PBAT pure blend - -
2 PLA + PBAT blend + 3% clay 40.84 4.16
3 PLA + PBAT blend + 6% clay 41.86 5.18
4 PBAT 3% clay + PLA 45.04 8.36
5 PBAT 6% clay + PLA 39.05 2.37
6 PLA 3% clay + PBAT 45.04 8.36
7 PLA 6% clay + PBAT 42.84 6.16
8 PLA + PBAT + 3% clay 40.84 4.16
9 PLA + PBAT + 6% clay 42.40 5.72
*d001 of 1346 (OMMT) clay = 36.68(Å); **Δd (Å) = changes in the 
interplanar basal distances (system - clay).
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Figure 2. (a) SEM of the PLA/PBAT blend at 100X and (b) 1000X.

Figure 3. SEM at 1000X magnification of (a) PLA/PBAT blend + 3% clay and (b) PLA/PBAT blend + 6% clay.

Figure 4. SEM at 500X magnification of (a) PBAT 3% clay concentration + PLA and (b) PBAT 6% clay concentration + PLA.
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Figure 2 shows photomicrographs of the PLA/PBAT 50/50 blend. 
A distinct morphology is observed that is characteristic of 
an immiscible blend, where circular PBAT particles are 
dispersed in the PLA matrix. Kumar et al.[41] and Zhang & 
Sun[56] showed similar morphologies of blends composed of 
70%PLA/30%PBAT. According to Zhang & Sun[56], using 
glycidyl methacrylate as a compatibilizer resulted in better 
blend compatibility and dispersion.

The morphology of nanocomposites with intercalated 
and/or exfoliated structures cannot be observed by SEM; 
however, as a preliminary investigation, it is possible to 
evaluate the degree of dispersion of the clays. Therefore, 
the following photomicrographs present the morphologies 
of the PLA/PBAT/clay systems under different blending 
conditions as well as the degree of dispersion of the clays. 

Freitas et al.[57] demonstrated that PLA/PBAT blends containing 
MMT showed a dispersed phase covered by the matrix and 
Adrar et al.[54] observed that fibrillar morphologies in the 
OMMT-PLA/PBAT blends. This morphology change may 
be an indication of an improvement of PLA/PBAT blending 
miscibility after the incorporation of OMMT.

Furthermore, the morphologies indicated that adding clay 
caused a change in the PLA and/or PBAT crystallization. 
Research by Xiao et al.[58] on the kinetics of PLA crystallization 
showed that the PLA chain is sensitive to the presence of 
another phase and to the processing conditions. Therefore, we 
can conclude that adding clay disturbed the PLA/PBAT/clay 
system, which modified the growth of the spherulitic crystals 
and hindered the organization of the PLA chains.

Figure 5. SEM at 500X magnification of (a) PLA 3% clay concentration + PBAT and (b) PLA 6% clay concentration + PBAT.

Figure 6. SEM at 500X magnification of (a) PLA + PBAT + 3% clay concentration and (b) PLA + PBAT + 6% clay concentration.
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Correlating the results of the mechanical properties and 
the morphologies of the PLA/PBAT/clay systems showed that 
the higher values of the properties occurred in the samples that 
exhibited better PLA/PBAT/clay compatibility. For example, the 
morphology of sample 7 (PLA 6% clay concentrate + PBAT), 
which is shown in Figure 5b, shows the formation of a very 
dispersive PBAT phase and small clay clusters impregnated 
in the PBAT/PLA matrix, which caused its high mechanical 
performance.

Based on the mechanical properties, XRD and SEM 
properties of sample 7 (PLA 6% clay concentrate + PBAT) 
and taking into account the TEM data in Figure 7, good 
dispersion of the PBAT phase and the clay in the PLA 
matrix with partially intercalated regions was observed. 
This finding probably contributed to the good performance 
of these properties.

4. Conclusions

The current study investigated the influence of the 
different conditions blending (contend) 50%PLA/50%PBAT 
with 3 and 6% clay. In this study was prepared 8 samples 
PLA/PBAT/Clay bionanocomposites and analyzed mechanical 
properties and morphology. The addition of clay associated 
with the sequence used caused a change in the PLA/PBAT 
blends morphology, resulting in changes in the mechanical 
properties.Furthermore, the results transmission microscopy 
(TEM) to sample with PLA 6% clay concentrate + PBAT 
(sample 7) showed regions intercaled PBAT and clay in the 
PLA phase. The results may contribute to a better elucidation 
regarding the characteristics of the PLA/PBAT and OMMT 
blends, since the two polymers have gained great importance 
in the area of materials and with the addition of OMMT 
their properties can be improved.

Figure 7. TEM of the PLA 6% clay concentrate + PBAT sample.
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