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This study aimed to develop cassava thermoplastic starch (TPS) biopolymers and polymer 
bionanocomposites with varying concentrations of montmorillonite (MMT) nanoclay and coconut oil (CO) 
by extrusion. X-ray diffraction indicated intercalated and partially exfoliated structure of nanoclay 
lamellae in the TPS, forming a polymer bionanocomposite. Colorimetric analyses showed that the 
color of the materials changed with variations in MMT and CO concentrations. The water absorption 
test revealed synergism between MMT and CO in reducing the hydrophilic character of the polymer 
bionanocomposite. Scanning electron microscopy (SEM) showed heterogeneities in the fracture 
surface morphologies of the biopolymer with CO droplets, absent in the TPS/MMT bionanocomposite. 
MMT addition destroyed CO droplets, favoring rougher and more uniform surfaces. Mechanical 
behavior under tensile test showed that MMT and CO improved these properties. TPS/MMT/CO 
bionanocomposites produced with sustainable materials showed potential for application in the 
production of films for packaging perishable fruits, such as strawberries, where the effect of reducing 
senescence and increasing the shelf life of the fruit was observed.
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1. Introduction
Biodegradable polymers from natural renewable sources 

have been the focus of scientific and industrial interest for 
the development of new technologies that seek alternatives 
to replace synthetic plastics in short-lived applications. These 
polymers degrade quickly when discarded in the environment, 
reducing their environmental impact and enabling their use 
in packaging and other applications1-4.

Starch is an abundant polysaccharide in nature, 
inexpensive and can be obtained from different natural 
sources; therefore, it has been the focus of interest for the 
development of biodegradable materials5-9. Granular starch 
in its natural form does not have the characteristics of a 
thermoplastic polymer; however, processing starch at 90 to 
180 °C and in the presence of a plasticizing agent, such as 
water or glycerol, transforms the starch into a biopolymer 
known as thermoplastic starch (TPS)10-14. TPS, as compared 
to synthetic polymers, has some limitations such as low 
mechanical and thermal resistance and high susceptibility 
to water absorption, which make it difficult to apply in most 
varied areas15-17. Studies18-24 have been conducted to improve 
the limitated properties of TPS by adding nanofillers and 
additives based on natural sources, such as montmorillonite 
(MMT) nanoclays and vegetable oils.

The use of MMT nanoclays in TPS matrices improves the 
mechanical and thermal properties of polymer nanocomposites 
because these inorganic fillers act as reinforcement at the 
nanometer scale, increasing the maximum strength, modulus 
of elasticity, and elongation at break, and improving the 
thermal stability of TPS18-22,24.

The use of vegetable oils, such as coconut oil (CO), 
has been used in research to improve the properties of 
TPS. The presence of oil with fatty acid chains in the starch 
structure improves the mechanical properties and reduces 
the hydrophilic nature of TPS19. Studies23-25 have shown that 
the incorporation of low concentrations of CO into TPS 
reduces water absorption, improves the maximum strength, 
and inhibits microorganisms.

Research on the simultaneous addition of MMT nanoclays 
and vegetable oil to TPS26-31 demonstrated that a synergistic 
effect exists between nanoclays and vegetable oils when 
incorporated into TPS matrices. Souza et al.29 evaluated the 
effects of the combination of carvacrol essential oil and MMT 
nanoclay on the physicochemical properties of starch films. 
This study enabled the development of materials with good 
antimicrobial behavior, which was attributed to the intrinsic 
antimicrobial properties of the essential oil and MMT nanoclay 
ions, resulting in polymer bionanocomposites with excellent 
application potential in fresh foods such as fruits and vegetables.

Campos-Requena et al.30 developed polymer bionanocomposites 
using TPS and MMT nanoclay containing extruded carvacrol and 
thymol essential oils. X-ray diffraction (XRD) and transmission 
electron microscopy (TEM) results showed that the polymer 
bionanocomposites exhibited a morphology with intercalated 
and exfoliated regions of nanoclay, resulting in an increase in 
the mechanical and thermal properties, as compared to pure 
TPS. The TPS nanocomposites exhibited application potential 
in active packaging with controlled release and antimicrobial 
properties resulting from the synergism of the interaction of 
the nanoclay with the essential oil.

Azevedo et al.31 developed TPS/whey protein isolate/MMT 
bionanocomposites using extruded rosemary essential oil. The 
authors observed that the combination of low concentrations 
of rosemary essential oil and MMT nanoclay in a TPS/whey 
protein-isolated bionanocomposite resulted in materials with 
improved thermal stability and barrier properties.

Previous studies26-31 with TPS/MMT bionanocomposite 
using other vegetable oils demonstrated improvements in 
the final properties and potential for application in food 
packaging. Therefore, this study aimed to evaluate the 
effect of adding coconut oil on the physicochemical, optical, 
morphological, thermal, and mechanical properties of the 
cassava thermoplastic starch/MMT nanoclays bionanocomposite 
and its applicability as bioactive packaging.

2. Materials and Methods

2.1. Materials
Commercial cassava starch was acquired from Yoki 

Alimentos S/A (18% amylose), PA glycerol (99.5% purity) 
was acquired from Dinâmica Contemporânea Ltd., distilled 
water, coconut oil (CO) was acquired from Copra Industria 
Alimentícia Ltda., and montmorillonite (MMT) nanoclay 
Cloisite 30B was acquired from Southern Clays. All plant-based 
materials used in this study had already been registered in 
the Brazilian Government Genetic Patrimony System and 
Associated Traditional Knowledge (SisGen), Access Register 
No. A6BF998.

2.2. Preparation of materials

2.2.1. Pre-mixing of components
All components were initially weighed on an analytical 

scale, where the proportions of starch, glycerol, and water 
were based on the study by Reinaldo et al.32. Table 1 lists 
the proportions of each component.

Pre-mixing was performed using a 400 W internal mixer 
at its calculated maximum speed was around 400 rpm for 
10 min. The nanoclays in the formulations were first dispersed 
in distilled water using a mechanical stirrer (MA147, Marconi 
Equipamentos Ltda.) at 500 W and a stirring speed of 500 rpm 

Table 1. Proportion of the components in the mixtures.

Formulation Mixture Code Composition 
(phr)

Starch/Glycerol/Water TPS 100/45/15
Starch/Glycerol/ 

Water/MMT
1MMT 100/45/15/1
3MMT 100/45/15/3

Starch/Glycerol/Water/CO 1CO 100/45/15/1
Starch/Glycerol/ 
Water/MMT/CO

1MMT/1CO 100/45/15/1/1
3MMT/1CO 100/45/15/3/1

Starch/Glycerol/Water/CO 5CO 100/45/15/5
Starch/Glycerol/ 
Water/MMT/CO

1MMT/5CO 100/45/15/1/5
3MMT/5CO 100/45/15/3/5

Starch/Glycerol/Water/CO 10CO 100/45/15/10
Starch/Glycerol/ 
Water/MMT/CO

1MMT/10CO 100/45/15/1/10
3MMT/10CO 100/45/15/3/10
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for 1 h before being mixed with starch. The mixtures were 
placed in plastic bags, hermetically sealed, identified, and 
conditioned in a freezer at approximately 4 °C for 24 h.

2.2.2. Extrusion processing
The mixtures were processed using a co-rotational twin 

screw extruder (AX Plásticos Máquinas Técnicas Ltda.) with 
a diameter of 16 mm and l/d of 40, which was used to prepare 
pure TPS, TPS with CO, and polymer nanocomposites under 
the same conditions, that is, with a temperature profile of 
50/60/110/110/120/125/130/130/135 °C from feed to die, 
a screw speed of 180 rpm, and hopper feed of 30 rpm using 
a die for pellet production.

After the extrusion mixing of the polymer bionanocomposites, 
test specimens (ASTM D63833 Type V) were produced using 
injection molding. This process was carried out with a Thermo 
Scientific HAAKE MiniJet II injection molding system, 
operating at a gun temperature of 130 °C, an injection pressure 
of 550 bar, and a mold temperature of 40 °C. The specimens 
were conditioned at 23°C and 50% relative humidity (RH) 
before analysis.

2.3. Characterization of polymer bionanocomposites

2.3.1. X-ray diffraction
The X-ray diffraction patterns were obtained in a 

Shimadzu diffractometer, model XRD-7000, using CuKα 
radiation (λ = 1.5418 Å) at 40 kV and 30 mA, at a speed of 
1º (2θ)/min with a step of 0.05. The tests were carried out at 
room temperature and in the range of 2θ angles from 2.5 to 60º.

2.3.2. Water absorption
Water absorption tests were conducted in accordance 

with ASTM D57034, using rectangular specimens cut from 
the injection-molded samples. The materials were initially 
dried in a vacuum oven at 50 °C for 24 h and then the 
samples were weighed on an analytical scale and immersed 
in distilled water at 23 °C. These samples were weighed at 
20 min intervals up to maximum of 6 h. Water absorption 
was measured using Equation 1:
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where M1 is the mass of the sample (g) after immersion in 
water and M0 is the mass of the sample before immersion 
in water.

2.3.3. Color parameters and visual appearance
The L*, a*, and b* parameter values of them were 

measured using a colorimeter (CM-5, Konica Minolta). 
Measurements were performed thrice on a white background 
and the average of at least three measurements on each surface 
was reported. Equation 2 was used to determine the total 
color difference caused by the introduction of CO and clay 
into the TPS matrix using the L*, a*, and b* parameters:

( ) ( ) ( )2 2 2
E l a b∗ ∗ ∗ ∗∆ = ∆ + ∆ + ∆  	 (2)

where E∗∆  is the color difference, TPS Formulationl l l∗∆ = − , 
Formulation TPSa a a∗∆ = − , and, Formulation TPSb b b∗∆ = −

2.3.4. Morphological characterization
The samples were cryofractured at -18 °C before analysis 

and this surface was coated with a thin conductive layer 
of gold. Morphological analyses of the fracture surfaces 
of the TPS, TPS/CO and polymer nanocomposites with 
and without CO were performed using scanning electron 
microscopy (SEM; Zeiss Auriga 40) with a field-emission 
gun (with a tungsten filament).

2.3.5. Thermal characterization
Thermogravimetric analyses (TGA) of samples were 

performed from ambient temperature to 400 °C at 10 °C min−1 
using a Perkin Elmer STA 6000 simultaneous thermal analyzer 
under a nitrogen atmosphere with a flow rate of 40 mL min−1.

2.3.6. Mechanical characterization
Tensile tests were conducted using an EMIC DL-3000 

universal testing machine, equipped with a 500 N load cell. 
The tests followed ASTM D63833 Type V specifications, 
displacement rate was 10 mm min-1.

2.3.7. Performance of the films as packaging for strawberries
Initially, thin films with a thickness of 1 mm were 

obtained from the materials granules in an EMIC press at a 
temperature of 160 °C, a plasticization time of 5 min, with a 
pressing time of 2 min and a load of 40 N. The performances 
of the films as packaging materials for strawberries were 
evaluated according to the methodology described by 
Ferreira  et  al.13. Strawberries (Fragaria ananassa) were 
purchased from a local market (Natal-RN, Brazil), washed in 
water, dipped in a sodium hypochlorite solution (250 ppm), 
and dried at room temperature. Fruits without imperfections, 
deep marks, or signs of rotting were selected, weighed, 
and placed in an acrylic box that was sealed with different 
films. Strawberries with and without the films (control) 
were stored in a refrigerator at 4 °C ± 1 °C for a period of 
15 d. The strawberries (in triplicate) were weighed daily, 
and the mass loss was expressed as the percentage of mass 
loss, which was calculated using Equation 3:
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where W0 is the initial weight of the strawberry and Wt is 
the weight of the strawberry at time t (in days).

2.4. Statistical analyses
Statistical analyses were conducted using Statistica 

12 software (StatSoft Inc.). A one-way analysis of variance 
(ANOVA) was employed to evaluate the results, followed 
by Tukey’s post hoc test to determine significant differences, 
with a significance level set at p < 0.05. Data were presented 
as the mean ± standard deviation (SD) based on at least 
sextuplicate measurements.

3. Results and Discussion

3.1. X-ray diffraction
Figure 1 shows the X-ray diffractograms for granular 

starch, MMT, TPS, the biopolymer with CO, and the polymer 
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bionanocomposite. Native starches generally exhibit 
crystallinity owing to the organization of amylopectin 
molecules inside the granules. Cassava starch exhibited 
characteristic diffraction peaks at 2θ = 15.02°, 17.45°, and 
23.01°, with corresponding interplanar distances of 0.58 nm, 
0.51 nm, and 0.38 nm, respectively. These values are similar 
to those reported by Singh et al.35 and Sun et al.36, indicating 
that the cassava starch granules used in this study exhibited 
A-type crystallinity, a monoclinic structure characteristic of 
cassava starch. The crystallinity index (CI) was calculated to 
be 17.6%, which further supports the presence of crystallinity 
in the cassava starch.

The peaks exhibited by the extruded TPS differed 
from those observed for granular starch, indicating that the 
semi-crystalline structure of the granules was destroyed 
during mixing. The extruded TPS exhibited a crystallinity 
of 13.2%. The diffraction peaks typically associated with 
starch crystallinity, often observed in thermoplastic starch, 
at 2θ = 13°, 18°, and 20° were not clearly visible in the 
TPS pattern, which was instead dominated by a broad 
amorphous halo. Such peaks, when present, may arise from 
recrystallization of amylose chains during post-processing 
cooling or during storage of the processed material.

The TPS/CO biopolymer (in regions B and C of Figure 1) 
exhibited peaks at approximately 13, 19, and 20°, similar to 
those observed in the TPS diffractogram but with greater 
intensity. The incorporation of coconut oil (CO) influenced 
the crystalline structure of TPS, although the crystallinity 
index (CI) values of the formulations containing CO, suggest 
a slight reduction in overall crystallinity compared to pure 
TPS (CI = 13.2%). Specifically, formulations such as 1CO 
(10.5%), 5CO (12.1%), and 10CO (10.9%) exhibited lower CI 
values, indicating that although CO may promote some degree 
of recrystallization through the formation of amylose–lipid 
complexes (V-type crystalline structures), the net effect is a 
reduction in long-range molecular order due to the plasticizing 
of CO. These results corroborate those obtained by Ploypetchara 
and Gohtani37 and Wang et al.38, which report the capacity of 
lipids to interact with amylose chains.

The nanoclay in the TPS/MMT bionanocomposite 
favored the recrystallization of starch with the formation of 
a V-type crystalline structure, as observed by the increase in 
the intensity of the characteristic peaks (2θ = 13, 17, and 20º) 
referring to this crystalline structure at 3MMT. Region A in 
Figure 1 shows that the main characteristic peak of MMT 
clay was at approximately 2θ = 4.94°, corresponding to an 
interplanar distance (d001) of 1.8 nm, which is similar to 
that reported by Derungs et al.39. The 1 and 3 wt.% MMT 
compositions did not exhibit peaks at 2θ = 4.94°, indicating 
the possible formation of a TPS/MMT bionanocomposite 
with a possible intercalated and partially exfoliated structure. 
Previous studies40 have reported that the disappearance of the 
clay characteristic peak is an indication of an increase in the 
basal spacing between the silicate lamellae resulting from 
intercalation with the polymeric chains of the cassava starch 
in the nanoclay lamellae and from its complete exfoliation, 
which leads to the formation of polymer bionanocomposites. 
These results indicate the intercalation and partial exfoliation 
and development of TPS/MMT bionanocomposites owing 
to the premixing strategy of nanoclay/water dispersion in 
TPS and further processing with a high shear rate.

The TPS/MMT/CO bionanocomposite exhibited a behavior 
similar to that of the TPS/MMT bionanocomposite, with the 
disappearance of the peak related to MMT, suggesting the 
maintenance of intercalated or exfoliated structures. These 
formulations exhibited peaks related to the V-type crystalline 
structure that were more intense in the formulations containing 
3 wt.% MMT and moderate to high concentrations of CO, 
particularly in the 3MMT/5CO formulation, which exhibited 
the highest crystallinity index among all samples (17.5%). As 
observed by other researchers41,42, the organically modified 
nanoclay interacted effectively with the TPS matrix and CO 
owing to the presence of hydroxyl groups (-OH), which 
promoted greater interaction, allowing the formation of a 
disorganized structure or partial exfoliation, indicating that 
there was synergism of the components in the formation of 
these materials.

3.2. Water absorption
Figure 2 shows the water absorption curves, while Table 2 

presents the water absorption values after 360 minutes 
of immersion for pure TPS, TPS/CO, TPS/MMT, and 
TPS/MMT/CO with varying concentrations of MMT 

Figure 1. XRD diffractograms of MMT, starch, TPS, TPS/CO, 
TPS/MMT, and TPS/MMT/CO.

Figure 2. Water absorption versus time curves for pure TPS, TPS/CO, 
TPS/MMT, and TPS/MMT/CO.
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and CO as a function of time. TPS exhibited a higher 
water absorption at 360 min (90.4 ± 3.9%) due to its low 
crystallinity, as observed in the XRD analysis, along with 
its inherent hydrophilic character. Both native starch and the 
plasticizer (glycerol) used to obtain thermoplastic material 
are hydrophilic, which further contributes to the increased 
water absorption. The addition of up to 5 wt.% CO to TPS 
promoted a reduction in water absorption. Similar results 
were reported by Iamareerat et al.27 and Bhasney et al.43, 
indicating that the reduction in the water absorption curves 
may have occurred because of the hydrophobic nature of 
CO, which reduced the presence of hydrophilic regions in the 
TPS and consequently reduced the possibility of hydrogen 
bonding of the macromolecules present in the starch with 
water molecules, hindering their diffusion into the interior 
of the materials. Qian et al.44 and Monteiro et al.45 stated that 
this reduction may also be associated with the formation of 
the amylose-lipid complexes observed in the XRD results 
because the increase in crystallinity hinders the diffusion of 
water molecules into the material.

The TPS/MMT bionanocomposites with 1 and 3 wt.% 
nanoclay (1MMT and 3MMT) showed a reduction in the 
water absorption curve at 360 min, as compared with TPS, 
with water absorption values of 82.8 ± 1.9% and 77.6 ± 1.8%, 
respectively. Aouada et al.46 reported that the reduction in 
water absorption may be due to the good interaction of the 
nanoclay lamellae with the TPS matrix formed by hydrogen 
bonding-type bonds that hinder the diffusion of water 
molecules into the interior of the material. The formation of 
intercalated and partially exfoliated structure regions in the 
1MMT and 3MMT bionanocomposite matrices, as observed 
in the XRD results, may reduce water absorption in these 
compositions. TPS/MMT/CO bionanocomposites containing 
5 wt.% or more of CO exhibited an even more pronounced 
reduction in water absorption over time. The 3MMT/10CO 
formulation, for example, presented a crystallinity index of 
12.5% and a water absorption of 70.1 ± 1.8% at 360 minutes, 
indicating a significant enhancement in water resistance. This 
improvement is likely due to the synergistic effect between 
the hydrophobic CO and the partially exfoliated nanoclay 
layers, which reduce the hydrophilic character of TPS and 

its interaction with water molecules, resulting in materials 
with improved moisture resistance.

3.3. Color parameters
Table 3 list the color parameters L*, a*, b*, the color 

variation (∆E*), and the visual appearance of TPS, TPS/CO, 
and the polymer bionanocomposite. The results showed that 
pure TPS had luminosity L*, a*, and b* parameter values 
of 35.51, 1.65, and 5.61, respectively, with a translucent 
appearance and yellow hue. The color, appearance, and 
opacity parameters changed because of variations in the 
concentrations of MMT and CO in the TPS matrix.

The presence of CO in the TPS increased the L* parameter 
value of the TPS biopolymer, increasing the luminosity of 
the material. This increase in the L* parameter value was 
more pronounced for the formulation with 1 wt.% CO, which 
exhibited a more luminous appearance and a light hue, which 
was attributed to the formation of an emulsion during extrusion 
that corroborated the formation of CO droplets distributed 
along the TPS matrix, as seen in the SEM photomicrographs 
in Figure 3. Chantrapornchai et al.47 stated that the formation 
of lipid droplets in a material tends to favor the scattering 
of incident light in the sample, causing an increase in the 
material luminosity and color variation of these materials. 
The a* and b* parameter values of the TPS/CO biopolymer 
decreased with an increasing CO concentration, indicating 
a tendency towards a light yellow and shiny color for the 
1 wt.% CO composition and a dark yellow and opaque color 
for the 5 and 10 wt.% CO compositions.

The presence of 1 and 3 wt.% MMT nanoclay in the 
polymer bionanocomposite reduced the L* parameter of 
the material to 34.76 and 34.59, respectively. The polymer 
bionanocomposites exhibited significant color variation, as 
compared to pure TPS. The polymer bionanocomposites 
exhibited brown colors with light and dark tones, and the 
TPS composition with 3 wt.% MMT exhibited a significant 
increase in the a* parameter value. The color changes to the 
presence of metallic ions, such as Fe2+ and Fe3+, in the 
nanoclay and/or cation exchanges occurring during extrusion 
that alter the color of the polymer nanocomposites, which 
resulted in a darker color for these formulations.

The TPS/MMT bionanocomposite with 1 wt.% CO 
exhibited a slight increase in the L* and a* parameter values 
and a light brown hue. However, the increase in MMT 
concentration promoted a reduction in the color parameters 
and coloration of the 3MMT/1CO bionanocomposite, 
which was more pronounced in the b* parameter value, 
exhibiting a more intense brown color than the 1MMT/1CO 
bionanocomposite.

The TPS/MMT nanocomposites with high concentrations 
of CO exhibited a considerable increase in the L* parameter 
value, particularly for the bionanocomposite with 3 wt.% 
MMT. This occurred because of the absence of CO 
droplets in the TPS bionanocomposite matrix due to the 
addition of MMT, which spread the CO in the TPS matrix 
for the composition with 5 wt.% CO. The excess CO in 
the bionanocomposite with 10 wt.% CO migrated to the 
surface, which further favored the scattering of incident 
light and consequently increased the surface brightness 
of the material.

Table 2. Water absorption after 360 minutes for pure TPS, TPS/CO, 
TPS/MMT, and TPS/MMT/CO.

Formulation Water absorption (%)
TPS 90.4 ± 3.9g

1MMT 82.8 ± 1.9b
3MMT 77.6 ± 1.8ae
1CO 75.0 ± 2.4de

1MMT/1CO 80.2 ± 3.5ab
3MMT/1CO 81.8 ± 3.0ab

5CO 80.0 ± 2.2ab
1MMT/5CO 72.9 ± 2.2cde
3MMT/5CO 71.7 ± 2.1cd

10CO 81.4 ± 1.3ab
1MMT/10CO 65.4 ± 1.4f
3MMT/10CO 70.1 ± 1.8c

Different letters indicate a significant difference according to the Tukey HSD test 
(p<0.05), one-way factor
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Table 3. Color parameters and visual aspect of TPS, TPS/CO, TPS/MMT, and TPS/MMT/CO.

L* a* b* ∆E* Visual Aspect

TPS 35.51 ± 0.80ab 1.65 ± 0.16a 5.61 ± 0.54b -

1MMT 34.76 ± 0.89a 1.63 ± 0.40a 4.55 ± 0.69abc 1.84 ± 0.48a

3MMT 34.59 ± 1.17a 1.85 ± 0.20a 5.11 ± 1.01ab 1.82 ± 0.92a

1CO 38.29 ± 0.90bc 1.54 ± 0.17a 5.06 ± 0.69ab 2.89 ± 0.47a

1MMT/1CO 38.9 ± 0.77c 1.68 ± 0.16a 5.05 ± 0.18ab 3.49 ± 0.33a

3MMT/1CO 35.81 ± 0.56ab 1.10 ± 0.42a 2.74 ± 0.55c 2.95 ± 1.01a

5CO 36.00 ± 0.66ab 1.03 ± 0.12a 4.11 ± 0.28abc 1.86 ± 0.80a

1MMT/5CO 39.66 ± 1.15c 0.97 ± 0.21a 4.23 ± 0.59abc 4.50 ± 1.74ab

3MMT/5CO 50.05 ± 0.78e 1.57 ± 0.22a 7.55 ± 0.80d 14.71 ± 0.22c

10CO 36.82 ± 1.37abc 0.78 ± 0.29a 3.62 ± 0.78ac 2.91 ± 0.88a

1MMT/10CO 42.60 ± 0.33d 0.69 ± 0.11a 3.45 ± 0.39ac 7.48 ± 0.83b

3MMT/10CO 56.70 ± 1.58f 1.90 ± 1.22a 8.17 ± 0.41d 21.38 ± 2.32d

Different letters in the same column indicate a significant difference according to the Tukey HSD test (p<0.05), one-way factor
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The MMT spread or absorbed the CO droplets owing 
to the surfactant action of MMT, which led to an increase 
in the L* parameter values, and the materials exhibited 
variations in color tones and a significant variation in ∆E*. 
The compositions containing 5 wt.% CO exhibited a color 
tendency to brown with a light hue with 1 wt.% MMT 
owing to a reduction in the a* parameter value, and a 
dark hue owing to an increase in the MMT concentration, 
which favored an increase in the b* parameter value. The 
composition with 10 wt.% CO and 1 and 3 wt.% MMT 
yielded light brown colors with light and glossy tones and 
a pearly gray color, respectively.

3.4. Scanning electron microscopy
Figure 3 shows SEM photomicrographs of the fracture 

surfaces of the TPS biopolymer and TPS/MMT bionanocomposites 
with various MMT and CO concentrations. All compositions 
containing CO exhibited heterogeneities. The addition of 
CO considerably altered the surface of the TPS matrix, and 
the samples exhibited different morphologies depending on 
the CO concentration. The TPS matrix in the biopolymers 
containing 1 and 5 wt.% CO exhibited a micellar-type 
morphology that may be associated with the formation of CO 
droplets owing to the immiscibility between TPS and CO.

The number of droplets scattered on the surface of the 
material at a CO concentration of 5 wt% increased, whereas 
an increase in the CO concentration significantly changed the 
morphology of the TPS, as observed in the photomicrograph 
of 10CO. The 10CO composition exhibited a rougher surface 
without the presence of miscella, which may be associated 
with the diffusion of lipid components to the material’s 
surface during the extrusion process. The migration of 
these CO droplets to the surface of the material may have 
occurred as a result of excess CO, which may have favored 
coalescence, flocculation, and the creaming phenomenon. 
This occurs when lipid aggregates reach a critical size, at 
which point the density difference between the lipid and 
the continuous phase causes the formation of cream or the 
migration of lipid aggregates to the surface of the material. 
These results corroborate those presented in the literature 
on the incorporation of lipid components into TPS37,48,49.

The incorporation of CO into the TPS/MMT bionanocomposite 
altered their fracture surface morphologies. These fracture 
surfaces were examined and compared with those of the 
TPS/CO biopolymer in the same concentrations. The 
bionanocomposite with 1 wt% of MMT and 1 wt% of CO 
(1MMT/1CO) exhibited a fracture surface with smoother 
regions and the presence of CO droplets with smaller sizes 

Figure 3. SEM photomicrographs of TPS, TPS/CO and TPS/MMT/CO with various MMT and CO concentrations.
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and uniform distribution in the TPS matrix, as compared 
with the fracture surfaces of the TPS biopolymer with 
1 wt% CO. Increasing the concentration of MMT in the 
TPS/MMT/CO bionanocomposite with 3 wt% of MMT 
and 1 wt% of CO (3MMT/1CO) to 3 wt.% resulted in the 
formation of a more homogeneous and smoother surface 
with the presence of few droplets of CO smaller than those 
observed in the 1MMT/1CO composition.

The TPS/MMT bionanocomposites with 5 and 
10 wt.% CO exhibited rougher surfaces than those of the 
bionanocomposites with 1 wt.% CO (1MMT/1CO and 
3MMT/1CO). This roughness suggests that the spreading of 
CO on the surface of the bionanocomposite was due to the 
presence of clay. The 3MMT/10CO composition exhibited 
a surface with smooth regions and little roughness without 
the presence of CO in the TPS matrix. This may have 
occurred because of the excess CO in this composition, 
which favored migration from the CO to the outer surface 
of the material. The observed results indicate that the 
organically modified MMT nanoclay may have acted as 
an oil retention agent, possibly owing to the presence of 
surfactants in the nanoclay, which may have favored the 
spread of CO in the TPS structure.

3.5. Thermogravimetric analysis
Figure  4 shows the thermogravimetric curves of the 

biopolymer and polymer bionanocomposites (TPS, TPS/CO, 
TPS/MMT, and TPS/MMT/CO), which shows that all 
compositions presented an initial mass loss at 80–150 °C 
that was associated with the loss of the surface moisture 
present in the materials.

The mass loss observed at 150–250 °C (Figure 4) in all 
samples was mainly associated with the loss of the glycerol 
present in the material. A greater loss of mass was observed 
in the formulations containing CO, which, according to 
Fangfang et al.23 and Jayadas and Nair50, may be due to the 
thermal decomposition of CO, which involves the formation 
of volatile low-molar-mass hydrocarbons, carbon dioxide, 
and carbon monoxide.

A significant mass loss was observed at 250–400 °C 
(Figure  4), which is related to the maximum thermal 
decomposition rate of the materials. TPS exhibited the 
beginning of thermal degradation (Tonset) at 254 °C. These 
temperatures mainly indicate the thermal degradation of the 
amylose and amylopectin chains present in the starch. These 
results confirm previously reported findings on the thermal 
stability of TPS23,51,52. The TPS/MMT bionanocomposite showed 
a slight increase in Tonset compared to TPS, reaching 258 °C 
with the addition of 3 wt.% MMT, indicating that MMT can 
improve the thermal stability of the material. The TPS/MMT 
bionanocomposites containing CO exhibited the best thermal 
stability results, with a Tonset of 262 °C for the 3MMT/1CO 
and 261 °C for the 3MMT/5CO formulation. In all cases, 
the degradation temperature (Td) remained similar and close 
to 330 °C. The simultaneous addition of MMT and CO had 
a synergistic effect on the thermal stability of the polymer 
bionanocomposites. Chang et al.53 reported that the strong 
interaction of the partial exfoliated clay lamellae with the 
TPS matrix, together with the V-type crystal structures 
observed in the XRD results, may have contributed to the 
increase in temperature, requiring higher levels of energy 
to initiate thermal degradation of the material.

Figure 4. Thermogravimetric curves of the biopolymer and polymer bionanocomposites. (a) TPS, 1MMT, and 3MMT. (b) 1CO, 1MMT/1CO, 
and 3MMT/1CO. (c) 1MMT/5CO and 3MMT/5CO. (d) 10CO, 1MMT/10CO, and 3MMT/10CO.
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3.6. Mechanical properties
Figure 5 shows stress-strain curves, while Table 4 summarizes 

the mechanical test results obtained from uniaxial tension 
tests on all injected samples. Pure TPS exhibited a maximum 
tensile strength of 1.09 ± 0.05 MPa, an elongation at break 
of 333 ± 16%, and an elastic modulus of 1.52 ± 0.39 MPa, 
demonstrating limited mechanical performance. The addition 
of CO to the TPS/CO formulations slightly improved the 
tensile strength, with values ranging from 1.19 MPa to 
1.29 MPa. Among these, the 5CO composition showed 
the highest strength (1.29 ± 0.03 MPa), indicating a slight 
reinforcement effect of CO on the TPS matrix.

The X-ray diffraction analysis revealed a reduction in 
the crystallinity index (CI) for CO-containing formulations, 
from 13.2% (TPS) to 10.5% (1CO), suggesting the presence 
of a more amorphous and flexible matrix. Nevertheless, a 
recrystallization process occurred, forming amylose-lipid 
complexes with a V-type crystalline structure, which 
contributed to the mechanical reinforcement observed, 
especially in formulations with moderate CO content. The 
incorporation of CO increased the elongation at break of the 
material, with the 10CO formulation reaching the highest value 
(460 ± 14%), followed by 1MMT/10CO (363 ± 16%) and 
3MMT/10CO (315 ± 18%). This behavior can be explained 
by the plasticizing effect of CO, which, being a liquid at room 
temperature, is dispersed as deformable droplets in the TPS 
matrix, as previously reported in SEM analyses. Studies49,54 
have shown that the presence of a heterogeneous structure 
with discontinuities owing to the presence of lipids in the TPS 
matrix can affect the mechanical properties. CO, which is a 
liquid at room temperature, is present in the material in the 
form of droplets, as observed in the SEM images, and can 
be easily deformed, increasing the elongation upon rupture 
of the material. These results corroborate those presented 
in the literature and the incorporation of lipid components 
into TPS55,56.

The addition of MMT significantly improved the 
mechanical strength and stiffness of the bionanocomposites. 
The 3MMT formulation exhibited the highest maximum 
tensile strength (3.92 ± 0.14 MPa) and elastic modulus 
(13.21 ± 0.96 MPa), correlated with the highest crystallinity 
index among all samples (15.7%). These improvements are 

attributed to the reinforcing effect of the nanoclay and its 
ability to induce greater molecular organization within the 
TPS matrix. Ardakani et al.57 reported that the good dispersion 
of the organically modified clay in the matrix contributes 
to an improvement in the mechanical properties of these 
materials under tension.

The combination of MMT and CO also contributed significantly 
to mechanical performance. The 3MMT/5CO formulation 
presented the highest tensile strength (4.75 ± 0.15 MPa), a high 
modulus (12.58 ± 0.11 MPa) and a CI of 17.5%, the highest 
observed in the study. These results confirm a synergistic 
effect between the nanoclay and the moderate presence of CO. 
However, formulations with 10 wt.% CO, even in the presence 
of MMT (1MMT/10CO and 3MMT/10CO), exhibited decreased 
mechanical performance, with reduced strength and modulus. 
This behavior reinforces that excessive CO content, beyond a 
certain limit, can act as a plasticizer in the TPS matrix, reducing 
maximum tensile strength and increasing elongation.

3.7. Performance of films as packaging for strawberries
To evaluate the potential use of the produced bionanocomposites 

as packaging, the extruded materials were thermoformed into 
films. Figure 6 shows the weight loss curve for strawberries 
without films (control) and those wrapped with films during 
15 d of storage, while Figure 7 shows the visual appearance of 

Figure 5. Stress versus strain curve for pure TPS, TPS/CO, TPS/MMT, 
and TPS/MMT/CO.

Table 4. Mechanical properties obtained from pure TPS, TPS/CO, TPS/MMT, and TPS/MMT/CO.

Formulation Maximum strength (MPa) Elongation at break (%) Modulus of elasticity (MPa)
TPS 1.09 ± 0.05d 333 ± 16ef 1.52 ± 0.39ab

1MMT 1.48 ± 0.07b 257 ± 15ab 3.07 ± 0.30cd
3MMT 3.92 ± 0.14f 131 ± 15c 13.21 ± 0.96f
1CO 1.19 ± 0.07ad 285 ± 14bd 2.23 ± 0.02bc

1MMT/1CO 1.42 ± 0.03ab 248 ± 7a 3.88 ± 0.39d
3MMT/1CO 2.77 ± 0.17e 257 ± 13ab 6.39 ± 0.27e

5CO 1.29 ± 0.03abd 268 ± 18ab 2.21 ± 0.07bc
1MMT/5CO 1.41 ± 0.02ab 270 ± 10ab 5.24 ± 0.04e
3MMT/5CO 4.75 ± 0.15g 125 ± 10c 12.58 ± 0.11f

10CO 0.48 ± 0.03c 460 ± 14g 0.5 ± 0.01a
1MMT/10CO 0.47 ± 0.03c 363 ± 16f 0.58 ± 0.07a
3MMT/10CO 0.65 ± 0.07c 315 ± 18de 1.17 ± 0.08a

Different letters in the same column indicate a significant difference according to the Tukey HSD test (p<0.05), one-way factor
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Figure 6. Weight loss of strawberries during refrigerated storage. (a) Daily weight loss curve of the strawberries. (b) Mass loss after 15 d of 
storage. For means, values that share a common letter are not significantly different (Tukey test, p < 0.05).

Figure 7. Effect of TPS, TPS/OC, TPS/MMT, and TPS/MMT/CO packaging on the quality and shelf life of strawberries after 15 d of 
storage in a refrigerated environment.
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the strawberries at the beginning and end of the storage period 
(0 and 15 d, respectively). The results in Figure 6 show that 
the strawberries without films exhibited considerable mass 
loss over time, reaching 31.8 ± 3.8% after 15 d. The post-test 
strawberries (15 d), as compared with the fresh strawberries 
(0 d), exhibited high shrinkage and dark spots, which were 
associated with fruit senescence. Similar results were reported 
by Rodrigues et al.58 and can be attributed to the respiratory 
processes of fruits, loss of water and carbon to the external 
environment, and oxidative processes.

The strawberries packaged with TPS films, as compared 
with the unpackaged fruits, exhibited a reduction in 
weight loss of approximately 37% after 15 d as well as a 
visual improvement without the presence of dark spots or 
significant shrinkage. The post-testing strawberries (Figure 7), 
as compared with the fresh strawberries, exhibited a reddish 
color, opacity, and a small loss of brightness, which are 
associated with fruit dehydration over time. Studies55,59 have 
shown that TPS films act as a physical barrier that partially 
blocks and hinders the diffusion of water, oxygen, and carbon 
dioxide molecules, thus increasing the shelf life of fruits.

The strawberries packaged with biopolymer and 
bionanocomposite films (Figure 6b) exhibited significantly 
lower mass loss compared to the unpackaged fruits, following 
a similar trend to those packaged with the TPS film. Among 
the samples, the bionanocomposites containing 1 and 3 wt.% 
of MMT showed a slightly reduced mass loss compared to 
the pure TPS film. This result is consistent with previous 
findings by Junqueira-Gonçalves et al.56, who reported that 
TPS-based bionanocomposites with clay lamellae dispersed 
in the polymer matrix can serve as physical barriers to the 
diffusion of water and gases. This barrier effect slows down 
the migration of water vapor, oxygen, and carbon dioxide 
between the interior of the fruit and the external environment.

The strawberries packaged with the 1MMT and 3MMT films 
also presented the best visual quality (Figure 7), maintaining 
a uniform color, surface brightness, and minimal signs of 
dehydration. These formulations presented crystallinity indices 
of 14.6% and 15.3%, respectively, values higher than that 
of neat TPS (13.2%), which may have contributed to their 
improved barrier performance. Additionally, similar mass 
loss values were observed in strawberries packaged with 
films containing 5 wt.% of coconut oil (CO), such as 5CO, 
1MMT/5CO, and 3MMT/5CO. Notably, the 3MMT/5CO 
formulation exhibited the highest CI among all samples 
(17.5%). This increased crystallinity may have enhanced the 
molecular ordering and compactness of the polymer matrix, 
leading to reduced gas and moisture permeability. As a result, 
the packaging films based on 3MMT/5CO were likely more 
effective in preserving the freshness of strawberries during 
storage, despite not exhibiting the lowest numerical values 
of mass loss. These observations highlight the importance 
of considering multiple factors, including crystallinity, when 
evaluating the protective performance of packaging films.

4. Conclusions
A cassava TPS biopolymer containing CO and a 

TPS/MMT bionanocomposite with and without CO were 
obtained using the conventional extrusion mixing method. CO 
significantly improved the TPS biopolymer and TPS/MMT 

bionanocomposite by reducing the hydrophilic character 
and improving the thermal and mechanical properties of 
the materials. This study indicates that the simultaneous 
incorporation of MMT clay and CO into bionanocomposites 
exhibits promising results for the physical and mechanical 
properties of these starch-based materials, expanding the 
possibility of using these sustainable materials in various 
industrial areas, such as packaging, contributing to reducing 
environmental impact and promoting eco- friendly practices.
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