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Abstract
This study reports biodegradable films composed of corn starch and cellulose nanocrystals (CNC) for food packaging appli-
cations. The films were developed using 5% (w/w) CNC and three different plasticizers (glycerol, sorbitol, polyethylene 
glycol (PEG)), the content of which was based on the dry mass of starch. The CNCs were obtained via ultrafine grinding of 
a suspension containing 5 wt.% microcrystalline cellulose. After producing the starch films by casting, they were subjected 
to thickness tests, scanning electron microscopy (SEM), contact angle and tensile strength analyses, X-ray diffraction (XRD), 
Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis, and differential scanning calorimetry. The 
micrographs showed that all films exhibited surfaces without roughness, pores, or cracks. The thermal tests indicated that 
the sample containing 40% (w/w) glycerol and 5% (w/w) CNC had a thermal degradation temperature of 237.7 °C, imply-
ing greater thermal stability. Mechanical tests showed that compared to the film with 40% (w/w) glycerol, the 50% (w/w) 
glycerol-incorporated film exhibited a lower tensile strength at break (approximately 3.28 MPa) and an increased B-type 
crystallinity. Furthermore, it was revealed that the starch films incorporated with 40% (w/w) glycerol and 5% (w/w) CNC had 
improved properties while preserving their chemical structure. These results indicate that balancing the levels of plasticizers 
in our corn starch/CNC-based films is crucial for ensuring their optimal performance and stability as packaging materials.
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Introduction

Industrial and technological development in the global soci-
ety have significantly boosted the consumption of packaged 
products (Hernández-García et al. 2021; Sandoval et al. 
2021), thus dramatically increasing the accumulation of 
packaging waste in nature (Rai et al. 2021). The incorrect 
disposal and processing of packaging waste poses severe 
environmental risks, as it can remain in nature for dozens of 
years until decomposition (Abioye et al. 2019; De Carvalho 
et al. 2021; Fontes et al. 2021). The rate of plastic waste 
production usually exceeds the degradation rate of poly-
meric materials, thus causing imbalances when discarded 
in biomes (Halimatul et al. 2019a).

The plastics industry is heavily dependent on fossil 
resources. Polymers used for single-use packaging are not 
biodegradable and remain intact in nature for years (Johar 
and Ahmad 2012; Tarique et al. 2022a). These polymers 
are used because of their excellent mechanical and gas 
barrier properties, widespread availability, and economic 
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viability (Asgher et al. 2020). However, the use of plastics 
derived from fossil resources is limited because of their 
non-recyclable and non-biodegradable nature. Thus, it 
is necessary to find alternatives to produce plastics using 
adequate, abundant, and sustainable raw materials (Merino 
et al. 2019; Mohammed et al. 2021). Single-use disposable 
plastics contribute to ~ 50% of plastic waste, thus posing a 
major environmental problem. Only 10% of these materials 
can be recycled, and the rest are disposed of in landfills, 
incinerated, or accumulated as waste in the environment, 
and later, in aquatic ecosystems in the form microplastics 
(Ballesteros-Mártinez et al. 2020; Tyagi et al. 2021).

The advancement of new technologies, combined with 
new materials research, has led to the development of 
biopolymers with properties similar to those of conventional 
plastics, which renders them as potential replacement candi-
dates. Another possible solution is producing biopolymers 
from biomass residues (Dahy and Knippers 2017; Tan et al. 
2021).

A plastic material is defined as a biopolymer when its ori-
gin is bio-based, biodegradable, or both (Hernández-García 
et al. 2021). The term bio-based means that the product orig-
inates from plant biomass, such as wood, corn starch, and 
sugarcane, among others. Biopolymers formed from starch 
offer good alternatives for replacing conventional plastics 
(Ahmed et al. 2018; Tarique et al. 2022a).

Starches are low-cost polysaccharides that are widely 
available on the market (Xiao et al. 2019). Starch is com-
posed of two polymers, amylose and amylopectin. It can 
be extracted from various plant sources, such as corn, rice, 
potato, cassava, sugar palm, and ginger among others (Jiang 
et al. 2018; Abral et al. 2019; Atiqah et al. 2019; Ilyas et al. 
2019b). However, starch-based polymers have high perme-
ability to water vapor and poor mechanical properties, which 
limit their application range (Alves et al. 2015; De Carvalho 
et al. 2021; Ahmad et al. 2022). Thus, it is necessary to 
use plasticizers to improve their mechanical characteristics 
(Rončević et al. 2020). Other products, such as cellulose 
nanocrystals (CNCs), can be added to biopolymers to rein-
force their structures (Yadav et al. 2018).

CNCs are generally extracted from cellulose fibers by 
acid hydrolysis and exist in the form of short rods with 
diameters of 2–20 nm and lengths of 100–500 nm. The 
amorphous parts are hydrolyzed and removed by acid treat-
ment, whereas the crystalline parts are retained (Azeredo 
et al. 2017; Csiszár and Nagy 2017; Phanthong et al. 2018). 
Studies which introduced CNCs into starch films reported 
improvements in the properties of the films (Ilyas et al. 
2018b, 2019b; Silva et al. 2019). CNCs in biodegradable 
polymers act as reinforcing fillers, interacting with the poly-
mer matrix to improve the mechanical and barrier properties 
(Slavutsky and Bertuzzi 2014; Alves et al. 2015). In addi-
tion to medical- and health-related applications, CNCs have 

demonstrated great application potential in automotive parts, 
coating films, optical materials, fabric technology, biomi-
metic materials, aerogels, sensors, three-dimensional (3D) 
printing technology, energy harvesters, filtration, textiles, 
printed and flexible electronics, composites, and also in the 
paper, packaging, and oil/gas industries (Omran et al. 2021).

Numerous CNC extraction methods for isolating nano-
sized crystal particles from natural fibers have been devel-
oped. It should be noted that the most commonly used 
techniques for nanofiber preparation are chemical treat-
ment (Ilyas et al. 2018a, 2019b), high-shear mechanical 
techniques (Ilyas et al. 2019a, c), and ultrasound treatment 
(Abral et al. 2019; Halimatul et al. 2019a). Particularly in 
the ultrafine friction grinding mechanical technique, the 
material is forced to pass between two stones (one of them 
at high rotation), which causes the high mechanical shear 
of the material and consequently reduces its size; as such, 
this method is suitable for obtaining nanocellulose crystals 
(Gemmer et al. 2021).

To serve as effective food packaging materials and 
increase the shelf life of products, starch films must have 
good transparency, high strength, and low moisture absorp-
tion. Therefore, the casting method is one of the most com-
mon methods for starch film preparation, especially at the 
laboratory level (Ilyas et al. 2018b; Abral et al. 2019). In the 
study by Halimatul et al. (2019b) the authors investigated 
the effect of adding sugar palm particles (SPP) on the water 
absorption properties of films composed of thermoplastic 
sago starch biopolymer. They found that SPP addition suc-
cessfully reduced water absorption and increased the bar-
rier properties of the composite sago starch thermoplastic 
biopolymer against water penetration, resulting in more 
durable biocomposite films. Another work analyzed the 
effect of sago starch and plasticizer concentrations on the 
tensile and tear strength of starch films. The results showed 
that the contents of sago starch and plasticizer significantly 
affected the mechanical properties of these films, where the 
increase in starch concentration caused a significant increase 
in tensile strength (Halimatul et al. 2019a).

Therefore, in this study, we attempted to develop bio-
degradable films with CNCs using corn starch and differ-
ent plasticizers (glycerol, sorbitol, and polyethylene glycol 
(PEG)), and evaluate their morphological, mechanical, 
physical, chemical, and thermal properties.

Materials and methods

Materials

The powdered microcrystalline cellulose (MCC) used 
in this study had an average particle diameter of 20 μm 
(batch MKCJ3222) and was purchased from Sigma-Aldrich 
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(Barueri city, Brazil). Glycerol (purity ≥ 99%, batch 
SHBN1134) and sorbitol (purity ≥ 98%, batch BCCF3813) 
were purchased from Sigma-Aldrich (Barueri city, Brazil), 
and PEG 400 (CARBOWAX 400, batch 37814) was pur-
chased from Synth (Diadema city, Brazil). Modified corn 
starch (AMD 12), produced from the partial acid hydrolysis 
of corn, was supplied by Adicel Indústria e Comércio LTDA 
(Liberdade city, Brazil) and had a maximum moisture con-
tent of 14% and a pH of 4.5–6.0.

Methods

Production of CNCs

A suspension containing 5% (w/w) MCC in deionized water 
was ground in an Supermass Colloider-type ultrafine friction 
mill (MKCA6-2, Masuko Sanguo, Japan), with 150 passes 
performed at a rotation of 1500 rpm (central electrical con-
trol box). The ground suspension was refrigerated at 4 °C, 
until use.

Production of starch films

The corn starch films were obtained using the casting 
method, which involved the distribution of the film-form-
ing suspension in a Petri dish, followed by evaporating the 
solvent in a tray dryer. The methodology was adapted from 
the works of Boonsuk et al. (2020), Othman et al. (2021), 
and Ballesteros-Mártinez et al. (2020). Table 1 presents the 
composition of the samples developed in this study. It is 
noteworthy that all films developed here contained a fixed 
concentration of 3.50% (w/v) dry corn starch in an aque-
ous solution. The other components (CNCs and plasticiz-
ers) were added in mass percentages to the dry starch. The 
adopted nomenclature relates to the presence of compounds, 
where G = glycerol, N = CNCs, S = sorbitol, and P = PEG.

First, 96.5  mL of deionized water were heated to 
70–80 °C. The corn starch was then added under magnetic 
stirring (Scientific VELP) and stirred for 15 min. Thereaf-
ter, the plasticizer was added to each sample, according to 
Table 1, and the temperature of the sample was raised to 
85 °C, remaining under magnetic stirring for 5 min. For the 
films with CNCs, the temperature of the mixture was raised 
to 90 °C and magnetic stirring continued for 5 min after 
adding the CNCs. Then, the samples were placed in petri 
dishes (diameter = 145 mm) and dried in a tray dryer with 
air circulation (DeLeo) at a temperature of 35 °C for 24 h. 
After removing the films from the petri dishes, they were 
placed in an environment isolated from light until future use.

Characterization of starch films

Scanning electron microscopy (SEM)

Morphological characterization of the starch films was per-
formed using SEM (CARL ZEISS LS-10, Germany) at an 
accelerating voltage of 10 kV. The analysis was conducted 
under low vacuum conditions without metallization. A VP 
100 µm aperture and backscattered electron detector (BSD) 
were also used.

Contact angle

The contact angles of the samples were determined using the 
sessile drop method. A drop of deionized water was depos-
ited on the samples using a Yale 3D B-D syringe. The assays 
were performed at a temperature of 23 °C and with a droplet 
volume of 10 µL. The deposited water drops on the sample 
surfaces were photographed and the images were evalu-
ated using the Surftens 4.5 software to measure the formed 
angle. The contact angle was defined as the angle between 
the plane tangent to the water drop and the plane of the 
surface where the liquid was deposited. All measurements 
were performed in triplicate with three drops deposited on 
each sample at different points on the surface.

Thickness analysis

The thicknesses of the starch films were measured using a 
micrometer (Pantec Digital 0–25 mm) at five different points 
on each sample. Measurements were performed in triplicate.

Tensile strength analysis

A DMA Q800 (TA Instruments) from the Polymer Labo-
ratory of the University of Caxias do Sul was used for 
the stress–strain analysis. The testing parameters were an 
isothermal temperature of 25 ± 2 °C, a ramp force of 0.5 
N/min, and a force range of 0.001–18 N, using the clamp 

Table 1  Composition and nomenclature adopted for the identification 
of the samples developed

*% (w/w) on dry corn starch mass

Sample CNC (%)* Plasticizer 
(%)*

Relationship between plasti-
cizers (%)

Glycerol Sorbitol PEG

G40 0 40 100 – –
GN40 5 40 100 – –
G50 0 50 100 – –
GN50 5 50 100 – –
GS50 0 50 70 30 –
GSN50 5 50 70 30 –
GP50 0 50 85 – 15
GPN50 5 50 85 – 15
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film tension. Ten replicates of each sample were used, with 
dimensions of approximately 10 × 5.3 mm. The film thick-
ness (average of three measurements) was measured using 
a micrometer.

X‑ray diffractometry (XRD)

XDR analysis was performed using a SHIMADZU XRD-
6000 diffractometer, with the following parameters: 40 kV, 
40 mA, and Cu-Kα radiation (λ) = 1.5406 Å. Data were 
obtained in the scanning range of 5–40°, at a speed of 1°/
min and a step of 0.02°. The crystallinity index (CI) of the 
films was calculated based on the ratio between the crys-
talline peak height (B-type and Vh-type) and the baseline, 
according to Hulleman et al. (1999).

Fourier‑transform infrared spectroscopy (FTIR)

The surface of the films was analyzed using FTIR spec-
troscopy (Perkin Elmer Frontier, USA) over the range of 
400–4000   cm−1, applying 32 scans and a resolution of 
4  cm−1. The attenuated total reflectance (ATR) technique 
was adopted.

Thermogravimetric analysis (TGA)

Approximately 10 mg of each sample were used for TGA 
analysis (Shimadzu TGA-50). The samples were heated 
from 25 to 650 °C using  N2 gas (50 mL/min) at a constant 
heating rate of 10 °C/min.

Differential scanning calorimetry (DSC)

DSC analysis was performed using a Perkin Elmer instru-
ment (DSC 4000 model). Approximately 10 mg of each 
sample were subjected to two stages of heating and one of 
cooling at a rate of 10 °C/min in the range of 20–200 °C 
under a  N2 atmosphere.

Results and discussion

Morphological and visual analysis

Figure 1 shows a visual analysis and micrographs of the 
developed starch films. None of the films showed roughness, 
pores, or cracks. Additionally, the films exhibited translucent 
and flexible features. According to González-Torres et al. 
(2021), the same polarity of starch and plasticizers allows 
them to form strong bonds and produce clear and homogene-
ous films. As also reported in the work of Wang et al. (2022), 
our starch films had a flat surface with a compact and uni-
form appearance, with no major defects or voids. This was 

attributed to the strong interactions between the glycerol/
sorbitol/PEG plasticizers and corn starch.

Plasticizers are extremely important in the formation 
and quality of starch films. According to Mohammed et al. 
(2021), the micrographs of non-plasticized films usually 
show cracks or pores and some undissolved particles, which 
could make it easier for water vapor to pass through the film. 
Plasticizing the films with glycerol mitigates the formation 
of such cracks and pores, while also improving the adhesion 
between the particles of the material. (Syafiq et al. 2022) 
also highlighted the importance of introducing plasticizers in 
sugar palm nanocellulose/cinnamon essential oil-reinforced 
starch films. According to the authors, the bionanocomposite 
films without plasticizers exhibited a wavy, brittle, fragile, 
and rigid morphology, along with numerous cracks on their 
surface.

The flawless and homogeneous surfaces observed in the 
SEM micrographs were ascribed to the incorporation of dif-
ferent plasticizers that contributed to the complete gelatini-
zation of the starch granules, improving the smoothness and 
consistency of the film microstructures (Hazrati et al. 2021). 
The results obtained in this study corroborate the results 
obtained by (Hazrati et al. 2021), who evaluated Dioscorea 
hispida starch films with different plasticizers, namely glyc-
erol and sorbitol, in proportions of 30, 45, and 60% (w/w). 
The authors observed that regardless of the plasticizer used 
or its proportion, all starch films obtained were flexible, 
homogeneous, and had a smooth texture. Basiak et al. (2018) 
reported that the homogeneity of the films is an indicator of 
their physical integrity and that the addition of plasticizers in 
corn starch films at adequate concentrations leads to the total 
dissolution of starch molecules, increasing the coherence 
and integrity of the surface structure of the films.

Contact angle, thickness, crystallinity index, 
and mechanical properties of the films

Table 2 presents the results of the contact angles, thick-
nesses, mechanical properties, and crystallinity indexes of 
the starch films developed with different plasticizers.

Different thicknesses have been reported in the literature 
for starch films, with values varying between 250 (Sudhakar 
et al. 2021), 83 (Aisyah et al. 2018), 110–190 (Hazrati et al. 
2021), 125–156 (De Carvalho et al. 2021), 84 (Ahmad et al. 
2022), and 70–150 µm (Alves et al. 2015). In this study, 
the thicknesses of the different starch films ranged between 
115 and 127 µm. Similar results were found in studies by 
(Alves et al. 2015) who evaluated the effect of inserting 
CNCs and gelatin in films plasticized with corn starch, and 
(Hazrati et al. 2021) who studied the effect of plasticizers on 
the properties of films based on Dioscorea hispida starch. 
However, it was observed that the insertion of CNCs caused 
an increase in the thickness of the films owing to the greater 
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Fig. 1  Visual (right) and 
morphological (left, 600 × mag-
nification) analysis of developed 
starch films
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amount of suspended solids in the film-forming solution. 
Among the corn starch films with CNCs, the one with the 
highest thickness value was GSN50 (126.8 µm). A similar 
behavior was observed by Punia Bangar et al. (2022) when 
evaluating the production of starch-based films reinforced 
with CNCs obtained from the Kudzu vine (Pueraria mon-
tana) and De Carvalho et al. (2021) when evaluating the pro-
duction of starch-based films reinforced by cassava bagasse.

The contact angle is a quantitative measure of the wet-
tability of a solid by a liquid. A smaller contact angle indi-
cates a hydrophilic surface (Fang et al. 2020). The value 
of the contact angle is equivalent to the value at time zero, 
that is, it is the initial contact angle at the first contact of the 
drop. It was observed that the higher the plasticizer content, 
the greater the surface polarity and the smaller the contact 
angle, favoring water scattering, that is, the surface wettabil-
ity (Basiak et al. 2018). With the incorporation of CNCs, no 
pattern in the behavior of the films was observed; therefore, 
it was not possible to observe an improvement in the hydro-
phobicity of the films. All starch films with different plas-
ticizers and CNCs showed contact angles varying between 
28 and 41°, indicating hydrophilicity. Therefore, films with 
a contact angle of less than 65° are classified as hydrophilic 
(Medina-Jaramillo et al. 2017; De Carvalho et al. 2021).

It was observed that the tensile strength of films with 
40% (w/w) of glycerol plasticizer, regardless of the use of 
CNCs, was higher than the other films, presenting values 
of 8.3 and 8.15 MPa for samples G40 and GN40, respec-
tively. When the plasticizer concentration was increased 
in the films, the tensile strength decreased. The presence 
of a plasticizer reduces the strong intramolecular attrac-
tion between the starch chains, impairing the interaction 
between the hydrogen bonds (Tarique et al. 2021). How-
ever, it was observed that the insertion of CNCs caused an 
increase in the tensile strength of all the films with 50% 
(w/w) glycerol and different plasticizers. These results 
show that CNCs act as reinforcements in the film matrix, 
improving their mechanical properties and suggesting the 
formation of a fibrillar network within the matrix. Film 

samples with sorbitol plasticizer also showed higher ten-
sile strength values than those with only glycerol, or glyc-
erol and PEG, indicating that sorbitol strongly binds to 
starch chains, increasing the degree of interaction and, 
consequently, the mechanical strength and rigidity of these 
materials.

The elongation at break decreased with the incorpora-
tion of CNCs, except for the GPN50 sample. This result 
may be related to the restriction of chain movements in 
the starch polymer matrix with the incorporation of nano-
fillers. Thus, the samples without CNCs and the GPN50 
sample were more flexible, presenting a greater elongation 
at break. Similar results have been reported previously 
Ahmad et al. (2022 and Punia Bangar et al. (2022). The 
increase in the elongation of the films may be related to 
the fact that plasticizers reduce the molecular interactions 
between amylose, amylose-amylopectin, and amylopectin 
from the original phase and the hydrogen bonds of the 
starch molecules. Consequently, there is a reduction in 
stiffness, resulting in greater mobility of the chains and 
flexibility of the films (Hazrati et al. 2021).

Mechanical characteristics, such as tensile strength and 
elongation at break, depend on properties such as shape, 
particle size, quantity, disposition, and the ability of 
starch to transfer the energy received (Punia Bangar et al. 
2022). The proper dispersion and interaction between the 
CNCs and matrix are determining factors for improving 
the mechanical properties of the films (Johar and Ahmad 
2012). This improvement is related to the good interac-
tion between the CNCs and starch matrix, confirming the 
reinforcement effect provided by the CNCs. This result 
corroborates the uniform dispersion of nanofillers in the 
starch matrix, and because of the similar structures of cel-
lulose and starch, a strong interaction occurs between the 
continuous and dispersed phases. Similar results have been 
reported in the literature for CNCs or nanofibers from dif-
ferent sources (Johar and Ahmad 2012; Slavutsky and Ber-
tuzzi 2014; Ahmad et al. 2022; Punia Bangar et al. 2022).

Table 2  Measurements of 
contact angles, thickness, 
mechanical properties and 
B-type and  VH-type crystallinity 
of developed starch films

Sample Contact angle (°) Thickness (µm) Tensile strength 
at break (MPa)

Maximum 
elongation 
(MPa)

B-Type VH-type

G40 41.3 ± 2.0 115.0 ± 8.0 8.3 ± 1.46 56.42 ± 7.25 0.33 0.18
GN40 35.9 ± 6.0 121.2 ± 6.4 8.15 ± 1.03 40.8 ± 7.68 0.32 0.22
G50 28.1 ± 10.0 121.1 ± 8.2 5.02 ± 0.45 44.34 ± 5.56 0.37 0.22
GN50 35.8 ± 1.0 121.3 ± 9.0 6.71 ± 0.69 35.63 ± 5.15 0.38 0.2
GP50 38.7 ± 1.0 114.7 ± 7.5 4.27 ± 1.15 37.44 ± 12.03 0.15 0.32
GPN50 32.9 ± 7.0 122.7 ± 9.4 4.85 ± 0.40 56.41 ± 7.47 0.33 0.3
GS50 35.6 ± 11.0 119.8 ± 8.9 7.18 ± 0.47 63.32 ± 5.33 0.33 0.26
GSN50 40.6 ± 9.0 126.8 ± 14.1 7.61 ± 0.45 53.42 ± 5.37 0.34 0.2
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X‑ray diffractometry

Figure 2 and Table 2 present the diffractogram and crystal-
linity index values of the developed starch films, respec-
tively. The starch films showed characteristic B-type and 
 VH-type (V-hydrate) crystallinity peaks, with similar values 
in the CI reported by Hulleman et al. (1999) for potato starch 
and Sousa et al. (2022) for Cassava starch. Several factors 
are related to the crystallinity of starch films, including the 
drying and storage conditions, and plasticizer content (La 
Fuente et al. 2019). The constituents of the films and the 
composition of the starch also play important roles, since 
amylopectin is related to starch crystallinity and amylose 
represents the starch's amorphous part (De Moura et al. 
2021). However, individual amylose molecules can also be 
dispersed in the crystalline and amorphous phases of amy-
lopectin clusters (Surendren et al. 2022).

Our films showed diffraction peaks (2θ) at 15.07, 16.88, 
19.67 and 22.45°. According to La Fuente et al. (2019) and 
Mendes et al. (2016), the peak located at 2θ = 19.8 is related 
to the  VH-type structure, so with the use of the glycerol 
plasticizer, the formation of the glycerol-amylose complex 
occurs as a result of the double helix conformations being 
disrupted by the formation of stable single chain V-con-
formation helices. Although amylose is not a crystalline 
material, it can recrystallize  (VH-type) by complexing with 
molecules incorporated into films (Surendren et al. 2022). 
The peak at 16.8° (B-type) is characteristic of amylopectin 
recrystallization indicating residual crystallization of the 
starch granules (Teixeira et al. 2011; Surendren et al. 2022).

The film with 50% (w/w) glycerol (G50) showed a 
sharper peak between 15 and 20°, and therefore an increase 
in CI compared to the G40 sample. According to Sousa 

et al. (2022) the increase in CI indicates films with a more 
crystalline structure, resulting from the recrystallization of 
amylopectin. This increase in the crystallinity of the B-type 
of films corroborates the result of the mechanical analysis, 
since the increase in crystallinity causes a decrease in resist-
ance to deformation at rupture, which corroborates studies 
by Hulleman et al. (1999). The more amorphous structure 
of the GP50 film can be explained because PEG has a more 
complex chemical structure compared to glycerol. This 
results in the reduction of molecular interactions between 
the polymeric chains, due to the increase in free volume in 
the starch structure (Sousa et al. 2022).

The presence of the CNC caused an increase in the B-type 
crystallinity of the films incorporated with PEG plasticizer, 
which was attributed to the formation of new hydrogen 
bonds between cellulose and starch. The CNC incorpora-
tion increased the peak intensity at 2θ = 22.45° due to the 
trans-crystallization effect, in which this behavior is propor-
tional to the orientation of the semi-crystalline matrix, with 
rearrangement of the starch chain due to the crystallization 
of amylose and amylopec]tin on the surface of the nanofiller 
(Teixeira et al. 2011; Fitriani et al. 2022). However, this 
effect causes a reduction in  VH-type crystallinity as observed 
by (Teixeira et al. 2011).

FTIR spectroscopy

Figure 3 presents the FTIR analysis results of the developed 
films, in which it is possible to observe an overlap of the 
characteristic peaks of the constituents of the film (glycerol, 
sorbitol, CNCs, starch, and PEG) because of the chemical 
similarity between the components. The corn starch and 
cellulose chemical structure is  C6H10O5, while sorbitol 
and glycerol are  C6H14O6 and  C3H8O3, respectively, and 
the PEG400 structure is H(OCH2CH2)nOH. The chemical 
compositions of starch and cellulose are identical, differing 
only in the orientation of the monomers adjacent to the 1–4 
bond of the glucose molecules (Punia Bangar et al. 2022). 
Regardless of the plasticizer used or its concentration, the 
spectra of the films were very similar. The same behavior 
was observed by Punia Bangar et al. (2022), when evaluating 
the incorporation of 1–7% CNCs in corn starch (pearl millet 
starch) using 30% glycerol as a plasticizer, and by Hazrol 
et al. (2021), when evaluating different concentrations of 
glycerol and sorbitol in films using corn starch. Abotbina 
et al. (2021) also reported in their research that the similar-
ity observed in FTIR spectra of the film non-plasticized and 
plasticized films was due to the fact that starch and the used 
plasticizers have the same functional groups (polyols).

According to García-Ramón et al. (2021) and Pourfarzad 
et al. (2021), the molecular organization of starch chains 
can be quantified by the ratio between the intensities in the 
regions of 1047 and 1022  cm−1, as these bands are related to 

Fig. 2  XRD diffractograms of starch films with different plasticizers 
and absence or presence of CNCs
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the ordered and amorphous structures of starch, respectively. 
Thus, lower values indicate a more amorphous (disordered) 
material. Cellulose hydroxyl groups probably interact with 
amylose, preventing interactions between amylose-amylose 
chains and decreasing the formation of a continuous net-
work structure, thus reducing cross-links, and increasing 
the mobility of starch chains. The G50 film presented the 
highest ratio between the 1047/1022 regions, with a value 
of 0.579, indicating a more ordered structure. The GP50 
film presented the lowest ratio value (0.371) and was conse-
quently more amorphous.

The region at 1640  cm−1, highlighted in Fig. 3, is related 
to water bound to starch and cellulose, in which it was 
observed that in samples containing only glycerol (G40 and 
G50), the incorporation of CNCs decreased the band inten-
sity. The higher intensity observed may be related to hydro-
gen bonds within the hydroxyl groups, which are influenced 
by the amount of water (Pourfarzad et al. 2021).

The region between 3800 and 3000  cm−1 was assigned 
to the hydroxyl group (–OH), in which discreet changes 
were observed, especially when adding CNC. This analysis 
corroborates the analysis of the contact angle, as a reduc-
tion in this region of the spectrum was not verified, which 
would be related to the reduction of the hydrophilicity of 
the films. Therefore, the incorporation of the CNC causes 
the rupture of the bonds between the starch leaders and the 
available –OH groups (De Carvalho et al. 2021). This result 
was in good agreement with the research of (Tarique et al. 
2022b), where fiber reinforcement promoted changes in the 
same spectrum range, indicating an enhancement in the 

intramolecular hydrogen bond between the starch and fiber 
molecules.

Thermal analysis

Figure 4 presents the TGA and derivative curves of the 
developed starch films. Table 3 shows the mass loss tem-
peratures at 5 and 20% (i.e.,  T5% and  T20%, respectively), the 
maximum degradation temperature (Tmax), and the amount 
of residue at 650 °C, in addition to the glass transition tem-
perature (Tg) and the enthalpy of gelatinization of the starch 
films, as obtained by DSC.

According to Table 3, the samples with CNC incorpo-
ration exhibited an increase in the thermal stability, veri-
fied by the TG curves. CNCs have higher degradation tem-
peratures than starch because cellulose begins to degrade 
at 250–300 °C (Yeo et al. 2017). Thus, an improvement 
in the thermal stability of the starch films (GN40, GN50, 
and GPN50) using CNCs with the glycerol and PEG was 
evidenced. CNCs have a degradation temperature close 
to that of starch, and generally, the degradation of CNC-
added starch films starts at higher temperatures than that 
of non-CNC starch films. Terrazas-Hernandez et al. (2015) 
and Ahmad et al. (2022) demonstrated that the addition of 
CNCs and cellulose nanofibers to starch films can increase 
the thermal stability, which is conditioned to the better sta-
bility of CNCs compared to starch, and to the good interac-
tion between CNCs and plasticized starch.

It can be seen in Table 3 that increasing the glycerol con-
centration increases the thermal degradation of the films. For 

Fig. 3  FTIR spectra and relationship between 1047/1022 regions of starch films with different plasticizers and absence or presence of CNCs
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example, increasing from 40 to 50% one observes at  T20% 
(20% mass loss) a temperature of 196.8 to 171.4 °C, respec-
tively. With this, there is a weakening of the intermolecular 
bonds in the starch molecule, due to the presence of glycerol, 
causing an increase in the bonds between glycerol-starch 
(Tarique et al. 2021). The incorporation of PEG increases 
the thermal stability  (T5%) owing to the presence of more 
–OH groups, promoting stronger interactions with polar 
(hydrophilic) molecules (Caicedo et al. 2022).

The thermal degradation can be divided into two stages. 
The first stage (70–105 °C) is related to mass loss by the 
dehydration and/or evaporation of weakly bound water and 
low molecular weight molecules of the starch film (Punia 
Bangar et al. 2022). The films with the addition of CNCs 
showed degradation temperatures greater than or equal to 
those of the films without CNCs in the first stage. The 
degradation temperature in the first stage remained similar 
only in the films with glycerol and sorbitol as plasticizers. 
Hazrati et al. (2021) obtained similar results for Dioscorea 
hispida starch films with the mixture of glycerol and sorbi-
tol plasticizers, where the degradation temperatures in the 

first stage remained similar. This behavior can be related 
to the mixture of plasticizers and not to the addition of 
the CNCs.

The second stage of thermal degradation occurred at 
105–250 °C, where the plasticizing substances (glycerol, 
sorbitol, and PEG) were evaporated together with the 
chemically adsorbed water molecules. These results cor-
roborate with studies conducted by Hazrati et al. (2021), 
when evaluating Dioscorea hispida starch films, glyc-
erol, sorbitol and glycerol plus sorbitol at the degradation 
temperature of 125–280 °C. Punia Bangar et al. (2022), 
when evaluating starch-based films reinforced with CNCs 
obtained from the Kudzu vine (Pueraria montana) at the 
degradation temperature of 105–225 °C. Tarique et al. 
(2022a) studied the incorporation of arrowroot fibers in 
starch films with glycerol and they observed a degrada-
tion temperature of 160–280  °C. Temperatures above 
290 °C resulted in the highest thermal degradation, indi-
cating a rapid reduction in the mass of the corn starch 
films. According to Nordin et al. (2020) and Tarique et al. 
(2022a) the thermal degradation of starch films occurs 

Fig. 4  TGA and DTG results of starch films with different plasticizers and absence or presence of CNCs

Table 3  Thermal properties 
according to TGA, DTG and 
DSC analysis

Note: T5% and T20% represent the temperature at mass losses of 5 and 20% respectively

Sample TGA results DSC results

T5% (°C) T20% (°C) % residue at 
650 °C

Tmax (°C) Tg (°C) ΔH (J/g)

G40 74.1 196.8 12.7 297.0 90.97 101.89
GN40 140.0 237.7 12.8 298.8 86.77 162.09
G50 61.9 171.4 10.2 297.1 96.35 66.89
GN50 74.1 178.6 15.1 300.1 83.59 131.93
GP50 85.7 184.5 9.9 294.7 93.57 95.67
GPN50 140.0 208.1 10.9 297.4 91.43 77.14
GS50 74.1 190.0 8.2 296.4 90.88 132.27
GSN50 74.1 184.5 7.7 294.1 101.47 131.93
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at approximately 300  °C, and is related to the loss of 
hydroxyl groups, depolymerization, and decomposition of 
the starch carbon chain (the main constituent of the films).

Analyzing the results extracted by the DSC analysis, it 
can be verified that in the films with the incorporation of 
CNCs, the Tg decreased, except for the sample GSN50. 
The Tg values for all analyzed films ranged from 83.6 to 
101.5 ºC. All samples with 50% glycerol showed higher Tg 
values compared to G40 and GN40 films. As the concen-
tration of plasticizers increases, Tg also increases because 
of the greater possibility of hydrogen bond formation 
between the starch and plasticizers (Mallick et al. 2020). 
It can also be seen that the increase in the Tg value was 
more pronounced in the film sample with both plasticizer 
and CNC (GSN50). The increase in Tg can be related to 
the increase in temperature at which amylose and amy-
lopectin were loosened, thereby increasing the tempera-
ture at which greater mobility of starch molecules occurs 
(Tarique et al. 2022a).

According to Hazrati et  al. (2021), the addition of 
glycerol to starch films forms additional hydrophilic -OH 
groups that serve as active sites for water molecules to fill. 
In the films plasticized with glycerol, Tg decreased as the 
concentration of plasticizers increased owing to the hygro-
scopic properties of glycerol, which easily retains water 
from the starch films. Starch films with higher glycerol 
concentrations have higher moisture, thus decreasing the 
Tg value, which corroborates the TGA results, as the G50 
sample showed a decrease in thermal stability, as com-
pared to the G40 sample. The addition of sorbitol formed 
an interaction with the intermolecular starch chains, mini-
mizing the likelihood of plasticizer-water interactions.

Melting temperatures showed similar values among all 
evaluated films, ranging from 294 to 300 ºC. The melting 
enthalpies (ΔH) of the films also increased with the CNC 
insertion, with the exception of GP50 and GPN50 films, 
where there was a reduction in enthalpy. In the GS50 and 
GSN50 samples, the values were very similar. The higher 
enthalpy values observed in Table 3 may be related to 
the degree of crystallinity or more ordered crystalline 
regions, providing greater structural stability to the films 
and indicating strong hydrogen bond interactions, making 
the granules more resistant to gelatinization (De Souza 
et al. 2020). In general, the addition of CNC promotes 
an increase in the degree of crystallinity of the films. As 
observed to (Ilyas et al. 2018a), the interior structure of 
the films had become increasingly crystalline and more 
orderly when the nanofibers was inserted in the gaps 
between starch molecules. Besides, as higher nanofiller 
contents were reinforced into the films, the films crystal-
linity was increased, probably due to the higher nanofibers 
content displayed higher surface area ratio.

Conclusions

In this work, corn starch films were developed with and 
without the incorporation of CNCs, and under different 
formulations and combinations with plasticizers (glycerol, 
sorbitol, and PEG). SEM analysis revealed that the films 
did not exhibit imperfections, such as roughness, pores, or 
cracks, on their surfaces. Furthermore, all corn starch films 
obtained were flexible, homogeneous, and had a smooth tex-
ture, regardless of the plasticizer used or its mass proportion. 
No improvement in the contact angle was observed with the 
incorporation of CNCs, but there was a direct relationship 
between the increase in wettability and the amount of plasti-
cizer used. The corn starch films developed with CNCs and 
40% glycerol showed the best mechanical properties and ten-
sile strength among all samples, with their values surpassing 
by approximately 12% those of the films with 50% sorbitol; 
further, no changes were observed in their chemical struc-
ture, as visualized by the FTIR spectra. The incorporation of 
CNCs caused an improvement in the thermal stability of the 
films, a reduction in the Tg value, as well as an increase in 
the peak intensity at 2θ = 22.45°, due to the effect of trans-
crystallization. The X-ray diffractograms also revealed that 
the presence of CNCs increased the B-type crystallinity 
of the films with the PEG plasticizer. The general results 
showed that the appropriate selection and content of plasti-
cizers is crucial when fabricating corn starch films for food 
packaging applications. Furthermore, the incorporation of 
CNCs can significantly improve the properties of such films, 
offering a feasible approach for producing packaging prod-
ucts with advanced durability.
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