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Abstract

In this study, the use of Pinhão husk as a source of reinforcement material for

development of edible films, where the Pinhão seed flour and bovine gelatin

were used as matrices for the films. Mechanical properties, water vapor perme-

ability, solubility and opacity, microstructure, and thermal degradation charac-

terized the films produced. The films presented homogeneous and cohesive

structures. Pinhão husk content positively affected film properties by increas-

ing tensile strength (TS) and decreasing water vapor permeability (WVP), with

Pinhão flour film formulations (5.0% Pinhão flour, 1.2% glycerol, and 0.4%

Pinhão husk) and gelatin (5.0% gelatin, 2.0% glycerol, and 0.4% Pinhão husk)

those that presented the best results (5.06 MPa for TS and 0.14 g.mm/kPa.h.m2

for WVP) and (3.88 MPa for TS and 0.28 g.mm/kPa.h.m2 for WVP), respec-

tively The thermal degradation study revealed that the films are stable at tem-

peratures below 150!C, losing only free water and volatile compounds of low

molecular weight. Pinhão husk can reinforce films, making them suitable as

biodegradable and edible packaging materials for eco-friendly food products.

This contributes to the circular economy, preserves biodiversity, and reduces

plastic waste, offering promising sustainable packaging solutions.
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1 | INTRODUCTION

With the COVID-19 crisis, the lifestyle of the world's pop-
ulation changed, mainly in consumer behavior related to
the purchase of food products.1 The rapid spread of the
pandemic triggered a sharp increase in demand for pack-
aging, especially those made of plastic petroleum-based
products that are non-degradable and cause many

environmental problems associated with their disposal.2,3

Due to the lack of safe, biodegradable options available at
a competitive cost.

In 2021, world plastic production was 390.7 million
tons, with 90.2% of the production of plastics of fossil ori-
gin, while bio-based/bioattributed plastics represented
only 1.5%.4 The high production and use of plastic by
society, most of which end up being discarded

Received: 14 June 2023 Revised: 29 November 2023 Accepted: 31 December 2023

DOI: 10.1002/app.55233

1 of 20 © 2024 Wiley Periodicals LLC. J Appl Polym Sci. 2024;141:e55233.wileyonlinelibrary.com/journal/app

https://doi.org/10.1002/app.55233



incorrectly. It is estimated that between 1.15 and 2.41
million tons of plastic particles enter the ocean annually,
causing problems such as microplastics and garbage
islands in the ocean, with plastic garbage corresponding
to about 90% of the garbage in the environment.5,6 In
addition, microplastics are ingested by a wide range of
marine organisms, such as fish and mollusks, signifi-
cantly impacting marine ecosystem safety and human
health.6

Faced with this problem, the potential of developing
biodegradable polymers, such as films, and edible and
biodegradable packaging for application in foods, has
been considered an alternative.2,3,7–10 Research on the
use of biodegradable materials based on biopolymers has
been carried out as one of the strategies to reduce plastic
pollution of fossil origin, with biopolymers based on pro-
teins and polysaccharides being the most common alter-
natives to plastics.11 The films obtained from these
matrices have good oxygen barrier properties due to the
ability of these components to form neatly compacted
structures through bonds, mainly hydrogen bonds.12

One of the main proteins used in film production is
gelatin due to its abundance, low price, accessibility,
non-toxicity, resistance to gases and oils, biodegradabil-
ity, and good film-forming properties with low environ-
mental impact.13–15 Several studies have been reported
using gelatin as a base for edible films in recent years.13–
19 However, gelatin-based films have high water vapor
permeability rates and low moisture resistance, thus
restricting their application to food products with high
moisture rates.18,19

As for carbohydrates, starch has been widely used for
packaging production, as a substitute for conventional
plastics, due to its low cost, high biodegradability, natural
abundance, chemical stability, and film-forming capac-
ity.20,21 Araucaria angustifolia (Bert.) O. Kuntze is a
coniferous plant native to the southern regions of Brazil,
northeastern Argentina, and eastern Paraguay.22 The
seed almond corresponds to 74% of its weight23 Pinhão
flour can be considered a good source of starch, present-
ing between 63.7 and 81.0% of starch and between 5.0
and 6.36% of proteins, 1.0 and 2.2% of lipids, and about
4.7 to 15% of dietary fiber.23-26 Some studies have used
Pinhão flour or starch as a base for edible films.8,27-30

However, starch-based films generally have limited bar-
rier capacity to water vapor permeability and high water
solubility due to their hydrophilicity, which makes their
use in industrial applications difficult.12,31

An alternative to improve these properties of films
based on starch and gelatin is using materials that act as
structure reinforcers, such as nanoparticles and func-
tional additives, aiming to increase resistance and pro-
vide functionality.32 Among the studies incorporating
nanoparticles or nanomaterials, nanofibers are more

recurrent. In contrast, studies using cellulose nanofibers/
nanocrystals reported improvements in the permeability
to water vapor, tensile strength, and elasticity of
films.11,21,31,33-39 Some studies have been using nanoma-
terials from less explored sources, such as ramie nanofi-
bers.40 Other studies point to using materials with
superior granulometry prepared by milling, among which
we mention grape stalks,10 cassava bagasse20 and Pinhão
husk.2,8

Based on the food industry's constant search for new
and innovative products using renewable resources, valu-
ing biodiversity, and seeking to add value to the Pinhão.
It contributed to its Circular Economy by using and valu-
ing the husk and eliminating the waste for better use.
Since its husk corresponds to approximately 22% of the
seed's weight, it is discarded into the environment with-
out any reuse. This study aimed to develop new films
based on Pinhão flour and gelatin with the addition of
Pinhão husk powder as a structural reinforcer to a possi-
ble application as food packaging.

2 | MATERIALS AND METHODS

2.1 | Materials

Pinhão seeds, harvested and donated by Embrapa Flor-
esta in Colombo, PR, Brazil (2020 Harvest, geographic
coordinates: 25!19018.2”S, 49!09033.7”W), were used to
develop edible films. The fresh seeds were dried in an
oven at 45!C for 48 h and manually peeled. The dry
almonds were ground in a knife mill (STAR FT-50, Forti-
nox, Brazil) and sieved with a 60 mesh (Pinhão flour).
The seed husks were crushed in a knife mill and sieved
to 100 mesh (Pinhão husk powder). Commercial pow-
dered bovine gelatin (unflavored) with a moisture con-
tent of 11% and a nitrogen content greater than 15% was
purchased from the company Gelnex© (Bloom: 240, 30
mesh, It!a, Santa Catarina, Brazil). Glycerol (Alphatec,
Santana-SP, Analytical Grade, Brazil) was used as a plas-
ticizer to prepare films.

2.2 | Analysis of the composition of flour
and husk powder of Pinhão

The ground Pinhão flour and husk were characterized by
chemical composition, evaluating moisture, ash, protein,
and lipid contents using the AOAC protocols.41 The total
starch and resistant starch contents of Pinhão flour were
quantified using the Megazyme Assay Kit K-TSTA and
K-RSTAR, respectively (Megazyme International, Wick-
low, Ireland). The enzymatic method determined the
total dietary fiber content using the Megazyme Assay Kit
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Total Dietary Fiber (Megazyme International, Wicklow,
Ireland). All measurements were taken three times.

2.3 | Experimental design

A two-level (23 = 8) full factorial design was performed
for each type of film to assess three independent factors.
For the films based on Pinhão flour, the independent fac-
tors were: the amount of Pinhão flour (3.0 and 5.0%),
glycerol (1.2 and 2.5%), and powder concentration of
Pinhão husk powder (0.2 and 0.4%). While for the gela-
tin-based films, the independent factors were:
the amount of gelatin (3.5 and 5.0%), glycerol (2.0 and
3.0%), and the concentration of Pinhão husk powder (0.2
and 0.4%) (Table 1).

The response variables evaluated were elongation at
break, tensile strength, and water vapor permeability.
Experimental data were analyzed by full factorial design
to fit the following first-order polynomial equation, such
Equation 1:

Y¼ β0þβ1x1þβ2x2þβ3x3þβ12x1x2þβ13x1x3þβ23x2x3þ ε ð1Þ

Where Y corresponds to the response variable, β0, β1,
…, β23, represent the model coefficients, x1, x2, and x3 cor-
respond to the independent variables and ε is error.

2.4 | Preparation of the film based on
Pinhão flour and gelatin with the addition
of the Pinhão husk powder

The films were prepared using the casting method, in
which the filmogenic solution is poured into Petri dishes
and dehydrated by evaporating the solvent under con-
trolled conditions of time and temperature. For the elabo-
ration of the films, preliminary tests were carried out to
determine the amounts of the constituents of the films
and the conditions used (data not shown). In the
films with Pinhão flour and Pinhão husk powder, the
amounts of Pinhão flour, glycerol, and Pinhão husk pow-
der were varied. For the gelatin films, the amounts of gel-
atin, glycerol, and Pinhão husk powder were varied
(Table 1).

For films based on Pinhão flour, aqueous suspensions
were prepared by mixing Pinhão flour (3.0% to 5.0%) in
distilled water. Glycerol (1.2% to 2.5%) was used as a plas-
ticizer and Pinhão husk powder (0.2% to 0.4%) as a rein-
forcing agent, according Figure 1a. The aqueous
suspension was heated and maintained under constant
stirring (Fisatom, model 752A, Brazil) in order to achieve
complete gelatinization of the starch (80!C/30 min), and
then cooled to room temperature. Each aqueous suspen-
sion (30 mL) was then poured into sterile Petri dishes
(15 cm in diameter) and dried in an oven with forced air

TABLE 1 Composition of the films

based on Pinhão flour and gelatin based

with the addition of different levels of

Pinhão husk powder.

Pinhão flour film

Formulation Pinhão flour (%) Glycerol (%) Pinhão husk (%)

PF1 3.0 1.2 0.2

PF2 5.0 1.2 0.2

PF3 3.0 2.5 0.2

PF4 5.0 2.5 0.2

PF5 3.0 1.2 0.4

PF6 5.0 1.2 0.4

PF7 3.0 2.5 0.4

PF8 5.0 2.5 0.4

Gelatin Film

Formulation Gelatin (%) Glycerol (%) Pinhão husk (%)

GF1 3.5 2.0 0.2

GF2 5.0 2.0 0.2

GF3 3.5 3.0 0.2

GF4 5.0 3.0 0.2

GF5 3.5 2.0 0.4

GF6 5.0 2.0 0.4

GF7 3.5 3.0 0.4

GF8 5.0 3.0 0.4
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circulation at 40!C (Nova !Etica, model 400/6ND, Brazil)
for 16 h.

For the gelatin-based films, the aqueous suspensions of
the films were prepared by solubilizing gelatin (3.5% to
5.0%) in distilled water under stirring (70!C/20 min)
according Figure 1b. Then, glycerol (2.0% to 3.0%) was
added as a plasticizer and Pinhão husk powder (0.2% to
0.4%) as a reinforcing agent, and the solution was heated
under stirring (50!C/30 min). Each aqueous suspension
(30 mL) was then poured into sterile Petri dishes (15 cm in
diameter) and dried in an oven with forced air circulation
(40!C/24 h). After drying, all films were conditioned for 7
days in a desiccator containing a saturated solution of Mg
(NO3)2(H2O)6 (54% RH, 25!C) for further characterization.

2.5 | Characterization of films

2.5.1 | Visual and tactile aspects

Subjective evaluation of the films' visual and tactile
parameters was carried out to verify the films' homogene-
ity and continuity. Malleability, ease of removal from
Petri dishes, and adhesiveness were also evaluated.

2.5.2 | Mechanical properties

The elongation at break (Elo, %) and tensile strength
(RT, MPa) of the films were evaluated using a texturom-
eter (Brookfield CT3, Brookfield, USA) equipped with a
TA-DGA probe (Double tightening set, Brookfield)
according to the standard method D882-18.42 The initial
separation of the claws and the speed of the probe were
20 mm and 1 mm/s, respectively, with a trigger force of
0.1 N. For each type of film, eight repetitions will be per-
formed. ELO (%) and RT were calculated using Equa-
tions 2 and 3. The Young's modulus was obtained by the
ratio of stress to strain at the initial linear portion of the
curve.

ELO %ð Þ¼
100' Lmaxð Þ

L0
ð2Þ

TS MPað Þ¼
Fmax

A
ð3Þ

Where Lmax is the strain at break (mm), L0 is the ini-
tial film length (mm), Fmax is the maximum load (N), and
A is the cross-sectional area of the film (mm2).

FIGURE 1 Flowchart of the production process of biodegradable pinhão flour-based films (a) and gelatin-based (b).
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2.5.3 | Water vapor permeability

Water vapor permeability (WVP) was determined
according to ASTM E96/E96M- 1643 with modifications.
Samples of the films with 3 cm in diameter were fixed
on adapted permeability capsules with an opening of
2.5 cm in diameter (with an exposure area of
0.0013 m2) containing anhydrous calcium chloride
(CaCl2), with 0% relative humidity (RH). The system
was placed in a desiccator containing a saturated NaCl
solution (70% RH) and maintained at 25!C. The mass
gain of the system was monitored at 24 h intervals for
7 days. The evaluations were per- formed in triplicate.
The water vapor permeability was determined by
Equation 4.

WVP¼
G

t

x

A:Ps: RH1(RH2ð Þ
ð4Þ

Where G/t (g.h(1) is the angular coefficient generated
by the weight gain of the sample as a function of time, x
(mm) is the thickness of the film, A (m2) is the area avail-
able for permeation, Ps (KPa) is the saturation pressure
of water vapor at the test temperature, RH1 and RH2 are
the relative humidity's (expressed in fractions) inside the
desiccator and the capsule, respectively.

2.6 | Complementary characterization

2.6.1 | Thickness

Film thickness was determined using a digital microme-
ter (0.001 mm resolution) (Mitutoyo, Japan) measured at
5 points on the films, 4 at the ends, and one point at the
center of the film. Film thickness was considered as the
arithmetic mean of 10 measurements per formulation.

2.6.2 | Solubility in water

The solubility of the films was evaluated as described by
Ge et al.15 The evaluations were performed in triplicate.
The samples were cut into squares (2!'!2!cm) and dried
in a conventional natural oven at 100 ± 5!C for 24 h and
weighed (W0). The samples were immersed in 50 mL of
distilled water, covered, and stored for 24 h at room tem-
perature (25!C). Then, the residual film samples were
dried in an oven at 100 ± 5!C for 24 h to determine the
final dry mass (W1), and the solubility was calculated
according to Equation 5.

S %ð Þ¼
W0(W1

W0

! "

'100 ð5Þ

2.6.3 | Contact angle

The hydrophobicity of the films was evaluated using the
apparent contact angle (CA) technique on a Krüss DSA25
goniometer (Krüss GmbH, Germany) using the sessile
drop method. Three droplets of deionized water (surface
tension of 72.80!mN/m) with a volume of 5 μL were
deposited on the surface of each sample, and the angle
was measured immediately after dripping onto the sur-
face of the film. Calculations of angle values were per-
formed using the DSA4 equipment management software
(Krüss GmbH, Germany). Measurements were made in
triplicate for each film.

2.6.4 | Optical properties

The instrumental color of the films was determined by
evaluating the parameters of brightness (L*), green/red
(a*), and blue/yellow (b*) with the aid of a digital color-
imeter (HunterLab, model MiniScan EZ 4500 L,
United States of America) previously calibrated with
white and black plates provided by the manufacturer,
under the CIELAB system. For the reading of color coor-
dinates, the following conditions were standardized: illu-
minant D65, viewing angle 8!, and standard observer
angle 10. Color parameters were measured concerning
the white plate (standard) (L = 94.40; a = (1.29;
b = 0.70). The films' total colorimetric difference (ΔE)
was calculated using the white calibration plate as a ref-
erence, according to Equation 6.

∆E¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∆L)2þ∆a)2þ∆b)2
p

ð6Þ

Where ΔL* = L*white plate – L*sample, Δa* = a* white

plate – a* sample and Δb* = b* white plate – b* sample.
The opacity of the films was performed as proposed by

Nazurah and Nur Hanani.44 Rectangular pieces (1 ' 4
cm) of films were cut and placed inside the quartz cuvette
in a spectrophotometer, using an empty quartz cuvette as
a reference. The absorbance was measured at 600 nm, and
the film opacity was calculated using Equation 7. All mea-
surements were taken three times.

Opacity¼
Abs600nm

x
ð7Þ
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Where, Abs600 is the absorbance value at 600 nm and
x is the film thickness (mm).

2.6.5 | Scanning electron microscopy

The morphological structure of the surface of the films
was analyzed using scanning electron microscopy (Tes-
canVega 3 LMU). The films were fractured manually
after freezing with liquid nitrogen, fixed on supports with
copper tape, and metalized with a thin layer of gold (Bal-
zers Union, model FL 9496) using a voltage of 15 kV.

2.6.6 | Fourier transform infrared
spectroscopy

The films were characterized by Fourier transform mid-
infrared spectroscopy (FTIR), conducted in Vertex
70 equipment (Bruker, USA), with attenuated total reflec-
tance (ATR) accessory, equipped with a zinc selenide
crystal in the range spectral range of 500–4000 cm(1 and
resolution of 4 cm(1. All measurements were taken three
times.

2.6.7 | Thermogravimetric analysis

The thermogravimetric analysis of the films was carried
out using a thermogravimetric analyzer (TGA 4000, Per-
kin Elmer, USA) in order to evaluate the thermal stability
of the films. For this, samples of approximately 5 mg of
the films were weighed in alumina crucibles and heated
from 20 to 750!C at a rate of 10!C min(1, using nitrogen
gas as purge gas (20 mL.min(1). TGA and DTG curves

(thermogravimetric derivative) were used for data inter-
pretation. All measurements were taken three times.

2.7 | Statistical analysis

The model equation was fitted to the experimental data
to produce the proposed model, and response surface
plots. Statistical analysis of results was performed using
analysis of variance (one-way ANOVA p ≤ 0.05), and sta-
tistically different means were then analyzed using
Tukey's Test for post hoc analysis, with the aid of Statis-
tica 7.0 software (StatSoft, Tulsa, USA).

3 | RESULTS AND DISCUSSION

3.1 | Analysis of the composition of flour
and Pinhão husk powder

The Pinhão almonds correspond to 67.54% of the weight
of the seed, while the husk corresponds to 32.46% of the
weight. A similar yield was observed in a study carried
out by Helm et al.,23 who observed a dry Pinhão yield of
68% for almonds and 32% for husks.

The partial chemical composition of Pinhão flour is
composed mainly of starch, water, and considerable
amounts of fiber (Table 2). Pinhão flour showed average
values of moisture, ash, lipids, and proteins of 9.76%;
2.56%; 1.94%, and 5.12%, respectively. Similar values were
reported by Pigozzi et al.26 in raw and cooked Pinhão
flour, and by Helm et al.23 in cooked and dried
Pinhão flour (Table 2), and lipid and protein values simi-
lar to those obtained by Barreto et al.24 and Jorge et al.25

on Pinhão flour.

TABLE 2 Partial composition of Pinhão flour, husk and values reported by other authors.

Almonds Husk

Almonds

Barreto

et al.24
Jorge

et al.25
Pigozzi

et al.26
Helm

et al.23 Husk

Spada

et al.2
Timm

et al.46
Dorneles;

Noreña22

Moisture (%) 9.76 ± 0.23 4.95 — 5.87–7.17 5.0 10.56 ± 0.08 10.3 5.0 0.31

Ash (%) 2.56 ± 0.02 1.75 2.51 2.55–3.22 2.8 1.92 ± 0.08 1.1 — 2.46

Lipids (%) 1.94 ± 0.01 1.56 0.97 1.7–3.06 2.2 0.71 ± 0.01 — 6.0 0.82

Protein (%) 5.12 ± 0.21 5.98 6.36 5.09–5.74 5.5 2.26 ± 0.09 1.69 1.8 9.44

Total Starch

(%)

51.28 ± 0.26 80.99 63.75 — 67.0 — — — —

Resistant

Starch (%)

3.81 ± 0.13 — — — 8.0 — — — —

Total dietary

fiber (%)

7.43 ± 0.73 4.77 5.20 — 15.0 69.23 ± 0.73 65.1 46.1 54.03
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It was observed that Pinhão flour could be considered
a source of total starch, with an average content of
51.28%, where the resistant starch content corresponds to
3.81%. However, the total starch content is lower than
that reported in recent studies, which show values of
starch present in Pinhão flour between 63.75 and 80.99%
(Table 2). Regarding fibers, flour had a considerable con-
tent of 7.43%. In addition, the Pinhão flour obtained in
this research had a lower content of resistant starch and
fiber than that reported by Helm et al.23 who obtained
values of 8.0% and 15% of resistant starch and fiber in the
cooked and dried Pinhão flour, respectively. These differ-
ences in the partial chemical composition of Pinhão flour
can be attributed to possible differences in maturation
status, soil, extraction procedures, and/or origin of the
plant.45

The composition of Pinhão husk powder is mainly
composed of fibers (69.23%), carbohydrates (15.33%), and
water (10.56%) (Table 2). There are few studies in the lit-
erature that carried out the centesimal characterization
of the Pinhão husk. The moisture content of Pinhão husk
was similar to that observed by Spada et al.2 who found a
moisture content of 10.3% in Pinhão husk. However, the
moisture values obtained in this study were higher than
those reported by Timm et al.46 and Dorneles; Noreña,22

who obtained moisture values of 5.0% and 0.31% for
Pinhão husk and bracts, respectively. Furthermore,
Timm et al.46 obtained values of lipids and carbohydrates
higher than those obtained in this study. However, the
Pinhão husk showed a higher value than the studies
reported for the total fiber content and similar to the
study by Spada et al..2 According to Dorneles; Noreña,22

the high fiber content and low lipid content is a common
characteristics of the husks of products that have a high
tannin content.

3.2 | Visual and tactile aspects

In general, all proposed formulations produced continu-
ous films with good homogeneity and uniform coloring
(Table 3). Some films had adhesiveness, making handling
difficult and making it less malleable.

The PF1, PF3, PF5, and PF7 formulations for the
Pinhão flour-based films and GF3, GF5, and GF7 for
the gelatin films were the ones that produced films with
a more adhesive appearance, which caused greater diffi-
culty in removing the Petri dishes, in addition to requir-
ing greater care in the handling and packaging of films.
This greater adhesiveness can be attributed to a large
amount of glycerol in relation to the amount of Pinhão
flour/gelatin. On the other hand, the other formulations
(PF2, PF4, PF6, PF8, GF1, GF2, GF4, GF6, and GF8)
were the easiest film formulations to handle and with

good continuity during drying, possibly due to the higher
amount of Pinhão flour and gelatin. In addition, visual
differences were noted, mainly in color and roughness, as
the amounts of Pinhão husk increased.

3.3 | Mechanical properties

The mechanical properties of the films are characteristics
of great importance for measurement when it comes to the
integrity of the films. The percentage of elongation (ELO)
and tensile strength (TS) of the films showed a difference
between the formulations tested for both matrices used
(p < 0.05) (Table 4). It was observed that all evaluated vari-
ables had a significant effect on the mechanical properties
of Pinhão flour films and gelatin films (Table S1).

The formulations that used higher amounts of glyc-
erol had lower ELO and TS values (Figures S1 and S2).
The Pinhão flour films presented variation from 22.98 to
44.51% for ELO and from 0.60 to 5.06 MPa for TS, while
the gelatin films obtained values between 86.37 and
199.86% for ELO and between 2.17 and 3.88 MPa for
TS. In the Pinhão flour films, the PF2 and PF6 formula-
tions showed the highest values of ELO (40.26 and
44.51%) and tensile strength (4.39 and 5.06 MPa). As for
the gelatin-based films, the GF2 and GF6 formulations,
although they do not present the highest ELO values
(120.25 and 86.37%), are the ones with the highest RT
values (3.61 and 3.88 MPa), which provide flexibility and
resistance to the films. For the mechanical properties of
ELO and RT, Equations 8, 9, 10, and 11 represent the
proposed first-order polynomial model for experimental
data, containing only statistically significant terms, with
Equations 8 and 9 corresponding to ELO and TS of
Pinhão films and Equations 10 and 11 corresponding to
ELO and TS of gelatin films:

ELOPF ¼ 30:498þ4:868x1(4:143x2(1:168x3

( 3:058x1x2(1:698x2x3

ð8Þ

TSPF ¼ 2:371þ0:926x1(1:121x2(0:306x1x2(0:086x2x3

ð9Þ

ELOGF ¼ 141:488(7:512x1þ29:150x2(17:740x3

þ 1:515x1x2þ6:045x1x3þ2:902x2x3

ð10Þ

TSGF ¼ 2:782þ0:429x1(0:264x2(0:340x1x2(0:100x2x3

ð11Þ

Incorporating Pinhão husk powder as a source of
fibers to the films provided changes in the mechanical
properties, reducing the ELO and increasing the TS of
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TABLE 3 Visual appearance of edible Pinhão flour films and gelatin films with different Pinhão husk powder contents. [Color table can be viewed at wileyonlinelibrary.com]

Pinhão flour films

Formulation Appearance Homogeneous Difficulty removing plates Malleability Manipulation Adhesiveness Continuity

PF1 Yes Little difficulty Good malleability Excellent manipulation Few adhesiveness Excellent continuity

PF2 Yes Easy removal Excellent malleability Excellent manipulation Did not present Excellent continuity

PF3 Yes Difficult removal Difficult Malleability Bad manipulability Many adhesiveness Good continuity

PF4 Yes Easy removal Excellent malleability Excellent manipulation Did not present Excellent continuity

PF5 Yes Difficult removal Difficult Malleability Bad manipulability Many adhesiveness Good continuity

PF6 Yes Easy removal Excellent malleability Excellent manipulation Did not present Excellent continuity
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A
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 10974628, 2024, 15, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/app.55233 by EMBRAPA - Empresa Brasileira de Pesquisa Agropecuaria, Wiley Online Library on [15/04/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License



TABLE 3 (Continued)

Pinhão flour films

Formulation Appearance Homogeneous Difficulty removing plates Malleability Manipulation Adhesiveness Continuity

PF7 Yes Difficult removal Difficult Malleability Bad manipulability Many adhesiveness Good continuity

PF8 Yes Easy removal Good malleability Good manipulability Did not present Excellent continuity

Gelatin Films

Formulation Appearance Homogeneous Difficulty removing plates Malleability Manipulation Adhesiveness Continuity

GF1 Yes Easy removal Excellent malleability Excellent manipulation Few adhesiveness Excellent continuity

GF2 Yes Easy removal Excellent malleability Excellent manipulation Few adhesiveness Excellent continuity

GF3 Yes Difficult removal Difficult Malleability Bad manipulability Many adhesiveness Good continuity

GF4 Yes Easy removal Excellent malleability Excellent manipulation Few adhesiveness Excellent continuity

(Continues)
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TABLE 3 (Continued)

Gelatin Films

Formulation Appearance Homogeneous Difficulty removing plates Malleability Manipulation Adhesiveness Continuity

GF5 Yes Difficult removal Moderate Malleability Bad manipulability Many adhesiveness Good continuity

GF6 Yes Easy removal Excellent malleability Excellent manipulation Few adhesiveness Excellent continuity

GF7 Yes Difficult removal Difficult Malleability Bad manipulability Many adhesiveness Good continuity

GF8 Yes Easy removal Good malleability Good manipulability Few adhesiveness Excellent continuity
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 10974628, 2024, 15, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/app.55233 by EMBRAPA - Empresa Brasileira de Pesquisa Agropecuaria, Wiley Online Library on [15/04/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License



the films (Figure S1), a behavior similar to that reported
in films with material added as a structure reinforcer.8,47

Generally, the best values for these properties were
obtained in the PF6 and GF6 formulations, which con-
tain 0.4% Pinhão husk powder. This increase may have
been due to the presence of intermolecular interactions
between the film components, which could be the main
reason for the significant increase in ELO and TS.48

Souza et al.33 reported a decrease in these properties
as the glycerol content increased in the development of
biodegradable cassava starch films with the addition
of clay nanoparticles. A similar study was carried out by
Daudt et al.,8 who developed Pinhão films with the addi-
tion of different concentrations of Pinhão husk powder
(0.5, 1.0, 1.5, 2.0, and 2.5%), which obtained ELO values
from 4.2 to 19% and TS between 1.5 and 2.5 MPa,
values up to 90.56% and 70.35% lower on average for ELO
and TS than those obtained in this study. The PF6 and
GF6 formulations present a value very close to the values
found in conventional packagings, such as low-density
polyethylene (LDPE), which is widely used in food. The
PF6 formulation showed values up to 49.46% of ELO and
84.33% of TS of LDPE films, while the GF6 formulation
showed values of up to 95.97% of ELO and 64.67% of TS of
LDPE films; therefore, this formulation can be considered
as a promising alternative for use as food packaging.49,50

Regarding Young's modulus values, PF films varied
from 8.25 to 48.04 MPa for YM, while GF films obtained
values between 5.04 and 18.03 MPa for YM. It can be
observed that the higher the concentration of solid matrix
in the films (pinhão flour/gelatin and pinhão husk powder),
the higher the YM values, making the films more rigid (PF6
and GF6), allowing them to withstand significant deforma-
tion forces.51 A higher concentration of glycerol resulted in
a more flexible film with lower YM, as observed in Table 4.
Studies involving the addition of pinhão husk powder
showed an increase in YM in edible films based on pinhão
flour,8 as well as in the use of fibers from the pod husk of
Moringa oleifera in gelatin-based biocomposites.47

3.4 | Water vapor permeability

Water vapor permeability (WVP) is an important barrier
property to be evaluated in the development of films
since it evaluates the ability of water to permeate the
polymeric matrix of the film, which can directly interfere
with the shelf life of the food.35 During permeability tests,
all films remained intact. It was observed that the
amounts of Pinhão flour/gelatin and glycerol showed a
significant effect. For the Pinhão flour films, it was
observed that the use of Pinhão husk powder showed an

TABLE 4 Results of mechanical properties (elongation (ELO (%)) and tensile strength (TS (MPa)) and water vapor permeability (WVP)

of edible Pinhão flour films and edible gelatin films with different Pinhão husk powder contents.

Formulation ELO (%) TS (MPa) YM (MPa) WVP (g.mm/kPa.h.m2)

Pinhão Flour Films

PF1 27.60bc ± 2.66 2.32c ± 0.21 35,79bc ± 5,65 0.34c ± 0.03

PF2 40.26a ± 3.89 4.39b ± 0.35 42,25ab ± 1,17 0.18d ± 0.02

PF3 26.11c ± 3.39 0.60d ± 0.07 8,25e ± 0,44 0.90a ± 0.05

PF4 32.33b ± 3.74 1.97c ± 0.14 25,81d ± 3,97 0.66b ± 0.03

PF5 25.83c ± 2.20 2.20c ± 0.14 33,09cd ± 2,25 0.44c ± 0.06

PF6 44.51a ± 2.20 5.06a ± 0.73 48,04a ± 7,25 0.14d ± 0.02

PF7 22.98c ± 1.70 0.66d ± 0.05 11,88e ± 0,61 1.00a ± 0.05

PF8 24.00c ± 1.72 1.77c ± 0.19 30,39cd ± 0,36 0.61b ± 0.04

Gelatin Films

GF1 145.71bc ± 14.54 2.38bc ± 0.27 6,59c ± 0,91 0.67c ± 0.05

GF2 120.25cd ± 17.31 3.61a ± 0.26 12,21ab ± 1,97 0.49d ± 0.04

GF3 199.86a ± 20.18 2.51bc ± 0.19 5,04d ± 0,37 0.88ab ± 0.09

GF4 171.09ab ± 22.13 2.83b ± 0.25 6,65c ± 0,55 0.74bc ± 0.05

GF5 97.02de ± 10.03 2.17c ± 0.29 8,97b ± 1,12 0.68c ± 0.03

GF6 86.37e ± 7.74 3.88a ± 0.41 18,03a ± 1,72 0.28e ± 0.04

GF7 153.41b ± 15.75 2.35bc ± 0.13 6,17c ± 0,69 0.92a ± 0.06

GF8 158.19b ± 14.34 2.39bc ± 0.25 6,06cd ± 0,74 0.74bc ± 0.02

Note: Result expressed as mean ± standard deviation. Different lowercase letters in the same column indicate a significant difference between

samples (p < 0.05).
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interaction effect between the Pinhão flour, while in the
gelatin films, an interaction effect of the Pinhão husk
powder with gelatin and with glycerol (Table S1).

The WVP of the films differed significantly (p < 0.05),
with the highest values observed for the films being the
PF7 and GF7 formulations (1.00 and 0.92 g.mm/kPa.h.
m2) and the lowest for the PF6 and GF6 formulations
(0.14 and 0.28 g.mm/kPa.h.m2, respectively) (Table 4).
The formulations with the highest glycerol content in the
formulation had the highest permeability. It can also be
observed that the variation in the concentration of
Pinhão husk also affects the WVP (Figure S3). For WVP,
Equations 12 and 13 represent the proposed first-order
polynomial model for experimental data, containing only
statistically significant terms, with Equation 12 corre-
sponding to the WVP of Pinhão films and Equation 13
corresponding to the WVP of gelatin films:

WVPPF ¼ 0:528(0:152x1þ0:234x2(0:039x1x2(0:062x1x3

ð12Þ

WVPGF ¼ 0:675(0:112x1þ0:146x2þ0:032x1x2

( 0:032x1x3þ0:032x2x3

ð13Þ

A similar behavior was reported by some studies in
the literature, where they report that the increase in the
concentration of materials as a structure enhancer can
lead to a decrease in the WVP of the films.10,21,31,47,52,53

This reduction of the WVP in the films with a higher con-
tent of Pinhão husk can also be attributed to possible
interactions between the other components of the films,
increasing the hydrogen bonding forces between the
hydroxyl group in the starch present in the Pinhão flour
and the possible ordered distribution of the husk, making
permeability difficult of water molecules.20,52

However, in studies carried out by Daudt et al.8 and
Spada et al.,2 the opposite behavior was observed, where
the authors reported that the presence of Pinhão husk
increased the WVP between 1.6 and 3.8 g.mm/kPa.h.m2 for
Pinhão flour films, values higher than those obtained in the
present study, and between 0.278 and 0.426 g.mm/kPa.h.
m2 in films based on starch, similar to those obtained. Simi-
lar values were obtained by Garavand et al.21 in films based
on starch-PVA reinforced with chitosan nanoparticles, with
WVP values ranging from 0.28 to 0.41 g.mm/kPa.h.m2 and
by Saranti et al.18 in gelatin films reinforced with nano
emulsion loaded with cloisite Na+ and black pepper EO,
with PVA values ranging from 0.32 to 0.61 g.mm/kPa.h.m2.

3.5 | Additional characterization

3.5.1 | Thickness

The thickness results of the prepared films showed signif-
icant differences (p < 0.05), with thickness values

TABLE 5 Thickness, solubility and

contact angle results of edible Pinhão

flour films and edible gelatin films with

different Pinhão husk powder contents.

Formulation Thickness (mm) Solubility (%) Contact angle (!)

Pinhão Flour Film

PF1 0.124d ± 0.007 25.25abc ± 1.63 46.60bc ± 4.97

PF2 0.157b ± 0.005 26.86ab ± 1.46 46.03bc ± 2.65

PF3 0.130d ± 0.005 28.03a ± 1.58 35.80c ± 2.08

PF4 0.167a ± 0.006 27.14a ± 0.65 46.93b ± 3.44

PF5 0.132cd ± 0.007 22.94bcd ± 1.30 53.00ab ± 3.66

PF6 0.148b ± 0.003 21.28cd ± 1.87 60.73a ± 5.32

PF7 0.139c ± 0.007 22.22cd ± 0.99 45.03bc ± 5.25

PF8 0.166a ± 0.007 19.51d ± 1.44 44.50bc ± 1.83

Gelatin Film

GF1 0.103d ± 0.001 30.63ab ± 0.56 94.87a ± 2.21

GF2 0.129c ± 0.004 33.08a ± 1.23 92.83ab ± 1.23

GF3 0.096d ± 0.004 25.36c ± 1.85 87.18b ± 1.50

GF4 0.136bc ± 0.004 31.46ab ± 2.49 93.11ab ± 2.25

GF5 0.107d ± 0.007 28.29bc ± 0.35 87.23b ± 2.51

GF6 0.140ab ± 0.009 32.36ab ± 1.68 91.10ab ± 1.48

GF7 0.100d ± 0.002 29.65abc ± 1.43 86.70b ± 5.19

GF8 0.151a ± 0.004 32.72ab ± 1.93 88.30ab ± 2.76

Note: Result expressed as mean ± standard deviation. Different lowercase letters in the same column

indicate a significant difference between samples (p < 0.05).
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between 0.124 and 0.167 for the Pinhão flour-based films
and between 0.096 and 0.140 for the gelatin
films (Table 5). It can be seen that by increasing the con-
centration of Pinhão husk powder in the film formula-
tions, there was an increase in thickness, emphasizing
that the amount of solids directly influenced it in the
film-forming solution.54

All films were considered homogeneous since they
presented low values of standard deviations. However, the
increase in thickness can influence other properties, such
as mechanical properties, permeability to water vapor,
and opacity.35 The same behavior is reported by other
authors when adding composites as reinforcers.8,40,47,53,55

3.5.2 | Solubility and contact angle

One of the important characteristics of food packaging is
solubility, where films with high water solubility result in
low resistance when applied to a food matrix.56 The films
prepared in this study did not lose their integrity in aque-
ous solution at the end of 24 h, gelatin-based films being
the most soluble. The solubility remained between
19.51% (PF8) and 28.03% (PF3) for Pinhão films and
between 25.36% (GF3) and 33.08% (GF2) for gelatin-
based films (Table 5).

Adding higher levels of Pinhão husk resulted in a
decrease in solubility in water for the Pinhão films
(p < 0.05). In contrast, for the gelatin films, this variation
did not promote significant variations in the solubility
values. The fact that gelatin films are more soluble than
Pinhão flour films is due to the greater availability of
hydroxyl groups with increasing glycerol concentration.39,57

This lower solubility of PF films can be attributed to
the favorable interaction between the components, main-
taining the compounds, avoiding the generation of large
pores, and decreasing their solubility.3,10 In addition, the
decrease in the solubility of the films may be related to
the presence of the fibers and bioactive compounds pre-
sent in the Pinhão husk, which may be related to the for-
mation of crosslinks in the polymeric matrix that
contributed to the reduction of the hydrophilic character
and polar groups in the film.13,58

The solubility of the films in the present study was
lower than that reported by Spada et al.,2 who observed
solubility in starch-based films with the addition of
Pinhão husk between 30 and 36%. The values obtained
are still within those reported by other studies in the lit-
erature. For example, Da Silva et al.59 obtained solubility
values in pectin films and babaçu coconut mesocarp
between 13.89 and 50.64%; while Ruiz-Martínezet al.39

when evaluating the effect of agave nanoclays and

TABLE 6 Results of optical properties of edible Pinhão flour films and edible gelatin films with different Pinhão husk powder contents.

Formulation L* a* b* ΔE Opacity

Pinhão Flour Film

PF1 73.47a ± 0.79 9.53d ± 0.50 27.66e ± 0.82 35.81e ± 1.23 4.43ab ± 0.32

PF2 71.77a ± 1.33 9.27d ± 0.83 30.02d ± 1.37 38.52d ± 2.05 3.73bc ± 0.23

PF3 65.60b ± 0.94 14.80c ± 0.58 34.09c ± 0.89 46.94c ± 1.40 3.84bc ± 0.34

PF4 65.35b ± 0.25 13.91c ± 0.09 34.88c ± 0.14 47.36c ± 0.25 3.01c ± 0.23

PF5 59.16c ± 1.08 20.04b ± 0.59 37.96b ± 0.74 55.55b ± 1.31 5.15a ± 0.45

PF6 57.74c ± 0.21 19.68b ± 0.12 38.11b ± 0.22 56.43b ± 0.28 4.27ab ± 0.30

PF7 52.36d ± 0.93 25.18a ± 0.53 39.62a ± 0.51 63.12a ± 0.94 5.10a ± 0.43

PF8 57.93c ± 1.93 19.71b ± 0.69 37.18b ± 0.08 55.70b ± 1.13 4.53ab ± 0.35

Gelatin Film

GF1 76.61a ± 2.19 4.59cd ± 0.37 18.91c ± 2.29 25.38d ± 3.12 2.86a ± 0.11

GF2 71.64ab ± 1.60 5.48c ± 0.63 23.37b ± 1.72 32.07c ± 2.40 1.29d ± 0.13

GF3 67.05bc ± 1.20 3.50d ± 0.41 21.18bc ± 0.87 33.64bc ± 1.33 2.20bc ± 0.18

GF4 72.95a ± 2.08 4.85cd ± 0.43 20.32bc ± 1.54 28.93cd ± 2.38 1.24d ± 0.11

GF5 64.23c ± 2.59 11.50a ± 1.39 30.41a ± 2.61 43.47a ± 3.91 2.01c ± 0.11

GF6 64.87c ± 1.73 10.92ab ± 0.89 30.99a ± 1.31 43.28a ± 2.30 2.20bc ± 0.21

GF7 66.56c ± 3.91 9.68b ± 1.15 28.11a ± 2.50 39.87ab ± 4.08 2.57ab ± 0.13

GF8 66.85bc ± 3.27 9.38b ± 1.02 29.69a ± 3.06 40.68a ± 4.09 2.15c ± 0.02

Note: Result expressed as mean ± standard deviation. Different lowercase letters in the same column indicate a significant difference between

samples (p < 0.05).
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microfibers on gelatin-based films, reported values
between 19.7 and 30.7% of solubility.

The water contact angle test (!) of the biodegradable
films incorporated with Pinhão husk powder was signifi-
cant (p < 0.05). The Pinhão films presented values
between θ = 35.80! (PF3) and θ = 60.73! (PF6), while
the gelatin films presented values between θ = 86.70!

(GF7) and θ = 94.87! (GF2) (Table 5).
According to the results obtained, all samples of

Pinhão films exhibited contact angle values lower than
65!, which are indicative of hydrophilic surfaces,60 with
the PF6 sample being the one that presented the highest
hydrophobic character among the analyzed films (θ = 60.
73!). Gelatin films generally have a more hydrophobic
character. This hydrophobicity of the gelatin films may
be due to the rearrangement of the hydrophobic part of
the gelatin molecules in the air during gelation.61 This
hydrophobic character of the PF6 and GF6 formulations
may also be associated with the lower WVP obtained in
these formulations.

The contact angle values obtained in our study were
within those reported by Spada et al.,2 who reported con-
tact angle values ranging from θ = 22! to 103! between
cassava starch with Pinhão husk powder treated and
untreated. The increase in surface hydrophobicity of the
PF6 film can be attributed to the presence of phenolic
compounds present in the Pinhão husk powder, which
may have migrated to the surface of the film during the
drying process, as well as in the levels of lipids, proteins
and, probably, lignin present in the Pinhão husk.20,60

Similar results were observed in bovine gelatin films rein-
forced with bionanocomposites of gelatin-cellulose nano-
crystals, which obtained contact angle values with water
between 80.7! and 95.2!.62

3.5.3 | Optical properties

As expected, adding different amounts of Pinhão husk
powder promoted changes in the values of the color
parameters (Table 6). The films exhibited significant dif-
ferences for all color parameters (p < 0.05). As expected,
adding more Pinhão husk powder (0.4%) resulted in films
with lower L* values and darker films with higher a*, b*,
and ΔE values. Similar results were reported in films
made with Pinhão flour8 and starch,2 as well as in gelatin
films incorporated with agave microfibers and nano-
clays39 and with orange peel powder.63

The a* and b* values indicate that the films are more
reddish and yellow, giving them an orange-looking color.
This behavior for the color parameters can be attributed to
the presence of phenolic compounds, flavonoids and

tannins, and other extractive substances in the Pinhão
husk.22,46

The opacity of the films showed the same behavior as
the color parameters, and it was observed that the films
with a larger quantity of Pinhão husk promotes a higher
opacity. The films showed opacity values ranging
between 3.01 (PF4) and 5.15 (PF5) and between 1.24
(GF4) and 2.86 (GF1), showing a significant difference
(p < 0.05) (Table 6). The ability to block UV can be attrib-
uted to the presence of phenolic compounds in the film
structure due to the addition of Pinhão husk, as the phe-
nolic rings of bioactive compounds can increase the UV
protection property of the films.64,65 In addition, several
other factors can influence the opacity of the films, such
as the presence of additives, processing conditions, thick-
ness, and internal and superficial heterogeneity of the
film structure.54

Opacity is a property that, in addition to impacting
appearance, can influence the shelf life of the packaged
product. Although transparent films are more favorable
because they allow the consumer to see the products,
more opaque films with a darker color can be a viable
alternative for different types of food since they can pro-
tect food against the adverse effects of light, increasing
the shelf life of photosensitive foods.52,66

3.5.4 | Scanning electron microscopy

Analyzing the micrographs of the Pinhão flour and gela-
tin films reinforced with Pinhão husk powder, it can be
noted that, in general, the surfaces of the formulations of
all analyzed films showed a rough, irregular surface and
without cracks, probably due to the good interaction
between all components (Figure 2). The PF6 and GF6
films were the ones that presented the most regular,
cohesive, and homogeneous surfaces among all the stud-
ied films.

It was observed that the presence of Pinhão husk
powder made the films rougher and more irregular due
to the presence of fibers inside the matrix of the films.
The presence of roughness in the films may be related to
the presence of phenolic compounds present in the
Pinhão husk powder during the preparation of the films,
which may have migrated to the surface of the film dur-
ing the drying step.60

In addition, the greater compaction of the surface of
the PF6 and GF6 films may have occurred due to the
intermolecular interaction in the matrix of the films that
was favored by the composition of the formulations. In
contrast, in the other formulations, the polymeric chains'
entanglement in the covalent and non-covalent bond
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pathways may have promoted surface roughness.67 The
addition of Pinhão husk powder to the matrix of Pinhão
flour and gelatin films can generate a more resistant
interface and, thus, there is an increase in the mechanical
strength and water resistance of the films.20

Similar characteristics regarding the roughness of the
films were reported in films based on Pinhão flour rein-
forced with Pinhão husk powder,8 cassava starch
reinforced with grape stalks10 and chicken skin gelatin
incorporated into rice flour.67

FIGURE 2 SEM of the surfaces (1000') of edible Pinhão flour (PF) films and edible gelatin films (GF) incorporated with different

Pinhão husk powder contents.
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3.5.5 | Fourier transform infrared
spectroscopy

The spectra of the films formulated with Pinhão flour
with the addition of Pinhão husk powder are shown in
Figure 3a, in which it is possible to observe a similar
absorption behavior (500–4000 cm(1) for the films. It is
possible to observe pronounced peaks in the range of
3290 cm(1, where they are correlated with the elongation
of the -OH groups characteristic of the formation of
hydrogen bonds.8 In this region, the PF1, PF2, and PF6
films showed less intense peaks, which may be related to
the lower percentage of glycerol in the respective
formulations.

The CH2 groups are identified in the peaks in the
region of 2930 cm(1, whose peaks are between 2800 and
3000 cm(1 correlated with the proportion of amylose
and amylopectin; the higher the intensity, the higher the
amylose content.27 In the spectral region between 2335

and 2800 cm(1, asymmetric and symmetric C-H stretch-
ing vibrations were observed for aliphatic portions in
polysaccharides present in Pinhão.68

Peaks were identified in the region around
1640 cm(1, whose region is correlated to the amide group
of proteins.69 According to Ramos et al.,70 the region
between 800 and 1150 cm(1 is related to the absorption
bands of molecules of glycerol. The peaks in this region,
mainly at 995 cm(1 were characteristic of alkene groups
for C-H binding,2 were less intense for samples PF3 and
PF7. The proportion of Pinhão flour and glycerol for
these films is approximately equal to 1, which may be
affecting this intensity. In addition, the Pinhão husk is
also affecting these peaks, where the lower concentration
of powder in the husk generated a lower peak intensity
in this absorption region.

As for the gelatin films, absorption peaks in the range
of 3285, 1634, 1238, and 1056 cm(1 were found in all
samples (Figure 3b). The peak at 3285 cm-1 is attributed
to the elongation of the O-H and N-H groups on the
amide A and phenol functional groups in the film struc-
ture. It is possible to identify a reduction in peak intensity
for the GF2 film, which has a higher proportion of gelatin
than the other films. This may be related to a greater gel-
atin-gelatin interaction to the detriment of hydrogen
bonds.32 In addition, the films showed the characteristic
bands of gelatin at wavenumbers 1634 cm(1, 1540 cm(1,
and 1238 cm(1 correlated with amide I (illustrating the
C=O stretching vibration coupled with bending in the
plane of the N-H bond and elongation of the C-N bond),
amide II (representing N-H bending and C-N elongation)
and amide III (associated with in-plane vibration of the
C-N and N-H groups of the long-linked amine). The peak
at 1056 cm-1 is also highlighted, where it signifies the
interaction between the plasticizer (OH groups of glyc-
erol) and the structure of the gelatin film.71 Similar
results have been reported for gelatin films containing
additives.14,72,73

3.5.6 | Thermogravimetric analysis

The thermal stability of biofilms over a wide temperature
range (20 to 750!C) was evaluated using thermogravi-
metric analysis (TGA) and its first derivative (DTG) (Fig-
ure 4). Thermal decomposition showed multiple stages of
mass loss, with three stages of decomposition according
to the DTG curves (Figure 4c,d).

The first stage of mass loss occurs between 50 and
130!C. This loss corresponds to the elimination of free
water and low molar weight volatile compounds present
in the sample by evaporation/dehydration,8,10 with more
significant mass loss observed for the films PF7 with

FIGURE 3 FTIR spectra of edible Pinhão flour films (a) and

edible gelatin films (b) with different Pinhão husk powder contents.

[Color figure can be viewed at wileyonlinelibrary.com]
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13.09% and GF5 with 9.35%. The second stage of mass
loss for the PF and GF films occurred between tempera-
tures of 150 and 240!C, this stage being associated with
the degradation of glycerol, as well as the evaporation of
low molecular weight components that may be present in
the Pinhão husk.8,10,55 In this stage of thermal decompo-
sition, the films that presented the most significant mass
loss were those that presented the highest values of glyc-
erol in their composition, with emphasis on the films PF3
(25.22%), PF7 (34.29%), GF3 (33.04%), and GF7 (34.63%).
This event shows the films are stable at temperatures
below 150!C, losing only free water and low molecular
weight volatile compounds.

The third event is observed approximately between
250 and 500!C and presents the most significant mass
loss of the three stages, ranging from 36.48 (PF7) to
58.42% (PF2) of the loss for the PF films, while the GF
films ranged from 39.33 (GF7) to 57.08% (GF6). This step
corresponds to the degradation of the starch components
for the PF films, which is wholly decomposed, along with
the other components that are in the flour and Pinhão
husk, such as protein, lipid, and fiber, up to 350!C.8,10,55

In contrast, for the GF films, this stage is mainly related
to the degradation of the gelatin chains, with two distinct
peaks being observed in the DTG curves, corresponding
to the pyrolysis of components with different thermal sta-
bility in this stage,61,74 in addition to the degradation of
cellulosic substances present in the Pinhão husk.8,10,55,74

The PF and GF films showed behavior similar to thermal
decomposition. They exhibited multiple stages of weight
loss, similar to that reported in the literature for Pinhão
films with Pinhão husk,8 starch-based films10,40,55 and
gelatin films39,61,74 with reinforcements.

4 | CONCLUSIONS

The results of this study confirm that Pinhão husk can be
used as a reinforcing material in the production of films
based on starch (Pinhão flour) and gelatin. The incorpo-
ration of Pinhão husk powder positively influenced the
increase in tensile strength and decrease in WVP and sol-
ubility, in addition to altering the thermal and micro-
structural properties of the films. In addition, ATR-FTIR

FIGURE 4 TGA and DTG of edible Pinhão flour films (a,c) and edible gelatin films (b,d) with different Pinhão husk powder contents.

[Color figure can be viewed at wileyonlinelibrary.com]
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and SEM could generate correlations with the physical
and mechanical properties, noting that the use of Pinhão
husk powder efficiently improved the uniformity and
cohesion of the film structures. The thermal stability
study revealed that the films are stable below 150!C, los-
ing only free water and low molecular weight volatile
compounds.

According to the results, the formulations PF6 (5.0%
Pinhão flour, 1.2% glycerol, and 0.4% Pinhão husk pow-
der) and GF6 (5.0% gelatin, 2.0% glycerol, and 0.4% Pinhão
husk powder) were the ones that presented the best WVP
values, and mechanical properties related to ELO and TS,
respectively. Since these formulations presented values rel-
atively close to those of low-density polyethylene (LDPE)
(ELO = 49.46% and 95.97%; and TS and 84.33% and
64.67%), respectively, these results justify the use of
Pinhão husk powder as reinforcement for films, suggest-
ing that these films have potential application as biode-
gradable, edible packaging for ecologically correct foods,
reducing the accumulation of synthetic plastics in nature.
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