Brazilian Journal of Science, 1(2), 28-45, 2022. ISSN: 2764-3417

Production and characterization of thin films based on soy protein
isolate with kraft lignin and tannins obtained by casting

Anderson Junior de Freitast, Nathielle Lourrane Vieira dos Santos Souza®, Karoline Ferreira e Silval, Victor
Wallace Ribeiro dos Santos?, Isabela de Lourdes Valente?, Marali Vilela Dias®, José Manoel Marconcini’, Fabio
Akira Mori®

! Federal University of Lavras, School of Agricultural Sciences of Lavras, Graduate Program in Biomaterials
Engineering, Lavras, Minas Gerais, Brazil.

2 Federal University of Santa Maria, Department of Chemical Engineering, Graduate Program in Chemical
Engineering, Santa Maria, Rio Grande do Sul, Brazil.

3 Federal University of Lavras, Engineering School, Graduating in Chemical Engineering, Lavras, Minas Gerais,
Brazil.

4 Federal University of Lavras, Engineering School, Graduating in Mechanical Engineering, Lavras, Minas
Gerais, Brazil.

5 Federal University of Lavras, School of Agricultural Sciences of Lavras, Department of Food Sciences, Lavras,
Minas Gerais, Brazil.

® Federal University of Lavras, School of Agricultural Sciences of Lavras, Departament of Forest Sciences,
Lavras, Minas Gerais, Brazil.

" Embrapa Instrumentation, National Laboratory of Nanotechnology for Agribusiness, Sdo Carlos, Sdo Paulo,
Brazil.

Correspondence: Anderson Junior de Freitas, Federal University of Lavras, School of Agricultural Sciences of
Lavras, Graduate Program in Biomaterials Engineering, Lavras, Minas Gerais, Brazil. E-mail:
freitas.anderson01@gmail.com

Received: December 31, 2021 Accepted: January 08, 2022 Published: February 01, 2022

Abstract

In the present study, soy protein isolate (SPI) multifunctional bioplastics were prepared by casting, with the
addition of tannins extracted from Stryphnodendron adstringens and kraft lignin. The films were obtained
through biopolymer composites and blends method, prepared at three pHs (8.5, 9.5 and 10.5) and characterized
by thermochemical studies, Fourier-transform infrared spectroscopy, scanning electron microscopy, water vapor
permeability (WVP), antioxidant activity, water contact angle, surface energy, wettability, and mechanical tests.
The composites presented better results when compared to the blend and control films, respectively, in the
polarity, hydrophobicity, WVP and especially in the antioxidant activity tests. Nevertheless, no significant
difference between the samples was noticed in the thermochemical and spectroscopic studies. The results
presented the potential of the composites to produce SPI biopolymers with tannins and kraft lignin, leading to the
development of multifunctional materials as an alternative for sustainable packaging.
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Resumo

No presente estudo, bioplasticos multifuncionais isolados de proteina de soja (SPI) foram preparados por
vazamento, com adicdo de taninos extraidos de Stryphnodendron adstringens e lignina kraft. Os filmes foram
obtidos pelo método de compositos e blends de biopolimeros, preparados em trés pHs (8,5, 9,5 e 10,5) e
caracterizados por estudos termoquimicos, espectroscopia de infravermelho com transformada de Fourier,
microscopia eletrénica de varredura, permeabilidade ao vapor de dgua (WVP), atividade antioxidante, contato
com 4gua angulo, energia de superficie, molhabilidade e testes mecénicos. Os compdsitos apresentaram
melhores resultados quando comparados aos filmes blenda e controle, respectivamente, nos testes de polaridade,
hidrofobicidade, WVP e principalmente nos testes de atividade antioxidante. No entanto, nenhuma diferenca
significativa entre as amostras foi observada nos estudos termoquimicos e espectroscépicos. Os resultados
apresentaram o potencial dos compositos em produzir biopolimeros SPI com taninos e lignina kraft, levando ao
desenvolvimento de materiais multifuncionais como alternativa para embalagens sustentaveis.
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Palavras-chave: Isolado de proteina de soja; Kraft Lignina; Taninos; Composto e mistura; Técnica de fundicao.

Resumen

En el presente estudio, se prepararon bioplasticos multifuncionales aislados de proteina de soja (SPI) mediante
colada, con la adicion de taninos extraidos de Stryphnodendron adstringens y lignina kraft. Las peliculas se
obtuvieron mediante el método de biopolimeros compuestos y mezclas, preparadas a tres pHs (8.5, 9.5y 10.5) y
caracterizadas por estudios termoquimicos, espectroscopia infrarroja por transformada de Fourier, microscopia
electrénica de barrido, permeabilidad al vapor de agua (WVP), actividad antioxidante, contacto con el agua.
Angulo, energia superficial, humectabilidad y ensayos mecéanicos. Los composites presentaron mejores
resultados cuando se compararon con las peliculas de mezcla y control, respectivamente, en las pruebas de
polaridad, hidrofobicidad, WVP y especialmente en las pruebas de actividad antioxidante. Sin embargo, no se
notd ninguna diferencia significativa entre las muestras en los estudios termoquimicos y espectroscépicos. Los
resultados presentaron el potencial de los composites para producir biopolimeros SPI con taninos y lignina kraft,
lo que llevd al desarrollo de materiales multifuncionales como alternativa para el envasado sostenible.

Palabras clave: Aislado de proteina de soja; Kraft Lignina; Taninos; Compuesto y mezcla; Técnica de
fundicidn.

1. Introduction

Innovation is the successful exploration of new ideas, regarding a product and/or process, possibly resulting in
lower costs of the processing, access to new markets, income increase, profit margin increase, among many
benefits (Abgi, 2020). By analyzing this search for innovative products, it is possible to highlight
macromolecules and biodegradable polymers such as SPI (Soy Protein Isolate).

SPI has been receiving visibility due to its application in various industrial settings, once it is capable of
generating products/bioproducts, which favors sustainability and helps in a cycle-based economy view. Such
subproduct presents advantages related to its biodegradability, biocompatibility and because it is obtained from
renewable sources, for example, soy milk polysaccharides, diversified starches and oils (Arfat et al., 2014;
Muller et al., 2011; Ortega-Toro et al., 2014; Menezes Filho et al., 2021) SPI consists of a promising class of
biomaterials which appeals to researchers all around the world, since it is a sustainable alternative to traditional
plastics or polymers derived from crude oil (Dufresne et al., 2017).

In addition to this raw material, the consequent interest in biomolecules such as lignin and tannins has been
increasing, due to their biodegradability properties, renewable origin, industrial waste, market availability and
low cost (Zhu et al., 2020; Gupta et al., 2020; Rajha et al., 2019). However, their commercial use is extremely
limited, once such materials present mechanical, thermal and physicochemical properties that are not as good as
those of products obtained from polymers derived from fossil sources (Cazon et al., 2017; Gopi et al., 2019).
Despite their enormous potential, technologies that use lignin and/or tannins have not been completely developed,
and the materials based on these biomolecules, especially residual lignin from the kraft process, and tannins from
Stryphnodendron adstringens bark, have not been used to create products with high added value at industrial
level (Sattler, 2019).

The interest in biopolymer films has been growing due to their various functions in the industrial sector,
mainly regarding food packaging costs (Asgher et al., 2020). Such materials may be of renewable and
sustainable origin, competing against the fossil product market. Overall, many strategies to promote
improvements in the properties of these biodegradable films have been adopted, enabling studies on the
commercial application of multifunctional packaging (Tayeb et al., 2020; Li et al., 2021; Zedeh et al., 2018;
Laurichesse et al., 2014; Imre et al., 2013).

When it comes to packaging production, the casting method is commonly used to obtain bioplastics
(Hossain et al., 2018). It is possible to obtain thin films (Zadeh et al., 2018; Ma et al., 2019; Monteanu et al.,
2020) through techniques that use polymer blends and/or composites, by creating physical mixtures with
polymer/biopolymer additives (combination of two or more biomolecules, such as tannins, lignin and SPI).
The packaging technology field has been increasingly explored, in order to reach materials with greater
antioxidant, flavoring, antimicrobial properties which do not absorb oxygen and present high commercial
applicability, ensuring the multifunctionality of the final product (Vilas et al., 2020; Rehman et al., 2020; Zhong
et al., 2020; Su et al., 2021; Coradi et al., 2020; Ajwani-Ramchandani et al., 2021).
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Therefore, the aim of the present study is to develop thin films from soy protein isolate, kraft lignin and tannins,
obtained by casting, using the concepts of polymer blends and composites. It is possible to decrease the
degradability of the product wrapped by the final material by reaching a material with multifunctional
characteristics, such as antioxidant activity, low water vapor permeability, low wettability, and high surface
energy.

2. Materials and Methods

Reagents

The soy protein isolate (SPI) - (PROTIMARTI M90 1J), with 91.60% dry basis protein, was obtained from
Marsul Proteinas LTDA (Monte Negro/RS, BRA). The tannins (TAN) were obtained from the Stryphnodendron
species, extracted at the Laboratory of Wood Anatomy at the Federal University of Lavras (Lavras/MG, BRA).
The glycerol (90.0%) was purchased from Sigma Aldrich (Brazil) and the Commercial Absolute Ethyl Alcohol
(99.5%) from NEON. The kraft lignin was donated by a paper and cellulose company, and the deionized water
(p> 18.2 MQ cm) was obtained by a Barnstead Nanopure Diamond™ purification system (Thermo Fisher
Scientific Inc, USA). To adjust pH, 0.1 Sodium Hydroxide (Dindmica Ltda. Brazil) was used.

Preparation of the film-forming solution by casting control film (CF)

The films were prepared using the casting methodology with adaptations (Guerrero et al., 2011). First, the
solvent for the film-forming solution was prepared with a hydroalcoholic solution with 20% ethyl alcohol. For
the control film (CF), 5.0 g of SPI and 3.75 g of glycerol solution (90%) were weighed, and the volume was
completed to 100 ml. Afterwards, the film-forming solution was stirred for 20 minutes at room temperature and
then taken to water bath, under slow stirring at 80 °C for 30 minutes. After this step, the solution was cooled in
an ice bath to ~ 25 °C. Later, pH was adjusted to 8.5, 9.5 and 10.5 with 0.1 Mol L NaOH solution, distant from
the SPI isoelectric point, identified as 1, 2 and 3, respectively (PAGLIONE et al., 2019). Then, the solutions were
poured onto Petri dishes (290 mm x 280 mm x 50 mm) and dried at 25 °C room temperature for 12 hours. All
films were kept at 50 £ 5% humidity and 23 + 2 °C temperature for 24 hours before any characterization test.

Preparation of the film-forming solution by casting: blend (A) and composite (B)

To produce blends and composites, 4.25 g of SPI, 0.5 g of tannins, 0.25 g of kraft lignin and 3.75 g glycerol
solution (90%) were weighed, and the volume was completed to 100 mL with hydroalcoholic solution of 20%
ethyl alcohol. For the blend methodology (A), all solids were added in the beginning of the process, whereas for
the composite methodology (B), the tannins and kraft lignin were added after the ice bath. The rest of the
production process was performed as for the control film.

Characterization of films

Mechanical properties

The analysis of film thickness was performed by measuring 3 different points of the sample with the aid of a
digital micrometer (0.0001mm precision; Mitutoyo Sul Americana, Suzano, SP, Brazil). The mechanical
properties of the samples were measure in a texture analyzer (Stable Micro Systems, model TATX2i, England),
according to ASTM D882-0219. Five repetitions were performed for each film composition, and the average
values were reported. The samples were prepared in strips (100 mm x 10 mm), fixed on the probe support at
their extremities at a separation speed of 2 mm.s* until it ruptured. A 1 kN load cell was used in order to classify
the material properties and verify the structure integrity of the films. The values of traction resistance (o),
Young’s modulus (E) and elongation at break (8) were obtained in the traction trials. The trials were performed at
constant room temperature.

The puncture test was performed with a texture analyzer (Stable Micro Systems, model TATX2i, England). The
films were cut into 9 cm? squares and fixed on a support with a central orifice of 2.1 cm diameter. A spherical
probe with 5.0 mm diameter (P/5S probe) was introduced perpendicularly to the surface of the film at constant
speed of 0.8 mm/s until the probe punctured the film. The force at the rupture point (crp, N) and the rupture point
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deformation (e, mm) were calculated using the Exponent Lite Software (version 6.1.11.0, license no.:
5173-14273109-19689). Five specimens were tested for each film.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)

The thermogravimetric analysis (TGA) looks for the breaking points of molecular interaction and material
degradability at high temperatures. Such process was performed using a Q500 (TA Inc. New Castle, DE).
Approximately 5.0 mg of the sample was heated from room temperature (25 °C) to 800 °C at a heating rate of
10 °C /min. under a nitrogen atmosphere (50 mL min.). Each sample was tested three times and the average of
the results was reported.

Differential scanning calorimetry (DSC) was performed using a Q100 (TA Instruments, New Castle, DE, USA).
The 6.0 mg samples were subjected to heating/cooling/heating ramps with temperatures between -50 °C and
150 °C, at a 10 °C/min under nitrogen atmosphere. The glass transition temperature (Tg) and the melting
temperature (Tm) of the samples were determined.

Attenuated total reflection (FTIR)

The attenuated total reflection Fourier transform infrared spectroscopy (FTIR-ATR) of the films was measured
with a Bruker Alpha Il spectrophotometer. Samples from each film were used to perform 64 scans at the
mid-infrared range (4000 to 400 cmY), with spectral resolution of 4 cm™ to obtain spectra, in order to assess the
main bonds detected in the structural formation of the biopolymer.

Scanning electron microscopy (SEM)

The samples with approximately 5 mm of thickness were placed on stubs with carbon adhesive tape and coated
with gold, under vacuum conditions for 180 seconds. The LEO EVO 40 (Zeiss, Cambridge, England) with
accelerating voltage of 10 kV was used to obtain the Scanning Electron Microscopy (SEM) micrographs. A
surface and interior analysis of the samples via cryogenic fracture was performed to assess the properties and
uniformity of the obtained film.

Water contact angle (WCA), surface energy (SE) and wettability (W)

Determination of water contact angle, wettability and surface energy was performed using a KRUSS Drop Shape
Analyzer, model DSA 25B. The polar and dispersive contribution values for the surface energy (mN.m) of the
films were measured by the contact angles formed by distilled water, ethylene glycol, glycerol,
1-bromonaphthalene and diiodomethane. Wettability was obtained by measuring the contact angle formed by the
drops of distilled water on the surface of the films at 5 and 60°. The water contact angle and the surface energy
were obtained with the Advance software, using the Owens, Wendt, Rabel and Kaelble method (OWRK).

Evaluation of the antioxidant activity (DPPH)

The DPPH assay is based on the unstable free radical rate, in which the reactant 2,2-diphenyl-1-picrylhydrazyl
(DPPH) forms a complex with itself and presents color. A 0.5 mL aliquot of the film extract solution was mixed
with 3.5 mL of the DPPH methanol solution (25 mg L), to assess the antioxidant properties of the obtained
biopolymer (Tylewicz et al., 2020; Fasiku et al., 2020; Menezes Filho et al., 2022). The absorbance was
measured at 517 nm after a 30 min. reaction in the dark room. The percentage of antioxidant activity (AA%) was
calculated as follows:

AA (%) = (Acontror — Ascﬂ;pip] f (A coneror ) 2 100
Where: Aconirol iS the absorbance of the sample which only contains SPI (Tylewicz et al., 2020; Fasiku et al.,
2020).

Assessment of the water vapor permeability (WVP)

The gravimetric method was used in the WVP test, according to ASTM E-96-16 (Guimaraes et al., 2015). The
film samples were sealed in amber glass capsules (film effective area of 0.000866 m?) containing silica gel
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(desiccant with 0% moisture). Afterwards, the capsules were placed in a desiccator at 25 °C and 75% relative
humidity. The capsules were weighed periodically for 7 days at 24 h intervals.

WVTR and WVP were calculated from the data as follows:
TPVA = Am /(A x At)

PVA = TPVA x @ f dp
Where: WVTR is the water vapor transmission rate, and WVP is water vapor permeability. At is the capsule mass
change over time (g x s%), A is the film effective area (m?), ® is film thickness (m) and Ap is the difference in
water vapor partial between the films (Pa).

Statistical analysis

Variance analysis was used to analyze the results of the quantitative tests, and the averages were compared using
the Scott-Knott test to evaluate significantly different averages with the SISVAR® software (Ferreira et al.,
2019).

3. Results and Discussion

Film morphology (SEM)

Significant differences between morphological structures in the treatments may be observed in the fracture
micrographs (Figure 01), given that the control films, the blends and composites presented greater, average and
smaller cracks, respectively. Therefore, the addition of biomolecules to the film medium was relevant, once it
altered the packaging properties and the homogeneity placement of samples.

The blends and composites presented less scratches and cracks when compared to the control film and at
different pHs. In the 8.5 pH range, films presented better homogeneity overall, as seen in other studies
(Kokoszka et al., 2010; Wang et al., 2017; Mauri et al., 2008; Nandane et al., 2015).

The analyses of film surface presented a homogeneous structure, without the presence of pores, which suggests
an orderly packing of particles in the system for the proposed blend and composite methodologies when
compared to the control film.

=
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Figure 1. Micrographs of Fracture of the films at 1000x magnification. Source: Authors, 2021.

FTIR spectroscopy of films
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For the spectra of the different treatments (Figure 02), a high similarity was observed between samples, with no
different absorption bands appearing, even when the additives proposed in different methodologies were added.
This result may be due to high rates of SPI matrix presence, without significant difference between samples (Yan
etal., 2017; Wang et al., 2011).

Figure 2. FTIR spectra of the films fbr different methodologies. Source: Authors, 2021.

Caption: Figure 2A: Al = Blend Film pH 8.5; A2= Blend Film pH 9.5; A3= Blend Film pH 10.5; B1=
Composite Film pH 8.5; B2= Composite Film pH 9.5. Figure 2B: B3= Composite Film pH 10.5; CF1= Control
Film pH 8.5; CF2= Control Film pH 9.5; CF3= Control Film pH 10.5. Figure 2C: General spectrum sketch.

Nevertheless, the spectra of the samples presented characteristic peaks. The peak at 3270 cm™ (O-H and N-H
axial deformation stretching) is associated with O-H vibrations of the phenolic groups present in the tannin
compounds, which contribute to the antioxidant activity of the material, and amine terminal of the protein (DE
Souza et al., 2020; Wang et al., 2016). The one at 2937 cm™* (C-H axial deformation), is related to the C-H band
dislocation, a behavior that may demonstrate the relation between the matrix and its additives (Han et al., 2018).

The C=0 axial deformation from amides I, which are characteristic of B sheets connected by hydrogen
interactions in the PSI matrix, is shown by the peak at 1630 cm™. Such amides are abundant in thin films, as
shown by studies that have reported the presence of processed globular proteins in their composition (Wang et al.,
2018; Ciannamea et al., 2016; Arunkumar et al., 2019). The peaks at 1536-1233 cm™* (C-N deformation or N-H
angular deformation) are associated with vibrations of the aromatic ring present in macromolecules and in
interactions between the matrix and its additives (Wang et al., 2016). The one at 1039 cm™ may be related to the
C-H deformation present in the hydrocarbon structures of the system, or to the C-O stretching, which is due to a
slight dislocation of the glycerol bands (Han et al., 2018; Liu et al., 2017).

The FTIR analysis of the samples allowed the observation of bands that are characteristic of amide groups,
mainly present in the protein structures derived from peptide bonds. It also allowed the observation of bands
from carbonyl groups present in tannins and in the matrix, which possibly interact with the hydroxyl groups and
amines present in the system and make amide | bonds possible (C-O stretching) (Arunkumar et al., 2019; Bocker
et al., 2017; Kristoffersen et al., 2020).

Thermogravimetric analysis (TGA)

In the TGA, all samples presented 03 stages of mass loss (Table 01), where the first stage (30 °C to 190 °C)
would correspond to loss of water and of organic acid residues (Liu et al., 2017), which would happen through
the breaking of hydrogen bonds between the groups present in the system and hydroxyl groups. In such stage,
the films showed a homogeneity in mass loss of approximately 10% for all samples (Qin et al., 2019; Jawerth et
al., 2020).

Regarding the second stage (190 °C to 580 °C) the samples presented significant mass loss of approximately
60%. This loss is due to the degradation of glycerol, SPI matrix (Liu et al., 2017), and phenolic rings present in
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the system, and to the decomposition of steroid groups through the breaking of amide bonds (Qin et al., 2019;
Jawerth et al., 2020).

In the third stage (580 °C to 800 °C), mass loss referred to proteins (Liu et al., 2017; Qin et al., 2019; Jawerth et
al., 2020), and composites and control films presented lower mass loss (2%) when compared to blends (~15%),
as a result of the conjugation that occurs in the forming process of blends (lvorra-Martinez et al., 2020; Ferri et
al., 2020).

In this last stage, the temperature corresponds to carbonization, at which the films subjected to the analysis
become residue. The composite films presented a higher rate of stable residues (approximately 25%) when
compared to the control film (20%) and blends (15%). Such results may indicate that treatment A generates films
that are more susceptible to degradation.

Table 1. Thermogravimetric analysis (TGA and DSC).

Treatments TR (°C) ML (%) SR (%) Tg (°C) Tm (°C)

30to 190 10.05

CF1 190 to 580 64.06 19.58 -38.46 93.72
580 to 800 2.98
30to 190 10.60

CF2 190 to 580 65.67 20.15 -33.80 89.83
580 to 800 2.64
30 to 190 10.19

CF3 190 to 580 66.13 20.75 -36.18 82.32
580 to 800 2.52
30 to 190 12.30

Al 190 to 580 60.70 14.94 -36.40 82.31
580 to 800 17.28
30to 190 12.93

A2 190 to 580 59.23 11.47 -35.96 79.43
580 to 800 15.68
30to 190 11.06

A3 190 to 580 57.63 15.18 -35.21 74.85
580 to 800 9.63
30to 190 10.83

Bl 190 to 580 60.85 23.09 -36.74 82.72
580 to 800 2.95
30 to 190 11.17

B2 190 to 580 59.53 25.47 -36.65 83.72
580 to 800 2.98
30 to 190 10.65

B3 190 to 580 58.71 26.84 -35.43 83.43
580 to 800 2.93

CF1= Control Film ph 8.5; CF2= Control Film ph 9.5; CF3= Control Film ph 10.5; Al = Blend Film ph 8.5; A2=
Blend Film ph 9.5; A3= Blend Film pH 10.5; B1= Composite Film pH 8.5; B2= Composite Film pH 9.5; B3=
Composite Film pH 10.5; TR= Temperature Range; ML= Mass Loss; SE= Stable Residue at 800 °C; Tg= Glass
Transition Temperature; Tm= Crystalline Melting Temperature.
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Differential scanning calorimetry (DSC)

The DSC curves show information about miscibility of the mixture components through the analysis of changes
in melting temperature (Tm) and glass transition temperature (Tg) due to its composition (Blanco et al., 2017; De
Souza et al., 2019; Boubekeur et al., 2020; Kiruthika et al., 2020), as seen in (Table 1).

It is worthy to mention that the samples underwent thermal degradation at approximately 150 °C, which led the
experiment to perform only one heating ramp from -50 °C to 150 °C in order to assess their respective glass
transition and melting temperatures.

In the DSC analysis, in which the glass transition temperatures (Tg) are approximately -36.0 °C and the melting
temperatures (Tm) approximately 85.0 °C, sample homogeneity may be observed regardless of the treatment.
Therefore, no significant evidence was seen among samples, which corroborates the spectroscopic results.

However, a small variation was found in Tm regarding pH values of each treatment, where the higher the pH, the
lower the sample Tm. The decrease in temperature may be attributed to the interactions between the carbonyl
groups and the hydroxyl (-OH) and amine (-NHz) groups present in the system, causing a reduction of film
crystallinity according to the treatments (Siddaiah et al., 2018; Mora et al., 2020; Huang et al., 2008; Chiu et al.,
2011).

It has been reported that the increase in glycerol decreases Tg, once the polymer matrix becomes less dense and
the addition of plasticizer promotes the mobility of polymer chains (Mali et al., 2006). Nonetheless, by
comparing film Tgs, it was detected that the higher the pH, the lower the Tg (Chen et al., 2005; Tang et al., 2006).
However, in this case, Tg increase is a result of a decrease in the space available for molecular motion.

Thus, the pH increase favored a greater microstate of molecules in the system (due to the solution adjustment),
leading to an increase in the kinetic space of the microenvironment at the interaction level (Ray et al., 2018).

Polarity analysis of the films (WCA, SE and W)

The variance analysis showed that the factor treatment was significant (p < 0.05) for all variables in the polarity
tests. The water contact angle (WCA), wettability (W) and surface energy (SE) may be observed in (Table 2).

By analyzing WCA along with W, it is possible to indicate the capability of the surface to moisten itself
(Pradywong et al., 2017). An angle below 90° means a low surface tension, and the lower the wettability, the
more hydrophobic the surface. Consequently, the films presented hydrophilic characteristics (< 90°), but the
composites presented angles that were closer to hydrophobicity (Zhang et al., 2016), followed by the blends and
the control film. Studies have reported that depending on the kind of solvent used, there is a significant influence
on film properties when the film contains lignin (Alwadani et al., 2021).

Due to the pH increase in the system, there is an increase in sample hydrophobicity, when compared within the
same treatment. Nevertheless, when it comes to W, the films did not show a great difference in results,
presenting low coefficients. However, the composites had a better performance, showing an increase in surface
hydrophobicity, which may contribute to a higher antioxidant capacity (Laguerre et al., 2010) when compared to
the blends and especially to the control film, respectively (Qin et al., 2019).

The evidence obtained with WCA and W (L. et al., 2017) was confirmed through the SE test, in which the rates
of apolar components could be assessed when the film was exposed to various polar and apolar agents and its
combination resulted in the SE rates of samples (Table 1). Therefore, by analyzing the column of apolar
character, it was possible to observe that the composite treatment has a greater hydrophobic SE, followed by the
blends, and then the control film, possibly due to the hydrogen bonds between the SPI and the additives (Liu et
al., 2017; Alwadani et al., 2021).

Thus, the addition of charges influences hydrophobicity of films, promoting an improvement in their properties,
favoring repulsion of polar molecules and making the material less hydrophilic, which is convenient to the
packaging market (Amparo et al., 2020; Wang et al., 2020; Bhadra et al., 2020).
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Table 2. Water contact angle analysis, wettability, surface energy analysis and hydrophobicity.

Treatments

CF1

CF2

CF3

Al

A2

A3

Bl

B2

B3

SE [mN/m]

SE [mN/m]

SE [mN/m]

SE [mMN/m]  SE [mN/m] SE [mN/m]
t (mm) WCA ] W] SE [mN/m] R 1-Bromonap Diiodometha  Ethylene
Dispersion Water Glycerol
hthalene ne glycol
0.211+096 59.32+0.49 0.06+0.02 33.94+0.66 20.32+0.31 70.23+£0.37 4428+0.67 56.26+x059 58.97+0.34 7576261
a a a a a a a a a a
0.213+0.84 48.38+0.73 0.15+0.03 40.04+0.93 20.50*0.39 47.00*0.27 50.06+1.21 5440+0.08 45.40+0.68 88.90+0.81
a c c c c e a b e a
0.212 +0.87 0.08+0.01 4217+094 20.27+059 63.58+0.78 50.39+0.66 54.82+0.91 46.21+0.66 85.17+1.91
a 39.84+0.39 b b . b . b . b
0.122+0.65 56.41+098 0.09+0.03 29.31+0.85 24.04+0.10 6549+1.10 51.02+0.12 47.48+041 67.42+0.68 83.39+0.68
b b b b b b a b a c
0.125+0.59 57.91+0.87 0.09%£0.01 40.19%£039 2562+0.86 53.59+0.55 50.84+0.27 47.79+0.38 5558+1.06 83.40%1.39
b b b c b b a f c c
0.123+0.51 59.19+0.74 0.13+0.03 45.05+0.87 p, 48.01+£0.72 5052+0.72 53.12+0.93 56.11+0.83 7955+1.24
b b . . 24.68+0.41 . . . . p
0.135+0.53 67.32+£0.53 0.06+0.03 38.73+0.78 30.41+0.60 . 4827%011 50.63+x052 57.65+0.72 82.79+1.84
. a . d a 59.78+ 0.57 b d b .
0.133+0.51 66.67+099 0.10+0.01 49.17+096 30.28+0.69 55.77+0.31 4852+0.90 49.23+0.34 57.04+0.98 83.58+1.13
c a c a a d b e b c
0.136 £ 0.58 64.56+0.65 0.05+0.02 4345+0.53 30.52+0.46 53.68+0.77 4265+0.41 50.51+042 51.43+091 83.78+1.48

c

a

a

b

a

d

d

d

d

c

abcdef Averages observed in columns with the same letter do not differ statistically according to the Scott-Knott test (p<0.05). CF1= Control Film pH 8.5; CF2=
Control Film pH 9.5; CF3= Control Film pH 10.5; A1 = Blend Film pH 8.5; A2= Blend Film pH 9.5; A3= Blend Film pH 10.5; B1= Composite Film pH 8.5; B2=
Composite Film pH 9.5; B3= Composite Film pH 10.5; t = Sample Thickness; WCA= Water Contact Angle; W= Wettability; SE= Surface Energy. Trea = Treatments.
Source: Authors, 2021.
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Table 3. Mechanical properties, water vapor permeability and evaluation of the antioxidant activity.

Trea t (mm) E (Mpa) 3 (%) o (Mpa) o (N) &p (Mm) {g,*;/:/z?m-'}m- DPPH (%)
CFL 0211%096° 2868L+157° 93234t137° 2053£003° 11.734%039° 09535%069° 643:024° 2585%008°
CF2  0213+084r 198032 0700011470 1560+007¢ 11.047+048° 07.099+053°¢ 6.82+0.66° 27.49+043°
CF3  0212+087: 1220156 1081941855 2204+010° 14342+074° 128574029 697+032° 31584073
Al 0122+065> 0092*L12l oo 9044014c 3000+018° 13214+019° o08.182+0120 S EOM g6z 0450
A2 0125+059b A4O0ELBO  opgsnii33c 338740100 12855+054° 00.155+078° 368+029° 69.87+052°
A3 0123:051b A0039*L49 ggnciiosge  3144+047° 18228+083%  10.902+043b 3.63+006° 7L46+044°
Bl  0135+053c °0OOFL0Z g1 o6 173c 3752+019° 084010299 05174+028° 183038 57.63+061°
B2 0133+051c 024 EL09  opigi1500 3871+035¢ 07.500+087¢ 05527+037¢ 1.92+028° 60.37+0.64°
B3  0136+058c 0721 EL0T ga0061080¢ 3.994+014° 1658340867 08.312+0.94b 202+033°  73.47+0293

a

abedefah Ayerages observed in columns with the same letter do not differ statistically according to the Scott-Knott test (p<0.05). CF1= Control Film pH 8.5; CF2=
Control Film pH 9.5; CF3= Control Film pH 10.5; A1 = Blend Film pH 8.5; A2= Blend Film pH 9.5; A3= Blend Film pH 10.5; B1= Composite Film pH 8.5; B2=
Composite Film pH 9.5; B3= Composite Film pH 10.5; t = Film Thickness; oy = Traction Resistance; & = Elongation; E = Young’s Modulus; oy = Force at the Rupture
Point; &, = Rupture Point Deformation; WVP= Water Vapor Permeability; DPPH= Antioxidant Activity. Trea = Treatments. Source: Authors, 2021
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Mechanical properties of the films

The variance analysis showed that the factor treatment was significant (p < 0.05) for all variables in the
mechanical studies. Traction resistance (ot), elongation (8), Young’s modulus (E), force at the rupture point (orp)
and rupture point deformation (&) are represented in (Table 3).

The adjustment of pH towards a more alkaline medium caused an increase in sample stretch (8), regardless of the
treatment. Besides, it caused a lower interaction of intermolecular bonds; consequently, decreasing E and
homogenizing samples regarding o:. When it came to o; and E, the composites stood out considerably when
compared to the blends and CFs regarding film treatments. Polymerization normally helps to form a net that
potentially reduces elongation and increases o, thus improving general mechanical properties (Zhang et al.,
2016; Kumar et al., 2014).

The increase in TR and E in the composites may be due to the effective transference of the matrix tension to the
particles, which leads to improved mechanical properties (Peng et al., 2018), as seen in the micrographs of the B
films. Such characteristics stem from a greater flexibility of the chain and difficulty in regular or ordered packing
of films, with main characteristics of an amorphous phase attributed to hydrogen bonds and to the structures
obtained through the load of additives applied and the matrix (Zhang et al., 2016).

It is possible to observe this same behavior on biodegradable hybrid composites based on a biopolymer matrix
and reinforced with lignin, in which they showed increased sample o: and E (Kumar et al., 2014; Bassyouni et
al., 2017). Regarding the E, which describes material stiffness, the values of composites presented an increase
when compared to the blends and CF, respectively. Thus, it showed that CFs would be more flexible, which
favors energy recovery and absorption in the elastic deformation of the film subjected to the test.

When it comes to elongation, the blends demonstrated a better result, generating a more ductile material than the
composites, though inferior to the control film. The addition of biomolecules loads was not interesting to
elongation at break except at pH 10.5, in which the composite presented a significant increase regarding the
blend of equal pH. Similar studies state that the addition of Rutin (a biomolecule similar to tannins) to the
protein films produced a more compact structure, due to possible interactions between the phenolic compound
and the soy proteins (Friesen et al., 2015).

In the puncture analysis, the blends stood out regarding orp and &, when compared to the other treatments,
showing a greater intermolecular interaction happened in their processing and, consequently, resulted better
mechanical properties, as seen in studies. The composites, on the other hand, presented a lower oy, and &, rate,
demonstrating that the addition of loads did not yield an improvement in puncture tests.

Water vapor permeability (WVP)

The water vapor permeability value of the SPI film is a very important feature for food packaging (Wang et al.,
2016). The WVP values of the pure SPI films and of both treatments (blend and composite) are shown in Table
03.

The addition of loads to the film-forming solution, especially of polyphenolic additives may increase tortuosity
in the diffusion of water vapor molecules, hindering their passage through the film. Therefore, it can increase the
water resistance properties of a biopolymer film, a technique that is widely used in the packaging industry (Wang
et al., 2014; Koshy et al., 2015).

There was no significant difference in the WVP values for the different pHs evaluated (8.5; 9.5; 10.5). Such
result differs from the data observed in the literature, which states that the higher the alkalinity of the medium,
the more hydrophobic the film, thus causing a decrease in the WVP rate (Jiang et al., 2012). Nonetheless, for the
blend and composite methodologies, it was possible to observe a decrease of approximately 6.7 g/Pa.s.m? in
WVP for the control film, approximately 3.5 g/Pa.s.m? for the blends and 1.9 g/Pa.s.m? for the composites
(Siracusa et al., 2012), favoring the comparison between this B film commercial plastics/bioplastics. This
decrease in WVP was previously reported in other protein systems caused by the addition of polyphenolic
compounds, such as gelatin films made with thyme, propolis, myrtle, citrus and green tea extracts (Ciannamea et
al., 2016), forming a more compact structure.

Consequently, the control film which only contains the SPI matrix has a higher fracture rate, allowing a greater
passage of gaseous molecules, as seen in Figure 02. The intermolecular interactions lead to an increase of the
spaces between soy protein polymer chains, which elevates water molecule mobility in the matrix, therefore
favoring the migration of water through the control film (Li et al., 2021).
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The preparation and dispersion method determines the nature of the system for blends or composites. The
interaction between the matrix and the additives is of physical nature for the blends system, while for the
composites; this interaction may involve chemical interactions (Bhadra et al., 2020). The kind of system formed
will interfere in the water vapor transmission, which involves adhesion and diffusion of water molecules in the
film matrix.

Thus, the presence of additives of hydrophobic nature in the composites hindered the diffusion of water
molecules through the matrix, granting them low WVP rates. Therefore, the composites present a higher
structural packing level, favoring a better longitudinal distribution, which leads to a transverse state with less
ruptures and allows for an extremely low WVP rate in the system.

Antioxidant activity (DPPH)

Antioxidant activity, also known as DPPH analysis, measures the compound capacity to eliminate the radical (or
donate/transfer a hydrogen) through the present antioxidant. It is important to highlight that components such as
pH, metal ions, and solvent incubation and reaction periods may influence the reaction (Chen et al., 2020).
Consequently, if there is a test limitation, it may be connected to the interaction with other radicals present, such
as alkyl groups.

As seen in Figure 3 and Table 3, after the addition of loads in both the blend and composite methodologies,
DPPH rates increased, displaying a slightly higher capacity to eliminate radicals than the control films. Such
difference can be attributed to the high compatibility of the additives in the protein matrix, favoring the
antioxidant activity of the medium (Zadeh et al., 2018; Cano et al., 2020; Mohanan et al., 2018).

Figure 3. Graph correspondent to the DPPH antioxidant activity in the samples.
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Note: a, b, ¢, d, e, f Averages observed in columns with the same letter do not differ statistically according to the
Scott-Knott test (p < 0.05). CF1= Control Film pH 8.5; CF2= Control Film pH 9.5; CF3= Control Film pH 10.5;
Al = Blend Film pH 8.5; A2= Blend Film pH 9.5; A3= Blend Film pH 10.5; B1= Composite Film pH 8.5; B2=
Composite Film pH 9.5; B3= Composite Film pH 10.5

The loads of biomolecules added to the SPI samples (films A and B), are groups of phenolic compounds soluble
in water that present antioxidant activity. This characteristic is linked to their structure and redox property, which
is a relevant feature for the neutralization of free radicals. Furthermore, tannin-protein interaction occurs in
tannin-based films, meaning the phenolic compound is confined and cannot spread. This way, antioxidant
activities are greater regarding films that do not contain the additive (Mohanan et al., 2018).

The antioxidant capacity of the control film might be related to the antioxidant action of the amino acids with
phenolic side chains, such as phenylalanine, tyrosine and tryptophan, and phenolic compounds, such as
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isoflavones and chlorogenic, caffeic and ferulic acids present in the SPI which are strong free radical scavengers
(Ma et al., 2019; De Souza et al., 2020; Wang et al., 2016; Ciannamea et al., 2016).

Among the hydrophilic antioxidants, tannic acid presents the highest capacity to eliminate free radicals (ex:
singlet oxygen, OH" and H20,,), followed by caffeic and ascorbic acids (Chen et al., 2020; Menezes Filho et al.,
2022). This might also be observed in this study due to the presence of kraft lignin, which may increase the
activity of free radical elimination in the system by 55% (Zadeh et al., 2018).

4. Conclusions

The addition of additives favored the multifunctional properties of the obtained bioplastics. The use of kraft
lignin and tannins led to significant modifications in the morphology, hydrophobicity, and permeability of films.
It also led to changes in the mechanical studies and especially in the antioxidant activity of composite films. On
the other hand, composite films did not significantly stand out in the thermochemical and spectroscopic trials,
due to the low concentration of additives in the bioplastic.

The methodology of composite films showed the best potential, with great antioxidant activity and water vapor
permeability potential, meeting the objectives of this study, which were to produce multifunctional biopolymers
with SPI, tannins and kraft lignin. Besides having the capacity to meet various high-performance research
specifications, the composites methodology presented great technological innovation potential to be applied in
the food industry.
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