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RESUMO 

Durante o processo de produção da banana cerca de um quinto da produção é rejeitado, não 

atingindo os consumidores, em virtude da presença de imperfeições ou de não atingirem um 

tamanho adequado para remessa, podendo ocasionar problemas ambientais, conforme sua má 

destinação. Possuindo um alto teor de amido resistente, a polpa de banana verde surge como 

matriz alternativa para a produção de filmes biodegradáveis, com possível aplicação na 

indústria de embalagens. O objetivo deste estudo foi obter nanocompósitos de amido de banana 

verde, incorporados com nanocelulose de eucalipto, e caracterizar suas propriedades físico-

químicas, bem como sua biodegradabilidade. O amido de banana verde foi analisado por 

calorimetria diferencial exploratória. Foram obtidos nanocompósitos de amido, incorporados 

com diferentes concentrações de nanocelulose de eucalipto (0%; 0,5%; 1% e 1,5%) e glicerol. 

Os filmes foram caracterizados com base em sua solubilidade em água e teor de umidade, 

propriedades mecânicas e biodegradabilidade, durante 60 dias após o enterro em solo. Após a 

obtenção dos resultados foi realizada a análise de variância (ANOVA unidirecional), 

considerando um intervalo de confiança de 95%. O amido apresentou um pico de temperatura 

de gelatinização próximo a 73 ºC. Em média constatou-se que a solubilidade dos materiais foi 

de 13,10%, com um teor de umidade de 33,90%. Observou-se também que média e 

alongamento na ruptura foi de 22%, enquanto a resistência máxima a tração foi de 1,128 MPa. 

A avaliação da biodegradabilidade revelou que as amostras perderam cerca de 33,76% de sua 

massa inicial. Foi observado que a aplicação das nanofibras extraídas não repercutiu no 

incremento significativo das propriedades estruturais e de barreira dos nanocompósitos 

propostos. Durante o processo de desfibrilação mecânica é possível que tenham ocorrido 

deformações na estrutura das nanofibras, levando-as a atuar como iniciadores de ruptura. Sendo 

assim, pode se concluir que futuros trabalhos devem explorar a caracterização de outras 

propriedades estruturais de nanocompósitos, como a cristalinidade, a fim de determinar a real 

aplicabilidade do material como substituto de derivados do petróleo, e sua utilização na 

indústria de embalagens. 

 

Palavras-chave: biodegradabilidade; biomateriais; bioplásticos; embalagem 

biodegradável; nanocompósitos. 

  



ABSTRACT 

During the banana production process, about a fifth of the production is rejected, not 

reaching consumers, due to the presence of imperfections or because they do not reach an 

adequate size for shipment, which may cause environmental problems, if given a poor 

destination. Having a high content of resistant starch, green banana pulp appears as an 

alternative matrix for the production of biodegradable films, with possible application in the 

packaging industry. The objective of this study was to obtain green banana starch 

nanocomposites, incorporated with eucalyptus nanocellulose, and to characterize their 

physicochemical properties, as well as their biodegradability. Green banana starch was 

analyzed by differential scanning calorimetry. Starch nanocomposites were obtained, 

incorporated with different concentrations of eucalyptus nanocellulose (0%; 0.5%; 1% and 

1.5%) and glycerol. The films were characterized based on their water solubility and moisture 

content, mechanical properties, and biodegradability, during 60 days after burial in soil. After 

obtaining the results, analysis of variance (one-way ANOVA) was performed, considering a 

95% confidence interval. Starch showed a peak gelatinization temperature close to 73 ºC. On 

average, it was found that the solubility of the materials was 13.10%, with a moisture content 

of 33.90%. It was also observed that the mean elongation at break was 22%, while the maximum 

tensile strength was 1.128 MPa. The biodegradability evaluation revealed that the samples lost 

about 33.76% of their initial mass. It was observed that the application of the extracted 

nanofibers did not result in a significant increase in the structural and barrier properties of the 

proposed nanocomposites. During the mechanical defibrillation process, it is possible that 

deformations occurred in the structure of the nanofibers, leading them to act as rupture 

initiators. Therefore, it can be concluded that future works should explore the characterization 

of other structural properties of nanocomposites, such as crystallinity, in order to determine the 

real applicability of the material as a substitute for petroleum derivatives, and its use in the 

packaging industry. 

 

Keywords: biodegradability; biomaterials; bioplastics; biodegradable packaging; 

nanocomposites. 
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1. GENERAL INTRODUCTION 

1.1. THEORETICAL CONTEXTUALIZATION 

The banana is classified as a tropical fruit, with a harvest period between one year and one 

year and a half, from the initial sprouting of the fruit, providing an active renewal of banana 

groves (SOLÉ, 2004). Taxonomically, the edible banana belongs to the genus Musa, known for 

the aversion to its consumption during the first stages of fruit maturation due to the astringency 

and hardness presented by the pulp (NATHOA et al., 2014; SARAWONG et al., 2014; SOLÉ, 

2004). 

If they do not reach an adequate size for resale, about a fifth of the fruits harvested end up 

being discarded in the environment. Injured specimens, with imperfections or surface rot are 

also discarded and destined for decomposition in environments exposed to air (NARANJO et 

al., 2014; SEGUNDO et al., 2017). 

The applicability of the residue becomes limited due to the hardness and astringency of the 

fruits, accompanied by the high content of resistant starch present in the pulp, which can reach 

up to 80% of the dry weight of the fruit (MESQUITA et al., 2016; SARAWONG et al., 2014). 

Banana starch is notoriously resistant to enzymatic degradation by α-amylases and 

glucoamylases, due to the presence of a highly compacted outer layer that surrounds the starch 

granules (GALLANT et al.1992; MOORE et al., 2015; ZHANG et al. al., 2005). In addition, 

if consumed, non-hydrolyzed starch, present in higher concentrations during the first stages of 

fruit ripening, reaches the large intestine still intact, being fermented by the intestinal 

microbiota, resulting in the production of gases and other by-products, reducing its applicability 

for industrial purposes. nutritional (LOCKYER and NUGENT, 2017; MESQUITA et al. 2016; 

MOORE et al., 2015; ZHANG et al., 2005). 

Regarding its composition, starch is a vegetable reserve carbohydrate formed by two 

glucose polymers: amylose, which has a linear chain of D-glucose units formed by α-1,4 

glycosidic bonds between the subunits, which gives the structure an amorphous character. the 

starch granule; and amylopectin, with α-1,6 glycosides at each branching point (BET et al., 

2016; BROWN et al., 2013).  
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Located in seeds, fruits, tubers and roots, starch is used during periods of dormancy and 

regrowth. Storage structures are often included in the human diet, such as grains or tubers, and 

renewable raw materials are also used, for example, in the energy sector, after conversion into 

ethanol, and in the packaging sector, as a potential substitute for petroleum derivatives 

(MOLAVI et al., 2019; RÖPER, 2002; SHAH et al., 2016). 

As pointed out by Fundação Getúlio Vargas, the 22.3% growth of the packaging industry 

suggests an increase in pollution caused by the use of non-renewable raw materials such as 

plastics, representing 39.6% as the largest share of packaging production in the year 2020 

(OPEN, 2020). Composing 70% of the total waste found on 44 Brazilian beaches, pollution 

resulting from the use of plastic packaging demands research for sustainable alternatives aimed 

at reducing the pollutants generated, replicating the structural and conservation properties 

presented by non-renewable sources (ANDRADES et al., 2020; LANDIM et al., 2016; 

MOLAVI et al., 2019; SADEGHIZADEH-YAZDI et al., 2019, SHAH et al., 2016). 

On the other hand, biomaterials produced from unreinforced starchy matrices are endowed 

with the harmful natural characteristics inherent in starch, which causes the need to insert 

chemical alteration processes to allow their use as a stable biomaterial, and these processes 

must mainly alter the properties of high affinity for water, and the low flexibility and, therefore, 

structural rigidity, of the generated films (ROCHA et al., 2014; SADEGHIZADEH-YAZDI et 

al., 2019). The production of different formulations based on the use of plasticizers and other 

reinforcing agents allows starch films to be given improved structural properties, as well as the 

addition of new antimicrobial, molecular delivery and thermal insulation characteristics, 

expanding their practical application (MOLAVI et al., 2019; SADEGHIZADEH-YAZDI et al., 

2019; SHAH et al., 2016, VERSINO et al., 2016). 

Eucalyptus nanocellulose provides an interesting reinforcement material for biodegradable 

films due to the reported quality of the extracted fibers, as well as the low susceptibility of the 

tree to pests and pathogens in general, and its adaptability in the most diverse climates (ATTIA 

et al., 2019). With a fast rotation cycle, between 6 and 7 years, eucalyptus represented the most 

planted tree on Brazilian soil, according to the Indústria Brasileira de Árvores, in 2018, reaching 

a planted area of 7.83 million hectares (ATTIA et al., 2019; IBÁ, 2019). 
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The high starch content, as well as the ability to incorporate nanostructures into the starchy 

matrix, makes the green banana a suitable candidate in terms of application, in terms of 

biomaterials that can have their structural properties increased (MESQUITA et al., 2016; 

MOLAVI et al., 2019; SHAH et al., 2016). 

In this context, the present work aims at the production and characterization of green banana 

starch films, associated with eucalyptus nanocellulose, to investigate the potential applicability 

of different formulations in the packaging industry. 

 

1.2. DISSERTATION STRUCTURE 

The structure of the presented dissertation follows the norms established by the Professional 

Master's and Doctorate program in Industrial Biotechnology at Universidade Positivo, being 

arranged in the form of two chapters, referring to the development of the proposed project. 

Chapter 1 displays the bibliographic review carried out in the form of a review article, 

discussing the production of nanocomposites from the association of banana starch with various 

reinforcement agents for films. The second chapter presents an experimental article focused on 

the production and characterization of nanocomposites, formed from the incorporation of 

cellulose nanofibers, in different concentrations, incorporated into the starch matrix of green 

bananas, and on the evaluation of their biodegradability. The review and experimental articles 

were written and formatted according to the rules of Polymer Science, Series B journals 

(APPENDIX A). 
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2. CHAPTER I 

 

Reinforcing Agents for Banana Starch Films: A Review 

M. P. Martinesᵅ, T. M. Alvarezᵅ, M. A. D. S. Carvalho Filhoᵅ 

ᵅ Universidade Positivo, R. Prof. Pedro Viriato Parigot de Souza, 5300 - Ecoville, Curitiba - 

PR, 81280-330 Brasil. 

e-mail: matheus-1311@hotmail.com 

Abstract – The accelerated growth of the packaging industry poses a great environmental threat 

due to the use of petroleum derivatives. Banana starch is an energy reserve carbohydrate formed 

primarily by amylose and amylopectin, comprising up to 80% of dry weight. Due to its high 

availability and ability to be functionalized, starch appears as an alternative material in an 

attempt to reduce the use of petroleum derivatives. Large post-harvest waste presents a 

possibility of repurposing discarded waste and generating materials of interest to the packaging 

industry. Hygroscopicity and low mechanical strength presented by starch films culminate in 

need to use reinforcing agents to increase the material's structural properties. Several recent 

studies evaluate the incorporation of nanomaterials in starch matrices to increase their 

hydrophobicity and thermomechanical resistance, seeking a formulation of materials with 

applicability in the packaging industry, often functionalizing films through the addition of new 

antimicrobial and antioxidant properties. The starch results obtained by several research groups 

suggest that bananas can be used to obtain biodegradable materials for use in the packaging 

industry, being functionalized and having their properties successfully incremented; however, 

further research is still needed for further research into the development of an appropriate 

substitute for petroleum-based plastic films. 

 

Keywords – Biodegradability; Biopolymers; Nanocomposites; Reinforced; Starch. 
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INTRODUCTION 

According to data presented at the Global Packaging Market - Growth, Trends, Covid-19 

Impact, and Forecasts (2022 - 2027) report, published by Mordor Intelligence Inc in March 

2022, the global packaging market was estimated to be worth USD 1,002.48 billion in 2021, 

and is expected to surpass this value, reaching USD 1,275.06 billion by 2027. The report also 

claims that the consumption of non-recyclable plastic packaging is increasing, further 

enhancing the need for easily recyclable and sustainable packaging such as bioplastics [1] 

It is estimated that in 2015, 407 metric tons of plastics were produced, of which 164 tons 

(36%) were used by the packaging industry, according to recycling trends, by 2050 there will 

be about 12 billion tons of plastic waste in landfills. or in the natural environment [2]. The 

pollution generated as a result of fossil fuels and the waste generated generates a scientific 

demand in research for the replacement of materials by biodegradable and affordable 

alternatives, idealizing the reduction of pollutants and environmental sustainability. In 

particular, the packaging industry is fragile regarding the acceptance of new materials, since 

the products need a guarantee of conservation as well as a durable mechanical protective barrier 

[3-6]. 

In 2019, bananas had the largest production in the world, among fruit products, 

corresponding to 117 million tons, in an area of 5.2 million hectares, according to data presented 

by the Food and Agriculture Organization of the United Nations (FAO). Asia leads as the largest 

producer, equivalent to 57.07% of production, followed by Africa with 18.39% and South 

America with 15.06% [7]. 

About a fifth of the harvested production is discarded and usually has an inappropriate 

destination, reaching decomposition in open air conditions within 20 to 30 days and, 

consequently, can result in environmental impacts. [8-10]. In addition to non-commercially 

sized specimens, damaged bananas or bananas with signs of rot are discarded along with stalks, 

leaves, peels and pseudostems [10-11]. 

Interest in starchy sources for the production of bioplastics is based mainly on the 

availability of starch and its relatively low cost of production, associated with the capacity of 

its functionalization through the incorporation of additives, such as plasticizers and structural 

reinforcement agents, during the gelatinization and re-association of amylose and amylopectin 

chains [4-6, 12]. 
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In order to reduce the waste of raw materials, green banana pulp can be used as a source 

of starch in the production of biomaterials, due to its high starch content during its harvest 

period, throughout the first level of maturation according to the Von Loesecke scale, being able 

to compose up to 80% of the dry biomass [8, 12-13]. 

While the fruits are still green, banana pulp is notoriously resistant to the action of α-

amylases and glucoamylases due to the significant content of resistant starch (65% to 80% of 

the dry weight of starch), which is not digested in the small intestine. Resistant starch therefore 

reaches the large intestine still intact where it is then fermented by the local microbiota. 

Fermentation products can result in the release of gases such as methane and carbon dioxide, 

as well as short-chain fatty acids, alcohols and organic acids [13, 15-17]. 

The use of starch as an exclusive input in the production of biomaterials may prove 

ineffective due to the innate characteristics of the polysaccharide, such as its ability to absorb 

water, as well as its solubility in it, its structural rigidity and consequent lack of flexibility, and 

mechanical resistance of the material [5, 18]. Thus, the ability to incorporate molecules, 

presented by starch, offers an interesting opportunity to improve the structural properties of 

target composites [6]. 

 

Green Banana (Musa spp.) 

One of the most consumed tropical fruits worldwide, the banana is taxonomically 

classified as belonging to the Angiospermae division, Monocotyledoneae class, Scitaminae 

order and Musaceae family, which contains two main genera: Musa, which includes edible 

bananas, and Ensete, which comprises wild bananas [19-20]. 

Between sprouting and harvesting, the vegetative period of the banana tree can vary 

between 12 and 18 months, allowing a constant renewal of the banana plantation [20]. While 

the fruit is still fully green, there is a tendency to aversion to its consumption, due to the high 

degree of hardness and astringency of the banana pulp [21]. 

Throughout the production process, losses are generated in the form of agro-industrial 

waste such as banana leaves and stems, peels and pseudostems [11]. Around a fifth of the total 

harvested bananas are rejected because they are not of adequate size for shipment, along with 

specimens that show damage or rotten areas, with the possibility of microbial contamination of 

the lot [10].  
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The reduction of post-harvest waste and the potential use of discarded material as a source 

of starch and cellulose, from the fruit pulp and its peel respectively, are essential for increasing 

the availability of food produced and the development of value-added products, allowing for 

possible economic growth [9-10]. 

Banana starch is known for its resistance to α-amylases and glucoamylases. Observations 

under scanning electron microscopy link this fact to the irregular shape of the granules 

observed, with a smooth and dense surface, surrounded by a dense thick outer layer, which 

prevents enzymatic action, in conjunction with other factors, such as the size of enzyme active 

sites, thus reducing the rate of hydrolysis [16-17, 23]. The green banana pulp, in its first level 

of maturation, has a high starch content, reaching levels of 70% to 80% of starch in dry weight, 

however, during the course of its ripening, the starch can undergo a bioconversion process into 

soluble sugars [13]. 

According to the Von Loesecke scale, bananas go through 7 distinct stages during their 

ripening. At the first level of ripening, the fruit is completely green. Between 7 and 10 days 

after harvest, the fruit reaches the second level, which represents the fruit in a still green state 

with slight yellowish traces, signaling the beginning of the maturation process. At the third level 

the fruit still has greener than yellow traces, at fourth level the fruit now has a greater number 

of yellow than green traces. After reaching the fifth level, the fruit is almost completely yellow 

with the edges still visibly green. At the penultimate level, the fruit is already fully ripe and 

moves to the seventh and final level, in which the fruit begins to develop brown spots, starting 

to rot [8, 14]. 

In a study developed by Xiao et al. (2018), the degradation process of banana starch 

throughout its ripening was investigated. Fruit ripening was compared in three different 

scenarios, contrasting natural ripening, with fruits under ethylene induction (accelerated 

ripening), and 1-Methylcyclopropene (1-MPC) for delayed ripening. In a period of 23 days, the 

banana pulp with natural metabolism had a decrease of 75% in the content of starch, given by 

its transformation, and a corresponding increase in the content of soluble sugars such as glucose 

and mannose. A correlation between starch-to-sugar conversion and fruit pulp softening was 

also observed, attributed to a complex series of reactions mediated by 18 enzymes associated 

with starch degradation [23]. 
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Starch 

As an energy reserve carbohydrate, starch is the main polysaccharide present in plant 

species, being aggregated in granules formed by two natural glucose polysaccharides: amylose 

and amylopectin [24]. When purified, the starch is insoluble in cold water and is white in color, 

corresponding up to 60% to 70% of the dry weight a vegetable [25]. 

The main macromolecules in the composition of starch, amylose and amylopectin, varies 

in proportion between different vegetables and according to the age of the starch. Starch from 

green bananas has amylose levels ranging from 25% to 36%, depending on the variety grown 

[26-29]. Amylose has a linear helical chain formed by α-1,4 glycosidic bonds between its 

subunits, which may have up to 4000 D-glucose units. In contrast, amylopectin has a branched 

structure, primarily composed of α-1,4 glycosidic bonds where, every 24-30 subunits, 

branching occurs through α-1,6 glycosidic bonds. Amylopectin polymers can reach 10,000 D-

glucose units [30-32]. 

Resistant starch (RS) is defined as the amount of starch and its breakdown products not 

absorbed in the small intestine of a healthy individual. RS is primarily classified into four types: 

type I, which represents the inaccessible starch that is contained in the cell walls of plant cells 

in some foods, such as grains, seeds and legumes; type II is characterized by the native granular 

starch present in bananas, raw potatoes and beans; type III consists of retrograded starch and 

type IV comprises chemically modified starches used in the food industry to improve the 

functional characteristics of the starch itself [13, 33]. Most of the starch found in the pulp of 

green banana varieties is resistant, ranging between 65% and 80% in dry weight of starch [13]. 

The granular structure of starch is organized in concentric annular sections alternating 

between lamellar regions of amorphous and crystalline character, with a center called hilum. 

The granules can present spherical, ovoid and/or polyhedral conformations, with a smooth 

exterior or with cracks, and with a variable size from 1 to 100 μm, and may present growth 

rings [34-37]. Naturally, starch has a semi-crystalline structure, with crystallinity between 15% 

and 45% [27-28]. The degree of crystallinity is a parameter, as it influences the physical and 

mechanical properties of a material, and can be defined as the percentage of crystalline regions 

in relation to the total material [38]. 

The amorphous character of amylose, caused by the linearity of the chains, directly affects 

the physicochemical parameters such as gelatinization and starch retrogradation, and is directly 

associated with the film formation capacity. In contrast, amylopectin polymers are highly 
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branched and give the structure a crystalline character through short branching chains, 

increasing its crystallinity [27-28]. 

When in aqueous solution, natural starch presents birefringence caused by the crystalline 

structure, which gives multiple refraction indices for different optical paths of light propagation, 

under polarized light from observation in optical microscopes, suggesting a level of 

organization in the molecular structure [39-40].  

Starch is usually classified based on the analysis of peaks/reflections in patterns presented 

against X-ray diffractometry (XRD), performed in the angular range of 2 – 40° (2θ). The 

differences in the diffractograms depend on the packing pattern of the polymeric chains in a 

helix in the starch granules, resulting in three common morphotypes "A", "B" and "C" [33-34, 

39, 41-42]. 

The type “A” crystallinity pattern is strongly associated with cereals, with strong 

diffraction peaks at 15° and 23°, and secondary peaks at 17° and 18° (2θ). Morphotype “B” is 

characteristic of tubers, such as sweet potato, and can be found in fruits, rice and corn, with a 

pronounced peak at 17° and smaller peaks at 5.6°; 15°; 18° and 23° (2θ). Pattern “C” is 

considered an amalgamation between “A” and “B”, with pronounced peaks at 17° and 23°, with 

less intense peaks near the 5.6° regions; 15° and 22° (2θ), being a characteristic pattern present 

in legume seeds and certain plant rhizomes [34, 39, 41, 43-45]. 

The formation of type “A” crystallinity is associated with amylopectin with short 

branched chains and close branch points, while the pattern of “B” crystallinity is generated by 

amylopectin with medium and long branched chains with distant branch points. Type “C” 

occurs when there is coexistence of type “A” and “B’ crystals in the same granule, and may 

vary in content and distribution pattern of both morphotypes. Type “C” starches from the same 

plant source, with different growing environments, or from different plant sources, may have 

different physicochemical properties [45-47]. 

Banana starch presents crystallinity in the range of 31.9 to 39.4%, predominantly within 

the “B” pattern, and may present in its composition pattern “C” crystalline structures, varying 

between cultivars [26, 48-49]. The starch extracted from different banana cultivars can exhibit 

a crystalline structure with a “B” and “C” pattern, with crystallinity between 33% and 40%, 

with a granular size of 5.5 to 59 μm [48]. In a similar study performed by De Barros Mesquita 

et al. (2016), the analyzed starch showed primarily “B” type crystallinity, considerable 

percentages of amylose, ranging from 25% to 29%, depending on the cultivar, and low 

resistance to heat and agitation with an average gelatinization temperature around 71 ºC [26]. 
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Gelatinization corresponds to a set of structural alterations, constituting a characteristic 

physical phenomenon accompanied by the loss of birefringence and breaks of hydrogen bonds 

in the starch. The phenomenon can be analyzed based on the observation of the enthalpy of 

gelatinization through differential scanning calorimetry (DSC), a technique capable of detecting 

changes in the energy profile of a sample subjected to a previously determined heating regime 

[40, 50]. 

When heated in water at a narrow temperature range, specific for each vegetable variety, 

the starch granules swell, absorbing water, and acquire a pasty conformation. The disordered, 

irreversible transformation occurs as a result of the loss of crystallinity with the melting and 

solubilization of amylose and amylopectin crystallites. Factors such as starch granule 

conformation, crystallinity pattern and amylose and amylopectin contents can affect starch 

gelatinization properties such as maximum paste viscosity [40, 50-52]. 

After gelatinization, when the starch is stored and cooled, the retrogradation process 

occurs, in which disassociated amylose and amylopectin chains re-associate, forming more 

organized structures. Initially in the short-term retrogradation stage, during the cooling process, 

linear amylose chains recrystallize into single and double helices, and accumulate. During 

storage, long-term retrogradation occurs, where crystalline structures of amylopectin are 

formed, which again become insoluble in cold water, and form double helix structures between 

the outermost branches of amylopectin and the accumulations of double helices previously 

organized [40, 53]. 

The retrogradation process is inevitable for gelatinized native starch, being accompanied 

by a series of physical transformations such as an increase in turbidity and viscosity of the gels, 

release of water from the structure and an increase in the degree of crystallinity, with the 

appearance of type “B” crystalline polymorphs. The phenomenon can be influenced by a 

number of factors such as the presence and content of sugars and lipids in the sample, processing 

conditions, pH, temperature and storage time [40, 54]. 

The modifications caused by the gelatinization and retrogradation processes are 

irreversible and contribute in a major way to the determination of the functional properties that 

the starch will have in relation to food processing, during digestion and other industrial 

applications, being a crucial part of the quality, acceptability, nutritional value. and shelf-life 

of industrialized products with significant starch content [35, 55]. 
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Thermoplastic Starch Films 

The use of materials formed from the polymerization of petroleum by-products results in 

a high production of substances of environmental risk, thus generating a global trend of 

industrial research and development of biomass and sustainable raw materials, aiming at the 

technological-industrial development of several industrial sectors, especially regarding its 

application in the packaging industry [5]. 

In the packaging industry, starch acts as a promising substitute for petroleum derivatives, 

with immense potential, due to its high abundance and low production cost [4, 6]. The exclusive 

use of starch as a matrix in biodegradable films ends up resulting in materials with the natural 

disadvantages associated with the polymer, such as high hygroscopic potential, moderate 

permeability to oxygen and structural rigidity, giving the films little flexibility and low 

mechanical strength [5, 18].  

The technological applicability of starch films can be expanded through modifications in 

the formulation of the films, with the addition of plasticizing agents, polymers and other 

additives, in order to increase the mechanical properties of the films, increasing the ductility 

and flexibility, reducing the permeability to water and oxygen, and conferring desirable 

characteristics to the film such as antimicrobial, molecular delivery and thermal insulating 

properties [4-6, 12]. 

Composite materials generated from the association of thermoplastic starch (TPS) with 

additives have potential in the food and pharmaceutical packaging industry, among others, as a 

synergistic substitute or adjunct to conventional packaging, demonstrating high 

biodegradability and providing better quality and food protection [12]. Biocompatible and 

biodegradable composite films produced from green banana starch demonstrate the potential as 

a material to replace non-degradable packaging, presenting mechanical properties similar to 

commonly used materials without presenting toxicity [56-59]. 

On a laboratory scale, the production of biodegradable plastics is usually given through 

the casting technique in which a film-forming solution is initially prepared, consisting of starch 

added with a plasticizing agent, which is deposited on a non-adhesive support and subsequently 

sent to evaporation of the solvent. The preparation of the film-forming suspension is initially 

carried out by the complete solubilization of the polymer in the chosen solvent at an elevated 

temperature, followed by the addition of the plasticizer, typically in the form of polyols and 

other additives. The solution is then poured into a mold or surface container and sent to dry [27, 

39, 60-61].  
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It is common, during the manufacture of biodegradable coatings and films, the addition 

of plasticizing agents to the film-forming suspension to improve the mechanical properties of 

the products [62]. Plasticizers such as glycerol are able to reduce the formation of hydrogen 

bonds that occur between polymeric chains, reducing intermolecular forces in the structure of 

the film, causing an increase in the molecular mobility and flexibility of the films obtained, 

reducing the fragility and the potential for formation of cracks during storage and handling [63]. 

Despite the potential of starch as a matrix for the formation of biodegradables, the 

disadvantages of its exclusive use as a raw material imply the need to use reinforcing agents to 

obtain films with desirable characteristics for application in the packaging industry [5,18]. 

 

Reinforcement Agents for Films 

The amorphous character of some regions of the starch provides the ability to incorporate 

reinforcement nanostructures after the destruction of the original semi-crystalline structure 

during the gelatinization process, enabling improvement of its structural properties [6]. De 

Azêvedo et al. (2021), observed that the introduction of 0.5% silica powder, obtained from 

sugarcane residue ash, in a corn starch-based bioplastic, containing 5.0% glycerol, increased 

the elongation at break from 59.2% (without silica powder) to 78.9% (with silica powder). In 

the same study, it was observed that, in potato starch films, the thermal stability of bioplastics 

increased up to 17 °C with the incorporation of 0.5% silica. The team further reports that the 

potato starch biocomposites were biodegraded in 5 days, and the corn starch biocomposites in 

about 40 days, noting that the addition of silica powder inhibited fungal growth in both films 

[64]. 

According to the study carried out by Abdullah et al. (2020), the addition of 

microcrystalline cellulose (MCC) in cassava starch-based bioplastics increased the contact 

angle of the films in relation to water from 50.2° in pure starch films, to 65.9° in films 

containing 20% MCC, increasing their hydrophobicity. The incorporation of MCC also caused 

a drop in moisture content from 20.33% to 9.16%, and a reduction in elongation at break. An 

increase in the material's tensile strength was also reported, increasing from 5.5 to 16.7 MPa, 

and in the Young's modulus, from 0.2 to 1.5 GPa [65]. 
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Oluwasina et al. (2021), tested two bioplastic formulations based on cassava starch, one 

added with different concentrations of dialdehyde starch solution, extracted from cassava itself, 

and another containing different concentrations of silica solution, from the ash of bamboo 

leaves [66]. Dialdehyde starch consists of a chemically modified variant of common starch, 

prepared by oxidizing starch with periodate anions [67]. 

The concentration of the formulations varied from 60%, 80% and 100% for the two agents 

tested. The increase in the concentration of additives in both cases caused a decrease in 

solubility from 7.9% to 4.23% in films with dialdehyde starch, and from 19.27% to 7.77% in 

bioplastics with silica solution. It was also observed a decrease in water absorption from 75.73% 

to 58.10% for bioplastics containing dialdehyde starch, and from 78.40 to 69.93% for films 

containing silica. With the addition of reinforcing agents, the study reported an increase in 

tensile strength from 1.63 to 3.06 MPa in samples with dialdehyde starch and a reduction in the 

degradation period from 46.81 days to 33.62 days. On the other hand, in the samples containing 

silica solution, the tensile strength decreased from 0.75 MPa to 0.16 MPa, and the degradation 

time increased from 63.24 days to 77.86 days, possibly due to low crosslinking rates between 

the film components [66]. 

 

Plasticizers 

Used to increase flexibility and, consequently, decrease the fragility of films, plasticizing 

agents act by decreasing the degree of intramolecular hydrogen bonds along the polymer chain, 

increasing the spacing between molecules. Due to its compatibility and effectiveness as 

hydrophilic plasticizers, polyols are the most commonly used plasticizers, among them, the use 

of glycerol stands out, thanks to its ease of incorporation in matrices, and due to its low 

molecular weight, providing an increase in flexibility and permeability to water vapor in 

generated films [68]. 

Orsuwan and Sothornvit (2018), produced different formulations based on banana flour 

(PBF) and banana starch (PBS), in association with two types of plasticizers (glycerol and 

sorbitol), and a mixture of glycerol and sorbitol (1: 1), added at a ratio of 40% w/w of the 

matrix, in order to assess their impact on the film properties. In PBF films, the use of sorbitol 

showed better properties in terms of mechanical strength (8.8 MPa), modulus of elasticity 

(166.5 MPa) and water vapor permeability (8.03 x 10-10 g/m.s.Pa) compared to materials 

produced using only glycerol and the mixture of plasticizers [69].  
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A similar behavior was observed in biodegradable films produced from banana starch, 

with mechanical strength of 8.3 MPa, elastic modulus of 160.5 MPa and permeability equal to 

6.19 x 10-10 g/m.s.Pa. The group reports that despite the potential as a plasticizer presented by 

sorbitol, it increased the tendency to form crystalline regions in the films produced, introducing 

instability in the physical properties, suggesting that the mixture of glycerol and sorbitol would 

be appropriate to increase the physical stability of the films. long-term [69]. 

 

Vegetable Lignocellulosic Fibers 

Research in the production of composite materials from the combination of a polymer 

matrix associated with reinforcing fibers attracts growing interest due to the numerous 

advantages offered by the material, such as its reduced cost, strength and mechanical properties, 

as well as its origin from sustainable sources. and the wide availability of raw materials [57]. 

Plant fibers are constituted primarily by sets of cellulose macrofibrils, elongated 

structures of circular cross-section, interspersed by a molecular network of hemicellulose and 

lignin, permeated by pectins [69-70]. Vegetable fibers are widely distributed in nature and are 

classified into stalk, trunk, leaf, wood and surface fibers of stems, leaves, fruits and seeds, 

according to the anatomy of their origin [59, 72]. 

Cellulose, organized in a three-dimensional conformation, gives structure to the 

microfibrils, forming sections of an ordered nature, called crystallites, and amorphous regions 

[73]. About 36 individual cellulose molecules are clustered into structures known as elementary 

fibrils or microfibrils, and these are then grouped into microfibrillated cellulose cells, called 

macrofibrils [74-75]. 

In addition to cellulose, the primary constituents of lignocellulosic biomass are lignin and 

hemicellulose [75]. Hemicellulose, also abundant in nature, composes the plant cell wall in 

association with lignin, is classified as an amorphous heteropolysaccharide composed of a 

branched matrix of hexoses, in the form of D-glucose, D-galactose and D-mannose, pentoses 

(D-xylose and L-arabinose) and uronic acids. [76-79]. 

Lignin is an aromatic polymer that provides rigidity and waterproofs the plant cell wall, 

also conferring resistance against microbial action. Lignin is a macromolecule that binds to 

hemicellulose through covalent bonds and has three main phenylpropanoid monomers, the 

alcohols: p-coumaryl, coniferyl and synapyl [80-82].  
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The use of natural fibers and the efficiency of the reinforcement generated by their 

addition in the production of biodegradable films is associated with the crystalline nature of the 

cellulose polymer [56]. Cellulose is considered the most abundant biomass derivative in the 

world, with an annual production estimated between 1010 and 1011 tons [83]. 

Regardless of the raw material from which it was extracted, cellulose has a whitish fibrous 

structure, composed of glucose monomers joined in linear chains through β glycosidic bonds 

(1-4). Consecutive glucose monomers present 180° mirroring, constituting cellobiose, a 

disaccharide unit repeated along the cellulose chain [84-85]. 

According to the organization of the cellulose microfibrils, the vegetable fiber will present 

greater or lesser rigidity, presenting greater flexibility if they are oriented in a spiral in relation 

to the fiber axis, and presenting greater strength and rigidity when the microfibrils are 

positioned parallel to the axis [73]. 

Lignocellulosic fibers of plant origin are abundant, biodegradable, recyclable and 

affordable when compared to synthetic fibers, giving them a promising role as possible 

substitutes for conventional reinforcement fibers, such as fiberglass and carbon, encouraging 

sustainable business actions, as well as popular awareness of research and exploitation of 

natural raw materials from a high diversity of naturally occurring species, or cultivars and 

agricultural by-products [70, 86-87]. 

Reinforcing agents derived from lignocellulosic fibers, such as nanocellulose, 

hemicellulose and lignin, allow the enhancement of the properties of a bioplastic, also 

contributing to the minimization of the accumulation and disposal of municipal solid waste, due 

to its degradability [88-90]. 

Souza de Miranda et al. (2015), evaluated the effect of lignin, ranging from 1 to 4 g added, 

in starch films (10 g), containing glycerol (5 g). Two series of formulations were tested using 

different starches, derived from corn and cassava. With the addition of 4 g of lignin, the group 

reported an increase of 840 and 730 % in the mechanical strength of cassava and corn films, 

respectively, as well as an increase of 4200 and 5400 % in the modulus of elasticity and a 

reduction of 80 and 90 % in the elongation during rupture, also presenting an increase in the 

thermal stability of the materials [91]. 
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Tibolla et al. (2019), produced thermoplastic starch films in different formulations, the 

films had a banana starch matrix, in which two dispersions of cellulose nanofibers were tested. 

The nanofibers were enzymatically isolated from banana peel bran, and subsequently added to 

the matrix, in the proportion of 5 g nanofibers for each 100 g starch, in 4 % banana starch 

solutions (w/w, dry basis), being later added glycerol (25 g of glycerol / 100 g of starch). Two 

concentrations of banana meal were tested during the enzymatic extraction, 15% (named 

CNFF1 treatment) and 35% (named CNFF2 treatment) [59]. 

The crystallinity index characterized was 61.5% for CNFF1 films and 66.2% for CNFF2. 

According to the results presented, the composites produced based on the CNFF1 treatment 

showed an increase in tensile strength in relation to the control without the addition of CNFs, 

from 8.9 MPa to 96.6 MPa, as well as in the Young's modulus of 288.8 MPa to 2064.1 MPa. 

There was also a decrease in elongation at break (from 83.2% to 50.0%), in the moisture content 

of the films from 18.61 to 13.41%), in water solubility (from 32.3% to 20.9 %) and water vapor 

permeability (11.5 to 6.4 x 10-11 g/m.s.Pa). The CNFF2 films showed similar trends in terms of 

increased tensile strength (65.5 MPa), Young's modulus (805.3 MPa), and reductions in 

elongation at break (52.1 %), moisture content (12.8%), and solubility (27.9%). Contrary to the 

CNFF1 formulation films, an increase was observed in the permeability presented by the 

composites, in relation to the control, reaching 16.6.10-11 g/m.s.Pa. The authors suggest that the 

increase is possibly linked to the greater length and diameter of the CNFS generated during the 

enzymatic treatment, decreasing the aspect ratio and consequently causing agglomeration of 

the fibers, which would facilitate the permeability of water molecules through the film [59]. 

In a subsequent study, Tibolla et al. (2020), evaluate the effects of sulfuric acid 

concentration, at concentrations of 0.1%, 1% and 10%, used during the acid hydrolysis step to 

obtain CNFs, in different combinations with mechanical treatment in a high-pressure 

homogenizer. The films were prepared from an aqueous solution of banana starch (4% w/w) 

with the addition of CNFs (5 g nanofibers / 100 g starch), followed by glycerol (25 g glycerol / 

100 g starch), for each formulation. As the acid concentration increased, an increase in the 

mechanical strength of the materials was observed, from 8.9 to 15.8 MPa, and in the Young's 

modulus (289.0 to 625.0 MPa), and a decrease in elongation during rupture (from 83.2% to 

9%), compared to the control film without the incorporation of nanofibers [92].  
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In combination with the mechanical treatment, the increases and decreases became even 

more expressive, reaching 16.5 MPa (mechanical strength), 743.0 MPa (Young's modulus) and 

13.2 % (elongation at break). The films that used acid at concentrations of 1% and 10% and 

that were associated with mechanical treatment had the lowest moisture contents (14.05% and 

13.66%) and solubilities (24.8% and 24.1%) in relation to the values presented by the control 

(18.61% and 32.3%). The formulations also showed better water vapor barrier properties, 7.33 

and 7.63 x 10-11 g/m.s.Pa respectively, compared to the film without nanofibers (12.0 x 10-11 

g/m.s.Pa), presumably due to better dispersion of nanofibers in the matrix due to their shorter 

lengths and widths [92]. 

During the process of cellulose biosynthesis, cellulose microfibrils are formed. Each 

microfibril sends a flexible hair strand, composed of cellulose crystals, organized into 

crystalline and amorphous sections. Crystallites are bound along the microfibril axis by 

disordered amorphous sections, and condensed in regions ordered by a network of strong 

hydrogen interactions [85]. 

In the face of physical-chemical treatment steps, microfibrils can be cleaved into materials 

with a high specific surface area [93]. When subjected to chemical treatments, such as acid 

hydrolysis, the amorphous regions of the fibrils are removed, resulting in cellulose nanocrystals 

(CNC) and when subjected to mechanical defibrillation, they result in structures called 

nanofibers or cellulose nanofibrils (CNF) [94]. 

The hydrogen bonds presented by the nanofibers confer great structural strength to the 

nanocomposites produced, due to their axial rigidity, characteristics that make this 

nanocellulose conformation a material of high interest in the reinforcement of biodegradable 

films [73]. However, the increase in the mechanical properties of films due to nanomaterials 

depends on their degree of incorporation and subsequent homogenization in the matrix, 

parameters optimized through the use of acid hydrolysis, using sulfuric acid, and mechanical 

defibrillation through a high-pressure homogenizer in the production of nanofibers [57]. 
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Pelissari et al. (2017), investigated the effects of dispersion and size of cellulose 

nanofibers, isolated from banana peel, by changing the number of cycles through a high-

pressure homogenizer to obtain them. Nanofiber solutions obtained after 0, 3, 5 and 7 cycles, 

incorporated in starch films of banana pulp with glycerol, were tested, compared to a control 

film without the presence of CNFs. The characteristics of all blends were superior to the control, 

and the films with the incorporation of fibers passed 5 times by the homogenizer (FN5) obtained 

the best results, denoting an increase in tensile strength (from 7.3 to 11.1 MPa), Young's 

modulus (from 478.6 to 1047.7 MPa), in relation to the control. Decreases in elongation at break 

(from 32.2% to 21.4%), in water solubility (from 32.3% to 23.9%), in equilibrium water content 

after absorption (from 30.50% to 26.15%), in the water diffusion coefficient (from 2.72 to 1.71. 

10-7 mm²/s) and in the absorption coefficient (from 0.42 to 0.16). The water vapor permeability 

was reduced from 10.7 to 3.5 x 10-11 g/m.s Pa (in relative humidity (RH) of 2-33%), from 27.5 

to 11.2 x 10-11 g/m.s Pa (RH between 33-64%), and from 39.5 to 8.9 x 10-11 g/m.s Pa (RH 

between 64-90%) [58]  

The formulation that used fibers treated with 7 cycles in the homogenizer did not present 

the expected increase in the structural properties of the films. Due to the drastic treatment, the 

authors suggest the formation of defects in the fibers, leading them to act as starting points of 

rupture, and, therefore, deteriorating the characteristics of the film [58]. 

 

Starch Nanoparticles 

Orsuwan and Sothornvit (2017), evaluate the effects of the incorporation of nanoparticles 

of banana starch (BSN) and montmorillonite (MMT-Na+) in different formulations of films 

formed from banana starch, added to the mixture of glycerol-sorbitol plasticizers, in a ratio of 

1:1. The tested formulations vary around the specified amounts of nanoparticles used, as 

follows: 5% MMT-Na+; 5% BSN; 5% MMT-Na+:BSN (1:1); and 10% MMT-Na+:BSN (1:1). 

The addition of starch nanoparticles in the nanocomposites led to a decrease in water vapor 

permeability, from 105.32 to 70.25 g/m.s.Pa, and in the solubility of the films, from 38.9 % to 

33.6 %, and an increase in the moisture content of the composite (from 23.8% to 26.6%) 

compared to the control film without the addition of nanoparticles [95].  
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Decreases in mechanical strength, modulus of elasticity and elongation during rupture 

were also observed, from 3.5 to 2.9 MPa, from 47.2 to 23.8 MPa and from 23.7 % to 21.9 %, 

respectively. Regarding the control, an increase in the thermal resistance of the material was 

observed, evidenced by the increase in peak temperatures (from 175.8 ºC to 182.1 ºC) and 

completion (from 180.03 ºC to 182.6 ºC) during the film fusion stage [95]. 

Nieto-Suaza et al. (2019), examined results of the incorporation of nanoparticles of 

banana starch, native and acetylated, loaded with curcumin, on the mechanical and barrier 

properties of banana starch and Aloe vera gel composites. For each nanoparticle, three 

formulations were tested according to the following particle concentrations: 0.01%, 0.05% and 

0.1% For both types of starch tested, as the concentration of nanoparticles increased, an increase 

in the mechanical strength of the nanocomposites and a decrease in the elongation at break was 

reported, presenting 5.01 MPa and 45.4 % for the films containing nanoparticles of native 

starch. , and 4.80 MPa and 46.1 % for materials with acetylated starch nanoparticles, in relation 

to the values presented by the control (3.74 MPa and 56.3 %), for the two variables analyzed 

[96]. 

Both films also showed similar trends, according to the increase in the fraction of 

incorporated nanomaterials, regarding the decrease in water vapor permeability and solubility. 

The results found for the are 3,12 x 10-9 g/m.s.Pa (for permeability), 15.9% (for water solubility 

at 25 °C) and 34.6% (for water solubility at 95 °C), while for films containing nanoparticles of 

acetylated starch they are 2,12 x 10-9 g/m.s.Pa, 11.8% and 29.1%. Both composites generated 

demonstrated permeability and solubility properties lower than the values exhibited by the 

tested control (4,59 x 10-9 g/m.s.Pa, 32.9% and 53.8%) [96]. 

 

Nanoclays 

Nanoclays are classified as structurally layered silicates, used extensively in conjunction 

with polymeric matrices in an attempt to strengthen the thermomechanical and barrier 

properties of nanocomposites. Montmorillonite (MMT) is one of the most extensively used 

nanoclays, composed of a silica and alumina (2:1) structure, in which two silica tetrahedra are 

positioned at the ends of an alumina octahedron [97]. 
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Another aspect of the study carried out by Orsuwan and Sothornvit (2017), was to 

evaluate different formulations of banana starch films added with BSN and montmorillonite 

(5% MMT-Na+; 5% BSN; 5% MMT-Na+:BSN in proportion 1: 1; and 10% MMT-Na+:BSN 

in a 1:1 ratio). Montmorillonite caused a decrease in water vapor permeability (63.54 x 10-11 

g/m.s.Pa), and in solubility (19.1%), as well as an increase in the moisture content of the films 

(25.0 %) compared to the film. There were also decreases in the modulus of elasticity, and in 

elongation during failure. The nanoparticle composition MMT-Na+:BSN 1:1 at 5% showed the 

best results, being sufficient to increase the permeability properties (62.29 x 10-11 g/m.s.Pa), 

solubility (28.3 %), moisture content of the films (25.3 %), mechanical strength (3.9 MPa), 

modulus of elasticity (35.7 MPa), and elongation during rupture (21.8 %) of the film [95]. 

 

Metallic Nanoparticles 

Orsuwan et al. (2017), formulated composites from a polymer matrix generated from 

green banana flour, in which glycerol and silver nanoparticles (Ag-NPs) were added during the 

preparation of the film-forming solution to create formulations based on the final concentrations 

of particles. of 0.5, 1 and 2 mM silver. The results obtained indicate an increase in the 

mechanical properties of the films with the increase in the content of Ag-NPs up to 1.0 mM. 

Above that, a reduction was noted possibly due to agglomeration of silver nanoparticles, 

affecting the interaction between Ag-NPs and the polymer matrix [98]. 

The improvement in the structural properties of the film was reflected through individual 

increases in mechanical strength, from 16.0 to 18.9 MPa, in the modulus of elasticity, from 870 

to 1180 MPa, and in the water contact angle, from 39.4° to 44.7°, and in the reductions of 

elongation at break, from 6.1% to 2.7%, moisture content, from 9.4% to 8.6%, solubility, from 

14% to 12.9%, and in the H2O vapor permeability, from 2.32 to 1.36 .10-9 g/m.s.Pa, in relation 

to a control film without the presence of nanoparticles [98]. 
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Plant Extracts 

Silva et al. (2020), explored the incorporation of the ethanolic extract (50%) of the leaves 

of Eriobotrya japonica, in the filmogenic solution of banana peel flour, added at 2 and 4% 

(w/w) and evaluated the physical, mechanical, barrier and antioxidants of the films obtained. 

As the concentration of extracts in the films increased, the mechanical properties of the films 

improved, from the increase in elongation at break (from 31% to 47%) and deformation at 

punch (from 20% to 28%). and decreasing the elastic modulus (from 5.2 to 2.3 MPa) and water 

vapor permeability (from 10.83 to 8.06 x 10-11 g/m.s.Pa) compared to the control film. 

However, the group reports a decrease in mechanical strength (from 0.74 to 0.50 MPa) and an 

increase in film solubility (from 34% to 42%). Increases in total phenolic content and 

antioxidant activity were also observed as the concentration of the extract increased [99]. 

Taweechat, Wongsooka and Rawdkuen (2021), developed glycerol-added banana starch 

films in which formulations were created for the film-forming solution, added at different 

concentrations (0, 1, 3 and 5 %, w/v), of banana peel extract. The films produced showed worse 

mechanical properties (tensile strength: 4.43 - 5.28 MPa and elongation at break: 9.66 - 12.16 

%), permeability to water vapor (95.6 - 110.0 x 10−11 g/m.s.Pa) and water solubility (33.2 – 

40.8 %) compared to the values presented by the control film (31.20 MPa; 15.63 %; 37.4 x 

10−11 g/m.s.Pa; 26.3 %), without the addition of extract, and to the tested polyvinyl chloride 

film (44.10 MPa; 238.75 %; 11.5 x 10−11 g/m.s.Pa; 0.0% moisture), as compiled in Table 1. 

Despite the observed results, the group still suggests the potential use of the generated 

nanocomposites as packaging for food products, mainly due to the observed antioxidant and 

antimicrobial activities, preserving the quality of certain attributes of meat products, such as 

lipid oxidation [100]. 
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Table 1:Properties of banana-based starch films compared to PVC. 

 

   

Matrix Composition Reinforcing agent Plasticizer Tensile Strength (MPa) Elongation at Break (%) Young's Modulus (MPa) Reference

Banana Starch Banana Peel Cellulose Nanofibers Glycerol 11.10 21.40 1047.70 [58]

Banana Starch - Glycerol 7.30 32.20 478.60 [58]

Banana Starch Banana Peel Cellulose Nanofibers Glycerol 96.60 50.00 2064.10 [59]

Banana Starch - Sorbitol 8.30 - 160.50 [69]

Banana Flour - Sorbitol 8.80 - 166.50 [69]

Banana Starch Banana Peel Cellulose Nanofibers Glycerol 16.50 13.20 743.00 [92]

Banana Starch Starch Nanoparticles Glycerol + Sorbitol 2.90 21.90 23.80 [95]

Banana Starch - Glycerol + Sorbitol 3.50 23.70 47.20 [95]

Native Banana Starch + Aloe vera - - 3.74 56.30 - [96]

Native Banana Starch + Aloe vera Curcumin loaded Starch Nanoparticles - 5.01 45.40 - [96]

Acetylated Banana Starch + Aloe vera Curcumin loaded Starch Nanoparticles - 4.80 46.10 - [96]

Banana Starch Montmorillonite Glycerol + Sorbitol 3.50 21.10 35.20 [95]

Banana Starch Starch Nanoparticles + Montmorillonite Glycerol + Sorbitol 3.90 21.80 35.70 [95]

Banana Starch Silver Nanoparticles Glycerol 18.90 2.70 1187.00 [98]

Banana Starch - Glycerol 16.00 6.10 870.00 [98]

Banana Peel Flour Eriobotrya japonica extract - 0.50 47.00 2.30 [99]

Banana Starch - Glycerol 31.20 15.63 - [100]

Banana Starch Banana Peel Extract Glycerol 4.48 12.16 - [100]

PVC - - 44.10 238.75 - [100]
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Table 1. (Continuation): Properties of banana-based starch films compared to PVC. 

 

 

 

 

 

Matrix Composition Reinforcing agent Moisture Content (%) Solubility in Water (%) Water Vapor Permeability (g/m.s.Pa) Reference

Banana Starch Banana Peel Cellulose Nanofibers - - 8.90 x 10-11 [58]

Banana Starch - - - 39.5 x 10-11 [58]

Banana Starch Banana Peel Cellulose Nanofibers 13.41 20.90 6.40 x 10-11 [59]

Banana Starch - - - 61.90 x 10-11 [69]

Banana Flour - - - 80.30 x 10-11 [69]

Banana Starch Banana Peel Cellulose Nanofibers 13.66 24.10 7.63 x 10-11 [92]

Banana Starch Starch Nanoparticles 26.60 33.60 70.25 x 10-11 [95]

Banana Starch - 23.80 38.90 105.32 x 10-11 [95]

Native Banana Starch + Aloe vera - - 32.90 459.00 x 10-11 [96]

Native Banana Starch + Aloe vera Curcumin loaded Starch Nanoparticles - 15.90 312.00 x 10-11 [96]

Acetylated Banana Starch + Aloe vera Curcumin loaded Starch Nanoparticles - 11.80 212.00 x 10-11 [96]

Banana Starch Montmorillonite 25.00 19.10 63.54 x 10-11 [95]

Banana Starch Starch Nanoparticles + Montmorillonite 25.30 28.30 62.29 x 10-11 [95]

Banana Starch Silver Nanoparticles 8.60 12.90 136.00 x 10-11 [98]

Banana Starch - 9.40 14.00 232.00 x 10-11 [98]

Banana Peel Flour Eriobotrya japonica extract - 42.00 8.06 x 10-11 [99]

Banana Starch - 26.30 26.30 37.4 x 10−11 g/m.s.Pa [100]

Banana Starch Banana Peel Extract 33.70 40.80 110.00 x 10−11 g/m.s.Pa [100]

PVC - 0.00 0.00 11.5 x 10−11 g/m.s.Pa [100]
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CONCLUSION 

The results presented demonstrate that banana starch is a promising starchy matrix for the 

development of nanocomposites due to the high productivity of the fruit in tropical regions and 

its high starch content. The potential application of green banana starch lies in using discarded 

biomass, that is not used in the human diet due to the high content of resistant starch, which is 

lost by the rapid decay of discarded fruits, thus generating materials of industrial interest, and 

reducing the environmental impact of outdoor disposal. 

The use of reinforcing agents to improve the physicochemical characteristics of starch 

films shows a possible way to replace petroleum derivatives. However, when compared to 

synthetic polymers, it is evident that advances are needed in the attempt to replicate the 

thermomechanical and barrier properties, expanding the applicability of biodegradable 

nanocomposites in the packaging industry. 

Among the compiled formulations, the incorporation of cellulose and glycerol nanofibers, 

as a plasticizing agent, showed the best potential, reaching a mechanical resistance superior to 

PVC, presenting the lowest permeability to water vapor, and greater flexibility among natural 

nanocomposites. 
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Production and characterization of green banana starch films reinforced 

with eucalyptus nanocellulose 
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Abstract – High starch content present in green banana pulp and the post-harvest waste 

associated to its production provides the possibility of using it as a source of starch extraction. 

Cellulose nanofibers derived from eucalyptus are a widely available renewable source, with 

high crystallinity, suitable for use as reinforcements in biodegradable nanocomposite materials. 

Starch was analyzed by differential scanning calorimetry. Starch nanocomposites were obtained 

and incorporated with different concentrations of eucalyptus nanocellulose (0%; 0.5%; 1%, and 

1.5%) and glycerol. Water solubility, moisture content, mechanical properties, and 

biodegradability, of the films were characterized. One-way ANOVA analysis of variance was 

performed after obtaining the results, considering a 95% confidence interval. Starch showed a 

peak gelatinization temperature close to 73 ºC. Solubility of the materials was 13.10%, with a 

moisture content of 33.90%, on average. Mean elongation at break was 22%, while maximum 

tensile strength was 1.128 MPa. The biodegradability evaluation revealed that the samples lost 

about 33.76% of their initial mass. Application of the nanofibers did not result in significant 

increase in the structural and barrier properties of the nanocomposites. Further characterization 

and novel formulations need to be explored to optimize a desirable biodegradable material for 

application in the packaging industry. 

 

Keywords – Biodegradability; Biopolymers; Nanocomposites; Reinforced; Starch.  
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INTRODUCTION 

Banana is currently the most produced fruit worldwide. In 2019, its production reached 

117 million tons according to the Food and Agriculture Organization of the United Nations [1]. 

However, a fifth of the production is discarded, due to possible damage or contamination during 

the production process, and for not meeting the expected standard for trade, generating a great 

post-harvest waste. A large portion of the rejected bananas is improperly disposed, being 

discarded of outdoors and subject to decomposition, thus generating potential environmental 

problems [2-3]. 

Despite the use of traditional biomasses such as cassava, wheat, rice, sweet potatoes, corn 

and potatoes, bananas have the potential to become one of the main sources of starch extraction 

due to their abundance, especially in tropical countries [4]. The unripe banana pulp is also 

interesting due to the high starch content, reaching 80% of the dry biomass weight [5]. 

The high abundance and film-forming capacity of starch constitute an alternative to the 

use of petrol derivatives, mainly in the packaging industry, potentially reducing the production 

of pollutants through the use of sustainable and biodegradable materials at a relatively low cost 

[6-8]. The food industry is highly dependent on the quality and durability of the packaging used, 

requiring them to guarantee protection and provide for the conservation of the product [9]. 

As announced by ReportLinker regarding the "Food Service Packaging Market - Growth, 

Trends, COVID-19 Impact, and Forecasts (2022 - 2027)", carried out by the company Mordor 

Intelligence LLP, the global packaging market is estimated to be assessed by US$ 1,002.48 

billion in 2021, expected to reach US$ 1,275.06 billion by 2027. According to the forecasts 

presented, the growing consumption of non-recyclable plastic packaging will not be sustained 

by the market, and the demand for new alternatives will lead to an increase for easily recyclable 

and sustainable materials, such as paper and cardboard, recycled PET (rPET) and bioplastics, 

also generating a decrease in the use of secondary packaging [10]. 
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The green banana becomes an adept candidate for the production of biomaterials, being 

the target of extraction due to a high content of starch, a highly bioavailable polymer with low 

production cost [6-7, 9]. The use of banana pulp also suggests the possible reduction of the 

significant losses that occur throughout its production process, caused by the rejection of 

specimens that are damaged or that do not have commercial appeal, favoring the economic 

growth of producing regions due to the breadth of production. and the development of value-

added products from discarded waste [1-3; 11]. 

However, the production of starch-derived films, without the incorporation of additives, 

can lead to disadvantages caused by the starch's affinity for water, and the low mechanical 

strength and flexibility of the films produced, implying the need to use plasticizers and 

reinforcing agents to improve the properties of biodegradable films [8, 12]. 

The use of plant lignocellulosic fibers in association with polymeric matrices, such as 

starch, has attracted increasing interest focused on the technological development of the 

production of biocompatible and biodegradable composite materials with a view to improving 

thermomechanical and hydrophilic properties [13]. The use of cellulose nanofibers (CNFs) 

provides greater structural strength to the materials produced due to the axial stiffness derived 

from the crystalline character of the fibers, making them interesting as a reinforcing material in 

biodegradable films [14]. 

Eucalyptus (Eucalyptus sp.) has a vast planted area in Brazil, covering 5.7 million 

hectares in 2018, being cultivated mainly in the southeastern Brazilian states, according to the 

Indústria Brasileira de Árvores (IBÁ) [15]. Eucalyptus plantations have a short growth time and 

high productivity, with good resistance to pathogens and pests, adapting to broad climatic 

spectrums. Fibers derived from eucalyptus are of high quality and, therefore, generate great 

economic interest linked to their cultivation and extraction [16]. 

The search for a biomaterial generated from the association of a vegetable fiber, as a 

reinforcing agent, to a polymeric matrix, represents a great possibility of technological research, 

using sustainable sources that are widely available and of reduced cost, without the loss of 

energy, quality of thermomechanical and structural properties compared to petroleum-derived 

films [13].  

In this context, the objective of this work was to obtain green banana starch 

nanocomposites, incorporated with eucalyptus nanocellulose, and to characterize their 

physicochemical properties, as well as their biodegradability. 
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EXPERIMENTAL 

Starch Extraction 

Starch extraction initially consisted of peeling 3 kg of green bananas, and immersing the 

fruits in 2 liters of sodium metabisulfite solution (0.1 %), during a period of 40 minutes. Then 

the pulp was sliced into 2-3 cm pieces and macerated in a blender for 2 minutes. The slurry was 

then consecutively sieved through 80, 115 and 200 mesh screens for 30 minutes, and then 

centrifuged (50 Hz, 25 °C) also for 30 minutes. The supernatant was then discarded and the 

remaining material was oven dried at 40 °C for 48 hours. Finally, the starch was milled and 

sieved again in order to pass through the 200-mesh screen, then stored at room temperature in 

a closed container. The Procedure was conducted by research partners at Universidade Estadual 

de Ponta Grossa (UEPG). [17]. 

 

Nanofiber Extraction 

The eucalyptus pulp, kindly provided by the Pulp and Paper Laboratory of the Federal 

University of Paraná, was initially dispersed in 2 L of distilled water, being incorporated in 

suspension corresponding to 2% (m/v) of the composition, and later it was submitted to 

mechanical defibrillation in a Microprocessor Super Masscolloider Masuko Sangyo mil [18]. 

The mill was adjusted so that the stones with grooves inside, a rotating stone disk and 

another fixed stone disk, formed an opening of 0.1 mm, operating at a rotational frequency of 

25 Hz. The equipment generates a shear force in the fibers, thus producing an aqueous 

suspension of the defibrillated material. The use of 5 passes in the equipment was determined 

to obtain a suspension with a gel consistency. 

 

Starch Characterization - DSC 

Differential exploratory calorimetric analysis was performed using about 2 mg of sample 

added to 8 µm of deionized water, homogenized and then subjected to a heating rate of 5 °C 

per minute, from 25 to 100 °C, in sealable aluminum containers and compressed air flow of 50 

ml/min, using an appropriate empty aluminum container as a reference [19-20]. The DSC essay 

was carried out in hermetically sealed aluminum pans, using a DSC-60 equipment (Shimadzu, 

Japan), previously calibrated with high purity indium (99.99%), melting point at 156.6ºC and 

ΔHfusion= 28.56 J. g-1 [20]. 
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Nanocomposites Production 

The banana starch and nanocellulose composite films were produced using the casting 

method, so that, initially, the filmogenic solution was prepared from the matrix of 7.0 g of dry 

starch, added with glycerol (3.0 g), which were fully solubilized in 100 ml of deionized water 

at 90 °C, ensuring starch gelatinization. Cellulose nanofibrils were incorporated into the 

polymer matrix, in proportions of 0% (control group); 0.5%; 1% and 1.5% in relation to the 

starch mass, through 50 ml of deionized water, added under constant stirring [21]. The film-

forming solutions were then poured onto non-adhesive plates and dried in an oven (26 °C for 

24 hours), and then placed in desiccators [22]. The generated formulations were named as 

described in Table 2, according to their composition. 

Table 2. Nanocomposite formulations. 

Formulations Water (mL) Starch (g) Glycerol (g) Nanocellulose Content (%) 

F1 100 7.0 3.0 0 

F2 100 7.0 3.0 0.5 

F3 100 7.0 3.0 1 

F4 100 7.0 3.0 1.5 

 

Moisture Content 

The determination of moisture content was performed based on gravimetry, starting from 

samples with an area equal to 4 cm² (1x3 cm) that were measured before and after drying in an 

oven at 105 ºC for 24 h [22]. The result was expressed as the percentage of mass lost during the 

drying process, calculated according to Eq. 1: 

 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  (
𝑤𝑖 − 𝑤𝑓

𝑤𝑖
) × 100 (1) 

in which, wf represents the mass at the end of the experiment and wi, the mass before the drying 

process, after conditioning the film in a desiccator. 
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Film Thickness 

Each film produced was conditioned in a desiccator prior to the measurements, 20 

measurements were performed at random locations for each film using a digital micrometer, 

with precision adjusted to 0.001 mm, the average value of the measurements performed [23]. 

 

Water Solubility 

Samples with 4 cm² were produced, which were pre-conditioned by drying at 105 °C for 

24 h and then weighed. The films were placed inside Erlenmeyer flasks, containing 50 mL of 

deionized water, and incubated in a shaker (1 Hz, 25 ºC) for 24 hours. After the determined 

period, the samples were filtered and the insoluble fraction of the material was dried in an oven 

under the initial conditions [24]. Finally, the mass loss was calculated and the solubility was 

expressed as a percentage according to Eq. 2: 

 S(%) =  (
𝑤i − 𝑤f

𝑤i
) × 100 (2) 

in which, the solubility is represented by S, while the mass before immersion is denoted by wi 

and the mass presented after solubilization of the films and subsequent drying is represented by 

wf. 

 

Mechanical properties 

Twenty hourglass-shaped strips were prepared for each biodegradable film, with the 

dimensions shown in Figure 1. Their thicknesses were measured using a digital micrometer, 

and the films were be pulled at a speed of 10 mm/min, determining through the tests the 

properties of maximum tensile strength, elongation at break and Young's modulus [25-26].  

Figure 1. Dimensions of the standard sample for the mechanical strength test. 
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Tensile strength was given by the ratio between the maximum force necessary for rupture 

to occur and the initial area of the tested film, calculated according to Eq. 3 [25-26]: 

 
σmax =

Fmax

Ai
=

Fmax

(W × ti)
 (3) 

where, σmax corresponds to the maximum tensile strength, Fmax to the maximum force necessary 

for rupture to occur, Ai to the initial area of the nanocomposite strip, W to the width of the film, 

and ti to the initial thickness of the biodegradable film. 

The Elongation at Break (E) corresponds to the ratio presented between the initial distance 

of the equipment's grips, equivalent to the initial length of the specimen, and the elongated 

length resulting from the deformation caused previously to the rupture, expressed in millimeters 

determined according to Eq. 4 [25-26]: 

 
𝐸 = (

Ebreak

Dclaws
) × 100 (4) 

in which, Ebreak denotes the elongation during the break and Dclaws, the distance between the 

equipment's claws at the beginning of the test. 

 

Biodegradability 

To evaluate the biodegradability of the nanocomposites, a soil burial test was carried out, 

in which samples of the produced films were buried by approximately 10 cm of garden soil and 

left in ambient conditions. The samples (50 mm x 50 mm), weighed at the beginning of the 

experiment, were kept in incubation for a period of 60 days, being removed at regular intervals 

of 15 days, to evaluate the weight loss percentage according to Eq. 6 [27]: 

 
W𝑒𝑖𝑔ℎ𝑡 𝐿𝑜𝑠𝑠 (%) =  [

(𝑤0 − wi)

𝑤0
] × 100 (6) 

where, w0 corresponds to the weight measured at the beginning of the experiment and wi 

corresponds to the mass measured at each sampling interval. 

 

Statistical analysis 

Using the GraphPad Prism 9.4.1 software (GraphPad Software Inc., California, USA), 

analysis of variance (one-way ANOVA) and Tukey tests of multiple comparisons were run, 

comparing the mean values of the properties of the starch nanocomposites, reinforced with 

cellulose nanofibers, with a significance level of 5% [13]. 
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RESULTS AND DISCUSSION 

Starch extraction and DSC Analysis 

Green banana starch was obtained according to the proposed protocol, together with the 

partners of the research group, located at the Universidade Estadual de Ponta Grossa (UEPG). 

According to the literature, the characterization of starch through differential scanning 

calorimetry (Fig. 2) indicated a gelatinization temperature close to 73 ºC and na gelatinization 

enthapy of 7.85 J. g-1, suggesting the usual heat resistance for the material. de Barros Mesquita 

et. al. (2016), reported in their findings that starch samples from five banana cultivars showed 

endothermic peaks, denoting gelatinization between 67.79 and 75.36 ºC [28]. 

Figure 2. Differential exploratory calorimetry curve of green banana starch. 

 

For the gelatinization process to occur, it is necessary to overcome an energy barrier defined 

by the enthalpy of gelatinization [29]. Different starch sources may differ in enthalpy of 

gelatinization. Reportedly, sources such as potato, cassava and arrowroot have lower values for 

enthalpy (4.6 J. g-1, 4.8 J. g-1 and 4.4 J. g-1 respectively), while sources such as waxy corn 

starch (10.51 J.g-1) and avocado pit (11.4 to 11.6J.g-1) show more expressive values [30-31]. 
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A higher enthalpy implies a greater need for energy to break the hydrogen bonds that 

stabilize the amylaceous matrix, which provides insights into the crystalline structure and the 

degree of molecular organization of a sample. Therefore, the greater the enthalpy, the greater 

the degree of organization of the crystals of a structure, and consequently, the greater its thermal 

stability, impacting the energy cost for scaling an industrial process [29, 32]. 

 

Thickness, Water Solubility and Moisture Content. 

A significant difference was observed in the thickness of the F1 formulation compared to 

the other composites (p < 0.0001), as shown on Table 3, possibly due to the non-perfectly 

leveled surface inside the drying oven, resulting in the unequal distribution of film-forming 

solution on the plate during the process of casting. 

Table 3. Thickness, solubility and moisture content of the films generated, according to the 

formulations. 

Formulation Thickness (mm) Water Solubility (%) Moisture Content (%) 

F1 0.112 ± 0.032 a 13.64 ± 0.27 a 35.78 ± 0.13 a 

F2 0.084 ± 0.011 b 11.84 ± 3.06 a 32.72 ± 2.84 a 

F3 0.084 ± 0.024 b 13.41 ± 2.34 a 34.43 ± 2.38 a 

F4 0.078 ± 0.009 b 13.52 ± 2.44 a 32.66 ± 0.60 a 

a,b Different letter superscripts in the same column indicate a statistically significant 

difference (p < 0.05). 

Moisture content was observed on average at 33.90% among the composites generated, 

consistent with values reported by Pelissari et al. (2017), ranging from 30.50% to 26.15%, 

which investigated the effects of dispersion, size, and processing of nanocellulose fibers, 

extracted from banana peel through a high-pressure homogenizer, in banana starch 

nanocomposites. [24]. 

The average solubility of the films in water was around 13.10%, below the values reported 

for similar formulations made with banana starch reinforced with nanocellulose, as conducted 

by Pelissari et al. (2017), Tibolla et al. (2019) and Tibolla et al. (2020), who analyzed 

composites of banana starch reinforced with cellulose nanofibers, extracted from the peel of the 

banana itself through different extraction and processing methods, obtaining an average 

solubility of the films ranging from 20.9% to 32.3%. [24, 33-34].  
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The disparity between the values obtained by the authors and those obtained in the present 

study may be due to the application of nanofibers derived from eucalyptus, which differs from 

the nanofibers extracted from the banana peel, in the three studies observed. Fibers obtained 

from eucalyptus have reported a high index of crystallinity and quality, which would explain 

the greater hydrophobicity of the films produced [16]. 

Statistical analysis revealed that the addition and increase in the concentration of cellulose 

nanofibers did not significantly increase the barrier properties of the film, regarding moisture 

content and water solubility for a p value < 0.05 (p = 0.2054 for the moisture content test, and 

0.7476 for the water solubility test). The non-significance of the results obtained may be linked 

to the proximity of the nanocellulose concentrations tested.   

 

Mechanical properties 

Considering a p value lower than 0.05, it was observed that the films of formulation F1 

presented a higher percentage of elongation during rupture, indicated as E (%) in Table 4. As 

discussed, the increased thickness of this formulation may have contributed to the observed 

result. However, in the event of normalization of the film thicknesses, it is possible to 

extrapolate that there would be no significant difference observable in the elongation at rupture. 

Statistically, there was no difference in the width of the films (p = 0.0922), nor in the maximum 

tensile strength, presented by the composites (p = 0.4612), suggesting that the incorporation of 

nanocellulose did not impact the properties of the materials. 

Table 4: Mechanical properties of nanocomposites according to each formulation. 

Formulation Thickness (mm) Width (mm) σmax (MPa) E (%) 

F1 0.112 ± 0.032 a 5.632 ± 0.168 a 1.162 ± 0.320 a 26.518 ± 5.836 a 

F2 0.084 ± 0.011 b 5.594 ± 0.172 a 1.199 ± 0.327 a 20.034 ± 3.686 b 

F3 0.084 ± 0.024 b 5.473 ± 0.212 a 1.095 ± 0.292 a 20.556 ± 5.106 b 

F4 0.078 ± 0.009 b 5.535 ± 0.226 a 1.051 ± 0.252 a 20.549 ± 5.495 b 

a,b Different letter superscripts in the same column indicate a statistically significant 

difference (p < 0.05). 
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During the gelatinization process, the presence of amorphous regions in the structure of the 

starch granules allows the process of destruction of the original semi-crystalline structure of the 

starch matrix to occur, thus allowing the incorporation of reinforcing structures in its 

composition [9]. However, the improvement of the structural properties of a composite is highly 

dependent on the degree of homogenization of the inserted nanofibers, as well as on the process 

of obtaining it [9, 13]. Despite the agitation during the production process, the non-optimized 

homogenization of the nanofibers, caused by unevenness in the drying surface, may have 

inadvertently caused negative effects on the characteristics of the films generated. 

As shown by Pelissari et al. (2017), drastic mechanical defibrillation treatments can lead to 

the appearance of defects during the production process of cellulose nanofibers, resulting in 

their action as crack initiators, preventing the expected effect of reinforcing the mechanical 

properties of the films, as observed in generated nanocomposites containing fibers treated with 

7 cycles in the homogenizer [24]. Similar effects may have been observed in the present work, 

due to the fiber extraction and processing method since the formulations did not present the 

expected increase in the structural properties of the films. 

Authors report that thermoplastic films based on starches have a variable maximum tensile 

strength according to the formulation used, ranging from 0.50 to 96.60 MPa, potentially even 

surpassing the resistance presented by PVC films (44.10 MPa) [24, 33-37]. The increase in 

mechanical properties is highly linked to the success rate in the processes of incorporation and 

dispersion of nanofibers during the production process of the film-forming solution and the 

subsequent stage of drying the films [13, 24]. 

The resulting interaction between amylose and water plays a crucial part in the stability of 

the matrix [38]. During the starch retrogradation process, this interaction can result in delayed 

recrystallization of the amylose chains, which banana starch has in high amounts (from 25 up 

to 36 %), generating an increase in anisotropic properties in the produced film, thus possibly 

affecting the tensile strength of the nanocomposites [28, 38-41]. 
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Biodegradability 

The biodegradability profile of the nanocomposites followed a similar pattern for the 

different samples over the 60 days of analysis (Fig. 3). F3 films presented a weight loss of 

35.23% in relation to the initially weighed mass, followed by formulations F2 (34.69%), F1 

(32.99%) and F4 (32.14%), although statistical analysis of the data showed no significant 

difference between the results obtained. 

Figure 3. Percent weight loss over time for each nanocomposite formulation. 

 

Karua et al. (2020), reported that banana starch and chitosan (1:1) composites, showed 

biodegradability rates around 33 to 37% after 60 days of incubation in soil burial trial [42] 

Under burial in soil, and without the addition of water throughout the period, the composites 

generated showed degradation values similar to those reported in literature and may present 

more significant rates with the increase of water activity in the environment, since higher 

degradation rates, up to 60% after 90 days, were observed in moist soils by other authors [24, 

42-45].  
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CONCLUSION 

The results obtained indicate that the incorporation of cellulose nanofibers in the 

proportions tested did not significantly impact the water barrier properties and mechanical 

properties of the generated nanocomposites. Other characterization tests need to be performed 

to evaluate the degree of incorporation of cellulose nanofibers in the starch matrix, as well as 

the in-depth characterization of raw materials, such as the evaluation of the zeta potential of the 

nanofibers, and nanocomposites, regarding their thermal properties and water vapor 

permeability. After 60 days of soil burial analysis, different rates of biodegradability were 

observed in all nanocomposites produced. While more data is needed to determine the real 

applicability and economic viability of implementing an industrial production of 

nanocomposites, formulations with different treatments to obtain cellulose nanofibers, and 

other additives must still be explored in order to optimize a biodegradable material that presents 

desirable characteristics for application in the packaging industry. 
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4. GENERAL CONCLUSION 

Results presented by several authors in the literature suggest the use of banana starch as a 

promising starchy matrix, in the search for a substitute for petroleum derivatives. The observed 

results, from the tested formulations, elucidate a focus point for future studies, in the search for 

different reinforcing agents, with the intention of actively producing a material with better 

thermomechanical and barrier properties, seeking to reduce the environmental impact generated 

by disposal. post-harvest production of bananas. 

Although no impact was observed from the incorporation of eucalyptus cellulose nanofibers 

in the starch matrices tested, with regard to moisture content, water solubility and mechanical 

properties explored, it is recommended that future tests be carried out in order to characterize 

additional properties. of the proposed raw materials, in order to evaluate their real industrial 

applicability. Evaluation of the water vapor permeability, crystallinity and thermal properties 

are necessary to diagnose the potential spectrum of applications of the proposed formulations 

and to investigate in a more detailed way the impact of the incorporation of the reinforcing 

agents in the structure.  
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APPENDIX A 

Polymer Science Guidelines for Authors (February 2021) 

1. GENERAL REMARKS 

Polymer Science is an English-language journal containing original papers and reviews that 

cover all aspects of macromolecular science. It is published under the auspices of the Russian 

Academy of Sciences in three series, A, B, and C. Series A (Polymer Physics) is devoted to 

physicochemical studies of the structure and properties of polymers; series B (Polymer 

Chemistry) includes papers dealing with the synthesis, kinetics, catalysis, and chemical 

transformations of macromolecules, supramolecular structures, and polymer matrix-based 

composites; and series C (Selected Topics) consists of invited reviews and thematic issues. 

Basic-research papers are mostly invited for publication in all series. The journal also includes 

translations of the papers simultaneously published in Russian in Vysokomolekulyarnye 

soedineniya journal. 

The journal invites authors to submit their papers regardless of country or nationality. The 

Editorial Board encourages the most important and interesting studies containing new results 

and innovative concepts or original analysis of published data. For this purpose, manuscripts 

are peer reviewed as a rule by two independent referees. Authors are invited to recommend 

appropriate referee candidates by specifying their names, affiliations, and e-mail addresses; 

however, an Editor maintains the right to use referees of his own choosing. 

Peer reviews by referees will serve as the basis for preliminary acceptance of a manuscript 

for publication in one the journal series at Editor’s discretion. The manuscript is then edited to 

ensure clarity and logic of presentation and the quality reproduction of graphics. After 

submission of changes for authors’ approval and introducing them into the manuscript, the 

paper is considered finally accepted for publication and is sent by the Editorial Office to the 

publishing house Pleiades Publishers, which will at a later date e-mail the galley proofs to the 

authors as a PDF file. After publication of the paper, the publishing house sends a PDF version 

to the authors free of charge for noncommercial use only.  

  

http://pleiades.online/en
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The Editorial Board has assumed obligations in conformance with the ethical guidelines 

based on the recommendations of international Committee on Publication Ethics (COPE). 

Authors and referees should follow these guidelines, available via the Internet at 

http://polymsci.ru/en/static/ANK0441.pdf. Instances of ethical violations (fictitious data, 

plagiarism, self-plagiarism, reference omission, and submission of papers that have been 

published elsewhere or have been submitted to other journals) may give cause for summary 

rejection of both submitted and forthcoming papers from such authors and retraction of already 

published papers. 

 

2. GENERAL REMARKS 

Papers written by several authors should be presented by one of the authors (hereinafter, 

Author), who has an ORCID identifier and corresponds with the Editorial Office and the 

Publishing House.  

Manuscripts must be submitted via the journal’s Web site http://polymsci.ru. Our journal 

does not accept manuscripts sent by surface or electronic mail.  

The Author may choose between the subscription-based and open access publication 

models. In the first case, the Author should fill in and sign the copyright transfer agreement. 

For an open access publication, it is replaced by the signed letter of consent. One of these 

documents should be submitted in the scanned form together with the manuscript. The Author 

Agreement Forms are available via the Internet at 

http://polymsci.ru/static.php?mode=rights_transfer&lang=english. The paper cannot be finally 

accepted for publication until the Author submits the above document. If the paper is rejected 

by the Editorial Board, the copyright transfer agreement is not signed by the Publisher and the 

letter of consent is void as well.  

After revision by the authors, the manuscripts are submitted in a similar way. The deadline 

of manuscript revision should not exceed one month unless the authors send to the Editorial 

Office a reasoned request for an extension. If this date is violated, the revised papers are 

regarded as newly submitted with a new date of manuscript receipt. 

  

http://polymsci.ru/en/static/ANK0441.pdf
http://polymsci.ru/
http://polymsci.ru/static.php?mode=rights_transfer&lang=english
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3. FORMATTING THE MANUSCRIPT 

Papers should be written in legible and understandable English. Poor English may be cause 

for manuscript rejection. The authors who want to have their manuscript edited by a native 

speaker prior to submission can contact Edanz English editing for scientists or another language 

service. 

The manuscript must be formatted as follows: first page, abstract, key words, body of the 

text, and figures. Schemes and chemical formulas should be typed on a computer and placed 

directly in the text. All pages should be numbered consecutively with the exception of figures. 

Figures should be placed individually on separate sheets, and the sequential number of the 

figure and the surname of the author should be typed at the bottom of a page. 

The first page should be formatted strictly in accordance with the sample available at 

http://polymsci.ru/en/static/page1E.pdf. Acknowledgments of financial support are placed in 

footnotes. 

The abstract of 150-200 words should contain a concise description of the main results of 

research and the ways in which they were achieved with emphasis being placed on novelty. The 

use of abbreviations in the title and abstract is strongly discouraged. Key words (from three to 

five) that most precisely reflect the research area of interest should be appear in alphabetical 

order. No less than three of these words should be selected from the list available at 

http://polymsci.ru/en/static/keywordsE.pdf.  

The main text should begin on a new page of the manuscript and should be logically 

composed. If necessary (in reviews), it should be preceded by a list of contents. The main text 

should contain the following sections: Introduction, Experimental (Model and Method in 

theoretical and modeling studies), Results and Discussion, Conclusions, Appendices, Tables, 

Figure Captions, and References. 

The introduction should be written in understandable language to attract the attention of a 

wide range of readers to the scientific issue touched upon in the paper. Previous results, 

obtained primarily in the last 5-10 years, should be mentioned, the main goal of the work should 

be legibly formulated, and relevance of the study should be explained.  

  

http://www.edanzediting.com/
http://polymsci.ru/en/static/page1E.pdf
http://polymsci.ru/en/static/keywordsE.pdf
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Experiments should be described in detail to permit the work to be reproduced. It is 

necessary to indicate the sources and grade of materials, the type of equipment, and the 

experimental conditions. Samples obtained in the course of experiments should be 

characterized. The names of products, polymers, and testing procedures should conform to 

international standards adopted by the International Union of Pure and Applied Chemistry and 

contained in the Purple Book.  

The use of SI units and notations for physical quantities is acknowledged. Instead of 

describing well-known methods and properties, reference should be made to published data. 

Reference numbers should be placed in square brackets in sequence one after another. 

Abbreviations and other notations should be written in full upon first usage with the 

abbreviation or notation in parentheses, and then the abbreviation or notation should be used 

uniformly throughout the manuscript. Physical quantities should be italicized, while units and 

special mathematical symbols (e.g., max, sin, ln, ∇) should be typed in Roman. Use decimals, 

rather than fractions, with units of time or measure, for example, L = 7.3 × 103 m and Eа = 14 

kJ/mol. The use of the same notations for different units is impermissible. Mathematical 

formulas placed on separate lines should be enumerated consecutively with Arabic numerals in 

parenthesis, and chemical formulas should be denoted with Roman numerals. The text should 

contain references to all tables and figures. Do not cite experimental data and calculation results 

that are not discussed in the text, and do not use both graphs and tables to illustrate the same 

results. 

Conclusions should not duplicate the abstract. In this section, the importance of the results 

discussed in the paper for development of the related research area should be substantiated and 

the prospects for studying the given issue should be considered.  

Acknowledgments for help in the work, information about the funding bodies, declaration 

on conflicts of interest (mandatory), statement on author contributions, and notification of the 

availability of supplementary materials can be presented as separate sections according to the 

publisher guidelines. 

  

http://www.iupac.org/wp-content/uploads/2016/07/ONLINE-IUPAC-PB2-Online-June2014.pdf
http://pleiades.online/en/authors/guidlines/reference-information/
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All tables should be numbered, have a heading, and be aligned vertically. Graphs should 

have subheadings and should be separated by vertical lines. Avoid using abbreviations in the 

tables.  

Figure captions should be typed on a separate sheet.  

The list of references should begin on a separate page. Do not list references that are not 

cited in the text. The recommended length of the list is 30-40 references for original papers and 

not less than 100 references for reviews. Excessive self-citation (more than 25% references to 

the papers by any of the coauthors) should be avoided. All references should be given in their 

original languages except those using a non-Latin alphabet, which should be translated into 

English. Whenever possible, avoid using references to unpublished results. Papers that are 

accepted for publication may be cited with the journal’s name followed by their Digital Object 

Identifier (DOI).  

References should be listed in the following style:  

1. M. Doi and S. F. Edwards, Theory of Polymer Dynamics (Acad. Press, New York, 1986). 

2. Transreactions in Condensation Polymers, Ed. by S. Fakirov (Wiley, Weinheim, 1999).  

3. A. Milchev, W. Paul, and K. Binder, J. Chem. Phys. 99, 4786 (1993).  

4. J. Kressler, in Proceedings of 1 Int. Symp. “Reactive Polymers in Inhomogeneous 

Systems, in Melts and at Interfaces,” Dresden, 2000, p. L10.  

5. G. Benayoun, PhD Thesis (Univ. Joseph Fourier, Grenoble, 2001).  

6. F. R. Lyle, US Patent No. 5 973 257 (1985).  

Figures should be prepared on a computer. In general, color figures are not accepted: In rare 

cases, color printing of individual artwork is possible on condition that the author assumes the 

extra costs. It is recommended that the size of the figure in the manuscript be reproducible in 

the final printed version without scaling. Keep words and figures within the artwork to a 

minimum. Curves should be numbered and the numbers must be explained in the figure 

captions. Enlarged figure parts could be shown as separate figures rather than insets. For 

scanned photographs, indicate orientation (top–bottom) and scale.  
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The paper may contain Electronic Supplementary Material (ESM) comprising the details of 

experiments, schemes, tables, and figures (including color ones) that overburden the main text 

but are of importance for experts in the corresponding fields of science. ESM of a published 

paper is available on the Internet for free. The authors are requested to mention the presence of 

ESM in the cover letter and to fill in a separate copyright transfer agreement for supplementary 

materials. 

 

4. PREPARATION OF THE ELECTRONIC VERSION 

The electronic version of the manuscript should consist of the main text file and separate 

figure files (one figure per file). For convenience of peer review, the author could additionally 

submit a DOC, RTF or PDF file in which figures are directly inserted into the text. Electronic 

Supplementary Material, if any, should be submitted as one zip-archive.  

The files thus prepared should be submitted online at http://polymsci.ru according to the 

instructions available on this site. When the revised manuscript is submitted, the figures should 

be refreshed regardless of which files have been changed.  

The text file should be prepared with the latest available version of Microsoft Word for 

Windows. The authors are encouraged to use a template dot-file that can be downloaded from 

http://polymsci.ru/en/static/AuthorTools.dot.php. The text should be typed with a line spacing 

of 1.5 in 12-point Times New Roman font. The Enter key should be used only to start a new 

paragraph, which should begin with an indented line (1 cm indentation). Margins of 2.5 cm 

should be left at the bottom and both sides of each page, and a margin of 2 cm should be left at 

the top. The standard Word function is used for typing tables, and complex mathematic 

formulas should be typed with the MS Word Equation Editor or MathType. It is desirable to 

draw chemical structures with special programs (e.g., ChemDraw). 

  

http://pleiades.online/en/authors/guidlines/prepare-electonic-version/supplementary-materials/
http://polymsci.ru/
http://polymsci.ru/en/static/AuthorTools.dot.php
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Manuscripts in LaTeX 2ε format can be submitted if they are prepared using special 

packages available at http://pleiades.online/en/authors/guidlines/prepare-electonic-version/tex-

latex along with more detailed guidelines for TeX-users.  

TIFF is the best format for figures (scanned graphics) and photographs, and EPS is 

preferable for vector graphics. Submission of figures in JPG, GIF, and DOC formats is 

admissible as well. Hand-drawn and then scanned figures are not accepted. High-resolution 

files (no less than 600 dpi for black and white line art and 300 dpi for 256 grayscale art) are 

desirable. Lines in the figures should be no thinner than 0.5 pt, and lettering should be no 

smaller than 5 pt. If the author submits artwork that needs to be reduced, he should use larger 

lettering and thicker lines so that, when reduced, the artwork meets the abovementioned 

parameters. The best fonts for figure captions are Arial and Helvetica. See sample figure for the 

axis design.  

The authors are encouraged to check files of the electronic version for computer viruses 

before submission. If the Editorial Office detects viruses, the submitted files will be deleted 

immediately.  

Manuscripts that do not conform to these instructions will be rejected without consideration 

of content.  

The Editorial Board of the journal wishes the authors success in their scientific activity 

and will provide them any support in the publication of new, interesting results.  

Contact Information:  

Editorial Office, Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, 

Leninskii pr. 29, Moscow, GSP-1 119991 Russia (Phone: +7-495-955-48-95, fax: +7-495-633-

85-20, e-mail: vms@ips.ac.ru, and Web site http://polymsci.ru,). The Director of Editorial 

Services for the journal is Mrs. Elena G. Gorshenina. 

http://pleiades.online/en/authors/guidlines/prepare-electonic-version/tex-latex
http://pleiades.online/en/authors/guidlines/prepare-electonic-version/tex-latex
http://polymsci.ru/en/static/Fig1.pdf
http://polymsci.ru/

