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Abstract

Since 1950, the growing demand for plastic resins has increased the production of this material.
This increase is due to the different applications of these materials, with advantages due to low
cost, mechanical properties, water vapor barrier, chemical inertness and reduced or lack of
biodegradation. Even with all the clear advantages of using synthetic plastics, the accumulation
of this material represents a wide variety of problems such as outbreaks of disease proliferation,
animal strangulation, damage to the fishing economy, causes of liver protein anomalies, the
modifier of the physical-chemical biological soil profile, in addition to many other social and
environmental impacts. Therefore, the development of biomaterials such as bioplastics from
renewable and/or biodegradable sources is important to mitigate the environmental problems of
plastics, at least in a few areas of the use of synthetic plastics. In this context, this study aimed
to evaluate the addition of xylan in starch bioplastic’s to verify biodegradation and possible
ecotoxic effects. The bioplastics were prepared with 10, 15, and 25% (w/w) of xylan, in 5%
(w/v) total polysaccharides including starch, dried at 30 °C. The bioplastic resulted in a
continuous and homogeneous plastic matrix without cracks. The bioplastic was buried to
evaluate the biodegradation showing disintegration after 13 days. The time period for
composting and disintegration in the soil was short compared to plastics from petroleum. In
general, the bioplastic did not negatively influence the germination and tissue development of
seeds of Cucumis sativus, with 100% of seed germination. A positive influence was observed on
the root and hypocotyl growth but with a temporary inhibition of C. sativus tissue exposed to
10-days biodegradation soil washing. The optical and photoprotective properties and the
solubility in food simulants (waxy and acidic foods) of bioplastics were also analyzed. Also,
employing Thermogravimetric Analysis, Dynamic-Mechanical Analysis, Differential Scanning
Calorimetry Analysis, Scanning Electron Microscopy, the thermal resistance, mechanical
resistance, crystallinity, and morphology of bioplastics were performed, respectively. The
highest tensile strength was with the composition 15/25% (w/w) of xylan/starch (2.99 MPa). All
bioplastic compositions resulted in homogeneous and bubble-free materials, and there was no
difference in transparency at 600 nm (except for the bioplastic with alpha-cellulose and
hemicellulose), however, between 200-400 nm of the wavelength of light, the bioplastics with
higher concentrations of xylan reduced transmittance, probably due to the presence of lignin.
The bioplastic with 25% xylan showed a small photoprotective capacity against the yeast
Saccharomyces cerevisiae when exposed to UVC light. Solubility increases in acid simulants
with plastics with higher xylan concentration (25% w/w), however, in fatty food simulants, the
solubility of bioplastic with 25% (w/w) xylan was negligible. In general, the addition of xylan,

alpha-cellulose, and holocellulose reduced the thermal resistance in relation to the pure starch-



based bioplastic, as well as reduced crystallinity with higher concentrations of xylan, except for
the addition of alpha-cellulose and holocellulose.

Keywords: Bioplastics, polymers, biomass, biodegradation, ecotoxicity.



Resumo

Desde 1950, a crescente demanda por resinas plasticas aumentou a producdo desse material.
Este aumento deve-se as diferentes aplicacdes destes materiais, com vantagens devido ao baixo
custo, propriedades mecanicas, barreira ao vapor de &gua, inércia quimica e reduzida ou nao
biodegradacdo. Mesmo com todas as claras vantagens do uso de plasticos sintéticos, o acimulo
desse material representa uma grande variedade de problemas como surtos de proliferacdo de
doengas, estrangulamento de animais, prejuizos a economia pesqueira, causas de anomalias de
proteinas hepéticas, modificacdo do perfil fisicoquimico e bioldgico do solo, além de muitos
outros impactos sociais e ambientais. Portanto, o desenvolvimento de biomateriais como 0s
biopléasticos de fontes renovaveis e/ou biodegradaveis é importante para mitigar os problemas
ambientais dos plasticos, pelo menos em algumas areas de uso de plasticos sintéticos. Nesse
contexto, este trabalho teve como objetivo avaliar a adi¢do de xilana em bioplasticos de amido
para verificar a biodegradacédo e possiveis efeitos ecotoxicos. Os bioplasticos foram preparados
com 10, 15 e 25% (m/m) de xilana, em 5% (m/v) de polissacarideos totais incluindo amido,
secos a 30 °C. O bioplastico resultou em uma matriz plastica continua e homogénea sem
rachaduras. O biopléstico foi enterrado e a desintegracéo ocorreu ap6s 13 dias. O periodo para
compostagem e desintegracdo no solo foi curto em comparacdo com plasticos de petréleo. Em
geral, o bioplastico ndo influenciou negativamente na germinacéo e desenvolvimento tecidual
das sementes de Cucumis sativus, com 100% de germinacdo das sementes. Uma influéncia
positiva foi observada no crescimento da raiz e do hipocétilo, mas com uma inibigdo temporaria
do desenvolvimento do hipocétilo e da radicula de C. sativus exposto a lavagem do solo de 10
dias de desintegracdo. As propriedades dpticas e fotoprotetoras e a solubilidade em simuladores
alimentares (alimentos cerosos e &cidos) de bioplasticos também foram analisadas. Além disso,
empregando Andlise Termogravimétrica, Analise Dindmico-Mecénica, Analise Calorimétrica
Diferencial de Varredura, Microscopia Eletrnica de Varredura, foram realizadas a resisténcia
térmica, resisténcia mecanica, cristalinidade e morfologia dos bioplasticos, respectivamente. A
maior resisténcia a tracdo foi com a composicdo 15/25% (w/w) de xilana/amido (2,99 MPa).
Todas as composicGes de bioplasticos resultaram em materiais homogéneos e sem bolhas, e ndo
houve diferenca na transparéncia em 600 nm (exceto para o bioplastico com alfa-celulose e
hemicelulose), porém, entre 200-400 nm do comprimento de onda da luz, os bioplasticos com
maiores concentracfes de xilana reduziu a transmitancia, provavelmente devido a presenca de
lignina. O bioplastico com 25% de xilana apresentou reduzida capacidade fotoprotetora da
levedura Saccharomyces cerevisiae quando exposta a luz UVC. A solubilidade aumenta em
simuladores acidos com plasticos com maior concentracdo de xilana (25% m/m), porém, em
simuladores de alimentos gordurosos, a solubilidade do bioplastico com 25% (m/m) de xilana

foi insignificante. Em geral, a adigdo de xilana, alfa-celulose e holocelulose reduziu a resisténcia
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térmica em relagcdo ao bioplastico a base de amido puro, assim como reduziu a cristalinidade
com maiores concentracdes de xilana, exceto pela adicdo de alfa-celulose e holocelulose.

Palavras-chaves: Bioplasticos, polimeros, biomassa, biodegradacao, ecotoxicidade.
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CHAPTER I: INTRODUCTION AND OBJECTIVES

1. Introduction

From 1950 to 2015, around 8.3 billion tons of plastics were produced, of which
6.3 billion tons became waste. During this period, 79% of plastic waste ended up in
landfills and different natural environments (GEYER et al., 2017). This growing
demand for plastic production is a source of environmental concern due to the resitence
to degradation and slow biodegradation of plastics. Therefore, the accumulation of
plastic waste is a concern due to the ingestion of formeds debris by fauna, landscape
pollution, impacts on human health, in addition to the economic impacts (GREGORY,
2009; GOLDSTEIN and GOODWIN, 2013; UNEP, 2014; GEYER et al., 2017; ALABI
et al., 2019). There are different approaches to mitigate the problems caused by the
disposal of the large volume of plastic, which is directly related to the 4 R’s (Reduce,
Reuse, Recycle, and Recover) (PRATA et al., 2019). Some of the alternatives are
recycling, incineration, and bioplastics development.

Recycling is a preferred alternative for the management of plastic waste which
can generate new plastics of high quality (primary recycling) or inferior quality
(secondary recycling) (PRATA et al., 2019). Even with the benefit of recycling in
relation to the circular economy and environmental impacts, this represents a complex
process, due to the need for several steps such as the separation of waste by the
population, selection of different plastic polymers, elimination of contaminants, and the
sale of plastics recycled. Therefore, recycling ends up being limited and expensive
(GRADUS et al., 2017).

Incineration represents another alternative for the plastic waste management,
which has advantages over recycling due to the use of polymeric mixtures, without the
need for separation, decontamination, pre-treatment and result in energy production
(PRATA et al., 2019). However, incineration can result in the release of CO:
(worsening of the greenhouse effect), linear economy, production of ash with metallic
and other contaminants, and toxic gases (BRUNNER et al., 2015; LIU et al., 2018;
PRATA et al., 2019).

Considering the disadvantages of the recycling and incineration process, another

approach that has been growing is the design of new types of materials, with a focus
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mainly on biomaterials. Biomaterials such as bioplastics, when biodegradable, make it
possible to reduce the accumulation of plastic in addition to enabling the development
of materials from renewable sources. That is, represents a partial alternative for the
plastic issue and also influences in management of bio-based waste (PRATA et al.,
2019).

Due to the large demand for plastics in the last decades, mainly in the food
packaging sector, in addition to the increased awareness of ecofriendly products, the
production and studies related to bioplastics have increased (PRATA et al., 2019).
Studies showed that in an optimistic scenario, the bioplastic production in 2030 may
double in relation to the production of 2018 (DOHLER et al., 2020). However, like
other waste management and product development measures, the disadvantages and
limitations of bioplastics are (1) price competitiveness with synthetic virgin plastics; (2)
compliance with the properties required by the different applications (BALLESTEROS
et al., 2018); (3) increase in the complexity of solid waste management (collection and
specific installations) and (4) increase in biopolymer waste with the biodegradable seal,
which may have a slow biodegradation rate (PRATA et al., 2019).

The use of polysaccharides from plant biomass, as lignocellulosic fibers, can be
an alternative for the development of bioplastics with optimized properties. As well as
reducing some disadvantages of common plastics, they are biodegradable,
biocompatible, result in less CO2 emissions (BALLESTEROS et al., 2018), can
optimize the physicochemical properties. A contribution to lowering production costs
due to the great availability of this waste, especially in countries with wide agricultural
activity such as Brazil.

In this scenario, the use of polysaccharides and plant macromolecules represents
an alternative for the production of biodegradable and renewable bioplastics. One of
these molecules is starch, which represents the main carbon reserve polymer of
vegetables (high availability). Starch is widely studied for the production of bioplastics
as this polymer is biodegradable, renewable, biocompatible, a barrier to CO2, in
addition, represents a widely traded commodity when it comes to waste. However, pure
starch bioplastics have disadvantages concerning their hydrophilic character and low
mechanical strength. The addition of lignocellulosic fibers/macromolecules can alter the
properties of starch-based bioplastics such as improving or reducing mechanical and
water vapor barrier properties. In this way, a lignocellulosic component such as

hemicellulose contains physical and chemical structures similar to starch, and from it,
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these polymers can expand the possibilities of applying starch-based bioplastics. Xylan,
one of the main hemicelluloses types, has been widely studied as an additive in
cellulose and protein solutions. However, the mixture of xylan and starch for the
production of bioplastics can result in advantages.

Another important aspect to be considered in the manufacture of bioplastics is
the biodegradation process and ecotoxic effects. Recent studies show that the
production of bioplastics can result in greater environmental impacts than synthetic
plastics. Moreover, this occurs considering the need for the cultivation of plant biomass
for application in bioplastics. However, the use of plant waste is an alternative to
circumvent the environmental impacts of cultivation, in addition to being a strategy for
managing plant organic waste.

Even with the use of organic residues from plant sources, the bioplastic
elaborated with this material, still represents a carbon source of easy microbial
assimilation, in addition to possibly altering the physicochemical profile of the soil and
water. Thus, in addition to studies of the mechanical and vapor barrier properties of
bioplastics, the possible environmental impacts of this technology must also be
analyzed.

1.1. Objectives

The focus of this research was to verify the influence on the properties of starch-
based bioplastics from the addition of xylan. The formation of continuous and
homogeneous bioplastics was a criterion, evaluating mechanical and thermal resistance,
with access to bioplastic disintegration, disintegration in the soil and composting

system, and possible ecotoxic effects.

1.2. Specific objectives

»  To evaluate the effect of xylan concentration on the starch-based
bioplastics development;

»  To assess the effect of xylan on the solubility, mechanical properties,
thermal resistance in starch-based bioplastic;

»  To evaluate the bioplastic time of composting and disintegration in

the soil;
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» To evaluate the impact on soil and water characteristics when

exposed to bioplastic and assess a possible ecotoxic effects.

1.3. Study presentation and dissertation organization

This dissertation was carried out systematically according to the proposed
aims. Therefore, to fulfill the proposed objective, this study was developed in chapters
as presented in this document. In addition to this Chapter | - Introduction, this
dissertation is composed of:

- Chapter 11 — Review article published in Polymers:
- Chapter 111 — Review article published in Recycling;
- Chapter IV — Article published in Chemosphere;

- Chapter V- Article in elaboration;

-Chapter VI- Conclusion.
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CHAPTER II: Advantages and disadvantages of bioplastics production from
starch and lignocellulosic components

Abstract
The accumulation of plastic wastes in different environments has become a topic

of major concern over the past decades; therefore, technologies and strategies aimed at
mitigating the environmental impacts of petroleum products have gained worldwide
relevance. In this scenario, the production of bioplastics mainly from polysaccharides
such as starch is a growing strategy and afield of intense research. The use of
plasticizers, the preparation of blends, and the reinforcement of bioplastics with
lignocellulosic components have shown promising and environmentally safe
alternatives for overcoming the limitations of bioplastics, mainly due to the availability,
biodegradability and biocompatibility of such resources. This review addresses the
production of bioplastics composed of polysaccharides from plant biomass and its

advantages and disadvantages.

Keywords: Bioplastics, starch-based bioplastics, lignocellulosic fibers and Extraction

process.
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1. Introduction

Over the past two centuries, the significant growth of the world population and
its consumption habits have led to several negative impacts on the environment. The
development of a society with more sustainable production/consumption mechanisms
should consider scenarios such as deforestation, water pollution, soil silting and solid
waste accumulation. Regarding plastic wastes, they represent approximately 12% of the
composition of the world’s solid waste (KAZA et al.,, 2018), and their annual
production has been increasing since 1950 and exceeded 6 billion tons of waste
generated between 1950-2015 (GEYER et al., 2017).

Despite technologies and bioproducts (e.g., bioplastics) being an alternative for
the mitigation of such environmental problems, a total replacement of synthetic plastics
from petrochemical origin can hardly be considered in the short or even long term. On
the other hand, certain applications of bioplastics may represent areas of large-scale
potential replacement (THARANATHAN, 2003), for example, biodegradable materials
for packaging and other short-lived use sectors are viable, since they constitute a large
part of the total plastics production (HOPEWELL et al., 2009; LACKNER, 2015; LI et
al., 2016; PAULA et al., 2018).

Bioplastics can be classified into materials derived directly from natural
polymers (agro-polymers), with or without modifications (e.g., starch-based bioplastics
and/or  cellulose), polymers produced by microbial fermentation (e.g.,
polyhydroxyalcanoates-PHAS) and biomaterials chemically synthesized from renewable
raw materials (e.g., polylactic acid - PLA, bio-polyethylene-BPE, bio-nylons and bio-
polyurethanes). BPE is derived from the polymerization of ethylene from bio-ethanol;
bio-nylons are produced via diacids from biomasses and bio-polyurethanes are
fabricated from the incorporation of polyols of plant origin (QUEIROZ and
COLLARES-QUEIROZ, 2009). However, even oils can represent a feedstock for the
development of bioplastics.

Bioplastics from agro-polymers are derived from natural polymers such as
polysaccharides (starch, cellulose, pectins, hemicellulose) and proteins (casein, zein,
gluten, gelatin) that generally involve intra and intermolecular interactions and cross-
links (crosslinking) between polymeric constituents, forming a semi-rigid three-
dimensional polimeric network which retains the solvent (GUILBERT et al., 1995;
THARANATHAN, 2003).
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However, a large-scale production of bioplastics for different applications is
limited by high costs, in comparison to synthetic plastics derived from fossil oil and
concerns over functionality (PEELMAN et al., 2013). Different biopolymers used have
disadvantages such as high water vapor permeability, oxygen permeability, fragility,
low thermal resistance, low mechanical properties, vulnerability to degradation and low
processability (GASPAR et al., 2005; LIU, 2006; CABEDO et al., 2006; JOSHI, 2008;
CYRAS et al., 2009; SHEN et al., 2009;YU et al., 2009; JAMSHIDIAN et al., 2010;
MULLER et al., 2011).

The production and use of bioplastics instead of synthetic plastics (non-
biodegradable and oil-based ones) reduce emissions of polluting gases and provide
materials from renewable and/or biodegradable sources, availability of raw materials
and a promising alternative for the destination of solid biomass residues. Regarding
environmental problems such as greenhouse effect (the emission of greenhouse gases is
a growing global concern, according to the Intergovernmental Panel on Climate Change
(IPCC)), a 50% reduction in GHG emissions by 2050 is required for avoiding a 2 °C
increase in the global temperature. Biomaterials such as bioplastics and biofuels are
considered one of the mitigating measures in relation to global warming (NAIK et al.,
2010; IPCC, 2014; LACKNER, 2015; NEULING, 2017; PAULA et al., 2018).

This review focuses on the different possibilities of bioplastics production from
starch and lignocellulosic fibers, their advantages and disadvantages, and the procedures
for obtaining natural polymers from plant biomass. Therefore, considering the
development of several studies on the production of bioplastics from lignocellulosic
fibers (from fractionation of the components or in natura and modified), in addition to
the different applications that these bioplastics present, a review study on the
characteristics (properties) of bioplastics and the processes for obtaining these polymers
is justified.

2. Starch-based bioplastics

2.1 Characteristics and structure of starch grain

Starch has a great industrial appeal, different industrial sectors use starch for different
applications, such as beverages, textiles, paper and pharmaceuticals (SHARMA and
SATYANARAYANA, 2013). Starch is insoluble in water and alcohol, composed of
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molecules of amylopectin and amylose, which are composed of monomers of D-glucose

(Figure 1) and represent the main storage polysaccharide in the vegetal cells.

Figure 1: Representation of the starch structure
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Similarly, to amylose and amylopectin, starch is a semi-crystalline polymer with
linear regions; however, the o (1-6) branches of amylopectin reduce the degree of
organization of the polymer (MATHLOUTHI, 1996; COMA, 2013). Amylopectin
consists in a short chain of 10-60 units of linear and branched glucose, interconnected
by o (1-4) and a (1-6) glycosidic bonds, whereas amylose is comprised of an
unbranched linear chain of glucose monomers interconnected by o (1-4) glycosidic
bonds. On average, percentage of amylopectin and amylose contained in starch ranges
between 72-75% and 25-28%, respectively (SOUZA AND MAGALHAES, 2010;
SHARMA AND SATYANARAYANA, 2013).

2.2 Formation of filmogenic starch solution

Native starch molecules are linked through intermolecular interactions of the
hydroxyl group and the oxygen of amylopectin and amylose. The polymers are joined
by hydrogen bonds, which make it insoluble in cold water. However, its molecules can
undergo significant changes when exposed to gelatinization temperatures, provoking
thebreakage of hydrogen bonds between starch components from the supply of thermal

energy in an aqueous solution (Figure 2). In addition to the breakdown of hydrogen

20



bonds, the viscosity of the starch solution increases between amylose and amylopectin,
from amylose leaching, structural loss in double helix of starch, birefringence and
interactions between water and starch through free hydroxyls (PENG et al., 2007;
HALLEY et al., 2007; COPELAND et al., 2009). Therefore, gelatinization begins in the

amorphous regions of the polymer.

Figure 2: Gelatinization of starch
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Another process that can occur mainly with amylose molecules is retrogradation,
or starch retrogradation, according to which a gelatinized solution shows interactions
between amylose molecules and an increase in the ordering degree of hydrogen bonds.
Therefore, the amylose chains crystallize with the formation of a double helix
(JAILLAIS et al. 2006; ELIASSON, 2016) whereas starch retrogradation takes place

more markedly when the solution is cooled. From the help of the plasticizer effect of
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water and plasticizers, starch gelatinization provides thermoplastic starch for bioplastics
formation, i.e., starch that has lost its original conformation and forms a melted gel
similar to synthetic thermoplastics through swelling with water and other substances
(AVEROUS, 2004; MA and YU, 2004; LIU, 2005).

Bioplastics production from thermoplastic starch or another natural polymer
(polysaccharide, lipid or protein) is completed with the deposition of the gelatinized
filmogenic solution on a non-adherent surface. The solution is then dehydrated (in an
oven for example), thus facilitating retrogradation due to the increase in intramolecular
interactions between polymers from the reduction of the volume in the polymeric
matrix. This procedure is known as Casting (MULLER et al., 2009).

Apart from casting, other conventional methods of large-scale industrial
production (e.g., extrusion and injection-molding) are applied for bioplastics
manufacture (LIU, 2006; MANOEL et al., 2017). Single-screw and twin-screw
extruders are the two main types used for polymer processing. The key advantages of
the former are relatively low cost and a favourable performance/cost ratio, whereas the
latter promotes a more complex velocity profile on the molten material, guaranteeing
better distributive and dispersive mixing, heat transfer, and heat control. Besides, they
both have flexible modular designs and the screw configuration can be changed from
soft melt mixing to vigorous mixing with high shear forces (OKSMAN et al., 2016).

Regarding biocomposites, extrusion can be even more efficient, since both
melting and mixing occur in a one-step process, which decreases polymer and
reinforcement degradation, improves efficiency and suitability for industrial
applications that require continuous processing (HIETALA et al., 2014, TAHERI et al.,
2020). However, the extrusion of biocomposites, particularly when nano-sized particles
are used, can be challenging due to the dried nanomaterial’s tendency to aggregate, thus
hampering the feeding of the material into the extruder. A possible approach for solving
the problem is to feed the nanoparticles in liquid form (known as liquid-assisted
extrusion) with the use of atmospheric and vacuum ventings along the extruder for the
removal of vaporized solvents (HERRERA et al.,, 2017). One of the most used
technologies for processing polymers is injection moulding (Teixeira et al., 2012); it
provides a good quality/cost ratio when a large production is intended and can
potentially process bioplastics and biocomposites (PEREZ-PUYANA et al., 2016;
SLEIMAN et al., 2018).
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Polysaccharide-based bioplastics are brittle, non-continuous, rigid and fragile
when formulated with no additive (GRONDAHL et al., 2004; GOKSU et al., 2007;
SAXENA et al.,, 2009; PENG et al., 2011) and plasticizers” molecules used in the
formulation of continuous bioplastics (GONTARD et al.,, 1993). Examples of
plasticizers are glycerol and sorbitol, which are compatible with polysaccharides. The
plasticizer effect results in higher flexibility of the bioplastics due to an increase in the
interstitial volume of the polymeric matrix (WANG et al., 2014). Therefore, it reduces
not only the glass transition temperature (Tg) (GOKSU et al., 2007; DAUDT et al.,
2016), but also the number of polymer-polymer interactions (Figure 3), and increases
the molecular mobility and hydrophilic degree of the bioplastics (WANG et al., 2014;
DAUDT et al., 2016).

Figure 3: Polysaccharides and plasticizer interactions in the bioplastic matrix.
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Source: Elaborated by the author.

The formulation of starch-based solutions with plasticizers increases water vapor
permeability (WVP), elongation, and reduces tensile strength. Daudt et al. (2016)
reported the elasticity modulus and tensile strength in bioplastics of rice flour decreased
with increasing glycerol concentrations, besides of increased permeability to water
vapor. The hydrophilic character of glycerol facilitates both adsorption and desorption
of water molecules, thus increasing WVP (MALI, 2004).

Dias et al. (2010) observed a reduction in the tensile strength of starch-based
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bioplastics from 10.9 MPa for 20% (w/w based on starch) of glycerol to 1.6 MPa for
30% (w/w based on starch). The same trend was observed with the replacement of
glycerol for sorbitol as a plasticizer. The bioplastics with 20% and 30% of sorbitol
showed, respectively, 22.3 and 11.2 MPa of tensile strength. Consequently, the
reduction in the mechanical resistance increased elongation and the use of 20% and
30% of glycerol resulted in 2.8% and 59.8% elongations, respectively. Bioplastics
plasticized with glycerol showed lower resistance capacity and higher elongation than
those plasticized with sorbitol at the same plasticizer concentration. The explanation for
such differences lies in the smaller size of the glycerol chain, which promotes a higher
plasticizer capacity in relation to sorbitol, i.e., glycerol shows a greater ability to interact
with the matrix polymers and a larger amount of water is retained (CUQ et al., 1997;
RYU et al., 2002).

2.3 Properties and characteristics of starch-based bioplastics

Many of the properties and characteristics of starch are required for the use as
coating or packaging material (e.g., biodegradability, biocompatibility, edible material
(nutritional value), availability, relatively simple extraction process and low cost)
(ZAHEDI et al., 2010; GHANBARZADEH et al., 2011; FALGUERA et al., 2011;
SOUZA et al, 2012; KOWALCZYK AND BARANIAK, 2014; DANG AND
YOKSAN, 2015; REIS et al., 2015). In addition to aforementioned characteristics, other
properties such as odorless, tasteless, and generally nontoxic, characterize starch as a
molecule with the potential to be applied for packaging applications (SHAH et al.,
2016).

Other important features of starch-based bioplastics or any other polymer are
color and transparency, related to marketing and consumer’s acceptance for a given
product, depending on the bioplastics application. Table 1 shows some studies on
starch-based bioplastics elaboration and properties.

Starch-based bioplastics have the disadvantages of hydrophilicity, poor
mechanical properties, low water vapor barrier property, and low freeze stability during
bioplastics formation (LIU et al., 2009; XIE et al., 2013; DANG and YOKSAN, 2015;
SABETZADEH et al., 2015; SHAH et al., 2016). However, depending on the amylose
content in the polymeric starch matrix, certain bioplastics properties can change.

Several procedures (e.g., physical, genetic, chemical, enzymatic and others) are
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employed for altering the molecular structure of starch and, consequently, improving
the properties of starch-based bioplastics (SHAH et al., 2016; KHAN et al., 2017).

The starch-based bioplastic properties are directly related to the raw material that
originates this polymer (COMA, 2013), mainly due to the amylose and amylopectin
proportion. This variation in starch molecule composition may be related to starch
biosynthesis enzymes, soil type, and climatic conditions during plant growth (Singh et
al., 2003). Due to the difference in the amylose/amylopectin ratio of the different starch
botanical sources, the gel and bioplastics produced can present different gelatinization
temperatures, mechanical and rheological properties (SINGH et al., 2003; MALI et al.,
2006; HEJNA et al., 2019).

Thus, it is important to consider the type of starch used to elaborated bioplastics.
In the study by Mali et al. (2006), the starch-based bioplastic from yam presented
tensile strength superior to those from corn and potato starch, due to the yam containing
higher amylose content (29% w/w). In the study by HEJNA et al. (2019), it was verified
different gelatinization temperatures (95.4, 92.5 e 88.5 °C) for different starch sources
(potato, maize e waxy maize, respectively). Daudt et al. (2016) and Dias et al. (2010)
used different starch sources and the same plasticizer concentration, i.e., 20% w/w of
glycerol in relation to the starch mass (Table 1). The authors reported the same

elongation values, however, a remarkable difference in the tensile strength values.

Table 1. Production and properties of starch-based bioplastics.

Tensile ] Water ] o ) )
Starch source Elongation at . Mixture  Plasticizer  Bioplastic
strength solubility ) Reference
(% wiv) break (%) *(% m/m)  *(% m/m) processing
(MPa) (%)
method
Sweetpotato ) ) EHIVET et
7.96 77.92 None Sorbitol Casting
(2.5%) al. (2011)
(40%)
Gelatin/st FAKHOUR
elatin/starc -
Manioc (3%)  64.29 3.87 20.81 ) Glycerol  Casting v ¢ 4,
' (10%) (2012)
Manioc (3%) 108.28 6.57 28.88 Gelatin/starc  Glycerol Casting FAKHOUR
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Corn (5%)

Corn (5%)

Reag (2%)

Rice (5%)

Sugar palm
starch (8%)

Cassava
(5.26%)

Pinhdo (5%)

Arrowroot
(2%)

Arrowroot
(2%)

26

10

521

10.9

7.74

1.14

18.56

3.9

115

3.6

33.1

22.25

2.8

46.66

0.22

2.8

45.3

44.4

77.54

>31

13.48

h (4:1)

Cellulose
nanocrystals
(aprox. 13%)

None

Papaya
(80%)

None

None

None

None

None

Gelatin
(50%)

(10%)

Glycerol
(aprox. 26%)

Glycerol
(30%)

Glycerol
(30%)

Glycerol
(20%)

Glycerol/
Sorbitol 1:1
(30%)

Glycerol
(20%)

Glycerol
(20%)

Glycerol
(30%)

Glycerol
(30%)

Casting

Casting

Casting

Casting

Casting

Casting

Casting

Casting

Casting

Y et al.
(2012)

AGUSTIN et
al. (2014)

AGUSTIN et
al. (2014)

TULAMAN
Dl et al.
(2016)

DIAS et al.
(2010)

SANYANG
et al. (2016)

OLUWASIN
Acetal.
(2019)

DAUDT et
al. (2016)

MAKISHI et
al. (2017)

MAKISHI et
al. (2017)

... =not reported, *= based on total dry mass
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Makiski et al. (2017) ascribed low tensile strength and high elongation in
Arrowroot-based bioplastics with starch only, and observed an improvement in the
tensile strength of starch-based bioplastics blending with gelatin (Table 1). Fakhoury et
al. (2012) obtained bioplastics from the same source and with differences in the
starch/gelatin ratio, in which bioplastic with higher gelatin concentration showed
superior mechanical resistance (Table 1). Gelatin protein is derived from the partial
hydrolysis of collagen, and its properties are suitable for the formation of polymeric
bioplastics. Gelatin increases intermolecular interactions due to an increase in the
number of superficial protein chains (SOBRAL et al., 2001; FAKHOURY et al., 2012;
VANIN et al., 2014).

In addition to botanical sources of starch and additives, the concentration and type
of plasticizer can influence the bioplastics properties. Plasticizers increase the interstitial
volume in the polymer matrix, which results in a reduction in the number of polymer-
polymer bonds and thus affect mechanical (SANYANG et al., 2015; GONCALVES et
al., 2020), thermal (LOPEZ et al., 2011), and barrier properties to water vapor (KIM et
al., 2017; GONCALVES et al., 2020).

Differences in mechanical and barrier properties of bioplastics, with different
plasticizers at the same concentration are due to the plasticizing power of each
molecule. For example, due to the smaller size of the glycerol chain, it has a greater
plasticizer character than sorbitol. Another feature of plasticizers is their hydrophilicity,
which allows starch bioplastics to biodegrade faster than with sorbitol. Therefore,
depending on the application and compatibility of the plasticizer with the polymer
matrix, different plasticizers can be applied (TYAGI AND BHATTACHARYA, 2019;
ARIFA et al., 2021).

In the study by Sanyang et al. (2015), bioplastics developed from Renga pinnata
starch and elaborated with different plasticizers (glycerol (G), sorbitol (S), and
glycerol/sorbitol (GS) mixture) and concentrations (15%-45% (w/w, starch basis)),
presented different properties. The tensile strength for bioplastics with G, S, and GS
(15-45%) ranged between 9.59 to 1.67 MPa; 28.35 to 5.84 MPa, and 15.82 to 3.99 MPa,
respectively. Mali et al. (2006) showed that yam starch-based bioplastic with different
glycerol proportions (0-40% (w/w, starch basis) had reduced tensile strength with
increasing plasticizer content (49 to 10 MPa), in addition to increased flexibility (3 to
25%), and water vapor permeability (WVP) (6.75 to 7.59 x 10° g m? s Pal). Other
studies can be verified regarding the reduction of mechanical strength (Bourtoom, 2007;
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Lépez et al.,, 2011) and increase WTP with the addition of different hydrophilic
plasticizers (BOURTOOM, 2007; BERTUZZI et al., 2007).

2.3.1. Properties and characteristics of starch-based bioplastics chemical modified

The chemical modification or the starch molecule derivatization may represent an
approach aiming to improve the physicochemical and barrier properties of the native
starch grain (ASHOK et al., 2016). Some of the most common chemical derivatization
reactions are esterification (acetylation), etherification (hydroxypropylation), and
oxidation (Figure 4).

In the study by Abel et al. (2021), the increase in the degree of acetylation and
substitution of the starch hydroxyl groups (OH) led to a reduction in water absorption
and water solubility. These results are consistent with the proposal of acetylation, in
which the OH groups are replaced by acetic acid, thus reducing the hydrophilic
character of the bioplastic.

Based on the results of Schmidt et al. (2019), different degrees of acetylation and
plasticizers alter the mechanical properties, solubility, and water vapor barrier of starch-
based bioplastics. The results showed the degree of substitution (DS) of 0.6 as the most
promising compared to the DS of 1.1. The DS of 0.6 resulted in a bioplastic with a
tensile strength of 8.42 MPa, solubility of 20.31 (g.100-1), and a WVP of 2.34 x10”
g.m/m2.h.Pa. While the tensile strength on the DS of 1.1 was 6.57 MPa, and the
solubility and WVP did not change either. However, acetylation resulted in bioplastics
with improved properties compared to native starch (SCHMIDT et al., 2019).

The improvement of bioplastics based on acetylated starch is due to the
replacement of hydrophilic groups by acetyl, which results in a less flexible and
hydroscopic bioplastic. For more information about the effect of different acetylation on
starch-based bioplastic properties read (NEVORALOVA et al., 2019; SONDARI et al.,
2019).

In the case of oxidized starch-based bioplastics, hypochlorite, hydrogen peroxide,
permanganate, dichromate, persulfate and chlorate are common oxidizing agents in the
starch oxidation reaction. The OH groups of sugars are replaced by carbonyl and
carboxyl groups, usually on the carbon of number 2, 3 and/or 6 (ASHOK et al., 2016).

In the study by Oluwasina et al. (2021), bioplastics elaborated with oxidized starch
(dialdehyde), had reduced water solubility (7.90-4.23%) and increased mechanical
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strength (1.63-3.06 MPa), from the increase in the degree of starch oxidation. From
different proportions of oxidized cassava starch (0, 20, 40 and 60%), the tensile strength
(increased), flexibility (reduced) and water solubility (reduced) of the bioplastics was
affected with the increase in content of starch oxidation. However, above 20% of
oxidized starch there was no change in tensile strength (OLUWASINA et al., 2019).

By comparison, starch acetylation may result in a more hydrophobic and resistant
bioplastic than oxidized starch-based bioplastics. This is due to the chemical nature of
the hydroxyl substitution groups, that is, acetyl is more hydrophobic than carbonyl and
carboxyl groups. Therefore, acetylated starch bioplastics hold less water and
consequently result in a more compact matrix with optimized bonds between polymers.
In the study by Sondari et al. (2019), acetylated starch bioplastics showed a contact
angle of 60.41° and tensile strength of 16.35 MPa, while the same properties for the
oxidized starch bioplastic were 45.47° and 13.38 MPa.

Hydroxypropylation in which the OH groups are replaced by hydroxypropyl ether,
results in the weakening of the interactions between the starch chains. Thus, as in the
case of oxidation modification, starch modified with an ether group retains more water
(ASHOK et al., 2016) when compared to acetylated starch. Bioplastics developed with a
high percentage of amylose (75%) and 20% glycerol resulted in materials with
increased flexibility and reduced tensile strength, from the increase in the propylene
oxide content (6-12% (w/w starch)). The tensile strength was 18.90 MPa (native starch),
15.66 MPa (6% propylene oxide) and 8.85 MPa (12% propylene oxide) (KIM et al.,
2017). Effects on mechanical properties (reduction) were also observed in starch-based
bioplastic with propylene oxide (WOGGUM et al., 2015).

Figure 4. Representation of modified starch
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2.3.2. Impact of chemical starch derivatization on biodegradation

Even though starch chemical modification in the manufacture of bioplastics can
improve physicochemical and gas barrier properties, attention should be paid to the
detriment of biodegradation properties (ABE et al., 2021). The reduction in the time and
rate of biodegradation is related to the reduction in the degree of hydrophilicity of
modified starch. From the chemical derivatization of starch, its solubility in water may
be reduced, and in cases of optimization of the links between polymer chains,
consequently the interactions of the starch chain with water molecules are reduced.
Organisms, especially microorganisms, need moisture to proliferate and metabolize the
bioplastic.

Based on Rivard et al. (1995), modified starch-based bioplastics show a delay in
anaerobic biodegradation, however, it is noteworthy that the degree of substitution of
acetylated starch is > 1.5, in which there is an impact on the biodegradation rate. In the
study by Sarka et al. (2011), PCL/acetylated starch blends after 2 months of composting
degraded 25.3% and 29.8% (80/20 and 60/40 PCL/acetylated starch, respectively).
While at the same proportion of PCL and native starch, disintegration was complete.
Nevoralova et al. (2019) demonstrated that the biodegradation of starch acetate-based
bioplastics can be monitored by starch DS. In a composting system, starch-based
bioplastics with high DS resulted in a lower mineralization rate than starches with low
or moderate DS. Based on the Oluwasina et al. (2021) results, starch bioplastics had the

rate of biodegradation affected by chemical modification.
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An alternative to improve the physicochemical and gas barrier properties of
bioplastics, beyond ensuring biodegradation is the joining of different chemical
derivatizations, and thus, taking advantage of the different potentials of each chemical
modification. This approach is known as dual-modification (ASHOK et al., 2016) and
can influence starch grain properties (GRANZA et al., 2015). This approach is
interesting mainly due to the different degrees of hydrophilicity of acetylation,

oxidation, and etherification.
3. Lignocellulose and biomass

Natural polymers from lignocellulose have been used for improving the mechanical
properties (limited application) of bioplastics (OCHI, 2006; STEVENS et al., 2010;
YANG et al., 2019), due to their biodegradation characteristics and reinforcement
provided (Yang et al., 2019). Moreover, lignocellulose is an alternative to non-
biodegradable synthetic fibers (YONG et al., 2015ab; YANG et al., 2019), and its
benefits for the production of biomaterials include wide availability, renewable nature,
low cost, and competitive specific mechanical properties (PANTHAPULAKKAL et al.,
2006; CHING et al., 2016).

Due to their potential application, components of lignocellulosic fibers from
sugarcane bagasse, rice straw, flax, Kenaf, hemp, forest wood and other sources have
been widely used for reinforcement (OCHI, 2006; PANTHAPULAKKAL et al., 2006;
SINGH and MOHANTY, 2007; WU, 2011; THAKUR et al., 2014; WU et al., 2017,
BILO et al., 2018). Components from biomass, such as cellulose (nano-scaled, lignin
and hemicellulose, are a strategic alternative to improve the bioplastics” properties
(barrier, mechanical resistance, thermal resistance, solubility). Moreover, renewable and
biodegradable resources have been used for minimizing the problem of accumulation
and disposal of solid urban and agro-industrial wastes. Therefore, the generation of
organic solid wastes enables their use for biotechnological purposes (VAVOURAKI et
al., 2013; PHAM et al., 2015; HAFID et al., 2017).

Examples of high availability of biological vegetal sources include generation of
sugarcane bagasse (global and annual production of approximately 1.69 million tons —
Brazil is responsible for 43%) (HOFSETZ and SILVA, 2012), banana pseudo-stem
(Brazilian production of 4 tons for each ton of fruit harvested approximately) (SOUZA
et al., 2010, SHIMIZU et al., 2018), cassava starch (28.6 million tons woldwide
prodution) (FAO, 2011), wheat bran (Brazilian production fo approximately 2.6
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thousand tons) (ABITRIGO, 2016), and food waste (1.6 billion tons) (FAO, 2013).
Non-synthetic organic residues, mainly from organic compounds, represent an
environmental problem if not correctly disposed, due to their chemical compositions
(MOON et al., 2009; YAN et al., 2011; JIN et al., 2016).

Lignocellulosic fibers (lignin, hemicellulose and cellulose and extractives) can
potentially be applied for the production of biomaterials and biomolecules such as
bioplastics, thus reducing dependence on oil (FARHAT et al., 2017). Their use in
biotechnological procedures can lead to an expansion of biorefineries (FARHAT et al.,
2017) and generation of jobs in rural areas (NAIK et al., 2010; LACKNER, 2015;
PAULA et al., 2018).

Mixture that uses natural biopolymers represents a source with potential for
different applications. Among the different natural polymers, lignocellulosic residues
from plant biomass are a resource for the production and improvement of the
bioplastic’s properties, such as mechanical properties, in addition to the great
availability of these fibers represent a possibility of cheaper bioplastics (in terms of raw
material availability) and an alternative for the lignocellulosic waste management.
Bioplastics produced from mixtures of more than one type of polymer can show

improved properties in comparison to individual polymers (KHAN et al., 2017).

3.1 Characteristics of cellulose

Cellulose is the most abundant natural organic compound on the planet, with an
annual production of approximately 180 billion tons (PEREZ and MAZEAU, 2005;
FESTUCCI-BUSELLI et al.,, 2007; PEELMAN et al., 2013). It represents the main
polysaccharide in the constitution of the plant cell wall, divided into primary and
secondary walls. The latter is subdivided into three layers, namely S1, S2 and S3, of
which S2 guarantees the resistance characteristic of vegetable cells due to the greater
thickening (approximately 90% of the cellulose in micro and macrofibril forms)
(FENGEL and WEGENER, 1984).

The characteristics of cellulose are insolubility in water, high molar mass and
arrangement in nanofibers. Cellulose displays regions of poor organization and others
highly crystalline, characterizing a semi-crystalline fiber. Due to such characteristics

and the high resistance to enzymatic hydrolysis (recalcitrance) (MELATI et al., 2019),
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lignocellulosic fibers provide plants with a structure that resists environmental and
biological weathering (SCHMATZ et al., 2020).

Cellulose is biosynthesized not only by vegetable raw materials, but also by
microorganisms such as algae, fungi, and bacteria (ZHANG and LYND, 2004;
KLEMM et al., 2005; MESQUITA, 2012). Regardless of the organism or cellulose
synthesis pathway, this polymer is classified as a homopolysaccharide of high molar
mass and beta glycosidic bonds (1-4) (KLEMM et al., 2005; MESQUITA, 2012; LIAO
et al., 2020). Its degree of polymerization (DP) is higher than 10,000 units of
anhydroglucose; however, it varies according to the botanical source (LIAO et al.,
2020). The properties of cellulose such as mechanical resistance and reduced interaction
with water molecules are due to its arrangement. Polysaccharide chains that interact
through hydrogen and hydrophobic bonds, via glucose monomers, result in a
conformation of planar sheets (LIAO et al., 2020). Figure 5 displays the structure and
interaction of cellulose chains. The glycosidic bond between two glucose monomers in
the same cellulose polymer results in cellobiose (MESQUITA, 2012; LIAO et al.,
2020).

Figure 5: Partial structure of cellulose

OH
’g‘i é:g 7
HO - HO OH
qu o---HO LD o
F"O DH' .
H i
= !HC] Fo gy
HO Oc-1Hd -~HHO OH
HO 0 d 1O .c:u d
OH.
-

Source: Liao et al. (2020)
Therefore, cellulose can potentially be used for the manufacture of biomaterials
such as bioplastics, and in several areas and industries (e.g., cosmetic, food and
pharmaceutical industries (FAN et al., 2017; SUN et al., 2018)) due to its

biodegradability, availability, non-toxicity, and biocompatibility (KUANG et al., 2018).

3.2 Bioplastics with cellulose
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Cellulose is biodegradable and renewable (MATHEW et al. 2006), which is
advantageous for sustainable applications. Improvements in the properties of different
bioplastics, such as those based on starch and hemicellulose, with the addition of
cellulose are one of its main advantages.

The addition of cellulose and carboxymethylcellulose to starch-based bioplastics
reduced the water vapor permeability (WVP) (MULLER et al., 2009;
GHANBARZADEH et al., 2011), respectively). However, the mechanical resistance
increased from 3.9 to 9.8 MPa, and elongation at break was reduced from 42.2 to 25.8%
(YU et al., 2009).

In comparison with pure thermoplastic starch, WVP is lower in cellulose,
hemicellulose, zein and polycaprolactone bioplastics; however, starch-based bioplastics
with cellulose show lower tensile strength values than pure starch-based bioplastics
(GASPAR et al., 2005). The mechanical properties of starch-based bioplastics with
cellulose can be reduced with the addition of macro-size cellulose, due to the formation
of energy concentration points in the bioplastic matrix when subjected to an axial force.
Furthermore, the use of cellulose fibers on a macro scale may not represent an adequate
reinforcement, since fibers agglomerate in the polymer matrix due to the different
microfibers sizes. This result was reported by Chen et al. (2009ab), who used fresh pea
husk fibers and fibers processed by acid hydrolysis, and by Xie et al. (2015). Therefore,
the processing of cellulose alters the bioplastics” shape and structure, hence, their
properties (XIE et al., 2015).

The reduction and standardization of cellulose fiber dimensions favor its
application as reinforcement for bio-nanocomposites. Nanofibers smaller than the macro
scale are classified as nanoparticles (three dimensions on the nano scale), nanotubes
(two dimensions on the nanometric scale and a larger one (the third), forming an
elongated structure, referred to as nanowhiskers), and nanolayers (only one dimension
on the nanometric scale, in a sheet form) (KUMAR et al., 2009).

The literature reports improvements in the mechanical properties of biomaterials
with the addition of cellulose nanowhiskers (LU et al., 2006; CHEN et al., 2009ab;
WOEHL et al., 2010; KAUSHIK et al., 2010; AGUSTIN et al., 2014;). Gordobil et al.
(2014) and Hansen et al. (2012) also observed an increase in mechanical strength with
the use of hemicellulose-based bioplastics with nanocellulose.

Such improvements are achieved through an adequate dispersion of the

nanofibers in the polymeric matrix and optimization of the hydrogen bonds in the
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bioplastic matrix. The interaction between polysaccharides and cellulose as
reinforcement is favored by chemical similarity and intermolecular hydrogen bonds
between hydroxyl groups of macromolecules (LU et al. 2006; CAO et al. 2008; CHEN
et al. 2009b). In addition to mechanical reinforcement, biocomposites formulated with
nanofibers have increased resistance to moisture due to the greater number of
hydrophobic compounds (XIE et al., 2014). Moreover, the strong intermolecular
interactions between cellulose and matrix, which increase the tortuous path, increase
crystallinity, glass transition temperature (ANGLES and DUFRESNE, 2000), and gas
diffusion through the material (ANGLES and DUFRESNE, 2000; MATHEW and
DUFRESNE 2002; SREEKALA et al. 2008; SVAGAN et al. 2009; WAN et al. 2009).

The amount of cellulose must also be considered in the production of celullose-
based bioplastics, since its excess can cause agglomerations of cellulose granules in the
polymeric matrix (CHEN et al., 2009a; XIE et al., 2014), thus reducing mechanical
strength and barrier properties due to a lower optimization of hydrogen bonds
(GUIMARAES et al., 2016; DO LAGO et al., 2020).

3.2.1. Properties and characteristics of cellulose-based bioplastics chemical modified

The main cellulose derivative produced from the etherification process (cellulose
ether) is carboxymethylcellulose “CMC” (ARAVAMUDHAN et al., 2014;
SURIYATEM et al., 2020). The replacement of the hydroxyls of the cellulose
monomeric unit by carboxymethyl groups occurs at carbon in the position 2, 3, or 6
(Figure 6) (MCDONALD et al.,, 2012). The use of CMC in the production of
biomaterials is interesting due to its degradability, nontoxicity and availability of raw
material.

Regarding microcrystalline cellulose “MC”, certain characteristics of CMC for the
bioplastics development are solubility in water at different temperatures (use of water as
a solvent), and reduction in the formation of particle agglomerates with other polymers
(MA et al.,, 2008; ERGUN et al., 2016). The hygroscopic character of CMC is
dependent on DS, degree of polymerization and distribution of ether group substitutions
(ERGUN et al., 2016).

Starch-based bioplastics with added MC and CMC resulted in bioplastics with
improved tensile strength (up to 9 wt%) compared to pure starch bioplastic (MA et al.,

2008). However, bioplastic with MC resulted in a lower WVP and possibly less
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interaction with the starch matrix (due to a greater degree of apparent agglomeration (12
wt% of MC)). This higher WVP of the starch/CMC bioplastic may be due to the
hydrophilicity of the carboxymethyl group in the CMC. The greatest interaction with
water and smoother surface morphology of bioplastics with CMC was reported by
Tamara et al. (2020). The improvement of mechanical properties and increase WVP in
bioplastics developed with CMC can be verified in other studies
(TONGDEESOONTORN et al., 2011; MARGARETHA and RATNAWULAN, 2020;
SURIYATEM et a., 2020). Conflicting results (TONGDEESOONTORN et al., 2011,
TAMARA et al., 2020) of the effect of CMC on solubility in starch-based bioplastics
may be the result of different factors such as botanical source, crystallinity, purity,
processing, DS, and so on.

Cellulose acetate (Figure 6) or acetylated cellulose (CA) represents the native
cellulose that has gone through the acetylation process. CA can be categorized into
mono, di, or triacetate, with CA being insoluble in water. Cellulose DS is related to the
reduction of WVP and the interaction of the bioplastic with water (MUGWAGWA and
CHIMPHANGO, 2020). The reduction of WVP by the acetylation of cellulose is due to
the replacement of hydroxyl groups (hydrophilic) by acetyl groups (hydrophobic)
(AKKUS et al., 2018). That is, inhibiting the accumulation of water in the bioplastic
(AYOUB et al., 2013).

In the study by Mugwagwa and Chimphango (2020), xylan-based bioplastics
showed reduced solubility in water and food simulants (30.88% to 16.30%) after
increasing the DS of nanocellulose (0 to 2.34). In the same study, hydrophobicity
increased from 24.59° to 62.68° with DS from 0 to 2.34, respectively. In the study by
Fei et al. (2015), the reduction in tensile strength (3.62 MPa to 2.06 MPa) of acetylated
starch and cellulose-based bioplastic, occurred by the reduction of CA in relation to
acetylated starch (SA) (1:9 and 7:3 SA:CA respectively).

Figure 6: Representation of modified cellulose
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3.2.2. Impact of chemical cellulose derivatization on biodegradation

From the reduction in the interaction of acetylated starch with water, that is, the
greater degree of hydrophobicity can result in a delay in the rate of biodegradation. The
modification of cellulose may result in the need for different enzymes for hydrolysis,
such as esterases which are common enzymes for native xylan hydrolysis (native xylan
contains acetyl groups) (POLMAN et al., 2021). Therefore, the need for
microorganisms that perform the deacetylation and de-esterification pathway is the need
(JANG et al., 2007).

Increasing the concentration of acetylated starch, with a consequent reduction in
CA, occurred a higher rate of biodegradation. The pure CA bioplastic degraded 30%
approximately in 120 days. However, with the lowest CA concentration in the starch-
based bioplastic, 52.43% biodegradation occurred after 120 days (FEI et al., 2015).
Acetylated cellulose-based bioplastics showed a delay in anaerobic biodegradation,
however, it is noteworthy that the degree of substitution of CA was >1.5, in which there
is an impact on the biodegradation rate (RIVARD et al., 1995).

Ishigaki et al. (2000) isolated 35 bacteria from landfill, which showed a growth
halo in CA emulsifying medium, however, few isolates degraded CA bioplastic with DS
1.7. The strain S2055 (Bacillus sp) was the only isolate capable of degrading more than
10% of the CA bioplastic. It is known that CA with a high degree of substitution is
more resistant to biodegradation (BUCHANAN et al., 1993; NELSO et al., 1993). For

more information, is indicated the consult of the specialized literature on the
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biodegradation of CA by thermophilic aerobic and anaerobic microorganisms (GU et
al., 1993; MOSTAFA et al., 2018).

Considering the hydrophilic and hygroscopic character of polymers as an important
factor in biodegradation, the hydrophilic character of the carboxymethyl groups on the
surface of CMC (YARADODDI et al., 2020) represents an important aggravating factor
in maintaining the bioplastic integrity. In other words, the greater affinity of CMC with
water in relation to CA can affect the biodegradation of carboxymethyl cellulose-based
bioplastics. This effect of stimulating biodegradation due to the swelling of CMC with
water may be related to the role of pH. A possible explanation for an acceleration of
polymer degradation (abiotic and/or enzymatic) is the process of deprotonation of
carboxylic acids and formation of carboxylate groups which have a high affinity for
water (HUBBE et al., 2021). Finally, above pH 4.6, CMC is in its deprotonated form
(FENG et al., 2008; EKICI, 2011).

A proof that CMC is highly biodegradable, susceptible to microbial enzymes, and
soluble in water, is its use in methods to verify the cellulolytic potential of different
microorganisms. In these methods, microorganisms are cultivated in media with CMC
as the only carbon source and the growth halo is indicative of the production and

secretion of cellulolytic enzymes (SAINI et al., 2012).

3.3 Hemicellulose

Hemicellulose is a constituent of plant biomass, together with lignin and
cellulose, they become the major constituents of plantcell wall forming a
lignocellulosic complex. In this complex, it represents the second most abundant
polymer in lignocelluloses (ANWAR et al., 2014; SHAHZADI et al., 2014; BRIENZO
et al., 2016). However, unlike cellulose, it consists of different monomeric units,
namely mannose, arabinose, xylose, glucose and galacturonic acid (FARHAT et al.,
2017; FREITAS et al., 2019) whose content can vary according to the botanical origin
(FARHAT et al., 2017). Figure 7 illustrates such constitutional differences. In
hardwoods, the major component of hemicellulose is O-acetyl-4-O-
methylglucuronoxylan (with substitution on carbon 2 of xylopyranose backbone units
by 4-Omethyl glucuronic acid and 70% substitution on carbon 2 and 3 of the
xylopyranose units by acetyl group). In softwood, however, the main hemicellulose

component is O-acetylgalactoglucomannan, whose structure is formed mainly by units
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of glucose and mannose through beta (1-4) interactions with alpha (1- 6) linked
galactose units attached to the glucose and mannose units (FARHAT et al., 2017). The
acetylation degree in carbon 2 and 3 corresponds to approximately 20% (KUSEMA et
al., 2013; AYOUB et al., 2013).

Figure 7: Representation of hemicellulose constituents
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Xylan is one of the constituents of hemicellulose present in different
agribusiness residues (sugarcane bagasse, wheat straw, sorghum, corn stalks and cobs),
besides forest residues and hardwood pulping (KAYSERILIOGLU et al.,, 2003;
MIKKONEN and TENKANEN, 2012). In other words, xylan is the monomeric

carbohydrate predominates in most plants, in addition to representing one-third of the
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renewable biomass on planet earth (KAYSERILIOGLU et al.,, 2003). All these
characteristics make it a potential source of biotechnological applications such as the

manufacture of biomaterials.

3.3.1. Bioplastics with xylan

Since hemicellulose is highly available, it is a promising source for obtaining of
chemicals and materials (CHERUBINI, 2010; BRIENZO et al., 2016; FREITAS et al.,
2019; ALVES et al.,, 2020); however, its applications are limited due to its high
heterogeneity, low mechanical properties, hydrophilic character and difficult formation
of continuous bioplastics (GOKSU et al. 2007; ESCALANTE et al., 2012; CHEN et al.,
2016).

Hemicellulose can be used in bioplastics manufacture, medical applications,
hydrogels and cosmetics (GABRIELLI et al., 2000; OLIVEIRA et al., 2010) because of
its biodegradability, biocompatibility, and easy chemical changes (FANG et al., 2000;
SALAM et al., 2011). However, it requires alterations for providing better properties
and, consequently, achieving higher valorization. Chemical changes in hemicellulose
and cross-links between hemicellulose molecules and blends with other polymers are
alternatives for overcoming the difficulties in its use.

Wang et al. (2014) used citric acid as a crosslinking agent in xylan-based
bioplastics blend with polyvinyl alcohol and observed a strong link between the
filmogenic matrices due to the formation of ester bonds between the molecules and
hydrogen bonds. The bioplastic elongation increased from 15.1% to 249.5%; however,
the tensile strength was reduced when citric acid acted as a plasticizer.

Gordobil et al. (2014) developed filmogenic solutions with modified xylan and
nanocellulose to improve the bioplastics” physical properties. The acetylation and
bleaching of the polymeric components increased both tensile strength and Young's
modulus and reduced elongation. Gordobil et al. (2014) and Stevanic et al. (2012)
demonstrated the addition of adequate amounts of nanocellulose to xylan-based
bioplastics increased the bioplastics” mechanical properties and hydrophobicity. The
authors obtained higher values than those achieved by Goksu et al. (2007), who used
only xylan in the formulation of the bioplastic matrix and reported lignin is necessary

for the obtaining of continuous xylan-based bioplastics.
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The blending of hemicellulose with other polymers can improve the properties

of biomaterials formed by hemicellulose. Several studies have reported the addition of

biopolymers to hemicellulose-based bioplastics as a strategy to improve their

mechanical properties. Table 2 shows the mechanical properties of blends of

hemicellulose-based bioplastics with biopolymers. After an extensive review of the

literature, the authors of this review did not find studies that reported the development

of blends of bioplastics with starch and xylan, therefore, the present work addresses a

new research strategy on bioplastics.

Table 2: Properties of blends of hemicellulose-based bioplastics.

Hemicellulose Blendwith Tensilestre Elongation E (MPa) Reference
(Yow/iw)* (% wiw)* ngth at break
(MPa) (%)
Xylan Nanocellulose 20.2 2.6 1,578 Peng et al.
(64-75%) (10%) (2011)
Xylan Nanocellulose 57 1.7 5,700 Hansen et al.
(50%) (50%) (2012)
Arabinoxylan ~ Microcellulose 95 <15 2,500 Mikkonenet
(85%) (15%) al (2012)
Galactoglucoma Microcellulose  >15 <20 >3 <4 >800 Mikkonen et
nnans (85%) (15%) <1,000 al (2011)
Xylan (20%) Gluten (80%) >7 <8 >1<50 >130<150 Kayserilioglu
et al. (2003)
Xylan Microcellulose >160 <175 >160 <175 Longetal.
(10%) (90.9%) (2019)
Xylan Nanocellulose 51 2.9 3,200 Gordobil et
(95%) (5%) al. (2014)
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Arabinoxylan Bacterial 68 8.1 2,700 Stevanic et

(95%) Cellulose (5%) al. (2011)
Arabinoxylan Nanocellulose 108 6 4,800 Stevanic et
(75%) (25%) al. (2012)

~=not reported. *=basedon total drypolysaccharides

As shown, different proportions of nanocellulose and plant raw materials of
hemicellulose result in different tensile strength values, elongation and elasticity or
young modulus. According to the tensile strength data in Table 2, the resistance values
of hemicellulose-based bioplastics reinforced with biopolymers (as micro and
nanocellulose) are close or even higher than those of commercial non-biobased
polymers (e.g., Cellophane™ and low density polyethylene (LDPE)) (ALLEN, 1986;
BRISTON, 1988; PHAN THE et al. 2009; HANSEN et al. 2012). However, elasticity is
one of the properties that require improvements (HANSEN et al., 2012).

The reasons for using cellulose as reinforcement (Table 2) are due to its
chemical similarity and compatibility with hemicellulose (HANSEN et al., 2012), as
well as the strong interactions between cellulose and hemicelluloses of xyloglucan type
and between cellulose and glucomannan (HANSEN et al., 2012; BRUMER et al., 2004;
JEAN et al., 2009; AKERHOLM and SALMEN 2001). Moreover, cellulose nanofibers
improve bioplastics, reducing their rate and permeability to water vapor. Hansen et al.
(2012) and Saxena and Ragauskas. (2009) showed that nanocellulose addition improves
the properties of xylan-based bioplastic. Due to its high crystallinity (higher than 60%)
and dense network of polymeric bonds formed by hydrogen bonds, whisker-type
nanocellulose produces a tortuous path in bioplastics, since it works as a barrier
structure, thus hampering the transport of water molecules through the material
(SAXENA and RAGAUSKAS, 2009).

As in the case of starch and cellulose chain chemical changes, there are
implications for the biodegradation of bioplastics based on modified hemicellulose,
however, the information in the literature is limited. Therefore, it is recommended to
read our recent review article (ABE et al.,, 2021), in which the influence of
polysaccharide modifications on biodegradation is reported.

4. Extraction of starch and lignocellulosic components
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Regarding the development of bioplastic materials with the addition of natural
polymers such as lignocellulosic fibers, the steps that precede the formulation and
modification stages of such materials must be considered, since the extraction and
purification processes of the lignocellulosic fibers from the biomass are responsible for
the economic viability of the fibers application, hence, the final material’s price. The
processes will also define the quality and characteristics of the final materials, because
they influence the properties of the bioplastic films formed and their suitability for a
particular application.

The choice of biomass must be considered for manufacturing processes and
further transformations of starch, due to its different characteristics and compositions.
Tubers, for example, contain a very small amount of proteins and fats, which facilitates
the isolation of starch (MOORTHY, 2004). The most common sources of commercial
starch are cereals such as corn, rice and wheat, with more than 60% starch, as well as
the roots or tuberous of cassava and potato, with approximately 16-24% of starch in
weight (LACERDA et al., 2014; ZHU, 2017; KHLESTKIN et al., 2018).

The unit operations for the extraction of starch start with disintegration - the
plant cell walls are opened, thus exposing their starch granules (SAENGCHAN et al.,
2015). The next steps are extraction, in which starch is separated from the fibers, and
purification, especially from proteins. Starch is then concentrated, and finally dried
(BRANCO et al., 2019).

The industrial process of starch isolation separates starch from protein, usually
using analkaline solution (DIAZ et al., 2016; CHOI et al., 2017). Different alkaline
agents, such as detergents and sodium hydroxide or sodium hypochlorite, can be
employed as extraction solvents (LEE et al., 2007); however, concerns over the disposal
of effluents arise due to their use (DIAZ et al., 2016). Such methods have been proven
effective for the production of starch films (VERSINOAND GARCIA, 2014), and
important considerations include avoidance of amylolytic or mechanical damage to the
starch granules, effective deproteinization of starch, and minimization of the loss of
small granules (LINDEBOOM et al., 2004).

Hydrothermal processing with microwave-assisted extraction can optimize the
process, since it is considered a green and safe technology for starch extraction, due to
its ease of use, possibility of using only water as extraction solvent, short extraction

times, higher performance, and lower solvent consumption (GALANAKIS, 2012;
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LARA-FLORES et al., 2018). Therefore, it has been applied on industrial scale for the
obtaining of bioactive compounds (ARAUJO et al., 2020).

In a cost-effective and efficient isolation of cellulose from biomass, the cellulose
source should ideally come from economically viable and easily accessible agro-wastes,
as the amount of cellulose in various natural sources can vary, depending on the species
and the lifetime of the plants. From a technological point of view, the evaluation of
lignin content is crucial for the optimization of the pretreatment necessary for the
extraction of pure cellulose pulp (TRACHE et al., 2017). Indeed, lignin is considered
the hardest chemical component to be removed from lignocellulosic materials
(TRACHE et al., 2016).

Initially, the material is subjected to a water-washing process for the removal of
dirt/impurities and water-soluble extractives. The biomass compounds closely linked to
cellulose, such as hemicellulose and lignin, are then removed. The complexity of the
composition of lignocellulosic materials hampers the penetration of chemical agents,
thus requiring a pretreatment for the breakage of the structure and facilitation of
chemical processes, hence, economy.

Kraft pulping uses a mixture of sodium hydroxide (NaOH) and sodium sulfide
(Na2S) in a digester to dissolve lignin and hemicellulose (TRACHE et al., 2017). The
strong base disrupts OH bonding in the fiber network structure by ionizing the hydroxyl
groups of various materials in fibers (MAJEED et al., 2013). Such a process is
addressed in research on cellulose extraction for film formation, and widely used on an
industrial scale, with 96% market dominance (TRACHE et al., 2017; ZULHAM et al.,
2018; WEI et al., 2020).

The addition of sodium sulphide facilitates ether cleavage and controls
undesirable condensation reactions, resulting in high yield of strong fibers. However, it
generates sulphite derivatives, which may link to cellulose and cause environmental
problems within disposal (ROBLES et al., 2018; FERREIRA et al., 2018). Many
treatments free from chlorine and/or sulfide have been developed towards reducing the
environmental impacts of the pulping process (TRACHE et al., 2017; MOKHENAAND
JOHN, 2019). Due to strict environmental regulations, organosolv has emerged as an
alternative owing to its unique features (FERREIRA et al., 2018; ROBLES et al., 2018).

After pulping, the resulting material can undergo a bleaching step, or
delignification, which uses different bleaching agents such as chlorine dioxide (ClO>),
hydrogen peroxide (H20.), ozone (Ogz), or peracteic acid (TRACHE et al., 2017). The
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use of chlorine dioxide has excelled that of elemental chlorine in controlling parameters
such as chemical and biochemical demand for oxygen and total solids, as it more
effectively minimizes the polluting load of bleaching effluents. Significant pollution
reductions have been achieved, however, its use still causes environmental concerns
(KAUR et al., 2018).

Similar procedures can be adopted for hemicellulose extraction, especially
regarding bioplastics formation (MUGWAGWA and CHIMPHANGO, 2020). Since
hemicelluloses exhibit an amorphous structure, they are more vulnerable to degradation
than cellulose, and some extreme methods can be responsible for their hydrolysis into
monomers. Although the alkali treatment under moderate conditions cannot break
glycosidic bonds between hemicellulose monomers, it is suitable for the obtaining of
hemicellulose of high polymerization degree (SARTORI et al., 2003).

The most applied hemicellulose isolation method involves an alkaline reaction
usually with NaOH or KOH (MUGWAGWA and CHIMPHANGO, 2020), which
dissolves hemicelluloses and lignin, cleaving the phenyl glycoside bonds, esters and
benzyl ethers linkages between such structures, hydrolyzing uronic and acetic esters,
and swelling cellulose, decreasing its crystallinity (JACKSON, 1977; SPENCER and
AKIN, 1980).

Low-boiling-point organic solvents such as ethanol, methanol, butanol, and
acetone can be used in alkaline reactions for biomass fractionation for avoiding
extremely high temperatures and reducing environmental impacts and energy
consumption (MESA et al., 2011; GURAGAIN et al., 2016). Although the method also
recovers solvent by distillation, high costs are associated with wastewater used for
washing the resulting material, which limits its economic viability on a large scale
(LAURE et al., 2014).

From an environmental point of view, enzymatic extraction is more acceptable
than chemical procedures (ESCARNOT et al., 2012). It uses specific hemicellulose-
degrading enzymes to obtain hemicellulose from biomass, and, although slower than
other methods, the degree of polymerization obtained can be controlled by both reaction
time and enzyme activity applied.

The complete use of the biomass compounds is required so that the process
becomes a more profitable investment. Therefore, the isolation of lignin with few

changes in its structure may be advantageous, since it can be used for specific
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applications, such as production of resins, adhesives, carbon fiber, activated carbon,
among others (SOUZA et al., 2020).

During biomass fragmentation by alkali treatment, lignin is degraded into
soluble fragments and then separated either with the removal of the reaction solvent, or
by lignin precipitation (Jiang and Hu, 2016; Rashid et al., 2016). However, overly
severe extraction conditions may induce substantial changes in the original lignin
structure (RASHID et al., 2016; WANG and CHEN, 2016). Among such processes,
organosolv pretreatment with ethanol or acetic acid has been widely used (FERRER et
al., 2013) and organic acids such as acetic acid and formic acid yield a high-quality
product (GUNASEKARAN et al., 2019).

5. Environmental impact of polysaccharide-based bioplastics from plant biomass

The following information provides an overview of the bioplastics developing
implications, in order to complete the pros and cons using plant biomass, that is, in an
attempt to allow a broader study of the impacts of plant biomass-based bioplastics,
without any intention to overshadow the clear importance and benefits of the
biomaterials development and use.

To see the theory and methods of calculating the carbon, ecological, and water
footprint, check the material by Korol et al. (2020). But briefly, the carbon footprint
refers to the measurement (CO2 equivalent) of emissions of CO2 and other gases in the
GHG (greenhouse gases) category. The human need for natural resources of the
biosphere for different services and products can be measured by the ecological
footprint, and the water footprint refers to direct and indirect consumption demand for
freshwater in the development of a product or technology.

In the study by Korol et al. (2020) the carbon, ecological and water footprints of
cotton fibers (CF), jute (FJ), and kenaf (FK) added to synthetic plastic polypropylene
(PP) were analyzed. The results showed, in relation to the carbon footprint, the CF, FJ,
and FK fibers had a lower impact (3, 18, and 18% respectively) compared to PP. This
measurement is related to the use of energy and petroleum processing in the
manufacture of propylene and polymerization. Regarding the ecological footprint, the
FJ and FK fibers showed less impact (8.2 and 9.4% reduction, respectively), however,
due to the cultivation and harvest of CF fibers occurring in greater quantity and not

being manual (use of machinery and energy expenditure), these had a high ecological
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footprint (an increase of 52%). However, the water footprint in the study by Korol et al.
(2020), proved to be alarmingly more worrisome from the point of view of natural
plant-based resource use. The use of fibers added to the PP pellet is responsible for
286% (FK), 758% (FJ), and 891% (CF) of the increase in the water footprint.

This increase in the water footprint of plant biomass in applications of blends with
synthetic polymers is mostly related to water resources applied in irrigation. The
increase in the water footprint, resulting from the use of plant biomass, was also
observed in another study by Korol et al. (2019).

Based on Broeren et al. (2017), even though the application of native starch in bio-
plastics results in reduced GHG emission (up to 80%) and nonrenewable energy use
NREU (up to 60%), these natural polysaccharides can result in an increase in the
potential for eutrophication (up to 400%) and land use (0.3 —1.3 m2 yr/kg), compared to
petrochemical plastics.

However, these negative impacts about the use of bioplastics or additives based on
plant biomass are debatable, as the implications of the arable land use and water
resources due to the cultivation and harvesting of these biomasses can be mitigated
through the approach of reusing agro-industrial and urban wastes. In addition to
reducing the environmental impacts mentioned above, the use of waste from the wood
industry, crops, urban, and popping is a management alternative to agro-industrial and
urban organic solid waste.

In the study by Broeren et al. (2017), through the life cycle assessment approach
(LCA), blends with starch residues (waste from fries potato processing), depicted a
reduction in the eutrophication potential (up to 40%), land use (up to 60%), GHG and
NREU (reduction <10% for both), compared to virgin starch. The reduction of the water
footprint can also be reduced through the use of residues from vegetal biomass, to take

advantage of residues from different crops.

Conclusions

This review has addressed the state-of-the-art of the production of bioplastics
from polysaccharides from plant biomass, as well as the advantages and disadvantages
of using starch and lignocellulosic components (as additive and main component) for
their development. Academic and industrial efforts have been devoted towards new and

improved polymers, production methods and sources for the obtaining of
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polysaccharides, that can strategically reduce petroleum consumption in the production
of plastic and replace partially the conventional synthetic and non-biodegradable plastic
materials. Moreover, the production of bioplastics from plant biomass represents a
model for the recycling and management of such waste with positive economic effects.
However, the disadvantages (mechanical strength, gas barrier properties, processability
of natural polymers and economic viability) related to the production of bioplastics
from polysaccharides must be studied towards the expansion of the fields of application
of such materials. This study showed that the application of lignocellulosic fibers has a
high potential for application in bioplastics, since they result in the improvement of the
properties of bioplastics, in addition to being an alternative to reuse a biomass with

great availability.
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CHAPTER I11: Biodegradation of hemicellulose-cellulose-starch-based bioplastics

and microbial polyesters

Abstract

The volume of discarded solid wastes, especially plastic, which accumulates in large
quantities in different environments, has substantially increased. Population growth and
the consumption pattern of societies associated with unsustainable production routes
have caused the pollution level to increase. Therefore, the development of materials that
help mitigate the impacts of plastics is fundamental. However, bioplastics can result in a
misunderstanding about their properties and environmental impacts, as well as incorrect
management of their final disposition, from misidentifications and classifications. This
chapter addresses the aspects and factors surrounding the biodegradation of bioplastics
from natural (plant biomass (starch, lignin, cellulose, hemicellulose, and starch)) and
bacterial polyester polymers. Therefore, the biodegradation of bioplastics is a factor that
must be studied, because due to the increase in the production of different bioplastics,

they may present differences in the decomposition rates.

Keywords: biodegradation, bioplastics, lignocellulosic fibers, microbial polyesters.
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1. Introduction

Consumption demands for industrialized materials such as plastics in their
various applications have increased over the past years. This consumption is generating
residues, which require alternatives for their proper disposal and recycling. Disposal,
recycling, and plastic substitution are potential research areas towards urgent and
necessary solutions. Most commercial plastics come from the petrochemical industry,
which uses natural gas and fossil hydrocarbons as feedstock. Such synthetic plastics are
biodegradable and degradable only for a long period. Therefore, they are considered
neither biodegradable nor renewable (SINGH et al., 2017). Synthetic polymers, such as
polypropylene (PP), polyethylene (PE), polytetrafluoroethylene (PTFE), nylon,
polyester (PS) and epoxy are examples of plastic components of high resistivity,
chemical and biological inertness, resistance, flexibility and other interesting properties
(NAGALAKSHMAIAH et al., 2016; MARIANO et al., 2017; NAGALAKSHMAIAH
etal., 2017; NAGALAKSHMAIAH et al., 2019).

At the beginning of the large-scale production of synthetic plastic materials,
their properties seemed adequate for good quality development. However, such
materials are non-biodegradable, thus generating large accumulations of residues in
different landscapes. Thus, they have been a cause of growing concerns due to
environmental problems. New materials based on biological sources have been
developed towards solving or reducing the above-mentioned problems. However, in
addition to be renewable and biodegradable, bioplastics must have vapors barrier
properties and mechanical properties that meet the different applications of this
material, and the attention has now evolved towards the possible ecotoxic effects of
bioplastics and active properties for a cover of food.

The names of biodegradable and/or bioplastic products given by companies and
reported in the literature, when drawn up wrongly, can lead to misunderstandings by the
general public due to incorrect classifications of the polymeric materials (LACKNER,
2015; Nazareth et al., 2018; HARDING et al., 2017; IWATA, 2015). A bioplastic can
be biodegradable or not. However, a biodegradable material does not necessarily come
from a biological source. Towards the avoidance of errors, the following definitions,
reported in this article, must be clarified:

e Plastics are polymeric matrices comprised of organic polymers of high

molecular weight and other substances, such as fillers, colors, and
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additives (LACKNER, 2015). In general, the synthetic route is
predominant in the synthesis of the material.

¢ Bioplastic refers to materials that are biodegradable, bio-based or both.
Although the term bioplastic is generally used to distinguish polymers
derived from fossil resources, it is worth mentioning that bioplastics may
come from petroleum (LACKNER, 2015). The prefix "bio" of bioplastic
does not necessarily mean this material is environmentally friendly
(LACKNER, 2015).

e Biomass is a source of natural organic carbon that may originate from
animals or vegetables raised/cultivated by humans or that spontaneously

emerge in terrestrial and marine environments (BONECHI et al., 2017).

Different biotic and abiotic factors contribute to the different degradation
processes (KABIR et al., 2020). Thermal, mechanical and chemical degradation, as well
as photodegradation, are examples of abiotic degradation. A degradation process is
related to the fragmentation of material into small elements or molecules, or just
physical and chemical changes in a polymer. Due to high temperatures, polymers can be
thermally degraded. The chemical bonds in their chains are broken by a thermo-
degradation effect (CRAWFORD and QUINN, 2017).

Mechanical degradation is an abiotic degradation mechanism that occurs
through shear forces (due to aging, turbulence in water and air, snow pressure, and other
factors), tension and/or compression. Under environmental conditions, it acts
synergistically with different abiotic factors (LUCAS et al., 2008).

Abiotic chemical degradation occurs by the degradative effect of chemicals
substances, and represent one of the most important mechanisms of abiotic degradation,
since the polymer matrix is affected by atmospheric or agrochemical pollutants, such as
oxygen (i.e., Oz or O3), which produce free radicals through oxidation, attacking
covalent bonds (Lucas et al., 2008). Abiotic chemical degradation differs from biotic
chemical degradation, mainly regarding the origin of the chemical with a degrading
effect.

Photodegradation is the process of degradation of polymers by the action of
light, resulting in the oxidation of the material. UV rays interact with chromophores

groups of polymers (carbonyl, hydroxyls, and aldehydes), which are degraded by chain
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fission, photoionization, crosslinking, and oxidation reaction (FAIRBROTHER et al.,
2019; KABIR et al., 2020; NIAOUNAKIS, 2015; LUCAS et al., 2008).

Microbial Biodegradation is a degradation process of polymers and other
materials through the action of microorganisms (KABIR et al., 2020) resulting in CO>
and/or methane, water, cell biomass, and energy. However, in the natural environment
and even in the process of controlled biodegradation, abiotic effects help or even occur
synergistically with biodegradation. This consideration of synergism is important for the
elaboration of biodegradation procedures.

With environmental concern, this review evaluated the biodegradation process
(considering the synergistic action of biotic and abiotic agents) of bioplastics elaborated
with polysaccharides from plant biomass and microbial polyesters. Also, addressing the
definitions, biodegradation mechanism and factors that affect the biodegradative process
of bioplastics. The scope of this review does not address the biodegradation of
bioplastics produced from polymers of animal origin (natural polymer) and bioplastics
derived from petroleum (PBAT, PBS, PVA, PCL, and PGA (BATORI et al., 2018).
However, the definitions presented in this review do not exclude these types of

bioplastics.

2. Problems related to plastics

The current geological era, the so-called Anthropocene, is exposed to the
influence of human actions in different environments. Indicators from such anthropic
actions are biodiversity reduction, deforestation, climate, and other environmental
changes (CRUTZEN, 2006). However, materials produced by human society, like
plastics, are also indicators of the Anthropocene. Plastics directly (i.e., environmental
impacts from the plastic production chain) affect different environments (e.g., terrestrial
and marine).

An environment in which plastic waste currently generates several problems, is
the oceans, due to the large accumulation of these materials. The plastic that reaches the
oceans mostly is generated in coastal population regions, where the disposal and
management of this waste is destined for uncontrolled landfills (JAMBECK et al.,
2015). Due to urban runoff and inland waterways, such plastics reach oceans and are

transported via tide and winds. It is estimated that between 4.8 and 12.7 million metric

75



tons of plastics produced in the continent (distribution varies according to the analyzed
location) reached the marine environment in 2010 (JAMBECK et al., 2015).

In recent years, environmental concerns (e.g., harmful effects of plastics on the
environment, since they are not biodegradable (GEYER et al., 2017), or slowly
degraded) have been intensified. Large accumulations of floating plastics in the oceans
have been reported- approximately 1.8 trillion pieces of plastic have been quantified in
the Great Pacific Garbage Patch (GPGP) (LEBRETON et al., 2018). The ingestion of
plastic fragments by the marine fauna is a major concern due to their small size
(JAMBECK, et al., 2015; WRIGHT et al., 2013, GOLDSTEIN and GOODWIN, 2013),
the so-called microplastics, which are smaller than 5 mm (WRIGHT et al., 2013).
Besides, since plastic fragments are present on the surface and floor of oceans, as well
as in several maritime regions (coastal areas) and the Arctic sea ice, strategies, as a
reduction in inputs (JAMBECK, et al., 2015) and the elaboration/utilization of
biodegradable materials, would be adequate measures to reduce the impacts of plastics.

Even with the area of studies on the impacts of plastics on fauna and for the
various organisms still under development, some studies point to the occurrence of
toxicological effects of this synthetic waste (DE SA et al., 2015; CANESI et al., 2015).
A plastic intake and entanglement can lead to the lower life quality of organisms, loss of
mobility, external and internal injuries, blockage of digestion, and other harms
(GREGORY, 2009). GOLDSTEIN and GOODWIN (2013) identified the presence of
microplastics (mainly PE, PS, and PP) in the digestive tract of 33.5% of Gooseneck
crustaceans (Lepas spp.).

The development of innovative technologies represents a means for both
sustainable development (BOONS et al., 2013; DE CARVALHO AND BARBIERI,
2012) and the growth of emerging countries, such as Brazil, whose sustainable energy
has been highlighted by innovation technologies. Thus, even with bioplastic not
representing a material for total replacement of non-biodegradable plastic, researches
and production of bioplastics are a technological alternative for the development of a
more sustainable and balanced society. Therefore, aligning with the current trend
(socio-political and environmental), in which concerns with the environment is

growing.

3. Biodegradation process
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The biodegradation of materials occurs by the action of microorganisms, such as
fungi and bacteria (PATHAK and NAVNEET 2017), and is classified as physical,
chemical, and enzymatic according to modifications in the materials. Biodegradation is
a natural process of vital importance for nutrients and energy recycling (PALMISANO
and PETTIGREW, 1992). Microorganisms use organic material as a source of nutrition
for their metabolism; except for the substances used in metabolic incorporation, the rest
is oxidized by cellular respiration, thus leading to the formation of simple and small
submetabolites, released in the environment (DE PAOLI, 2008; CRISPIM and
GAYLARDE, 2005).

Biodegradation due to physical degradation occurs from the adhesion of
microorganism species to the surface of organic materials through the secretion of a
gum (CAPITELLI et al., 2006) produced by microorganisms. This gum represents a
complex matrix made of natural polymers (e.g., polysaccharides and proteins). Such a
thick complex, together with microorganisms, infiltrates the material and changes its
volume, size, pores distribution, moisture content, and thermal transfers. A few
microorganisms (e.g., filamentous fungi) lead to cracks in the materials due to mycelial
growth, i.e., both their durability and resistance properties are reduced (BONHOMME
et al., 2003; LUCAS et al., 2008). Microorganism biofilms are a matrix that protects
microorganisms from different environmental conditions and results in a major change
in materials (LUCAS et al., 2008; FLEMMING, 1998).

Biodegradation by chemical degradation refers to the production of chemical
substances by living organisms, which facilitate and increase the speed of the process.
Emulsifying substances produced by microorganisms help the exchange between
hydrophobic and hydrophilic phases, which are important interactions for the
penetration of microorganisms in the polymeric material (WARSCHEID and
BRAAMS, 2000). Such a lime formation (polymers secreted by microorganisms mixed
with different microbial species) improves the material deterioration. It represents a
point of accumulation of polluting and chemical substances (abiotic chemical
degradation), thus benefitting microbial proliferation (ZANARDINI et al., 2000).

Examples of chemical substances released into the environment by
microorganisms, which play an important role in chemical biodegradation, are nitrous
acid, nitric acid, and sulfuric acid. All of these compounds are produced by
chemolithotrophic  bacteria, such as Nitrosomonasspp, Nitrobacterspp, and
Thiobacillusspp, respectively (WARSCHEID and BRAAMS, 2000; CRISPIM and
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GAYLARDE, 2005; RUBIO et al., 2006). Apart from the action of chemical substances
generated by those organisms, chemoorganotrophic microorganisms generate organic
acids with potential for chemical degradation (e.g., oxalic, citric, gluconic, glutaric,
glyoxalic, oxaloacetic, and fumaric acids).

The action mechanisms of such acids (organic or inorganic) are diverse and
include an increase in surface erosion when adhering to the material surface
(LUGAUSKAS et al., 2003). The use of those acids as nutrients benefits the growth of
filamentous fungi and bacteria (LUCAS et al., 2008). Another action mechanism of
biotic chemical degradation is the oxidation of organic material. Certain fungi and
bacteria have specific proteins in their membrane that capture iron-chelating compounds
(siderophores) (PELMONT, 2005). With this mechanism microorganisms capture
cations from a matrix.

Biodegradation by enzymatic degradation occurs due to the depolymerization of
polymeric chains of a matrix through the action of hydrolase enzymes that catalyze the
reactions of chemical bonds breakage adding a water molecule. These bonds are ether,
peptide-like, and ester, present in biodegradable bioplastics. The main enzymes are
amylases and cellulases, which cleave starch and cellulose polymers, respectively.
However, other enzymes (breakage of ester bonds), such as esterases and lipases, can
degrade co-polyesters.

A mechanism that explains the action of hydrolases (e.g., depolymerase) in
polyesters hydrolysis (synthetic and natural) through biodegradation is related to three
amino acids, namely serine, histidine, and aspartate. A hydrogen bond is formed when a
component reacts with the histidine ring, thus guiding interaction between histidine and
serine, and forming an alcohol group of high nucleophilic character (-O). Histidine
plays a deprotonating role for serine, i.e., as a base. The alkoxide group includes an
ester bond and generates an acyl-enzyme and an alcohol group. Finally, a free enzyme
and a terminal carboxyl group are generated by the action of the water molecule under
an acyl-enzyme. This entire enzymatic degradation process is termed catalytic triad
(ABOU ZEID, 2001; BELAL, 2003), and the products generated are metabolized or not
by microorganisms that have depolymerizing enzymes. Therefore, a consortium of
microorganisms is important for complete biodegradation (LUCAS et al., 2008). Figure

1 depicts the mechanism of action of depolymerizes and the catalytic triad.
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Figure 1: Enzymatic hydrolysis of polymers and catalytic site of depolymerase enzymes
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Apart from the biodegradation of cellulose, starch, and polyesters, hemicellulose
is another polymer that can be degraded by microbial enzymes. A catalytic action of
hemicellulases (enzymatic pool) on different types of hemicellulose polysaccharides
produces monomeric sugars, acetic acids (FREITAS et al. 2019). For example, enzymes
that degrade xylan (hemicellulose from grasses) are endo-1,4-B-xylanase (cleavage
results in oligosaccharides), xylan 1,4-B-xylosidase (cleavage of oligosaccharides
generate by xylan, which forms xylose monomers), and accessory enzymes, such as
xylan-esterases, ferulic and p-coumaric-esterases, a-L-arabinofuranosidases, and a-4-O-
methyl glucuronidase (TERRONE et al., 2020). Both enzymes act synergistically so
that xylans and hemicellulose mannans of some types of plant cell walls are
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depolymerized (PEREZ et al., 2002). Nevertheless, some polymers are not biodegraded
by common enzymatic hydrolysis, i.e., polymers can be oxidized by enzymes such as
laccase, dioxygenase, peroxides, monooxygenase, and oxidases (COSTA et al., 2015).
Thus, such enzymes are not hydrolases and influence the cleavage process of polymers
differently from hydrolases (oxygen insertion, hydroxylation, oxidation, and free radical
formation lead to polymer cleavage) (COSTA et al.,, 2015). Figure 2 depicts the

enzymatic biodegradation process.

Figure 2: Enzymatic biodegradation process
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The result of biodegradation, for example of bioplastic from natural polymers
(e.g., polysaccharides) is the generation of small molecules from a polymer.
Microorganisms cannot employ large substances insoluble in water for obtaining
organic or inorganic nutrients for their metabolism. They produce enzymes and
chemicals used in extracellular environments and, therefore, depolymerize the materials.
After hydrolysis and/or oxidative action of microorganism enzymes on different
polymers, which results in monomers, metabolism oxidation occurs. In this system,
organic compounds lead to a loss of electrons and the consequent production of ATP
molecule (adenosine triphosphate). This is the last biodegradation stage, in which

organic matter is mineralized. The microorganisms use smaller and simple organic
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molecules, such as oligomers and monomers, for their metabolic activities. However,
byproducts are generated from microbial metabolism (e.g., carbon dioxide - aerobic
degradation), water, biomass, methane, and hydrogen sulfide (anaerobic degradation)
(PREMRAJ and Doble, 2005; KUMAR and MAITI, 2016). Figure 3 displays the biotic

and abiotic degradation of plastic.

Figure 3: Disintegration, biodegradation and mineralization process of plastic polymeric

materials.
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3.1 Factors that influence biodegradation

The microbial population available is a key factor for biodegradation in an
environment (soil, air, and water), and several properties (e.g., the chemical constitution
of materials) affects the efficiency of the biodegradation process (PLATT, 2006).

Chemical composition influences the biodegradation of plastics through different
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patterns of crystallinity, hydrophilic and hydrophobic character, conformational
flexibility, polymer accessibility, surface area, molecular weight, melting temperature,
hydrolyzable and oxidizable bonds in polymer chains, morphology, and
stereoconfiguration (RANI-BORGES et al. 2016; PRIYANKA and ASCHANA, 2011,
PALMISANO and PETTIGREW, 1992).

Crystallinity influences biodegradability because it affects the accessibility of
the enzyme to the material polymer. More organized regions of polymers (crystalline)
tend to hinder enzymatic hydrolysis since catalytic proteins diffuse with greater
difficulty. On the other hand, water molecules diffuse more easily between amorphous
(less organized) regions, and enzymes can easily access the material polymers in such
regions (DE PAOLLI, 2008).

The polarity of bioplastics directly influences biodegradation, since materials
developed with hydrophobic polymers are less susceptible to enzymatic attack.
Degrading microorganisms depend on a hydrophilic surface to adhere to and catalyze
the depolymerization reaction by means of hydrolytic enzymes. However, this
enzymatic accessibility to the material is reduced on hydrophobic polymeric surfaces.
This impediment occurs not only because the microorganisms and enzymes are more
hydrophilic, but also due to the agueous medium (usual water), in which the enzyme is
contained, to have their contact with the material (bioplastic) reduced. For example,
glycolic polyacids (PGA) are more easily biodegraded than poly (lactic acids) (PLA),
since PLA is more hydrophobic) (GUNATILAKE and ADHIKARI, 2003).

Blends in a polymeric bioplastic matrix are common when it is desired to obtain
materials with certain characteristics (PLATT, 2006), and also interfere with
biodegradation (increase or reduce biodegradation), since the different components of
biocomposites can influence the accessibility of the enzyme to the polymeric material in
different ways.

The molecular weight of polymers affects the biodegradability of plastics, since
the heavier the molecular weight, the greater the difficulty for microorganisms to break
it down and assimilate. Therefore, the lower the molecular weight of the polymer, the
easier the biodegradation, since the need for extracorporeal digestion is reduced.
Aliphatic polyester is one of the few biodegradable polymers of high molecular weight
(LUCAS et al., 2008). However, it is worth mentioning that in addition to the molecular

weight, the types of bonds in the polymeric chain (considering that bioplastic, like
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plastic, is formed by a polymeric matrix), and different chemical groups in polymers
influence the biodegradation process.

Although the term "bio" degradation is directly correlated with the fragmentation
of a polymer by the action of microorganisms, these microorganisms do not act in
isolation on the polymeric material, since abiotic agents influence the fragmentation
efficiency. The abiotic degradation of organic matter such as thermal, mechanical,
chemical, and by the action of light are examples of degradative processes. These
processes work synergistically with biodegradation, reducing the material to dimensions
that allow microbial assimilation (PROIKAKIS et al., 2006; LUCAS et al., 2008).

3.2 Assessment and biodegradation quantification

Biodegradation can be measured through metabolic products, physical and
chemical properties of plastics/bioplastic, acidification of the medium, and other ways.
CO2 is a product of biodegradation, more specifically, of the oxidation of organic
matter, and can be used for direct or indirect measurement of material biodegradation
over a period of time. Its content released in a degradation process is quantified by the
respirometry technique, which can use a closed CO. production and a capture system.
International methods, such as ASTM D5338-15 and I1SO 14855-2: 2018 are applied for
the quantification of the CO> produced in a microbial degradation process.

The measurement of consumed oxygen (ISO 17556: 2003) is another method of
quantifying biodegradation by respirometry. Respirometry involves techniques that
measure parameters indicative of cellular respiration. The higher the consumption of
oxygen and the release of CO2 by microorganisms, the better the biodegradation
indicator. For details and examples of other standard methods of respirometry analysis
(ASTM, EN, and 1S0O), see specialized literature (PAVEL et al., 2019).

Methane molecules can also be wused for measurements of materials
biodegradation. However, unlike the above-mentioned respirometry techniques, CHa,
CO>, and other gases quantification is generally conducted under anaerobic conditions.
Analysis methods such as ASTM D5511-02, 1ISO 14853:2016, and I1SO 15985:2014 are
used for this purpose.

Apart from microbial proliferation in plastic/bioplastics materials, analyses of
color change, surface roughness, cracks, and holes are also alternatives for checking the
deterioration of materials (LUCAS et al., 2008, LUGAUSKAS et al., 2003). Analysis
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parameters can be used especially for materials of difficult biodegradation and low CO>
release. However, the results of such analyses (e.g., microbial growth in the polymeric
matrix) are not recommended for the conclusion of biodegradation or abiotic
degradation directly (LUCAS et al., 2008). Additional techniques, such as electron
microscopy, photon microscopy, microscopy of polarization, and atomic force
microscopy reinforce the results (LUCAS et al., 2008; ZHAO et al., 2005; TSUJI et al.,
2006).

The physical properties of plastics/bioplastics (e.g., tensile strength, elongation
at break, modulus of elasticity, crystallinity, cold crystallization temperature, and glass
transition temperature) can be measured as biodegradation indicators. The weight loss
of a sample determined by the burial method can be used in plastic/bioplastic
biodegradation analyses, although it may result from the solubility and volatility of
certain substances (LUCAS et al., 2008). The analysis of weight loss of bioplastics by
burying in soil, or composting systems, may result in conclusion errors, since in
addition to the mass of the soil or compost account for the variation in the bioplastic
mass, in bioplastics washing processes (a step which precedes weighing procedures),
can cause fragmentation and loss of material derived from bioplastic. Thus, even though
the method of analyzing mass loss is frequently reported in the literature, as is usual in
determining the biodegradation of bioplastics, this technique ends up being difficult to
perform (MEDINA JARAMILLO et al, 2016). Recent articles evaluating the
biodegradation of bioplastics by burying in soil and compost has used image evaluation
as a tool for analysis, that is, the reduction of the area of bioplastics, detected by image
registration (from the insertion of the bioplastic in a mold/grid with known dimensions)
(BALAGUER et al., 2015; PINEROS-HERNANDEZ et al., 2017).

The indication of biodegradation through products generated by microorganisms
is another way of measuring the process. For example, the biodegradation of polymeric
cellulose materials can be measured according to the release of glucose (ABURTO et
al., 1999), or the quantification of 1,4-butanediol as an indicator of the biodegradation
of PBA and PBS polymers (LINDSTROM et al., 2004).

The increase in microbial biomass (weight or number of cells) is indicative of a
biodegradation process since a single source of carbon (plastic or bioplastic material) in
a closed environment can point out the occurrence of biodegradation and/or surface
changes and molecular rearrangements. However, conclusive statements about the

amount of mineralized material cannot be directly made.
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The evaluation and quantification of bioplastic and/or plastic biodegradation by
the above-mentioned methods can be conducted in an aqueous medium and soil.
However, each condition of analysis imposes different requirements, which leads to

different responses from different methods.

3.3 Biodegradation of bio-based polymers bioplastics

In this topic, biodegradation of bioplastics developed with polysaccharides from
plant biomass/lignocellulose and microbial polyesters was followed as the scope of this
review. It was exemplified the biodegradation of a category of bioplastics, those
developed with natural polymers (vegetable and microbial). Therefore, this review does
not intend to address issues related to the development of bioplastics of vegetable and
microbial origin, advantages and disadvantages in addition to the viability of this
material (related to the economic aspects and properties of bioplastics). To obtain this
information, it is recommended reading of the specialized literature (YANG ET AL.,
2019; LACKNER, 2015; FARHAT ET AL., 2017; OCHlI, 2016).

3.3.1 Biodegradation of plant-based polymers bioplastics

In the study by Bilo, the mass loss of bioplastics from rice straw showed
complete degradation after 105 days (BILO et al., 2018). Rice straw bioplastics were
composed mainly of cellulose and trifluoroacetic acid. On the first day of contact with
the soil, the bioplastic showed an increase in mass, due to the phenomenon of water
absorption by the material. According to the authors, its mechanical properties are
similar to those of polystyrene (bioplastic in the dry state).

The mass loss of bioplastics consisting of acetylated starch and acetylated
sugarcane fibers (lignin, hemicellulose, and cellulose) resulted in 24.2 to 39.3%
degradation after 5 weeks (FITCH-VARGAS et al., 2019). The acetyl group may have
created stable biodegradable sites; however, an increasing effect on the crystallinity of
the bioplastic with the addition of cellulose may have contributed to the low
biodegradation rate due to the restriction effect of the microbial enzyme's activity. In
addition to the crystallinity and chemical structure of cellulose, microbial diversity,
carbon availability and the period of biodegradation considered can influence its

depolymerization.
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Bioplastics (glycerol, acetylated starch, and acetylated nanocellulose
composition) subjected to biodegradation in a petri dish with Trametes versicolor were
completely degraded in 60 days, and after 40 days with starch and non-acetylated
reinforcement. The starch bioplastics were completely biodegraded after 30 days, and
the addition of cellulose to the formulation of bio-based plastics resulted in a longer
biodegradation time (BABAEE et al., 2015). Water and moisture absorption is
important in the biodegradation process of bioplastics (OLUWASINA et al., 2019). The
starch-based bioplastics investigated in this study were composed of different
concentrations of oxidation starch (20, 40, and 60%). Oxidation decreases
biodegradation due to reduced swelling and water absorption from the soil by bioplastic.

Hemicellulose is another natural plant-derived polymer of potential application
for the development of bioplastics. However, in addition to the elaboration that
biomaterial, the study of the biodegradation of these carbohydrates in bioplastics has not
received attention, as the area of use of hemicellulose for bioplastic focus on
physicochemical properties and modifications of this macromolecule. The bioplastic
based on xylan (of the hemicellulose type of grasses) and blended with gelatine was
completely biodegraded after 15 days of conditioning (determined by the burial
procedure) (LUCENA et al., 2017). This bioplastic was considered 100% biodegradable
since the sample could not be recovered for weighing. A bioplastic made with 50%
xylan (from beechwood) and PVA (polyvinyl alcohol) was 56% biodegraded after 30
days by burial in soil (WANG et al., 2014). PVA reduced the biodegradation of the
bioplastic produced by the PVA/xylan mixture. The sample with 25% xylan was 42.2%
biodegraded after 30 days of burial in soil.

Xylan was grafted with poly-(e-caprolactone) (PCL), and biodegradation was
evaluated by BOD (biological oxygen demand). The biodegradation (aerobic and
activated sludge) kinetics of bioplastics with high concentrations of PCL was delayed in
comparison to materials made with pure hemicellulose or with lower graft
concentrations (FARHAT et al., 2018). Despite changes in the Kinetics, the
biodegradation property of the bioplastic was not altered and ranged between 95.3 and
99.7%.

Recalcitrant substances also influence the biodegradation of natural polymers.
Lignin is a constituent of lignocellulosic fibers, shows the highest degree of
recalcitrance in the plant cell wall (SCHMATZ et al., 2020; MELATI et al., 2019). This
polymeric complex of phenylpropane units hinders the biodegradation of the material or
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products that contain it, such as bioplastics, and reduces the contact surface of
lignocellulosic fibers with degrading enzymes (MELATI et al., 2019). Lignin requires
different enzymes to degrade due to the different units that comprise its polymeric
complex (FIGUEIREDO et al., 2018). In anaerobic environments lignin may persist
biodegradation for a longer time, with this process is primarily more efficient in aerobic
environments (VAN SOEST, 1994), due to the catalytic action involved in oxygen.

Starch and lignin (lignosulfonate) bioplastics were completely biodegraded after
4-month burial (CAMPAGNER et al., 2014). Biodegradation was measured through the
analysis of CO. and morphological characteristics. The samples with lignin analyzed
after 5 weeks of biodegradation tests were fragmented, however, small residues of the
bioplastic were identified. After the 2-month burial, the samples with lignin showed a
significant biodegradation effect, with small fragments of the material still observed.
After 4 months of testing, residues of bioplastic fragments were no longer detected. A
bioplastic made from the addition of lignin (1.2% wi/t) to the bio-PTT matrix (Bio-poly
(trimethylene terephthalate)) increased its weight loss through biodegradation in soil
(GUPTA et al., 2015). In 140-day burial, bio-PTT/lignin bioplastic showed more than
50% mass weight loss.

A higher CO, emission was reported from films with lignin in comparison to the
bioplastic composed only of starch, due to the greater amount of carbon atoms in its
formulation (CAMAGNER et al., 2014). However, such CO2 may have originated from
the metabolism of soil organic compounds, i.e., the bioplastic may have stimulated the
microbial degradation of stable organic compounds in the soil through the priming
effect. A strategy for the biodegradation of bioplastics composed of lignin, due to the
recalcitrance of this phenolic complex, is the application of UV radiation prior to
chemical, microbiological and/or enzymatic treatments. Lignin is susceptible to
photodegradation due to the UV effect (THAKUR et al., 2014). After photodegradation,
other treatment combinations can be applied for the degradation or biodegradation of
lignocellulosic fibers, such as enzymatic or oxidative treatments. One of the advantages
of using lignin in the development of thermoplastic formulations is its processing at
high temperatures (AGRAWAL et al., 2014). However, studies using lignin in the

bioplastic formulation, have not received much attention.

3.3.1.1 Biodegradation/enzymatic degradation of plant-based polymers bioplastics in
relation to derivatization
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The assessment of biodegradation, disintegration, and enzymatic degradation of
bioplastics made with natural polymers (such as proteins, starch, cellulose, and
hemicellulose) is not recurrent in the literature. Biodegradation has received lower
attention when compared to the objective of most studies, which is to evaluate the
physicochemical and mechanical properties of the materials. However, this limitation in
the studies is even greater when compared to the biodegradation of bioplastics made
with modified polymers.

The comparison between bioplastics developed from unmodified and modified
hemicellulose presents few studies intending to analyze the enzymatic degradation
(ARNLING BAATH et al., 2018) and biodegradation. This low number of studies with
hemicellulose could be related to the difficulties in obtaining a plastic polymer matrix
from this heterogeneous vegetable polysaccharide. However, in addition to the analysis
of the physicochemical properties of modified bioplastics, the effects of chemical,
physical, and biological (and enzymatic) modifications of polymers on biodegradation
must be considered. The enzymes involved in the enzymatic degradation of unmodified
and modified polysaccharides may be different. Moreover, a more complex enzymatic
pool will be required for modified polysaccharides.

As pending groups are attached to the polysaccharides chain, new enzymes will
be required for further hydrolysis. According to a recent review article, physical
modifications of polysaccharides hardly result in a change in the biodegradation process
(POLMAN et al., 2021). However, chemical changes result in different degradation
mechanisms. Considering a chemical similarity, the enzymatic degradation of cellulose
acetate can be catalyzed by acetyl esterases, an enzyme common for Xxylan
deacetylation. The modification or functionalization of polysaccharides may result in a
reduction in biodegradation since modified bioplastics (acetylated cellulose, acetylated
xylan, acetylated starch, starch propionate, starch butyrate, starch valerate, and starch
hexanoate) showed a reduction in anaerobic biodegradation (RIVARD et al. 1995). For
example, the degree substitution (DS)> 1.5, 1.5, 1.2 for starch, cellulose and modified
xylan (acetylated), respectively, represented the minimum modification necessary to
delay the biodegradation of bioplastics.

The chemical modifications of the polysaccharides that make up bioplastics,
such as acetylation, increase the degree of hydrophobicity of the polymers and the

plastic matrix. This has the advantage of to reduce the solubilization of the polymers in
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polar solutions (GRONDAHL et al., 2003). However, resulted in a decrease the
enzymatic degradation. It was observed a reduction in two mannases of Cellvibrio
japonicus (CjMan5A and CjMan26A), with reduced catalytic activities on
galactoglucomannan substrates (hemicellulose) due to the decrease of the solubility of
the polymers (ARNLING BAATH et al., 2018). Other studies in the literature showed
the influence of chemical modification of hemicellulose in relation to solubility, thermal
resistance, crystallinity (TSERKI et al., 2005) and biodegradation rate (TSERKI et al.,
2006). Therefore, the diffusion of water by the composite and biodegradation is a
parameter affected by chemical derivatization.

Modified xylans with an increase in the DS reduced enzymatic degradation by
xylanolitic enzyme (GLASSER et al., 1995). However, a rapid biodegradation rate
(80%) on the first day of the evaluation was achieved for (hydroxypropyl) xylan.
Substitutions above 1.5 reduced enzymatic degradability by 10%. However, the
modification of cellulose with hydroxypropyl led to a reduction in biodegradation (20%
in 18 days). Regarding the DS and the enzymatic activity, the article justifies the
limitation of the recognition of the xylanolitic enzyme to the substrate due to chemical
modification. In addition to the sterile impediment, when it changes the polysaccharide
polarity through modification, it may be another explanation for the degradability
reduction (MITCHELL et al., 1990).

Modifications of polysaccharides may result in a less hydrophobic bioplastic,
favoring the process of biological and abiotic degradation. Xylan carboxymethylation
for bioplastic production showed an increase in water absorption at high relative
humidity, demonstrating, therefore, the hydrophilic character of the carboxymethyl
groups (ALEKHINA et al., 2014). Carboxymethylation is a procedure for the
production of hemicellulose-based bioplastics with increases in hydrophilic
characteristics (GENG et al., 2020). This procedure results in the development of
environmentally favorable materials considering biodegradation.

A modification of hemicellulose by subtraction of chemical constituents may
result in a different biodegradation process. An enzymatic modification of arabinoxylan
resulted in an increase in the bioplastic crystallinity as the arabinose content was
reduced (HEIKKINEN et al., 2013; HOIJE et al., 2008). In both of these studies, the
effects of enzymatic modification of hemicellulose in relation to biodegradation were
not evaluated. However, the increase in crystallinity may be a retarding factor in the

bioplastic biodegradation due to the degree of organization of the molecules limiting
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enzymatic action, probably reducing the water absorption effect and reducing microbial
growth.

The different modifications in natural bio-based polymers (for example,
polysaccharides) may result in a difficulty in biodegradation or enzymatic degradation.
The rate of degradation of these materials can reduce in a given period. However, the
material can still be metabolized or degraded using enzymes. For example, acetylated
xylan is the form found in natural lignocellulosic materials, therefore, although acetyl
groups result in a delay in biodegradation, these polysaccharides are biodegradable by
microbial enzymes, such as xylanases and esterases, whereas the acetylated xylan form

is predominant in the environment.

3.3.2 Biodegradation of microbe-based polymers bioplastics

Under the nutritional abundance of carbon and nitrogen, some bacteria can
synthesize energy reserve polymer (inclusions). Polymers like polyhydroxyalkanoate
(PHA) (intracellular granules), can be produced via microbial fermentation of biomass
(animal or vegetable). Regarding applications, these natural polymers are an important
alternative for the manufacture of bioplastic materials since they are biodegradable and
biocompatible, and used in the medical field (KJELDSEN et al., 2018). With the 41%
increase in world production of PHAs between 2010-2017, this polyester has become a
polymer of significant interest in the development of bioplastics. The properties of this
microbial polyester can contribute to a reduction of environmental impacts due to the
closed carbon cycle generated by biodegradation (MEEREBOER et al., 2020).

There is a growing interest in the development of materials formulated with
PHAs, the study of the biodegradability of these materials. However, factors that
influence the degradation of composites and bioplastics are necessary. Some of the
marine microorganisms that are known to degrade PHAs (SUZUKI et al., 2021) are
Aestuariibacter halophilus S23; Alcanivorax sp. 24; Alcanivorax dieselolei B-5;
Pseudoalteromonas haloplanktis; Alteromonas sp. MH53; Bacillus sp.; Bacillus sp.
strain NRRL B-14911; Bacillus sp. MH10; Comamonas testosteroni YMZ1004;
Enterobacter sp.; Aliiglaciecola lipolytica; Gracilibacillus sp; Marinobacter sp. NK-1;
Nocardiopsis aegyptia; Pseudoalteromonas sp. NRRL B-30083; Pseudoalteromonas
gelatinilytica NH153; Pseudoalteromonas shioyasakiensis S35; Pseudomonas stutzeri
YM1006; Psychrobacillus sp. PL87; Rheinheimera sp. PL100; Shewanella sp. JKCM-
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AJ-6,1a; Streptomyces sp. SNG9. Terrestrial microbial representatives degraders PHAS
(VOLOVAA et al., 2015) are Alcaligenes faecalis; Pseudomonas lemoignei;
Acientobacter sp.; Acientobacter schindleri; Bacillus sp.; Pseudomonas sp.;
Stenotrophomonas maltophilia; Variovorax paradoxus; Stenotrophomonas rhizophilia;
Penicillium sp.; Purpureocillium lilacinum; Verticillium lateritium; Burkholderia sp.;
Nocardiopsis sp.; Streptomyces sp.; Bacillus cereus; Burkholderia sp.; Cupriavidus sp.;
Gongronella butleri; Penicillium oxalicum.

As in polysaccharide-based bioplastics, crystallinity in polyester bioplastics from
microbial synthesis plays an important role in the biodegradation process. In bioplastics
with higher proportions of amorphous regions, depolymerization occurs more quickly
through abiotic or biotic action. For example, higher biodegradation was obtained with
hydroxybutyrate (PHB), hydroxybutyrate-co-hydroxyvalerate (PHBV-40), PHBV-20,
and P (3HB, 4HB) (10 % mol of 4HB) and PHBV-3 (WENG et al., 2011). According to
the quantification of CO> in a composting vessel, PHBV-40 and P (3HB, 4HB) (10%
mol 4HB) showed the highest degrees of biodegradation, due to a reduction in
crystallinity with the addition of higher percentages of HV (valerate hydroxide -
indicated by the numbering in front of the acronym) and 4HB. Biodegradation was
90.5%, 89.3%, 80.2%, 90.3% and 79.7% in 110 days of analysis for bioplastics
formulated by PHBV-40, PHBV-20, PHBV-3, P (3HB, 4HB) and PHB, respectively.

The advantage of using PHBV in comparison to PHB is the ease of processing
and good toughness. Certain PHBV disadvantages such as low thermal stability and a
high degree of crystallinity must be overcome (WENG et al., 2011). Improvements,
mediated by chemical changes, must be performed together with the preservation of the
material's biodegradation property, which, depending on the HV percentage, maybe
rigidity or flexibility, similarly to commercial synthetic plastics (polyethylene,
polypropylene, and polyvinylchloride), and assurance of biodegradation of the
formulated bioplastic (WENG et al., 2011).

A commercial Ecoflex bioplastic (commercial product of BASF) was compared
to PHB and poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHX) in activated
sludge for 18 days. Bioplastics composed of PHBHHx showed a higher degree of
biodegradability than Ecoflex and PHB, with weight losses of 40, 20, and 5%,
respectively (WANG et al., 2004). The low crystallinity and morphology of the surface
of the bioplastic proved a determining factor in the biodegradation process, observed

mainly in bioplastics with 12% HHx (hydroxyhexanoate), which displayed a rough and
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porous surface before and after undergoing activated exposure to sludge and lipases
(Figure 4).

Figure 4: Surface morphology of bioplastic made with PHB (12% HHx) before and

after degradation

Source: Wang et al. (2004)

Besides surface morphology and crystallinity of the bioplastics, other factors,
such as mixing components, depth of burial (due to environmental and/or microbial
differences), and time of exposure to the soil also determine the biodegradability degree.
In the study performed by WENG et al. (2013), evaluating through appearance and
fragmentation, the following results were achieved for the biodegradation of polymeric
blends (poly (3-hydroxybutyrate-co-4-hydroxybutyrate and poly (lactic acid) - (P (3HB,
4HB)/PLA)): In the first month of testing, blends composed of 100% P (3HB, 4HB) and
those with 25% PLA showed loss of integrity (appearance), whereas in the second
month, both bioplastics had been almost completely biodegraded. This behavior was
similar for the different depths of burial used (20 and 40 cm); however, at 20 cm and 2
months of testing, a greater difficulty was observed in the collection of fragments of
blends with 75% of P (3HB, 4HB). For both depths of burial, the higher the
concentration of PLA in the blends, the longer the biodegradation time. However, the
biodegradation behavior was the opposite for higher concentrations of P (3HB, 4HB).
Polymer blends with 100% and 75% P (3HB, 4HB) were degraded more easily at 20 cm
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depth, although the presence of PLA in the bioplastics represented a delay in
biodegradability at both depths tested. At 40 cm, PLA suffered greater disintegration,
due to the anaerobic conditions, providing better conditions for degradation of the PLA,
as reported by the authors (WENG et al., 2013).

In addition to temperature, bioplastic composition, crystallinity, degree of
hydrophilicity and environmental conditions in relation to oxygen concentration,
another factor that must be taken into account is the abundance of microbial biomass
and the efficiency of fungi and bacteria biodegradation in different environments. The
biodegradation of microbial polyesters by fungi was reported as dominant in soil
(VOLOVAA et al., 2015). However, the biodegradation of polymers in aquatic (marine)
medium was faster with the use of bacteria (MOROHOSHI et al., 2018; SHRUTI and
KUTRALAM-MUNIASAMY, 2019).

PHA bioplastics as well as other bioplastics have limitations in their applications
and achievements due to the high cost, low mechanical resistance, and impairment of
biodegradation in functionalization processes and mixtures with other polymers
(MEEREBOER et al., 2020). In addition to the low ductility property, one of the main
disadvantages of using PHAs in the production of bioplastics is the formation of brittle
bioplastics, properties that can be improved by mixing biodegradable polymers from oil.
However, the sustainability of bioplastic manufacturing is affected since the use of oil
in the extraction and refinement stage generates the carbon dioxide production
(GIRONI and PIEMONTE, 2011). Another impact that should be considered in the
production of PHA bioplastics with synthetic polymers such as the use of PCL is the
reduction in the rate of biodegradation (NARANCIC et al., 2018). However, the
development of polyester bioplastics with bio-based fibers origin (blends development),
such as lignocellulosic fibers, can assist in overcoming the low ductility property of
bioplastics (MEEREBOER et al.,, 2020). This blend reduces costs, ensuring a
biodegradable and renewable product.

The application of polyhydroxyalkanoate as a bioplastic has major limitations
(e.g., its production costs for replacing conventional plastics (KOURMENTZA et al.,
2017)). A potential alternative for the optimization of PHA production technologies is
the use of organic residues, such as lignocellulosics (JIANG et al., 2016). As an
example, hemicellulose (BERTRAND et al., 1990; LOPES et al., 2009; LEE, 1998),
cellulose (NDUKO et al., 2012) and a mixture of hemicellulose and cellulose
hydrolyzate (CESARIO et al., 2014) have been used for the production of microbial
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polyesters, such as PHA and P3HB (PHB). However, the use of lignocellulosic fibers
poses limitations mainly related to the production yield and generation of inhibitory
substances for PHA-producing microorganisms (JIANG et al., 2016). Table 1 shows
some properties and biodegradation times of different biodegradable bioplastics
produced from biopolymers.

Poly(lactic acid) (PLA) is another polyester that may be partially derived from
the microbial fermentation of biopolymers. The lactic acid produced by the bacteria is
polymerized by a chemical route, thus forming PLA, which offers several advantages,
such as rigidity and miscibility with other biodegradable plastics. However, in several
application areas (e.g., manufacture of 3D printers), its fibers have been used by
Brazilian companies due to the PLA lower heat loss in comparison to oil-derived
plastics (JONES, 2020). Nevertheless, bioplastics from bacterial polyesters should be
considered, since PHAs like PBH present several advantages in comparison to PLA
(CHEN, 2009). Table 1 shows some properties and biodegradation times of different

biodegradable bioplastics produced from biopolymers.

Table 1: Properties and biodegradation time of different biodegradable bioplastics

produced from biopolymers

Bioplastic type  Polymer type CONB BPR PAB TS E (%) Reference
(MPa)
PHB nanofiber  Polyester Soil, 30 °C and 100%  Weight loss ALTAEE et
80% humidity in al. (2016)
21days
PHB/Starch Polyester Sludge, 35 °C, 93.8% Biogas ... GUTIERREZ-
anaerobic in 190 quantification WING et al.
days (2010)
PHB Polyester Compost, 55°C  Approx CO2 1015 TABASI and
and 70% humidity . 80% quantification AJJI (2015)
in 28
days
PHA Polyester Seawater 100% Literature DILKES-
in1.5 review HOFFMAN
to 3.5 etal. (2019)
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PHA

PHA/Rice husk

PHA

PHBV/Starch

PHBV/NPK

PHBV/Starch

Starch

Starch

Starch

Polyester

Polyester/Fibers

Polyester

Polyester/

Polysaccharide

Polyester/

Fertilizer

Polyester/
Polysaccharide

Polysaccharide

Polysaccharide

Polysaccharide

Soil, 12-15cm
depth and 35%
humidity
Soil, of 12-15 cm
depth and 35%
humidity
Soil, 20 °C and
60% humidity

Liquid medium

Soil, 25-30 °C and
65% humidity

Soil, 25 °C and
20% humidity

Soil, 3.5 cm depth
and 65% humidity

Marine water with

sediment

Microorganisms in
a plate, 25 °C and
75% humidity

years

30% in
60 days

>90%
in 60
days
48.5%
in 280
days
100%
in 31
days
68.66%
in 112
days
>60%
in 150
days

30% in
5 days

Approx
. 69%
in 236
days
100%
in 30
days

Weight loss

Weight loss

CO2

quantification

CO2
quantification

Weight loss

Weight loss

Weight loss

BOD

Weight loss

16.2

7.5

21.01

~7

1.88

4.7*

8.6

600.3

<400

10.85

(WU, 2014)

WU (2014)

GOMEZ and
MICHEL
(2013)
COELHO et
al. (2008)

HARMAEN
et al. (2016)

~3.2 MAGALHAE
Sand
ANDRADE
(2013)
OLUWASINA
etal. (2019)

0.45

211  TOSIN etal.

(2012)

BABAEE et
al. (2015)
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Starch/Cellulose

Cellulose

Cellulose/Starch

Hemicellulose/

Gelatine

PLA/Starch

~ CONB-= Biodegradation conditions; BPR= Biodegradation period and rate; PAB= Biodegradation analysis procedure;

Polysaccharide/  Microorganismsin  100%  Weight loss 14.7 50
Modified plate, 25 °C and in 60
75% humidity days
Polysaccharide Soil 100%  Weight loss 45 6.1
in 105
days
Polysaccharide Soil/ humus, 25°C  24.2to  Weightloss 5.6to 13.1
and 75% humidity  39.3% 35.0 to
in 35 21.7
days
Polysaccharide/ Soil/manure 100%  Weight loss
Partially in less
hydrolyzed than 15
protein days
Poly(lactic acid) Compostand 58°C  79.7%  Weight loss
/Polysaccharide in 90
days

BABAEE et
al. (2015)

BILO et al.
(2018)

FITCH-
VARGAS et
al. (2019)

LUCENA et

al. (2017)

SARASA et
al. (2009)

TS= Tensile strength; E= elongation; = not reported; *=Newton (N)

Bioplastics are renewable and/or biodegradable and display good mechanical
properties such as tensile strength similar to certain synthetic plastics in common use
(Table 1). Polypropylene and polystyrene, fossil-based synthetic plastics, show TS
between 25-40 MPa and 30-55MPa, respectively (FITCH-VARGAS et al., 2019),
whereas it ranges between 55-124 and 9-17 for Cellophane™ and low-density
polyethylene (LDPE), respectively (ALLEN, 1986; BRISTON, 1988). This similarity of
mechanical properties of bioplastics and plastics was also reported by HANSEN et al.
(2012). Therefore, even if at present and in the future, the total replacement of non-
biodegradable plastic from petroleum, is something unlikely, for some applications,
such as bioplastics for use in agriculture (mulch) and packaging (short lifetime), this
technology can represent one of the alternatives (along with other actions and

technologies) to mitigate the environmental impacts related to plastics.
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3.3.2.1 Effect of the bio-based polymer addition on the biodegradation rate of PHAS
bioplastics

The addition of bio-based polymers in polyester microbial biocomposites is vast
in the literature (SANCHEZ-SAFONT et al., 2018; ALBUQUERQUE et al., 2020;
MEEREBOER et al., 2020). The bio-based polymers application, mainly lignocellulosic
fibers, is due to the improvement in the biodegradation rate of the formulated bioplastic
(MEEREBOER et al., 2020). This improvement in the biodegradation of PHAS
biocomposite is related to the increase in hydrophilicity and water absorption by
bioplastics. A mixture of 30% Sisal fibers (wt) and PHBV resulted in increased water
absorption of 14% compared to pure PHBV (0.8%) (DANGTUNGEE et al., 2014). The
use of Kenaf fibers (main cellulose) in the blend with poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) [P(3HB-co-3HHXx)], resulted in a greater loss of mass in
biodegradation in soil due to greater water absorption and microbial binding sites in the
microbial polyester from binding with Kenaf fiber (JOYYI et al., 2017). This study
suggested that the accelerated deterioration of the blend (reduction of mechanical
properties), after 6 burial weeks (soil) was due to the weakening of the adhesion
between the fiber/[P(3HB-co-3HHx )], with the access of water to the internal
hydrophobic regions of the polymer.

The use of hemicellulose with PHAs is also an alternative to increase the blends
biodegradation rate in relation to pure microbial polyesters (MEEREBOER et al.,
2020). Bioplastics from PHBV/Peach Palm Particles (lignocellulosic fiber with
considerable hemicellulose content) were biodegraded faster than pure PHBV in soil
(BATISTA et al., 2010). The authors reported cracks, corrosion, and discoloration after
2 months of biodegradation. The poor adhesion between the fiber/PHBV interface,
which resulted in greater water absorption and accessibility of soil microorganisms, was
suggested as contributed to the deterioration.

Starch, another polysaccharide from vegetable biomass, can also be used in the
production of bioplastics with reduced biodegradation time. The mixture of starch and
PHBV (50/50% wt) was fully biodegraded in the soil after 33 days, i.e., there was a
50% reduction in biodegradation time compared to pure PHBV (ROSA et al., 2013).
The addition of starch reduced the crystallinity of the blend, facilitating the absorption
of water by the matrix and increased the enzymatic activity on the surface and in the

inner region of the blend. There was an increase in the biodegradation of PHA/starch
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blends as the starch content increased in the formulation, with biodegradation of
PHA/30% starch (wt) corresponding to 44% in 6 months of burial in soil (KRATSCH et
al., 2015).

Chemical modifications of polysaccharides, such as cellulose acetylation
(cellulose acetate) can result in partial or total inhibition of blends biodegradation, due
to reduced solubilization and hydrophobicity of the fibers. The acetyl and butyryl group
in cellulose reduced the rate of biodegradation of the PHB blend/modified cellulose due
to the impediment of the substituents and reduced the blends/water interactions (WANG
et al., 2003). However, in the same study, the mechanical properties were improved by
increasing the concentration of cellulose acetate butyrate. Related to cellulose, the
degree of substitution above 2.5 results in the inhibition of biodegradation
(MEEREBOER et al., 2020). However, some chemical modifications can positively
influence the biodegradation of microbial and bio-based polymer blends. This
improvement in biodegradation is due to the increase in the contact area surface of the
fibers, resulting from the surface treatments of the fibers, such as, an increase in the
fiber rugosities with the application of NaOH, which removes the hemicellulose and
lignin fibers (MEEREBOER et al., 2020).

Lignin is the most recalcitrant constituent of lignocellulosic fibers due to the
complexity of the composition of this phenolic macromolecule (DATTA et al., 2017;
POLMAN et al., 2021). The lignin enzymatic catalytic degradation needs different
enzymes (FIGUEIREDO et al., 2018; POLMAN et al., 2021), or even the synergy of an
enzyme complex. The inclusion of lignin in the blends of PHAs and PLA results in
steric impediment of the enzyme and reduction of the degree of hydrophilicity, which is
shown in the literature as a factor in reducing the biodegradation of polyester blends
(KRATSCH et al., 2015; MEEREBOER et al., 2020). For example, the biodegradation
in soil of the PHA/lignin blend was 4% after 24 weeks, which was lower than the rate of
biodegradation of the PHA/10% starch, PHA/cellulose (11.1 and 100% respectively)
(KRATSCH et al., 2015). An alternative for obtaining bioplastics from microbial
polyesters, with guaranteed polymer biodegradability, is the use of enzymes and
microorganisms capable of catalyzing the breakdown of lignin. The main enzymes
involved in lignin oxidoreduction are laccases (Lac), lignin peroxidase (LiP), and
manganese peroxidase (MnP) (POLMAN et al., 2021), and the recently discovered
enzymes dye-decolorizing peroxidases and unspecific peroxygenase (DATTA et al.,
2017; SANTACRUZ-JUAREZ et al., 2021).
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The application of specific microorganisms that degrade lignin and/or PHASs can
be an alternative to improve the biodegradation of the blends of these polymers. In
nature, these enzymes act synergistically, and some microorganisms can produce the
three enzymes, while others only produce a few of the necessary enzymes (POLMAN et
al., 2021). LiP has a key role in the degradation of lignin, due to the distinct
characteristics of the active site of the enzyme. However, the catalytic action of LiP is
mediated by H2O., which is generated by Lac (Santacruz-Juarez et al., 2021). The
effectiveness of the microorganisms is essential for the biodegradation of PHA/lignin
blends, as some microorganisms such as Phanerochaete chrysosporium are considered
excellent for the degradation of lignin (DATTA et al., 2017; CHIO et al., 219).
However, Brown-rot fungi due to the degradation mechanisms of lignin not being
oxidative, presents a reduced degradation process of lignin (POLMAN et al., 2021).
Another example is the case of the bacteria Streptomyces viridosporus, which can result
in a reduced degradation process of lignin since this bacterium acts in the non-phenolic
regions of lignin (DATTA et al., 2017; POLMAN et al., 2021).

Conclusions

Advances in the development of materials and technologies with fewer
environmental impacts are highly expected, mainly due to the progress in the area of
biopolymers over the past two decades. However, biopolymers application and use in
the various sectors of society is limited, i.e., the annual production of bioplastics
compared to plastics is still low. In this way, the use of plant biomass and microbial
polyesters can help the development of bioplastic feasible, due to the availability of
resources, biocompatibility, biodegradability and generally does not result in
ecotoxicity. However, the physicochemical and biodegradation properties must be
considered for the study of the optimization of bioplastic from natural polymers. Several
actions must be taken so that bioplastic can become a reality on a large scale. The state
of S&o Paulo (Brazil) has established a law that prohibits the supply of disposable
plastic products to commercial establishments, which may increase the production scale
of some bioplastics, thus reducing costs. The approval of a law by the Chinese
government that prohibits the import of international plastic wastes for recycling can
also encourage the production of bioplastics. An increase in the production and

distribution of bioplastics is not sufficient for the development of a more conscious and
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sustainable society, i.e., care must be taken for the identification of a bioplastic and/or
biodegradable material towards no final consumers” mistakes and no unsuitable actions

or disposal habits.
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CHAPTER 1V: Production and assessment of the biodegradation and ecotoxicity

of xylan and starch-based bioplastics

Abstract

The development of novel renewable (and preferably biodegradable) materials has
become recurrent due to the growing concerns with the environmental impacts of the
high volume of plastic waste produced from oil-based sources over the past decades.
This study aimed at the development of bioplastics from a mixture of starch and xylan
in variable ratios, and the combined effect of a-cellulose and holocellulose extracted
from sugarcane bagasse added to the process. The disntegration of the bioplastics was
evaluated in both soil and composting. The ecotoxicity analyses with Saccharomyces
cerevisiae, Bacillus subtilis and seeds of Cucumis sativus were conducted after
biodegradation. All formulations based on 5% (w/v) of total polysaccharides were dried
at 30 °C and resulted in homogeneous (non-brittle) bioplastics. The composting results
showed that all bioplastic formulations disintegrated in 3 days, whereas the 25/75%
(xylan/starch, w/w) formulation vanished in soil within 13 days. The ecotoxicity data
showed no inhibition of microbial growth after biodegradation, yielding 100% of seeds
germination. Despite the positive influence of the bioplastic disintegration on the root
and hypocotyl growth, temporary inhibition of C. sativus tissues exposed to 10-day
biodegradation soil washing was observed. The study demonstrated the xylan/starch

bioplastics result in non-ecotoxic soil disintegrable materials.

Keywords: Renewable material, disintegrable bioplastics, soil disintegration, biomass
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1. Introduction

Plastic material represents 12% of urban solid waste (KAZA et al., 2018). It
is estimated that 4 to 12 million metric tons of plastic waste produced in coastal regions
(worldwide distribution) reached the marine environment in 2010 (JAMBECK et al.,
2015), resulting in the concerning accumulation of non-biodegradable plastics (GEYER
et al., 2017). Some plastics degrade slowly (25-90 years for PET (Edge, 1991), <1000
years for HDPE (High-density polyethylene) (ROWE et al., 2009)), and are produced
from non-renewable fossil hydrocarbons at rates higher than their degradation rates.
Microplastics (<5 mm size) are currently considered ubiquitous and persistent in the
marine environment (WRIGHT et al., 2013) due to their low weight and high durability
(MOORE, 2008; THOMPSON et al., 2009). A biodegradable material could contribute
to decreasing the environmental impact.

Increasing concerns with the environmental impacts of plastic residues are
logical and justifiable as plastic components remain long in the environment. Between
1950-2015, 79% of all plastic produced (>6 billion tons) became waste and the total
recycled content was only 9% (GEYER et al., 2017). Among the alternatives,
bioplastics have arisen as feasible ones and include biodegradable materials preferably
from renewable sources (LACKNER, 2015).

Polymers from plant biomass have shown high potential for use in the
development of bioplastics due to their availability, biodegradability and
biocompatibility. One of the most studied vegetable polymers for bioplastics production
is starch (BERGEL et al., 2018), a polysaccharide capable of blending with many
plasticizers and water (BERGEL et al., 2018), which results in thermoplastic starch
(TPS) when enough heat is supplied. Hemicellulose, another polysaccharide with strong
potential for the production of value-added materials, is the second most abundant
biopolymer on Earth. Xylanis a major component of plant hemicellulose and the
most abundant renewable polysaccharide in nature found in cereals, grass plants and
hardwood (MELATI et al., 2019).

The main objectives of this study were to produce enhanced blends of
bioplastics based on xylan and starch and determine their disintegration and
biodegradation rate in compost and soil systems. An approach of ecotoxicity assays
based on the post-biodegradation samples of bioplastics in soil was included. The latter

is of particular interest as different bioplastics have been developed over the past
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decades. However, concerns with their physicochemical properties and environmental
safety should be a priority and no special attention has been devoted to their effects on
organisms - especially on edible vegetables (BALESTRI et al., 2019). To the best of our
knowledge, the present study is the first that addresses the formulation, composting,
biodegradation and ecotoxicity of xylan-starch blends and their mixture with a-

cellulose, holocellulose and xylan extracted from sugarcane bagasse.

2. Materials and methods
2.1. Materials

Sao Jodo company — Araras-SP supplied sugarcane bagasse and starch (Exddo
cientifica), glycerin (Synth), glucose (Synth), urea (Neon), H.O2(Synth), glacial acetic
acid (Synth), hydrochloric acid (Neon), sodium chlorite (Neon), sodium hydroxide
(Neon), CACI2.2H.O (Synth) and NaCl (Synth) were supplied in P.A degree.
Chloramphenicol and culture media were provided by Sigma and Neogen, respectively.
Compost formulation materials (earthworm humus, rabbit feed, sawdust and seed oil)
were purchased from a local gardening store and the soil was collected from gardens at
Sdo Paulo State University (UNESP) in Rio Claro-SP (coordinates: 22°23'45.18"S
47°32'49.18"W). Low density polyethylene (LDPE), bond paper and seeds (with no

chemical additives) were obtained from a local market.

2.2. Extraction of holocellulose, xylan and a-cellulose

Prior to extraction, the bagasse was washed, oven-dried at 60 °C, ground and
selected with 20 mesh sieves and stored in plastic bags. The extraction of holocellulose
followed an analytical method according to which 0.376 g of sodium chlorite and 0.126
mL of glacial acetic acid were added to each 1 g (dry basis) of the material, over a final
40 mL of distilled water solution. The sample was placed in a water bath at 70 °C and
three additional doses of sodium chlorite and glacial acetic acid were added every hour
after 1, 2 and 3 h. The reactions were ceased at 4 h and the samples were removed from
the bath, cooled, filtered and then washed with deionized water (80 mL of hot water and
200 mL of cold water) until the pH 5 of the filtrate was reached. The insoluble material
(holocellulose) was oven-dried at 60 °C and stored in a plastic bag.

Xylan was extracted from 10 g (dry basis) of sugarcane bagasse and the
procedure was conducted with hydrogen peroxide (H202) 6% (w/v), followed by the
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addition of 5 mol/L sodium hydroxide (NaOH) until pH 11.6. The yielding water-based
solution volume was 200 mL, shaken at 75 rpm at 25 °C for 4 h. After this stage, xylan
was obtained according to the procedure described elsewhere (BRIENZO et al., 2009;
ALVES et al., 2020).

Afterward, a-cellulose was obtained from the resulting solid insoluble portion
from the xylan extraction, during the filtration step after the 4 h reaction with H2O,. The
filtrate treatment followed the methods published elsewhere (BRIENZO et al., 2015).
However, an improvement was made in the substrate that initiated the reaction as the
same pretreated material (water insoluble solid), resulting from the xylan extraction

step, was used.

2.3. Preparation of bioplastics

Table 1 shows the conditions used to prepare bioplastics based on starch and
xylan blends, as well as xylan/holocellulose/cellulose. The main variables were drying
temperature (30 and 40 °C) and the total polysaccharide range between 5 and 10%
(w/v). A qualitative analysis was based on visual inspection and processability (ease of
transfer and spreading on the drying plate) towards an adequate total polysaccharide

concentration.

Table 1: Different production conditions for bioplastics based on xylan, starch,

holocellulose and a-cellulose.

Filmogenic Polysaccharides Drying Solution QTP  Gelatinization
solution (% wiw) temperature  volume (9) time (min)
(°C) (mL)
Xylan/starch 10/90* 30 60 25 3
Xylan/starch 15/85* 30 60 25 4
Xylan/starch 25/75" 30 60 25 4
Xylan/starch 25/75* 40 60 25 4
Xylan/starch 50/50" 40 60 25 4
Xylan/starch 75/25* 40 60 25 4
Mixture 15(xy)/5(a)/5(ho)/75 40 60 25 4
@"
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Mixture 15(xy)/5(he)/5(h0)/75 30 60 25 4

@"
Xylan/starch 25/75 40 60 25 1.15
Xylan/starch 25175 40 60 25 0.83"

*=mass based on 5% wi/v of total polysaccharides; =mass based on 10% wi/v of total
polysaccharides; xy = xylan; a = alpha-cellulose; ho = holocellulose; a = starch; QTP =
quantity transferred to the plate; "= equivalent to 50 seconds.

Source: Elaborated by the author

The bioplastics were obtained by the casting method. Xylan was added to 30
mL of deionized water in a 125 mL flask and then solubilized for 30 seconds in a
microwave oven (5s intervals for manual agitation). After the solution temperature had
stabilized at 25 °C, starch and glycerin (20% w/w of glycerin based on the total
polysaccharide content) filled the total volume up to 60 mL. After 30 min stirring at 120
rpm in a shaker, the filmogenic solution was gelatinized at 85 °C for 3 min for the
formulation with 10% xylan, 4 min for all formulations whose xylan concentration was
above 10% (relative to the total polysaccharide percentage of 5% wi/v) and 50 s or 1.15
min for formulations relative to the total polysaccharide percentage of 10% (w/v). The
gelatinization time was based on preliminary (not showed) tests from our research
group. After gelatinization, 25 g of the solution were transferred to plastic petri dishes

(56.71 cm? area) and incubated in an oven to dry (Table 1).

2.4. Solubility, opacity and thickness

Thickness was analyzed by a Mitutoyo micrometer of 0.001 mm resolution and
opacity was determined by rectangular bioplastic strips adhered to a glass cuvette and
its reading by a spectrophotometer (450 nm). Three strips from different parts of each
bioplastic were used and the opacity was calculated dividing the absorbance averages by

the average thickness of the different bioplastic formulations.

2.5. Composting (CP)
Bioplastic disintegration measurements were based on the study carried out by

Sanchez-safont et al. (2016), adjusted for laboratory scale, changing the temperature to

50 °C and with no starch addition to the compost formulation. CP assays were
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performed in duplicate. The soil and possible fragments of bioplastic were sieved (10
and 2 mm meshes sequentially) when disintegration ceased (after 3 days). The rapid
disintegration and the material’s composition hampered the weighing of the bioplastics,
however the disintegration process could be described from observations of the sieved
material.

The determination of volatile solids/total solids and pH followed the protocols of
Balaguer et al. (2015) and Embrapa (1997), respectively. Morphological evaluations
(qualitative ones), disintegration of LDPE plastic (low-density polyethylene (negative
control)) and bond paper (cellulose-positive control) were evaluated under the same
conditions previously described for the bioplastic. The bioplastic controls were exposed
to the same conditions of temperature and composting time, yet not in contact with the

compost, so that any disintegration and composting effect could be discarded.

2.6. Disintegration by soil burial process

Disintegration was performed with the 25/75% (xylan/starch, w/w) plastic blend
based on 5% (w/v) of total polysaccharides. The disintegration method consisted of
burying samples in soil and the resulting mass loss enabled a direct quantification of
each material weigh loss. The bioplastics were cut into (3.5 x 3.5) cm squares, dried,
and weighed and then inserted into a soil mixture in a plastic container of approximately
64 mm length, 330 mm width and 85 mm depth. The soil was kept at 24.5% humidity
and 28-30 °C (DBO incubation). Throughout 3, 5, 10, and 13 days, the samples were
removed (duplicates) for weighting. Measurements of disintegration from mass loss
proved extremely difficult; therefore, the fragments of bioplastics were separated by

sieving the soil (10 and 2 mm sieves) and analyzed by visual inspection.

2.7. Soil analysis and ecotoxicity

After disintegration of the polymeric blends buried in soil, the samples were
aliquoted at O (soil before disintegration process start), 3, 5, 8, 10 and 13 days for
checking the pH (according to the well-established Embrapa method (1997)), colony-
forming units (bacteria and fungi), reducing sugars and ecotoxic effects. The microbial
population in soil (cultivation-dependent approach) was quantified periodically during

the bioplastic disintegration.
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Each soil sample (1g) at 0, 3, 5, 8, 10 and 13 days of burial assay was washed
with deionized water (5 mL) and then analyzed regarding ecotoxicity and the presence
of reducing sugars. The soil toxicity was assessed by 5 mL of the filtered solution
transferred to a petri dish through filter paper. Eight cucumber seeds (Cucumis sativus)
were then placed on top of each filter paper and the plates were covered with film paper
(to avoid moisture loss) and dark paper (to avoid photo-induced processes). Incubation
occurred in an oven at 22 °C for 120 h and the percentage of germination (%, G) and
inhibition (%, 1) was calculated according to Papadimitriou et al. (2008). The
ecotoxicity dataset for root and hypocotyl growth was obtained from the same plates
used for germination quantification. However, after 120 h, the plates were subjected to
freezing as this softens the vegetable tissues and facilitates handling. Root and
hypocotyl measurements were calculated for each seedling, according to the
recommendation of Papadimitriou et al. (2008). Milli-Q water, rather than soil solution,
added to the filter papers was used in the control assays.

Data on microbial ecotoxicity were obtained using Saccharomyces cerevisiae
(S288C) as a test-organism. The yeast was exposed to the soil before and after
biodegradation and ecotoxicity was assessed by counting colony-forming units (CFU)
in an YPD medium (1% yeast extract, 1% peptone, 2% sucrose and 1.5% agar). The
yeast was first grown in the YPD medium with no agar in a shaker at 30 °C for 24 h at
100 rpm. After cultivation, 5 pL of the inoculum with cells were transferred to a 14 mL
tube with 0.5 mL of the soil-based broth at different biodegradation times (0, 3, 5, 10
days), and 5.8 mL of medium YPD were added. In the control assays, 0.5 mL of
distilled water was added to replace the soil water content. After 24 h incubation at 30
°C, an aliquot of the solutions with the yeast was diluted and transferred to a petri dish
with solid YPD medium. The plates were incubated for 24 h at 30 °C for CFU counting.

Another ecotoxicity analysis checked the cell growth of S. cerevisiae and
Bacillus subtilis, by optical density (OD) analysis performed in Tecan equipment and
TM Magellan data analysis software. Yeast was cultivated in the YPD medium (as
reported elsewhere), whereas B. subtilis was cultivated in a nutrient medium for 24 h at
30 °C. Moreover, 2 pL of the inoculum culture were transferred to a 96-well plate with
100 pL of YPD medium and 100 pL of soil wash (aliquots from each biodegradation
time). Controls were also added to the plates containing triplicates of each soil wash
with YPD medium with no inoculum. The Tecan device was configured towards OD

measurements every 15 min at 600 nm wavelength (660 nm as the reference
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wavelength) and after 15 sec shaking. The incubation temperature was 30 °C for 4020
min.

The content of reducing sugars in the soil, at different disintegration times, was
determined in aliquots of 0.1 mL of the soil washing samples (previous step) added to
test tubes. Afterward, 0.65 mL of distilled water and 0.5 mL of DNS solution were then
added to the tubes (MILLER, 1959), which were incubated in boiling water for 10 min
and cooled in an ice bath. Then, 3.75 mL of distilled water was added, and the samples

were analyzed on a spectrophotometer at 540 nm.

2.8. Statistical analysis

Tukey-ANOVA (p<0.05 significance level) assisted by version 5.0 Bioestat
software was applied to several treatment groups.

3. Results and Discussion
3.1. Qualitative morphological analysis of bioplastics

The 30 °C drying temperature led to the production of more suitable, continuous
and homogeneous bioplastics with no cracks. However, the drying time was longer (3
days). Drying at 40 °C accelerated the production time of the bioplastics (1 day) due to
the higher agitation degree of the water molecules (KRISTO et al., 2008; SUDERMAN
et al., 2016), and a longer drying period might result in both bonding and conformation
optimization between the polysaccharides in the bioplastic matrix (RINDLAVA et al.,
1997). The drying temperature of the bioplastic is related to its functional properties
(MALI et al., 2010) and cost-effectiveness of the process (SCHULZE et al., 2017).

The 30 °C temperature for drying the bioplastics, shown in the present study,
was also used by Yu et al. (2019). In a malleability analysis, PAULINO et al. (2019)
observed that starch bioplastics dried at 37 °C for 12 h were less prone to becoming
brittle when compared to a higher drying temperature (67 °C). Both drying time and
temperature depend on the material or materials of the filmogenic solution (SCHULZE
etal., 2017).

Regarding the hydrophobic character of a-cellulose and holocellulose, these
molecules were not distributed equally over the surface of the bioplastic. Therefore,
regions of the bioplastic were visually distinct due to their high accumulation. An

alternative to using a-cellulose is to obtain nanocellulose as its combination with xylan
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in bioplastics can result in continuous materials. A more homogeneous surface can
improve the mechanical and barrier properties, reduce the number of cracks and
promote bioplastic growth (PENG et al., 2011).

The highest temperature (40 °C) reduced drying time (24 h) and high
concentration of xylan in bioplastics made with xylan/starch (75/25%) may have caused
clusters of polysaccharides to appear in different zones of the bioplastic film. Thus,
increasing the number of bonding between polysaccharides (mostly between xylan
chains) and resulting in a bioplastic with an irregular surface and a wrinkled aspect in
the accumulation points (darker regions) (Figure 1 (a-k)). Huang et al. (2019) reported
that their hemicellulose-based bioplastics (containing arabinoxylan and galactomannan)
underwent an intensified formation of hydrogen bonds between the polysaccharide
chains. The production process resulted in a material with robust morphology and
irregular curves.

Figure 1 (a-k) and Table 2 show the characteristics of the bioplastics developed

with different proportions of xylan/starch and dried at 30 °C and 40 °C.

Figure 1: Bioplastics based on 5% and 10% (w/v) of total polysaccharides

(a) 10/90% xylan/starch (w/w) dried at 30 °C; (b) 15/85% xylan/starch (w/w) starch
dried at 30 °C; (c,d) 25/75% xylan/starch (w/w) dried at 30 °C; (e) mixture (xylan, a-
cellulose/holocellulose/starch) dried at 30 °C; (f) 50/50% xylan/starch (w/w) dried at 40
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°C; (g) 75/25% xylan/starch (w/w) dried at 40 °C; (h) 25/75% xylan/starch (w/w) dried
at 40 °C; (i) mixture (xylan, a-cellulose/holocellulose/starch) dried at 40 °C; (j) 10%
(w/v) polysaccharides with 50 sec gelatinization/dried at 40 °C; (k) 10% (w/v)
polysaccharides with 1.15 min gelatinization/dried at 40 °C.

Source: Elaborated by the author

Table 2: Qualitative results of xylan/starch, alpha-cellulose and hemicellulose blends
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*

Bioplastic Poly T°C GT™ (min) Visual analysis results
(% wiw)

Xylan/starch 25175 40 0.83" GT was not suitable for starch gelatinization; easy transfer of the filmogenic solution to the
drying plate; not transparent bioplastic with heterogeneous matrix, bubbles, and cracks.

Xylan/starch  25/75 40 1.15 GT was suitable for starch gelatinization; difficult transfer of the filmogenic solution to the
drying plate; bioplastic with heterogeneous matrix, bubbles, cracks and reduced transparency

Mixture® 15/5/5/75* 30 4 GT was suitable for starch gelatinization; easy transfer of the filmogenic solution to the
drying plate; bioplastic with heterogeneous matrix, no bubbles or cracks, and reduced
transparency

Mixture® 15/5/5/75% 40 4 GT was suitable for starch gelatinization; easy transfer of the filmogenic solution to the
drying plate; bioplastic with heterogeneous matrix, no bubbles, with cracks and reduced
transparency

Xylan/starch ~ 25/75* 30 4 GT was suitable for starch gelatinization; easy transfer of the filmogenic solution to the
drying plate; transparent bioplastic with homogeneous matrix, no bubbles or cracks.

Xylan/starch ~ 25/75" 40 4 GT was suitable for starch gelatinization; easy transfer of the filmogenic solution to the
drying plate; transparent bioplastic with homogeneous matrix, no bubbles or cracks.

Xylan/starch ~ 15/85* 30 4 GT was suitable for starch gelatinization; easy transfer of the filmogenic solution to the
drying plate; transparent bioplastics with homogeneous matrix, no bubbles or cracks.

Xylan/starch ~ 10/90* 30 3 GT was suitable for starch gelatinization; easy transfer of the filmogenic solution to the

drying plate; transparent bioplastics with homogeneous matrix, no bubbles or cracks.
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Xylan/starch ~ 50/50" 40 4 GT was suitable for starch gelatinization; easy transfer of the filmogenic solution to the
drying plate; transparent bioplastics with heterogeneous matrix, no bubbles or cracks.

Xylan/starch ~ 75/25* 40 4 GT was suitable for starch gelatinization; easy transfer of the filmogenic solution to the
drying plate; bioplastics with heterogeneous matrix, no bubbles or cracks and reduced

transparency
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Poly=Polysaccharides; °=Xylan, alpha-cellulose, holocellulose and starch, respectively;
*=mass based on 5% wi/v of total polysaccharides; =mass based on 10% wi/v of total
polysaccharides; "= drying temperature of the filmogenic solution; *= gelatinization time;
"= equivalent to 50 seconds.

Source: Elaborated by the author

3.2. Solubility and opacity of bioplastics

An increase in solubility of the formulations with lower xylan content (10% wi/w,
and mixture) was observed compared to those with higher xylan content (25% and 50%
w/w xylan) (Table 3). This result is possibly related to interactions between
polysaccharides, which decreased when more xylan was added. In addition to the fact that
lignin is in a small proportion, it may have lowered the amount of bonds between starch
and xylan and the hydrophilic character of xylan may have resulted in higher solubility

degrees.

Table 3: Solubility and opacity of bioplastics in different concentrations of polysaccharides,

based on 5% wi/v of total polysaccharides.

Bioplastics Solubility (%) Thickness Opacity (%)

(% wiw)* (mm)

Xylan/starch 17.46+3.6%* 0.18+0.024 1.44+0.17
10/90%

Xylan/starch 22.76+0.82%  0.200+0.034 2.77+0.50
15/85%

Xylan/starch 27.93+2.57 0.16+0.004 5.50+0.70
25/75%

Xylan/starch 32.95+0.54°

50/50%

Mixture” 16.40+3.52 0.22+0.008 2.54+0.03
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*Different letters represent the statistical differences in the same column (p <0.05). *based
on 5% (w/v) of total polysaccharides. = wvalues not analyzed. "xylan/a-
cellulose/holocellulose/starch.

Source: Elaborated by the author

Considering that the reduction in solubility is a desired property, our findings
showed improved solubility properties compared to studies involving bioplastics based on
hemicellulose. Pereira et al. (2017) obtained bioplastics based on wheat straw
hemicellulose of approximately 95% solubility (4.51 g of insoluble mass/100 g). However,
solubility was approximately 57% with the addition of 4% nanocellulose and 30% citric
acid (42.57 g of insoluble mass/100g). Sabiha-Hanim and Siti-norsafurah (2012) reported
that bioplastics made with hemicellulose from sugarcane bagasse showed 36.9 to 67.1%
solubility. However, comparisons among different studies must consider the conditions of
processing, composition, and thickness of biomaterials since they affect several properties
of bioplastics such as solubility.

Cellulose bioplastics (on a nanoscale) show reduced water solubility as cellulose has
high crystallinity and hydrophobicity and forms inter and intramolecular interactions
through hydrogen bonds (RHIM and NG, 2007; PERREIRA et al., 2017). Our solubility
results (Table 3) may be a consequence of its use on a macro scale; therefore, further
studies aimed at decreasing the solubility of bioplastics by decreasing the size of cellulose
particles are encouraged.

The opacity of the bioplastics increased with the amounts of xylan (Table 3). As
addressed by Pineros-hernandez et al. (2017), a reduction in transparency due to the
presence of phenolic compounds is interesting to obtain bioplastics with a photoprotective
effect (in relation to UV). A dark biopackaging can protect a product against
photooxidative effects such as lipid oxidation. However, it can also exert a negative
consumption effect as the consumer prefers seeing the product wrapped in plastic when
purchasing it. Regarding medical applications, a dark material can hinder the observation of
healing processes (AHMAD et al., 2020). Therefore, according to the desirable application,
different bioplastics can be developed with different polymers.
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3.3. Composting of bioplastics (disintegration)

All bioplastic formulations (xylan/starch and mixture) disintegrated in less time than
that indicated by the ASTM D6400-19 standard adopting the composting technique. No
distinguishable fragments were found in less than 84 days, and the separation of fragments
of all biomaterials by a sieve (2 mm) was unfeasible after 3-day composting. As a negative
control, the bioplastic samples were exposed to 50 °C in a BOD with no compost. After the
3-day composting (bioplastic and compost), the controls with no compost were unchanged
in relation to mass loss and morphology/integrity of the bioplastics. The result proved that
the bioplastics developed are disintegrable in a short time.

The accelerated disintegration time of xylan/starch bioplastics can be justified by
the increase in the microbial population, compost temperature (which favors the
disintegration process), and hydrophilicity of the bioplastic matrices. Both solubility and
diffusion of water in the bioplastics may have favored disintegration and biodegradation.
Similar results were reported by Balaguer et al. (2015), developing bioplastics based on
wheat gluten (gliadins monomers) modified with cinnamaldehyde. They fully disintegrated
in 4 days of compost burial, and the control (microcrystalline cellulose) showed 100%
biodegradation in 14 days. This was a result close to that found in the present study (12
days for disintegration and total biodegradation of the bond paper). However, after 3-day
composting, the positive control (bond paper) showed no loss of mass but only a change in
color (yellowing).

The presence of fungal hyphae is a qualitative indication of disintegration and
biodegradation. Microbial growth was observed in regions of the compost close to the
bioplastic. However, no fungal growth was detected in the negative control of composting
(low-density polyethylene). The plastic mass also remained unchanged during the
composting test. Balaguer et al. (2015) also reported the presence of hyphae in the
composting material, after exposure of the bioplastics to compost.

The total disintegration time (3 days) of the bioplastics produced in this study was
shorter than that of several other starch bioplastics reported in the literature (TORRES et
al., 2011; XIONG et al., 2008). According to Jaramillo et al. (2016), bioplastics made from
starch and an addition of yerba mate extract completely disintegrated in 12 days, and

Pineros-Hernandez et al. (2017) reported a 14-day period for a complete
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disintegrate/biodegrade of bioplastics from thermoplastic starch. Apart from differences in
processing and composition of bioplastics and compost, Pineros-Hernandez et al. (2017)
and Jaramillo et al. (2016) performed composting at room temperature, which may be the
main factor for the reduced time of disintegration and biodegradation shown in the present
study. Among other factors (enzymatic activity, community of microorganisms, and
humidity), the temperature at which composting is carried out is of vital importance since
heat weakens the starch chains (PINEROS-HERNANDEZ et al., 2017).

According to the reduced composting time of the bioplastics in this study, the
proposed biomaterial can potentially replace synthetic plastic packaging (when only
composting time is taken into account for some applications). These bioplastics are an
alternative to reducing environmental impacts, volume of plastic wastes, and governmental
expenditures on plastic waste treatments (JARAMILLO et al., 2016). Table 4 shows the ash
content, pH, volatile solids, and total solids of the compost before and after composting.

Table 4: Compost properties before and after composting the different bioplastics.

Compost™ Ash content Volatile Total solids pH
(% wiw)* solids (% wiw)*
(% wiw)*

Xylan/starch 20.18+0.15%"  79.81+0.15% 46.82+0.04% 8.23
10/90% (w/w)

Xylan/starch 21.65+0.55%  78.34+0.55% 45.54+0.20% 8.31
15/85% (w/w)

Xylan/starch 21.43+£0.52*  78.56+0.52% 47.02+0.17° 8.14
25/75% (wiw)

Mixture 20.87+1.35%  79.12+1.35% 47.26+0.15% 8.29
Bond paper 33.2+1.9° 66.81+1.9° 47.68+0.46 8.39
LDPE 20.16+0.70°  79.83+0.70% 43.29+0.30° 8.03
CBC 19.91+5.92 80.08+5.9°  44.41+1.85%® 8.23

* Properties of the compost before and after (3 days) composting and exposed to different

materials; CBC = Compost before the composting process; + = Based on a dry basis;
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“Different letters represent statistical difference between the lines in the same column (p
<0.05).
Source: Elaborated by the author

Most results of volatile solids showed that the compost did not vary significantly
before and after 3-day composting with the tested bioplastics, indicating that the priming
effect probably did not occur after the inclusion of the bioplastics (composed basically of
organic matter prone to microbial metabolism). Therefore, the presence of the bioplastics
did not stimulate the consumption of the organic material of the compost. These organic
compounds are probably inaccessible before and after the start of composting.

The priming effect in biodegradation in soil and composting systems is often
detected by respirometry, in which the amount of CO. produced during material
biodegradation is converted to the percentage of mineralization and used as an indicator of
the polymer biodegradation. Respirometric assays infer the priming effect when
biodegradation is above 100%. The absence of a significant variation between the composts
(before and after composting), in relation to volatile solids, indicating no priming effect
was exerted. However, it is worth highlighting the importance and relevance of future
respirometry tests for confirming the results.

Another factor to be considered is the analysis time of volatile solids. Three days of
composting was a short time for observations of the priming effect, because, statistically,
no reduction in volatile solids compared to the control was verified. In this period,
microorganisms prioritize the consumption of organic matter from bioplastics. After a
longer time of analysis, the consumption of the organic matter of the compost, after the
stimulus of the bioplastic, might be verified. Bher et al. (2019) observed the priming effect
in composts exposed to PLA/starch bioplastics in periods longer than 15 days.

No statistically significant variation was detected in the total solids content of the
compost exposed to bioplastics (10/90 and 15/85% w/w xylan/starch) and LDPE compared
to the compost at time zero (before composting). However, the concentration of total solids
varied for the compost exposed to the mixtures, to 25/75% w/w of xylan/starch blend, and
to bond paper. The compost exposed to such biomaterials was significantly different from
the initial compost in terms of the total solid count. The increase in total solids in the
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compost, exposed to bond paper and mixture, was probably due to not fully degraded
cellulosic fibers in 3-day composting. Therefore, the fibers are difficult to be differentiated
from the composting material and may be responsible for the observed mass gain in the
compost.

Total and volatile solids before and after composting (Table 4) differ from those
reported by Balaguer et al. (2015) (67.20 and 58.31% total dry and volatile solids,
respectively) and Gémez et al. (2013) (24.3 and 88.9% total dry and volatile solids,
respectively), in relation to the pre-composting stage. The contents of total dry solids were
in accordance with the standards (close to 45%), indicating the compost used was suitable
for composting compared to the literature (SARASA et al., 2009), and the levels of volatile
solids showed a high percentage of organic matter (80.08% (Table 4)). The pH values
(Table 3) varied as the compost was exposed to different formulations of bioplastics
(xylan/starch and mixture) in a 3-day period and due to the production and release of acids
and alkaline substances (SARASA et al., 2009).

3.4. Disintegration of bioplastics by burial in soil

The bioplastic (25/75% xylan/starch blend, w/w) vanished in soil within 13 days.
During this period, no disintegration or fragmentation of LDPE (control), a non-
biodegradable plastic derived from petroleum, was observed. In 3 days of burial,
discoloration and fragmentation were noticeable; prior to soil disintegration, the bioplastics
showed a red/orange color, but after 3 days, the fragments were whitish. Moreover, the
bioplastic blends had a 50% greater mass loss. No mass variation was observed in other
sampling times due to sample-handling issues as it is difficult to clean the bioplastic and
separate it from the soil. Washing also resulted in fragmentation and loss of material for
weighing. However, disintegration was accompanied by a visual analysis of the soil and the
presence of fragments of the blend after sieving (2 mm mesh). Figure 2 (d,e) shows the

xylan/starch bioplastic before and after 3-day biodegradation.

Figure 2: Results of biodegradation and ecotoxicity tests
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(a) ecotoxicity assessment with B. subitilis; (b) ecotoxicity assessment with S. cerevisiae;
(c) phytotoxicity test with seed of Cucumis sativus; (d) bioplastics before biodegradation in
the 25/75% xylan/starch (w/w) proportion based on 5% (w/v) total polysaccharide; (e)
bioplastics after biodegradation in the 25/75% xylan/starch (w/w) proportion based on 5%
(w/v) total polysaccharide; OD= optical density.

Source: Elaborated by the author

The total fragmentation and bioplastic disappearance (absence of fragments of
bioplastics after sieving and visual analysis) based on xylan/starch occurred after 13 days of
burial in the soil and in only 3 days during composting. Such a difference can be explained
mainly by the growth and microbial activity promoted by a nutrient-rich compound. The
composting system probably promoted better microbial growth compared to the soil (Table
5).

In general, at the beginning and during composting, a higher number of microbial
cells develop in the compost compared to the soil, favoring biodegradation and
disintegration. Similar results and the same explanation were provided by Kim et al. (2006),
Accinelli et al. (2012), and Nguyen et al. (2016).
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Humidity and temperature are other factors to be considered in the biodegradation
process, and which may have influenced biodegradation by burial in the soil (compared to
composting) (NGUYEN et al., 2016; ACCINELLI et al., 2012; EMADIAN et al., 2017;
FOLINO et al., 2020). The moisture used in the present study (24.5%) for soil disntegration
was lower than that of the composting process (55%). Soil moisture close to real field
conditions (approximately 24%) should be considered since it better represents soil
moisture in different environments where most plastic waste accumulates.

The development of bioplastics of low biodegradation time shortens the life cycle of
plastic materials in landfills, thus minimizing their environmental impacts (DATTA and
HALDER, 2019). Datta and Halder (2019) produced bioplastics ((146 + 10.52) um and
(117 £ 9.26) um) of starch from two plant sources, namely potato and corn, which fully
biodegraded between 12 and 15 days after burial in soil (18.67% soil moisture and
biodegradation at room temperature). According to LUCENA et al. (2017), the blends of
bioplastics made with xylan and gelatin showed 100% biodegradation after 15 days of
burial in soil. The authors argued that, due to the non-toxicity of degradation products and
the rapid biodegradation, bioplastics based on xylan and gelatin are considered non-
polluting materials and can potentially be used in biodegradable packaging applications.
Wahyuningtyas and Suryanto (2017) produced starch bioplastics that showed total
biodegradation in 9 days after burial in soil. Such fast biodegradation was probably related
to the glycerol content used, which influenced the microbial activity due to greater water

absorption.
3.5. Soil analysis

Table 5 shows the number of microbial cells (bacteria and fungi), pH and amount of
reducing sugars (RS) in the soil before and after (0, 3, 5, 8, 10, and 13 days) disintegration

of bioplastics elaborated with 25% xylan and 75% starch.

Table 5: Colony forming unit (CFU), pH and amount of reducing sugars (RS) in the soil
before and after disintegration of 25/75% xylan/starch bioplastics.
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Assay Soil 3" day 5hday  8Mday 10Mday 13" day

pH 4.78 4.83 4.8 5.03 4.94 5.07

RS content 0 0 0 0 0 0
(g/g of soail)

Colony

forming 8*10° 1.38*10° 2.1*10° 4.1%10°  2.7*10*
unit (CFU/g

soil)-Bac

Colony

forming 2.9*102 4.3*102 3.8*102 2.8*10°  3.3*10?
unit (CFU/g

soil)-Fung

~= analysis not performed.
Source: Elaborated by the author

The soil pH increased during the 13 days of disintegration compared to the soil
before burial assays, due to the production of alkaline substances (SARASA et al., 2009).
Moreover, due to the increase in the number of bacterial colonies, this increase in soil pH
was expected since bacteria generally develop better in environments of pH close to
neutrality. However, an increase in fungus colony forming units was observed during
disintegration, which is not significant for the reduction in soil pH, i.e., the increase in
fungal colonies is more discreet in comparison to that in the number of bacterial cells, since
a reduction in soil pH is expected with an increase in the count of fungi (GONCALVES,
2009). Therefore, the disintegration and biodegradation of bioplastic formulated with 25%
xylan and 75% starch may have been influenced by the increase in the number of microbial
cells due to the availability of organic matter in the soil.

An increase in the bacterial population during biodegradation is expected in studies
on the biodegradation of bioplastics in the soil, as is the case of the present study. Altaee et
al. (2016) reported an increase in the microbial population in soil subjected to
biodegradation of bioplastics from PHB/TiO2 (polyhydroxybutyrate/titanium dioxide) over
1 (approx. Logio (4 CFU/mL)) to 7 weeks (approx. logio (13 CFU/mL)). Adhikari et al.
(2016) claimed the degradation products of the bioplastic blend (poly (butylene
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succinate/starch)) did not affect microbial biomass; however, the bacterial population
increased more sharply than fungi in relation to biodegradation time (28 days).

The absence of RS in the soil samples (Table 5) indicates disntegration occurred
with simultaneous consumption of the sugars released from the bioplastic (glucose and
xylose) through microbial activity.

3.6. Ecotoxicity analysis

S. cerevisiae and B. subtilis exposition to soil washing samples (50% (v/v) soil
washing liquid concentration) did not inhibit their growth before or after the disintegration
of bioplastics based on xylan and starch (Figure 2 (a,b)). In general, S. cerevisiae cultures
exposed to soil washing samples increased from 3, 5, 10, and 13rd disintegration days
(p<0.05) (Figure 3e). The only exception was observed on the eighth day when the yeasts
were exposed to the washing soil sample (p>0.05). Therefore, the disintegration of
bioplastic in soil did not inhibit the growth of S. cerevisiae. The same increase in S.
cerevisiae cell count was observed in colony-forming units, whose treatments (0, 3, 5, 8, 10
disintegration days) showed a CFU/mL (6.9*10% 8*10% 9.2*10° 7.2*10°% 7.2*105,
respectively) higher than the control (6.6*10°) (p<0.05).

Compared to the control (soil sample at time 0), the microbial growth of B. subtilis
exposed to samples from different days of disintegration showed an increase, which was
more significant on the third day. However, the B. subtilis cell growth did not vary
significantly among days 5, 8, 10, and 13 of disintegration (p>0.05). The fluctuation in the
bacterial cell growth (Figure 2a), compared to yeast growth (Figure 2b) resulted from the
formation of biofilms and biosurfactants that probably prevented a complete
homogenization of B. subitilis suspension during the analysis.

Both microbial cells tested (S. cerevisiae and B. subtilis) may have increased due to
microbial substances and metabolites produced throughout the disintegration process of
xylan/starch-based bioplastics (Table 5). No sugars from bioplastic disintegration were
found in the soil; therefore, the RS from bioplastics did not increase S. cerevisiae and B.
subtilis. Further experiments for a complete determination of the chemical composition of

the soil samples might provide additional insights. The increase in microbial cells (Table 5)
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can also lead to changes in soil properties and impact microbial diversity and abundance
due to the production of metabolites, specific interactions, and pH changes.

The evaluation of ecotoxic effects on plants is also relevant in studies of
biodegradation as plants play vital roles in the development and maintenance of soil
structure, ecosystem and microbial community functions (BEARE et al., 1995,
KUZYAKOQV and BLAGODATSKAYA, 2015; BALESTRI et al., 2019). The ecotoxicity
tests with seeds of Cucumis sativus analyzed germination, root size, and hypocotyl. The
control was germinated only in Milli-Q water. The germination rate in the tests was 100%
(p>0.05) and no germination inhibition was observed. Both the root and hypocotyl
development were more sensitive to the treatments. Since the initial stage of germination
requires no substrate, plant tissues are more sensitive to toxic substances than germination
(MILBERG and LAMONT, 1997; BALESTRI et al., 2019).

Compared to the controls (Figure 2c), the size (cm) of Cucumis sativus hypocotyl
indicates the tissue development of the treated seeds was inhibited, except on the eighth
(hypocotyl and root) and the thirteenth days (root) (p>0.05) of treatment. However, on the
other days, the results show a pattern of reduced inhibition of C. sativus tissues when
exposed to different treatments (p<0.05). Disintegration and possible biodegradation
process exerted a positive effect on the tissue development, probably due to the production
of metabolites that stimulated plant cell division. According to the phytotoxicity results of
the soil at day O (Figure 2c), toxic substances present in the soil may have also been
consumed by microorganisms. The inhibition in the development of C. sativus hypocotyl
exposed to soil washing at different disintegration times (0, 3, 5, and 13 respectively)
(p<0.05) was reduced (51.07%, 44.6%, 35.25%, 10.8%).

Regarding the root development, the washing at different biodegradation times -
except on the eighth (p<0.05) and the thirteenth days (p>0.05) — showed inhibition
(p<0.05), when compared to the control. The root inhibitions were 47.80%, 38.21%,
38.53%, related to the 0, 3, 5 disintegration day, respectively.

The exposure of the seeds to soil washing on the tenth day clearly inhibited both
root and hypocotyl growth (Figures 2c and 3) (p<0.05) of C. sativus. Compared to the
growth at time 0 (p<0.05), this result may be related to the production of toxic microbial
metabolites for the development of plant tissues, especially due to the increase in microbial
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biomass and soil pH change during the disintegration of bioplastics (Table 5). However,
this inhibition was not observed in seeds exposed to soil washing on the 13th day, which
led to temporary phytotoxicity due to the presence of intermediate metabolic steps with
toxic substances (CLOYD and CYCHOLL, 2002) and illustrates the importance of
bioplastic ecotoxicity studies. Although temporary, the ecotoxic effects can be relevant for
the development of some organisms, with implications for further trophic stages.

Balestri et al. (2019) claimed bioplastics based on starch-vinyl alcohol (Master-bi)
and HDPE (high density polyethylene) were toxic to Lepidium sativum L. The root was the
tissue most affected by the bioplastic, whereas the tested materials did not affect
germination. The authors justified the ecotoxic effects with the leaching of toxic substances
from bioplastics and common plastics. However, in a scenario of real environmental
pollution, metabolites produced by microorganisms from the soil or from the aquatic
environment, resulting from biodegradation of such materials, can also exert ecotoxic
effects (LUCAS et al., 2008).

Although cucumber seeds are not sensitive to ecotoxicity tests based on
germination, they are sensitive to phytotoxicity tests. As observed by Wang et al. (2001),
environmental characteristics, such as pH, must be considered in such tests. The authors
observed that the pH of soil washing at different biodegradation times of bioplastics (Table
5) was above 3 and below 8. These values are known as germination inhibitors
(MALHOTRA, 1930; JANSEN and CRONIN, 1953; BALESTRI et al., 2019). Another
relevant factor for seedling development is the availability of nutrients, mainly
micronutrients, present in the substrate since they influence plant growth (HANDRECK
and BLACK, 1999), which is a factor that pH can influence.

Figure 3: Images of the hypocotyl and root of Cucumis sativus
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(a) exposed to the liquid of 13-day biodegradation (above)/exposed to the liquid of 10-day
biodegradation (below); (b) exposed to the liquid of 10-day biodegradation.
Source: Elaborated by the author

As a series of future follow-up experiments, we suggest analyzing the possible
impacts of bioplastics on the environment. Besides biodegradation tests with a wide variety
of environmental samples, tests of chemical modifications of polysaccharides that
constitute those bioplastics can be prioritized towards the optimization of their properties.
Quantitative assays of mechanical and thermal resistances, crystallinity, FTIR, scanning
electron microscopy, properties of barrier to different gases, and formulation of bioplastic
blends (with xylan, starch and nanocellulose) are also desirable. Other plants and
microorganisms shall also be applied towards the continuity of this research, hence a better

understanding of ecotoxicity and environmental safety.

Conclusions

Xylan from sugarcane bagasse represents a renewable source to obtain disintegrable
bioplastics, which are an interesting alternative for reducing the production and disposal of
non-biodegradable plastic wastes. The results of bioplastics ecotoxicity showed the need
and importance of studies on impacts of bioplastics on the environment considering the
different organisms present in the soil and its quality for sustainable production and
disposal of such biomaterials. Although bioplastics are an alternative to petroleum-derived
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plastics and benefit from the green industry brand, the accumulation and disposal of any
mass-produced residue, regardless of the source material, are known to result in
environmental impacts. However, the inadequate management of bioplastics is less likely to
harm the environment compared to their petroleum-based counterpart as they are organic
materials that are easily metabolized by microorganisms. This study has attested xylan-
starch blends and mixtures with a-cellulose and holocellulose as safely adoptable
formulations for the production of biodegradable bioplastics. Both disintegration and
composting time were significantly shorter than those from petroleum and xylan-starch
showed no ecotoxicity in the organisms tested. Further studies must ensure the full-scale
application of those materials in different sectors of society and improve their mechanical

and gas-barrier properties.
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CHAPTER V: Holistic analysis of the biomass polysaccharide-based bioplastics
development

Abstract

The large population growth and the current consumption habits impacting the environment
due to the extraction of natural resources and waste generation. The production and
disposal of plastic materials accumulates for a considerable time in the environment and
negatively impacts the flora, fauna, and the entire biota of the environment. Therefore, the
objective of this study was to elaborate starch-based bioplastics with different
concentrations of xylan extracted from sugarcane bagasse, in addition to the inclusion of
holocellulose and alpha-cellulose. Ecotoxicity tests of the soil exposed to the bioplastic
were performed, with Saccharomyces cerevisiae and Lactuca sativa. All bioplastic
compositions resulted in homogeneous and bubble-free materials, and there was no
difference in transparency at 600 nm (except for bioplastic with alpha-cellulose and
hemicellulose). However, between 200-400 nm of the wavelength, bioplastics with higher
concentrations of xylan reduced the transmittance, probably due to the presence of lignin.
The bioplastic with 25% xylan showed a small photoprotective capacity against the yeast S.
cerevisiae when exposed to UVC light. Solubility increases in acidic simulants with
plastics with higher xylan concentration (25% w/w). However, in fatty food simulants the
solubility of the bioplastic with 25% (w/w) of xylan was negligible. The disintegration
occurred in 16 days in soil with 32.6% of moisture, in the composting system. Due to the
higher solubility and reduced crystallinity, the 25% xylan composition resulted in the most
efficient disintegration. The addition of xylan, alpha-cellulose, and holocellulose reduced
the thermal resistance in relation to the pure starch-based bioplastic, as well as reduced
crystallinity with higher concentrations of xylan, except for the addition of alpha-cellulose
and holocellulose. The highest tensile strength was with the composition 15/25% (w/w) of
xylan/starch (2.99 MPa). The bioplastics disintegration in the soil, after 15 days resulted in
the complete inhibition of germination of L. sativa seeds. Therefore, this study
demonstrated the importance of analysis of bioplastics impacts in different environments.

Keywords: Bioplastic, disintegration, ecotoxicity, solubility, mechanical properties
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1. Introduction

Non-biodegradable plastics from petroleum derivatives currently surpassed the
production volume of 8.3 billion tons since 1950, of which 6.3 billion tons became waste
(GEYER et al., 2017). The plastics annual production is approximately 300 million tons
(LEBRETON et al., 2017), with disposal and management generally performed
inadequately or inefficiently (CHEN et al., 2021; ROBAINA et al., 2021). The
environmental impacts are diverse for fauna, flora, water, and soil, ranging from behavioral
alterations (PALANZA et al., 2020), influence on abnormal protein and liver dysfunction
(LANG et al., 2008; PROSHAD et al., 2018), plant development (RILLIG et al., 2019;
IQBAL et al., 2020), physicochemical and biological soil/water changes (HUERTA-
LWANGA et al., 2017; MACHADO et al., 2018; WAN et al., 2019) and overrun of
membranes of biological barriers (PRUST et al., 2020; RAGUSA et al., 2021). All these
factors and the ubiquity of plastics in almost all regions of the planet can characterize these
materials as a landmark of the unofficial "anthropocentric” era (HARRISON et al., 2018).

The plastic problem that society is currently trying to overcome encourages the
development of biodegradable materials and/or of biological origin (KJELDSEN et al.,
2018; ZHANG et al., 2019). In such a scenario, the bioplastics elaboration stands out in
addition to the possibility of being renewable and biodegradable. The production of this
technology does not compete with the use of arable land, reduces the ecological and water
footprint when waste is used (KOROL et al., 2020).

Polysaccharides such as starch, cellulose, and hemicellulose are widely used in
research on bioplastics elaboration, in addition to the industrial application that is already
present. These polysaccharide-based bioplastics show adequate barrier properties to certain
gases (COz and Oz) (CAZON et al., 2017; KOCIRA et al., 2021), are renewable, and
generally biodegradable and biocompatible. Nevertheless, the use of polysaccharides to
achieve synthetic plastic characteristics such as mechanical properties, hydrophobicity,
solubility, and formation of continuous and homogeneous bioplastics are difficult (GOKSU
et al., 2007; LIU et al., 2009; DANG and YOKSAN, 2015; SABETZADEH et al., 2015;
SHAH et al., 2016). This difficulty is highlighted for hemicellulose-based bioplastics,
mainly of the xylan type (HANSEN et al., 2012). Even with the characteristics of optical,
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biodegradable, and soluble in water, obtaining bioplastic with xylan is laborious due to its
chemical composition heterogeneity and represents a highly branched polymer.

A critical problem related to plastics is the population perception of these materials,
which when consolidated in a general and mistaken way, can result in the accumulation of
bioplastics in natural environments and public misinformation (CHOE et al., 2021). It is
often common to come across bioplastic development studies that use the terms
"Biodegradable”, "Biocompatible”, "Ecofriendly”, "Environmentally safe” and "Non-
toxic". This label given to bioplastic may be related to the equality of the terms bioplastic
and biodegradable, which is generally considered synonymous (ADAMCOVA et al., 2019;
DILKES-HOFFMAN et al., 2019). Many of these statements may result from different
simulations of environmental conditions because considering the sensitive ecosystem
balance between the organisms and the discrepancy of environmental and laboratory
variables. Bioplastic cannot be considered biodegradable, environmentally safe, and non-
ecotoxic in any environment and bioplastic composition (ADAMCOVA et al., 2019;
BALESTRI et al., 2019; ZIMMERMANN et al., 2020; CHOE et al., 2021; ABE et al.,
2022).

Other approaches that need to be explored to enable the viability and sustainability
of bioplastics are the applications and management of possible waste from bioplastics.
Even if the annual production volume of bioplastics is approximately 1% (in relation to
synthetic plastic) (GEYER et al., 2017), studies show that for the next few years, the
bioplastic production projection will increase (MOSHOQOD et al., 2021). Therefore, the
generation of bioplastic residues composed of organic matter of easy microbial assimilation
may become a common and problematic residue in the future. Thus, the discussion of
possible applications for this waste should be started, in order to financially stimulate the
planning and management of bioplastic waste. Similar approaches are applied to plastic and
agro-industrial waste. The bioplastic waste recycling approach is still in its embryonic
development stage.

In the context aforementioned and the growing social acceptance, there is a need for
studies in the area of bioplastic development and application in a holistic way, in which the
problem posed on synthetic plastic is not inevitably transferred to bioplastics, thus guiding
decision-makers policies (GERASSIMIDOU et al., 2021). This study aimed to develop
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bioplastics as a way of reusing agro-industrial plant residues. Mechanical, physicochemical
properties as well as whether this material disintegrates in soil and composting systems
were verified. However, to develop a sustainable and viable bioplastic, ecotoxicity tests,

photoprotective agent, and food coating were addressed in this study.

2. Materials and methods
2.2. Materials

The company Sao Jodo — Araras-SP supplied sugarcane bagasse, and starch (Exodo
cientifica), glycerin (Synth), glucose (Synth), urea (Neon), H20, (Synth), glacial acetic acid
(Synth), hydrochloric acid (Neon), sodium chlorite (Neon), sodium hydroxide (Neon),
CaCl,-2H,0 (Synth) and NaCl (Synth), PCA medium (NEOGEN) were reagents in P.A
degree. Compost formulation materials (vegetable soil, rabbit feed, sawdust, and seed oil)

were purchased from a local gardening store. The seeds were supplied by ISLA company.

2.3. Extraction of holocellulose, xylan and a-cellulose
The polysaccharides used in this research (holocellulose, xylan, and a-cellulose),

with the exception of starch, were extracted from sugarcane bagasse following the method
described elsewhere (ABE et al., 2022).

2.4. Bioplastics elaboration

Xylan and starch-based bioplastics were developed by the casting method (Abe et
al., 2022). Xylan was solubilized in microwaves (30 s approximately, with short cycles and
agitation), and after the starch addition, the filmogenic solutions were gelatinized for 4 min
at 85 °C, and oven-dried at 30 °C for 3 days. The total polysaccharides concentration was
5% (w/v, mass of polysaccharides per volume), in the proportion relation of 10/90; 15/85;
25/75 (%, wi/w) xylan/starch. We also developed a bioplastic composed of
xylan/holocellulose/a-cellulose/starch  (15/5/5/75, % wi/w), hereafter mentioned as

“mixture”.

2.5. Solubility in food simulants, opacity, and thickness of bioplastic
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The solubility in food simulants (test to simulate the behavior of bioplastic in
different foods) was tested for xylan and starch-based bioplastics. The simulant acidic (3%
acetic acid) and fatty (90% ethanol) solutions were tested in 125 mL flasks with a 30 mL of
working volume. Strips of bioplastics were prepared (2.5 x 1 cm) and immersed in the
simulating solutions for 24 h at 25 °C. The solubility was determined by relation to the
initial mass (previously oven-dried at 50 °C) and the final mass (after 24 h).

Thickness was analyzed by a Mitutoyo micrometer (0.001 mm) reading 6 points
(random) on each strip. Opacity was determined by rectangular bioplastic strips adhered to
a glass cuvette and read by spectrophotometer (600 nm). Three strips from different parts of
each bioplastic formulation were used and the opacity was calculated by dividing the mean
absorbance by the mean thickness. Furthermore, the light transmittance through bioplastics
was analyzed in 200-800 nm wavelength intervals. Thickness and opacity tests were
performed for all bioplastics formulations. All assays (solubility, opacity, and thickness)

were performed in triplicate.

2.6. Analysis of the bioplastic as a photoprotector for Saccharomyces cerevisiae

The bioplastic with the composition of 25/75% (w/w) xylan/starch was used in the
analysis of the photoprotector of the yeast S. cerevisiae. This procedure was carried out in a
Tecan configured for an assay of 24 h, the wavelength of 600 nm in polystyrene plates (96
wells), 15 min for each recording of optical density with shaking for 15 s before recording.
The experiment was set up in three groups, (1) yeast exposed for 2 h to UVC light-
uncoated, (2) yeast exposed for 2 h to UVC light-covered by the bioplastic, and (3) yeast
not exposed to UVC light. After treatments, the inoculum was transferred to the 96-well
plate in triplicate with YPD medium (1% yeast extract, 1% peptone, and 2% sucrose) at a

temperature of 30 °C.

2.7. Soil and compost disintegration of bioplastics

The first disintegration test was carried out with the bioplastic of 25% xylan (w/w)

and 75% (w/w) of starch in different soil moistures (14.3% and 32.6%). For that same
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bioplastic composition (25/75% xylan/starch), the disintegration on the surface of compost
was analyzed (ABE et al., 2022). The soil disintegration essay for others bioplastics
compositions (10% xylan, 15% xylan, mixture, and pure starch) was performed with the
moisture fixed at 32.6%. The incubation temperature was adjusted to 30 °C (soil assay) and

50 °C (composting assay) and the loss of integrity was performed with the photo recording.

2.8. Soil ecotoxicity

20 g of bioplastic pieces (approximately 1.5 x 1.5 cm) were mixed with 200 g of
soil (32.6%). The soil was incubated with bioplastics for 5 and 15 days, at a temperature of
30 °C. After sampling times, the soil was washed with water in a solid-liquid ratio of 1:5
(g/mL). Controls were formulated with incubation of the soil without bioplastics exposure.
Considering a possible variation in the compositions of bioplastics that can be found on the
market, the 20 g of bioplastics was prepared with all the compositions developed in the
present study. The soil pH was measured in phmeter equipment.

An aliquot of 4.5 mL of the washes from soils exposed and not exposed to
bioplastics was transferred to plate Petri with filter paper and 20 Lactuca sativa seeds. The
tests were performed in triplicate. Plates were incubated at 22 °C for 5 days. After
germination, G% (germination percentage), 1% (germination and tissue development
inhibition) were calculated based on Papadimitriou et al. (2008).

Cell growth of S. cerevisiae was analyzed for 26 h in a Tecan set as reported in Abe
et al. (2022). The environmental controls were soil washing after 5 and 15 days without
bioplastic in addition to the positive control (inoculum and YPD medium only) and
negative control (YPD medium without inoculum). Soil washings with bioplastic was

employed to verify the possible impact on yeast growth.

2.9. Morphological analysis, crystallinity, mechanical properties, and thermal
resistance

Thermogravimetric analysis was performed in a TGA model Q500 equipment (TA
instruments). The thermal profile was made with the mass of bioplastics between 9-11 mg,
the initial temperature of 30 °C, the final temperature of 720 °C, the heating rate of 10
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°C/min, nitrogen atmosphere and flow of 50 mL/min and environmental conditions of 22
°C and 50% relative humidity.

Dynamic-mechanical analysis for the study of stress curves as a function of the
deformation of the samples (item 2.4), were made in DMA equipment (model EXSTAR
600 brand SII Nanotechnology). The analysis conditions were temperature of 30 °C, grip
load of 0 to 9.8 N, force rate of 1 N/min, nitrogen atmosphere of 50 mL/min the with
bioplastics dimensions of length x width x thickness of 20 mm x 8-10 mm x 0.14-0.21 mm
respectively. The ambient conditions were 24 °C and 55% relative humidity. All analyzes
were developed in triplicate.

Images of the surface of the bioplastics were obtained by scanning electron
microscopy (SEM, EVO-LS-15, Carl Zeiss) operating at 10 kV in a 10.5 to 11.5 mm
working distance. Prior to observation, the samples were gold-sputtered.

DSC analyzes were conducted on a PerkinElmer brand DSC model 8500 with an
Intracooler 1l type cooling accessory. The temperature range studied was from 20°C to
250°C at a heating rate of 10°C/min under a nitrogen atmosphere of 20 mL/min. Samples
with a mass between 5 to 7 mg were placed in a hermetically sealed aluminum sample
holder. The degree of crystallinity (Xc) of starch in the bioplastic was calculated according
to the following equation (PILLA, et al., 2010; REIS et al., 2016):

AH, 100
x—

X _(%cristalini dade) = —’g

m

w

Where AHm is the enthalpy of fusion obtained in the DSC analysis, AH%, is the
enthalpy of fusion of 100% crystalline starch (this value is not found in the consulted
literature or with a lot of divergence between the authors) and w is the percentage of starch
in the bioplastic. In this way, to proceed with the calculations of the crystallinity of the
starch/xylan-based bioplastic and of the mixture, the enthalpy value obtained for the pure
starch bioplastic was taken as a reference, being this one of 197 J/g. In this way, the
calculation of the percentage (%) of crystallinity in the studied bioplastics was performed

relative to starch.

2.10. Statistical analysis
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For the enzymatic activity, optical properties, mechanical properties, solubility
properties, photoprotector properties, CFU in water, and anaerobic digestion assays, the
statistical test used was one-way ANOVA (test Turkey, significance p<0.05) in the Bioestat
5.0 program. Seed ecotoxicity data were evaluated using the R software (R Core Team,
2021). For analysis of normality and homogeneity, the Shapiro-Wilk and Bartlett tests were
used respectively. The data did not show a normal and homogeneous distribution and they
were submitted to the nonparametric Kruskal-Wallis test, followed by the Dunn post test at

95% significance.

3. Results and Discussions
3.1. Photoprotection property of xylan-starch-based bioplastics

Bioplastics produced from the xylan-starch-based blends showed UV light
absorption properties in the three different classes (UV-A (315-400 nm), UV-B (280-315
nm), and UV-C (100-280 nm), (Figure 1). This property is probably due to the presence of
phenolic macromolecules (lignin) associated with xylan. Yu et al. (2019) exhibited the
same observation regarding the influence of phenolic compounds bond to xylan. Based on
our knowledge, this is the first study to develop a bioplastic with UV light blocking

properties from xylan mixed with starch.

Figure 1: Light transmittance at 200-800 nm wavelength through bioplastic.
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The starch-based bioplastic elaborated with 10% xylan showed a large difference in
the transmittance results when compared then pure starch-based bioplastic. Accordingly,
the property of reducing the transmittance and greater absorbance of light at the UV
wavelength was attributed to the xylan addition in the bioplastic composition. A xylan
higher concentrations bioplastic resulted in a reduction in UV light transmittance (Figure
1). The same result was observed by Yu et al. (2019) from the increased load of xylan in
nanocellulose composites.

The developed bioplastic showed potential for applicability in fresh food packaging,
due to protection against UV light, which is responsible for reducing the quality of foods
such as milk (MESTDAGH et al., 2005; YANG et al., 2020) and its derivatives, among
other fatty foods. This detriment to the quality of food by the action of light is the result of
the lipid oxidation process (development of aromas, flavors, color change, and nutritional
value impairment) (ADDIS, 1986). The lipid peroxidation mechanism or lipid oxidation
occurs through the formation of free radicals and their action on the lipid molecules,
extracting electrons from them (FALOWO et al., 2014).
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Xylan is reported in other studies as a polysaccharide with potential for
photoprotective applications. In the study of Yu et al. (2019), the increase in xylan
concentration from up to 50% (wt) resulted in a reduction in transmittance (325 nm) from
75.1% to 28.2%. In the same study, the addition of another type of hemicellulose
(glucomannan) depicted a reduction in transmittance at 325 nm. However, less marked than
the nanocellulose and xylan-based bioplastics. In the study of Yang et al. (2020), the
bioplastic of carboxymethyl-xylan and heat-treated xylan (carbon dots derived from xylan)
presented a higher transmittance in the range of 200 nm and 400 nm, when compared to the
results obtained in the present study. The use of xylan (reagent) without lignin by Yang et
al. (2020) can justify this difference in the results.

The transmittance results of the present study (bioplastic with 25% xylan) at the
wavelength 200 nm (0.17%), 350 nm (0.7%), and 400 nm (11.16%) were lower than the
results of Aradjo et al. (2018), at the same wavelength range (0.50%, 78.73%, and 80.3%)
from protein-based bioplastics derived from fish. Thus, aforementioned the bioplastic
developed with xylan and starch showed greater potential about the barrier against UV
light. Other studies of bioplastics developed with starch and different materials, addressed
the bioplastics ability to act as a cover/mulch and photoprotective material to foods, in
addition to medical applications due to the harmful effects of UV light on human skin
(SHIKU et al., 2004; SIREROL et al., 2015; TEE et al., 2016; NARAYANAN et al., 2017;
YANG et al., 2020). The present study showed that the bioplastic developed has a lower
transmittance in the length of UV light compared to polyethylene (SHIKU et al., 2004; TEE
et al., 2016). Thus, characterizing the superiority of xylan-starch-based bioplastics with
disintegration, biocompatibility, renewable, and photoprotection property.

Contrary to what is desired with the bioplastic concerning the transmittance in the
range of UV light (200-400 nm), related to visible light length, it is interesting to obtain
transparent bioplastics, that is, a high transmittance is required. The transparency of the
bioplastic is interesting for medical healing applications, allowing to visualize the injured
tissues and the healing process (AHMAD et al., 2020). Another important factor that
transparent bioplastics have is the possibility of viewing packaged products, meeting a
commercial need. The passage of light through the biomaterial also has advantages in
applications in agriculture. Considering the need for plants to capture visible radiation, such
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as blue and red light, light stimulates the growth of plants and the synthesis of chlorophyll
(POUDEL et al., 2007; YANG et al., 2020).

The bioplastics developed are transparent, and xylan higher concentrations insertion
did not increase the transparency value (Figure 2, Table 1). Bioplastic with alpha-cellulose
and holocellulose (mixture), was the composition that resulted in the least transparent
bioplastic, a characteristic that probably comes from lignin associated with hemicellulose

and cellulose fibers.

Figure 2: Bioplastics elaborated with xylan and starch.
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(a)= 10/90% (w/w) xylan/starch, (b)= 15/85% (w/w) xylan/starch, (c)= 25/75% (w/w)
xylan/starch.
Source: Elaborated by the author

Table 1: Transparency value of xylan and starch-based bioplastics

Bioplastic Transparency value Thickness (mm)
(% wiw) (Abssoonm/thickness)
10/90 xylan/starch 1.63 +0.19* 0.18 +0.01
15/85 xylan/starch 1.73 £ 0.06% 0.19+£0.01
25/75 xylan/starch 1.72 +0.112 0.20£0.01
Mixture 2.58 + 0.06° 0.21+0.01

*= Different letters represent statistical difference (p<0.05).

Source: Elaborated by the author
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Figure 3b depicts the effect of UV light (UV-C) on the growth of the yeastS.
cerevisiae exposed or protected by the blend of 25/75% xylan/starch (w/w). Even though
the difference in the sample exposed to UV light without protection and the one exposed
with protection was small, there was a statistical difference (p<0.05). The control
experiment (not exposed to UV) and the exposure with the bioplastic protection did not
present a significant difference (p>0.05). These results, together with the transmittance
between 200-400 nm, highlight the possible photoprotective role of the bioplastic
elaborated in the present study.

According to the results, xylan-starch-based bioplastics and those developed with
alpha-cellulose and holocellulose show potential for food protection blocking UV light. In
addition, bioplastic showed potential for applications in agriculture, such as covers
applications. UV light, especially UV-B, is widely studied concerning soil health and
different environments (PIERISTE et al., 2020). It can affect the microbial community
through damage to the genetic material of microorganisms, which occurs through the
formation of cyclobutane pyrimidine dimers and pyrimidine (6-4) pyrimidinone
photoproducts. That is, DNA replication and microbial RNA transcription are affected
(PIERISTE et al., 2020; PULLERITS et al., 2020).

Reduction of fungal hyphae and spore germination may be the result of exposure to
high doses of UV light (MOODY et al., 1999; VERHOEF et al., 2000). In the study of Lin
et al. (2015), microbial respiration was reduced when organic matter was exposed to UV
light in the summer period, which may be related to the nitrogen reduction in the litter.
Therefore, the bioplastics application in agriculture can be beneficial since UV light can
cause changes in the processes of nutrient cycling, microbial decomposing activity, and
composition of the microbial community (JACOBS et al., 2001; LIN et al., 2015;
PIERISTE et al., 2020).

3.2. Solubility in food simulants
The blend of bioplastics based on xylan and starch showed high solubility in the

solution of simulating acidic foods (Figure 3a). The acid simulant may have solubilized the
xylan and starch polymers, thus solubilizing the organic material in the solution. In
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addition, the hydrophilic acid solution, through the polar groups, reacts with the hydroxyl
groups of the polymers (MUGWAGWA and CHIMPHANGO, 2020), and these solubilize
part of the mass in bioplastic.

The increase in the bioplastic solubility in acidic simulants with higher
concentrations of xylan may be due to the addition of higher loads of hydrophilic
polysaccharides in the polymeric matrix. The pure starch-based bioplastic was not tested
for solubility in food simulants, however, even though it represents a hydrophilic polymer,
the interactions between the starch chains were stronger, as indicated by TGA tests. Thus,
the interactions between xylan and starch may also have influenced the solubility in
simulants food assays. The interactions between polymers are indicated in the literature as
an influence on the solubility property (MUGWAGWA and CHIMPHANGO, 2020).
Therefore, to reduce solubility, the optimization of bonds between polymers should be
studied.

Regarding solubility in fatty food simulants, the bioplastic elaborated with xylan
and starch showed potential for application in the packaging and coverage of these types of
foods. In relation to bioplastics formulated with 10 % (w/w) and 25 % (w/w) of xylan, the
increase in the hemicellulose load resulted in a reduction of bioplastic solubility in fatty
simulants (in relation to the higher concentration of xylan (Figure 3b), no alteration in the
bioplastic mass was detected). However, even the bioplastic with 10 % xylan showed low
solubility in the simulant in question (4.6%). The reason for the low bioplastic solubility in
the fatty simulant in comparison to the acidic simulant, in the present study, is probably due
to the reduction of hydroxyl groups in the fatty simulant (FORTUNATI et al., 2012;
MUGWAGWA and CHIMPHANGO, 2020). This reduction in the polar character
consequently reduces the interactions between the food simulant with the bioplastic matrix.

In the study of Mugwagwa and Chimphango, (2020), the arabinoxylan-based
bioplastic showed lower solubility in fatty food simulants (approx. 24%), compared to
solubility in acidic simulant (approx. 32%). The addition of acetylated nanocellulose is an
alternative to mixing with hemicellulose to reduce the solubility of bioplastics in fatty,
acidic, and alcoholic simulants (MUGWAGWA and CHIMPHANGO, 2020). The
bioplastic developed in the present study may be studied in the future in applications of
biosachet or biopouch, as approached by Mulyono et al., (2015) in the elaboration of
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starch-based bioplastics. Based on Mulyono et al., (2015), cassava and tapioca starch-based

bioplastics proved to be suitable for packaging vegetable oils and sweet soy sauce.

Figure 3: Cell growth of S. cerevisiae exposed to UV light and bioplastic solubility in food
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A= Bioplastic solubility in different food simulants; B= Growth of S. cerevisiae after
exposure to UV light with and without protection *= Different letters represent statistical
difference (p<0.05).

Source: Elaborated by the author

3.3. Mechanical, morphological, and thermal properties of bioplastics
The xylan addition to the bioplastics at any concentration reduced the thermal

stability of the material when compared with the pure starch formulation (Table 2). Even
the bioplastic named mixture (xylan/holocellulose/a-cellulose/starch), which due to the
cellulose presence (high crystallinity) was expected to depict greater thermal resistance,
presented a Tmax lower than the pure starch-based bioplastic. The Tmax refers to the
temperature at which the thermal disintegration is maximum or related to the heat needed to
overcome the energy bond in the carbon net (FARIVAR et al., 2021). Therefore, due to the
need for thermal stability of thermoplastics during processing, and considering the same
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measure was used for xylan-cellulose-based bioplastics (GORDOBIL et al., 2014) and
starch (OLUWASINA et al., 2021), in this study the Tmax was used for the measurements.

The lower crystallinity due to xylan branches (arabinoxylan), in addition to the
interaction reduction between polysaccharides, may justify the reduced thermal resistance
of xylan and starch-based bioplastics. A possible plasticizing effect of hemicelluloses in
reducing thermal stability is known (ILYAS et al., 2018; NORDIN et al., 2018). The higher
Tmax Value in the bioplastic with 25% (w/w) xylan can be a result of the better interaction
between the starch and the xylan polymers, which was not evident in the tensile strength.
However, it could be confirmed due to the formation of a surface without cracks, voids, and
smoother (Table 2). Although lignin (present as a residue in the xylan) shows a wide
thermal degradation range (250-600 °C) and is generally more thermally stable than
polysaccharides (XIAO et al., 2001), a lignin state “hydrolyzed lignin” (by means of
alkaline processes), can show the maximum degradation at 250 °C, and thus reduce the
Tmax Of polysaccharides such as xylan (TEDESCHI et al., 2020). As in the studies of Xiao
et al. (2001) and Tedeschi et al. (2020), Table (2) shows that the xylan present in
bioplastics increases charcoal at 600 °C, probably due to the lignin content.

As in the case of thermal stability, and demonstrated in scanning electron
microscopy images, the reduced interaction between the polymers may have resulted in a
reduction in the tensile strength of starch-based bioplastics with xylan, in addition, it can be
also understood for the called mixture formulation. Similar to the results in Table (2),
Gaspar et al. (2005) and Chen et al. (2009) observed that starch-based bioplastics with
cellulose depict lower tensile strength than pure starch ones. This impact on starch-based
bioplastic from lignocellulosic components, such as cellulose, is a result of the reduction in
the aspect ratio (width-to-thickness), which is related to the optimization of hydrogen bonds
between the polysaccharides and allows the homogeneous dispersion of fillers in the matrix
(XIE et al., 2015).

The results of the tensile strength of the present study were similar to the results by
Goksu et al. (2007), which used 8-14 % (w/w) of xylan (from cotton stalk), glycerol (14.2-
25 %), and obtained elongation and tensile strength between 45.56-56.76 % and 1.08-1.39
MPa, respectively. Freitas et al. (2021) obtained starch-based bioplastic with lignin (2-8%
w/w) and 30 % plasticizer varying the tensile strength from 0.55-0.75 MPa approximately.
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Another similar result was found in the study by Sabiha-Hanim and Siti-Norsafurah.
(2012), in which sugarcane bagasse xylan resulted in bioplastic with the tensile strength of
0.31-1.72 MPa. However, the results obtained (Table 2) are low than polyethylene plastic,
hydroxypropyl cellulose, and methylcellulose bioplastic, ranging between 15 and 60 MPa
(THARANATHAN, 2003). Apparently, 15 % xylan together with 85 % starch (w/w)
resulted in a higher tensile strength composition, however, elongation did not follow the
trend (increased tensile strength and reduced elongation). More studies should be carried
out with xylan and starch considering their heterogeneity and moisture absorption, as
greater water particles uptake intertwined with the polymers network results due to
plasticizer effect (PEROTTO et al., 2020).

Figure 4a shows the DSC curve of the pure starch-based bioplastic obtained in the
first heating of the sample. There is a broad endothermic peak between 70 °C and 160 °C,
which may be related to sample melting. The onset temperature was 81°C, with a peak
temperature of 107 °C and an enthalpy of 197 J/g. In the literature, there is no consensus on
such an endothermic event, and many studies treat it as a starch gelatinization process.
Gelatinization is defined as an order-disorder transition that involves the disruption of the
molecular organization within starch granules, under heating and in the presence of
plasticizers (water, for example). By comparison with synthetic polymers, it can be
proposed that the temperature dependence of this loss of crystallinity varies with the
botanical origin of the starch, the polymorphism of the crystals, its degree of perfection, the
chain length involved in the crystalline unit, and the amount of plasticizer used. Such an
event is reported to occur over a wide temperature range of 15 to 145 °C with an average
enthalpy of 113 J/g (SCHLEMMER, et al., 2010). However, it should be noted that the
starch analyzed in the present study was already in the form of bioplastic, that is, it was a
processed starch subjected to shear and temperature in the presence of water, transforming
it into a molten material also known as thermoplastic starch (TPS). As a DSC analysis was
performed on this material, it must be that the endothermic event, similar to synthetic
polymers, is in fact the fusion of the semi-crystalline structure of thermoplastic starch.

The crystallinity of starch is mainly attributed to amylopectin (TESTER et al.,
2004). In this way, with heating, the crystalline parts of the starch change from the ordered
crystalline solid-state to the departed liquid state (melting of amylopectin crystals). Figure
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4b shows the DSC curves for the starch bioplastic samples; mixture; starch/10% xylan;
starch/15% xylan; starch/25% xylan. All of them are found to have an endothermic peak in
their thermal profile. Table 4 shows a summary of the data obtained from the DSC curves
of the bioplastics studied in the present study.

The increase in the xylan concentration decreased the initial temperature, peak
temperature, final melting temperature as well as melting enthalpy value, and crystallinity
(Figure 4b, Table 3). One possible explanation is that xylan, through the formation of new
hydrogen bonds in starch-based bioplastic, hinders the mobility of the polymer chain,
generating more amorphous regions in the starch-based bioplastic (ABDULKHANI, et al.,
2019). The literature (ABDULKHANI, et al., 2019; LUCENA, et al., 2017; GOKSU, 2007)
reports that pure xylan has a high value of glass transition temperature, mentioning the
value of approximately 240 °C. On the other hand, it is known that the addition of
plasticizers in filmogenic solutions of xylan induces changes in the three-dimensional
organization of molecules and, therefore, in their functional properties, such as the
reduction of their Tg. Such phenomenon was confirmed in the DSC curves with the
presence of xylan. It can be observed in the DSC curve of the bioplastic with 10% xylan, a
small deviation from the baseline towards the endotherm in the region of 171 °C, which
may be related to the Tg of the xylan. This phenomenon is not observed for the 15% xylan
bioplastic. However, for the 25% xylan bioplastic, there was also the presence of a
deviation from the baseline in the endothermic direction right after the starch melting peak,
and the measured Tg was 126 °C. For the mixture bioplastic, there was an increase in the
initial, onset and peak temperatures in relation to the sample of pure thermoplastic starch
and bioplastic with xylan. The measured crystallinity was also higher for mixture bioplastic
than the xylan ones. In this case, it can be stated that, despite the fact that xylan reduces the
bioplastic crystallinity, the presence of cellulose contributed to a little increase in the
crystallinity of the film obtained.

Considering that hemicellulose-based bioplastic, such as xylan, has a high degree of
ramifications, amorphous regions, and hydroxyl groups, the performance of this material in
relation to thermal and mechanical resistance can be compromised when they are applied in

their unmodified form (ZHAO et al., 2020). Furthermore, the type and botanical source
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from which hemicellulose is e extracted also influence the properties of the bioplastic
(SHAO et al., 2019; ZHAO et al., 2020).

The modifications of the xylan, from the specific enzymatic tailoring, such as the
arabinose removal (arabinoxylan), result in an increase in crystallinity (HOIJE et al., 2008;
HEIKKINEN et al., 2013). Thus, a bioplastic with polysaccharides that is more difficult to
face thermal degradation can be achieved. Acetylated nanocellulose and acetylated
bleached xylan formed bioplastics with improved mechanical and thermal properties
compared to non-acetylated and unreinforced polymers (GORDOBIL et al., 2014).

In addition to optimizing the gelatinization process (time and or temperature), due
to the presence of non-gelatinized starch granules (Table 2), these approaches to improve
the physicochemical properties of bioplastics must take into account the biodegradation
characteristic of these materials, as such changes impact solubility, crystallinity and steric
hindrance. All these changes influence the process of biodegradation and enzymatic
degradation (MITCHELL et al., 1990; GLASSER et al., 1995; RIVARD et al., 1995;
TSERKI et al., 2006; SARKA et al, 2011; ARNLING BAATH et al, 2018;
NEVORALOVA et al., 2019; OLUWASINA et al., 2021).

Figure 4: Thermal behavior of bioplastics by DSC analysis
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Table 2: Mechanical, morphological, and thermal properties of bioplastics
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Bioplastic Tensile Elongation Tso Tmax  Residue SEM
composition  strength (%) (°C) (°C) 600°C
(%, wiw) (MPa) (%)

Pure starch  1.21%°+0.09 11.06%+2.74 297.9 324.85 1.55

10/90

0.89%+0.09  27.58°+6.17 289 287.40 16.33
xylan/starch
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15/85 2.99°+1.6 18.30°+1.74 290.18 287.40 16.89

xylan/starch

25/75 08924012 13.52°+1.94 289.09 295.80 19.42
xylan/starch

Mixture  0.82%+0.06 10.24°+0.9 297.10 287.68 18.22

*= Different letters represent statistical difference (p<0.05).

Source: Elaborated by the author
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Table 3: Data obtained from DSC curves of starch bioplastics as well as relative

crystallinity.
Bioplastic Tinitial Tonset Tpeak Ttinal AH (J/g) Xe (%)
composition (°C) (°C) (°C) (°C)
(%, wiw)
Pure starch 70 81 107 160 197 -
10/90 66 84 101 118 35 20
Xylan/starch
15/85 65 83 104 120 35 21
Xylan/starch
25/75
Xylan/starch 72 89 100 117 16 11
Mixture 84 111 126 144 38 26

Source: Elaborated by the author

3.4. Soil moisture influence on bioplastic disintegration and composting system
Xylan and starch-based bioplastics (25/75% wi/w) disintegrated in the soil and a

composting system (Figure 5). The bioplastics elaborated in the present study showed
application potential when it is desired to obtain disintegratable (and possible
biodegradable) and renewable materials. Based on this conception, the present results
follow the trend of the bioeconomy, mainly regarding the mitigation or reduction of the
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problems resulting from synthetic plastics accumulation (JARAMILLO et al.,, 2016;
FREITAS et al., 2021) with the use of agro-industrial waste.

Abe et al. (2022), showed that the bioplastic resulted in a total disintegration in 13
days, featuring faster disintegration than in the present study (using the same bioplastic
composition and soil disintegration temperature). This result can be justified by the
bioplastic burial process applied by the last study cited, in which the results of the present
study refer to the bioplastic exposure to the soil surface, thus reducing the contact surface
of the bio-based material with the soil. Starch-based bioplastics in the study by Datta &
Halder, (2019) depict different rates of biodegradation when exposed to simulants from
different environments.

Based on the aforementioned, the present study evaluated the disintegration (visual
analysis) of the xylan/starch-based bioplastic at different moistures. After the 16" day of
biomaterial exposure on the soil surface with 32.6% moisture, it was not possible to detect
bioplastic fragments. However, even after the 40" day of exposure (soil with 14.3%
moisture), the bioplastic did not show total fragmentation and disintegration. The study of
different factors that influence the biodegradation/deterioration of bioplastics (or common
plastics), such as different environments, pH, temperature, humidity, microbial community,
chemical agents, the addition of nutrients, the polymer’s chemical structure, among other
biotic and abiotic factors, is necessary to understand the materials disintegration and
biodegradation process (KIM et al., 2006; LUCAS et al., 2008; NGUYEN et al., 2016;
DATTA et al., 2019). In relation to moisture, it is known that the different groups of
microorganisms, such as fungi and bacteria, have a varied range of moisture for growth,
therefore, processes such as polymer disintegration and biodegradation are influenced by
moisture, as water acts as a solubilizer and is necessary for microbial metabolism.

Even in both soil moistures, it is noted that on the 2" day and mainly on the 5 day
of exposure, there was microbial growth in the peripheral soil to the bioplastic (Figure 5).
With accentuated yellowish spots on the bioplastic surface. However, on the 2" day and 5%
day of bioplastics on the soil surface with higher moisture, a more gelatinous and
solubilizing appearance is observed. Probably, the greater solubilization of the bioplastic in
soil with 32.6% moisture allowed a greater fragmentation degree, and thus an increase in
the contact surface of biotic and abiotic factors with the bioplastic. Such changes in surface
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and bioplastic integrity, i.e., erosion and fragmentation processes, were also observed in
starch-based bioplastics with Kraft lignin (FREITAS et al., 2021).

It is worth mentioning that based on the solubility (27.93) of the 25% w/w xylan
bioplastic in water (ABE et al., 2022), it is possible that higher solubilization in soil with a
moisture content of 32.6%, resulted in greater availability of carbohydrates in the soil.
Therefore, similar to the composting effect, higher soil moisture may have stimulated
microbial growth, and thus a faster disintegration than in soil with lower moisture.

Composting system assay resulted in faster bioplastic disintegration of 25/75% w/w
xylan/starch composition (Figure 5). In addition to the higher humidity (55%), the
temperature of 50 °C is a factor that results in the weakening of the bonds between the
polymer chains, and thus, accelerating the bioplastic disintegration. Another factor of
composting that may have influenced the accelerated disintegration in relation to the soil
would be the greater number of microbial cells. The addition of nutrients in the composting
system results in a stimulus for microbial proliferation at the beginning and during the
composting process (KIM et al., 2006; ACCINELLI et al., 2012; NGUYEN et al., 2016).

It is important to emphasize the impact of moisture on biodegradation, as in the
polysaccharide’s biodegradation, it is also related to polymers chemical composition. Corn
starch-based bioplastics show a degradation rate in water medium of 94.23%, while potato
starch-based bioplastics were 79.64% biodegraded (DATTA et al., 2019). This difference
was due to the higher solubility/hydrophilicity of starch with higher amylose contents.
Based on Rivard et al. (1995), due to xylan and starch-based bioplastics acetylation (starch
and xylan chemical derivatization) there was a reduction in bioplastic hydrophilicity, and
consequently a delay in biodegradation. Therefore, future studies encompassing different
compositions and structures of polymers will be necessary for a deeper understanding of
bioplastics' biodegradation profile.

The disintegration of the bioplastic (25/75% xylan/starch) showed that the
environment influences in disintegration/biodegradation process, although the results of the
present study used three different temperatures of the soil and composting system.
Therefore, in-depth studies mitigating the different environmental conditions must be
carried out as many of the laboratory experiments do not reflect the natural environment

(CHOE et al., 2021). In the laboratory, the application of isolates and condensation of
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microbial cells usually occurs, a factor that accelerates biodegradation (DUSSUD et al.,
2018), which differs from the natural environment in which there is competition for
different substrates and heterogeneity of decomposers (ANDRADY, 1994).

Other factors that oscillate in natural environments and influence the
disintegration/biodegradation rate, weakening of chemical bonds, and bioavailability of the
bioplastics are temperature (HENTON et al., 2005; KARAMANLIOGLU et al., 2017),
radiation (LUCAS et al., 2008; SADI et al., 2010), mechanical shear (LUCAS et al., 2008;
WRIGHT et al., 2020), moisture (LUCAS et al., 2008), and bioplastic chemical properties
(DATTA et al., 2019). These factors should be considered in situ and ex-situ approaches in

evaluating the biodegradation and disintegration of bioplastics (CHOE et al., 2021).

Figure 5: Moisture influence on bioplastic disintegration
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3.4. Effect of xylan addition on the bioplastics disintegration
Similar to 25/75% (w/w) xylan/starch-based bioplastic (Figure 5), all formulations

showed microbial growth and yellowing spots on the 2" day of soil exposure (32.6%
moisture) (Figure 6). The alteration in color and integrity of bioplastics changed during 40
days of the bioplastic exposure to the soil. However, unlike the bioplastic composed of
25% xylan, the pure starch, 10% xylan and blend formulations took longer to disintegrate.
Even after 40 days of exposure to the soil at 32.6% moisture, the bioplastics did not
completely disintegrate (Figure 6). Precisely, the greater integrity of the pure starch-based
bioplastic and crystallinity (Table 3) was one of the factors that resulted in reduced
disintegration capacity after 40 days of soil surface exposure. Due to the diffusion of
oligomers via water and the enzymatic impermeability through the dense polymer structure,
crystallinity may delay biodegradation (PANTANI and SORRENTINO, 2013).

The difference in disintegration time for bioplastics with lower xylan contents
(10/80% xylan/starch and mixture) can also be explained by the low water solubility (17.46
and 16.4%, respectively), when compared to the reported solubility of 27.93% of
bioplastics 25/75% xylan/starch (ABE et al., 2022). Starch-based bioplastics with lower
degrees of solubility in water (8.97% and 42.53%) present lower rates of biodegradation
(12.07% and 49.48%) when compared to the more soluble ones (85.17% and 85.57%),
impacting the efficiency of biodegradation (69.96% and 81.41%) (SHAFQAT et al., 2021).
The absorption of water affects microbial growth (MAULIDA et al., 2016; SHAFQAT et
al., 2021), and the addition of polymers/polysaccharides can lead to greater microbial
adhesion and crack formation on the surface. These cracks were observed on mixture
bioplastics (Table 2).

In addition to increased solubility, surface for microbial adhesion, and bioplastic
matrix failures, adding fibers such as from husks (KIM et al., 2006; SHAFQAT et al.,
2021) can stimulate fungal growth (MASTALYGINA et al., 2017) and bioplastic oxidation
processes (SHAFQAT et al., 2021).
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Figure 6: Xylan content influence on bioplastic disintegration
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Source: Elaborated by the author
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3.6. Soil ecotoxicity
From the exposure of vegetable soil (used for planting vegetables) to xylan-starch-

based bioplastic (10% w/w bioplastics, based on dry soil) was possible to verify the changes
in a few characteristics of this substrate. The assessment of ecotoxic effects from organisms
defined as primary producers, i.e vegetables (in soil), represent vital importance as they make
up an essential trophic level for ecosystems (HOFFMANET AL., 2003; KUZYAKOV and
BLAGODATSKAYA, 2015; BALESTRI et al., 2019; LIWARSKA-BIZUKOJC, 2021). For
this reason, the present study contributes to studies on the impacts of bioplastics on soil since
the verification of physical-chemical impacts is limited when arising from bioplastics, thus
limiting the understanding of bioplastics impacts on soil biota (LIWARSKA-BIZUKOJC,
2021).

The germination was only inhibited in relation to soil exposed to bioplastics for 15
days (Table 4). The total inhibition of germination (lethal effect-embryo death) was similar to
the positive control (zinc sulfate heptahydrate (0.05 M)). In root development, only the 15-
day soil control and the 15-day bioplastic treatment showed a statistical difference from the
negative control (distilled water). Therefore, it is possible that the soil itself presented slight
phytotoxicity without the influence of the bioplastic. However, as the germination in the 15-
day control was similar to the negative control, the relevance of the addition of the bioplastic
in the soil as an enhancer of phytotoxicity was highlighted. The hypocotyl data show that the
soil exposed to the bioplastic for 15 days was phytotoxic and compared to the positive
control. In other words, the results of the present study demonstrate the importance of
verifying phytotoxicity in soils exposed to bioplastic, as they represent an organic matter of
easy microbial assimilation. Thus, influencing the abundance and microbial richness of the
soil, pH, enzyme activity, porosity, and absorbent agents of toxic substances.

Qi et al. (2018) found that bioplastic for agricultural application in the mulching
scheme was more harmful to wheat development than polyethylene. Despite the reduction in
root biomass and no effect on germination with polyethylene and starch mulching
(biodegradable), soil with starch-based bioplastic showed a greater inhibitory effect on shoots
development (QI et al., 2018). Balestri et al. (2019) demonstrated that Mater-Bi bioplastic
(based on starch and vinyl-alcohol copolymers) caused more damage to the Lepidium sativum
L radicle with the formation of abnormalities in that organ. In the present study, despite the
temporary phytotoxicity presented by the soil after 10 days of burial of the bioplastic
(xylan/starch), the biodegradation process was positive for the reduction of phytotoxicity in

the soil (ABE et al., 2022).
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Table 4: Soil bioplastic disintegration impact on L. sativa germination and phytotoxicity.

Germination Radicle Hypocotyl
Test pH (%) growth (mm) growth (mm)

Negative

o : 85+0% 11558228  8.20.65"
control
Positive - 0+0° 0+0° 00°
control
Soil control 6.81 86.66+7.63%  12.73+1.70°  15.14+0.992
5 day
Soil treat 5.31 95+7.63? 9.7740.42%8  10.41+1.75%
5 day
Soil control 5.6 68.33+16.07% 0.069+0.12°  5.17+1.10°
15 day
Soil treat 4.91 0+0° 0+0P 0+0¢
15 day

*= Different letters represent statistical difference (p<0.05).

Source: Elaborated by the author

Soil reaction (pH) changed in the soil after 5 days and 15 days of disintegration of the
bioplastics (Table 4). The reduction in pH can different by variation in the concentration of
bioplastic in the soil, microbial community, soil moisture, exposure time, and other factors.
The reduction in pH from the biodegradation of the bioplastic was probably due to the
production of cationic acids by microorganisms (BALESTRI et al., 2019). Soil reaction is an
important factor for plant development since this characteristic includes microbial activity,
solubility, and nutrient availability (GENTILI et al.,, 2018). For example, essential

micronutrients for the development of plants may be available to plants due to the low pH
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(LONCARIC ET AL., 2008), however, the large accumulation of these nutrients can generate
a toxicity effect (GENTILI et al., 2018). Even though the 15 days of soil exposure to
bioplastic had a pH below the range of 5.5-6.5 or of 5.5-8.5 (PRIAC et al., 2017; GENTILI et
al., 2018), which are the suitable range for different cultivars and lettuce (genus Lactuca). The
identification of microbial compounds and metabolites should be performed for an in-depth
understanding of soil bioplastic influence after disposal.

The difficulty in inferring the real ecotoxic effect of bioplastics on soil and water is
due to the heterogeneity of their compositions, forms, chemical structure, physical-chemical
and biological properties of the soil (or water). Furthermore, the dose-dependent factor must
also be studied, which represents a limiting factor in the current literature (LIWARSKA.-
BIZUKOQOJC, 2021).

Conclusions

In addition to the biomass residues valorization, the development of starch-based
bioplastics with xylan resulted in a material with optical barrier, and covering fatty foods
properties. More studies must be carried out to optimize the interactions between the
polymeric chains and the dispersion in the matrix, thus increasing the mechanical, thermal,
and crystallinity resistance of the material. The mechanical and thermal properties were
disadvantaged with the addition of xylan, however, the chemical modification of the
polysaccharides constituting the bioplastic can improve these properties. Complete
disintegration in soil took 16 days at 32.6% moisture, however, at 14.6% moisture
disintegration was slow. The total composting of the bioplastic was 5 days. Due to the
addition of xylan and reduced crystallinity, the formulation with 25% xylan was shown to
degrade faster. Seed germination in soil washes after 5 days of disintegration was not
influenced, as for the 15-day wash, there was complete inhibition. Another important factor to
be analyzed in the development of bioplastic is the integrity of the materials exposed to
natural environmental conditions because due to the chemical differences of bioplastics,
abiotic and biotic factors in the environment and the discrepancy of laboratory tests, the
process of disintegration and biodegradation can occur with different efficiencies.
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Chapter VI: Conclusions and next steps

The results obtained in this study showed that the addition of xylan in bioplastics
enabled the formation of a continuous and homogeneous plastic matrix. The best conditions
of bioplastics formulations were drying temperature of 30 °C and a total polysaccharide
concentration of 5% (m/v). All xylan concentrations (w/w) resulted in continuous (no cracks)
and homogeneous bioplastics. The increase of xylan amount resulted in an increase in water
solubility, possibly due to the hydrophilic character of the xylan, in addition to the possibility
of reduced interaction between polysaccharides. The opacity at 450 nm increased with the
addition of xylan, with a bioplastic composition of 25% (w/w) of xylan being the opaquest.
Total composting time was three days, while disintegration by burial in soil took 13 days. In
addition to the effect of temperature and humidity, the addition of nutrients possibly resulted
in bioaugmentation at the beginning and during composting.Under the conditions tested,
biodegradation of the bioplastic with 25% xylan (w/w) was positive for the development of C.
sativus seeds, however, temporary phytotoxicity in the soil with 10 days of exposure to
bioplastics shows the importance of such analyses. In addition to the results regarding
phytotoxicity, the increase in the density of microbial cells and the change in soil pH are
indicative of the need to incorporate analyzes of environmental impacts in the development
and application of bioplastics. The results of thermal resistance and mechanical properties
showed that the addition of xylan reduced these properties and in-depth studies on the
chemical modification of polysaccharides and concentration should be studied to optimize the
interactions between the polymers. The rate of disintegration and composting on the surface
of soil and compost proved to be dependent on contact with the substrate, moisture, and
crystallinity, that is, for a better understanding of the disintegration process of bioplastics,

studies in different simulations of environments are needed.
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