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RESUMO

Materiais de embalagem tradicionais baseiam-se principalmente em polietileno e
polipropileno ndo biodegradaveis e comprometem seu descarte se deixados no ambiente. Como
alternativa, o papel é amplamente utilizado como material de embalagem e uma opcao de baixo
custo com processo de fabricagdo bem estabelecido. No entanto, possui limitagdes de
permeabilidade e hidrofilicidade. A técnica de revestimento do papel € uma excelente op¢éo
para proporcionar melhores propriedades de barreira e reduzir sua higroscopicidade. Além
disso, € preferivel fazer revestimentos com materiais naturais ou biodegradaveis, como amidos,
para reduzir a pressdo ambiental. A utilizagdo de componentes naturais misturados ao amido
em sua forma cationica com alta viscosidade e baixo teor de sélidos para revestimento de papel
kraftliner para fins de embalagem é pouco explorada na literatura. Portanto, esta tese teve como
objetivo avaliar revestimentos a base de amido catidnico em papel kraftliner para criar papéis
multicamadas de alta qualidade com potencial de biodegradacéo e reciclagem com propriedades
de barreira. No primeiro artigo cientifico, suspensdes de amido catidnico foram misturadas com
cera de carnalba nas proporg@es de 1:0, 3:1, 1:1, 1:3 e 0:1 (m:m). O segundo artigo estudou a
adicdo de bentonita a 5%, 7% e 10% (m/m) as suspensdes de amido catiébnico. Em seguida, o
terceiro artigo avaliou as suspensbes de amido catidnico misturadas com poli(alcool
vinilico)(PVOH) nas proporcdes de 1:0, 3:1, 1:1, 1:3 e 0:1 (m:m). Para cada artigo cientifico,
misturas revestiram o papel kraftliner em duas camadas de 15,0+0,5 g/m? e comparadas ao
papel kraftliner ndo revestido (861 g/m?) e papel kraftliner duplamente Umido-e-seco. As
suspensodes foram avaliadas quanto ao teor de sélidos, pH e viscosidade. Além disso, 0s papéis
multicamadas foram analisados quanto as caracteristicas quimicas, fisicas, morfologicas e
mecanicas, além de barreiras a agua, vapor de &gua, 6leo e oxigénio. Todas as suspensdes
apresentaram pH >4,0, com boa interacdo sem separacdo de fases. Imagens de microscopia
eletronica de varredura mostraram um filme fino para cada formulacdo no papel, exceto para o
tratamento formado por 100% de cera de carnalba; a adi¢cdo de amido catidnico a cera corrigiu
essa ndo formacao filme. Com a aplicacdo do revestimento, os papéis apresentaram diminuicéo
de até 36% na resisténcia mecanica a tracdo causada pela presenca de agua nas suspensdes, 0
que reduziu a interacdo entre as fibras do papel. O papel Kraftliner revestido com amido
catidnico apresentou alta hidrofilicidade com teste Cobb de 189+2 g/m?, mas diminuiu 28% e
66% quando adicionado cera de carnauba e bentonita, respectivamente. Além disso, a adicao
de PVOH ao amido cati6nico diminuiu a permeabilidade ao vapor de 4gua dos papéis em 57%
e aumentou a barreira de 6leo de 10 para 12 no kit-6leo. Em comparacdo com o amido catidnico
puro, a barreira de 6leo também aumentou quando se adicionou 7% de bentonita (m/m) ao
amido catidnico. Finalmente, uma barreira de oxigénio de até 10 cc/(mmz.dia) foi alcancada
pela adicdo de até 75% (m/m) de amido catiénico ao polimero PVOH. A incorporacéo de cera
de carnauba, bentonita e PVOH ao amido catidnico melhorou as propriedades de barreira ao
vapor de agua e oxigénio, servindo como embalagem de baixa umidade para alimentos, como
alimentos de panificacdo. Esses revestimentos atendem as demandas do mercado de
embalagens primarias e secundarias com foco na excelente relagdo homem-ambiente.

Palavras-chave: Revestimento ecologicamente correto. Barreira verde. Embalagem de papel
kraft. Embalagem multicamadas. Materiais sustentaveis.



ABSTRACT

Traditional packaging materials are based mainly on polyethylene and polypropylene,
which are not biodegradable and compromise their disposal if left in the environment. As an
alternative, paper is already widely used as a packaging material and a low-cost option with
adequate manufacturing know-how. However, it has limitations in terms of permeability and
hydrophilicity. The coating technique on the paper surface is an excellent option to provide
better barrier properties and reduce its hygroscopicity. Additionally, making coatings with
natural or biodegradable materials, such as starches, is preferable to reduce environmental
pressure. Using natural components mixed with starch in its cationic form with high viscosity
at low solid content for coating kraftliner paper for packaging purposes is underexplored in
literature. Therefore, this work aimed to evaluate cationic starch-based coatings on kraftliner
paper to create high-quality multilayer papers with biodegradation and recycling potential with
barrier properties. In the first scientific article, cationic starch suspensions were mixed with
carnauba wax in proportions of 1:0, 3:1, 1:1, 1:3, and 0:1 (m:m). The second scientific article
studied the addition of bentonite in 5%, 7%, and 10% (m/m) to cationic starch suspensions.
Then, the third scientific article evaluated the cationic starch suspensions mixed with poly(vinyl
alcohol)(PVORH) in proportions of 1:0, 3:1, 1:1, 1:3, and 0:1 (m:m). For each scientific article,
the mixtures coated the kraftliner paper in two layers of 15.0+0.5 g/m2 and compared to
uncoated kraftliner paper (86x+1 g/m?) double wet-and-dry kraftliner paper. The suspensions
were evaluated for solids content, pH, and viscosity. Also, we analyzed the multilayer papers
for chemical, physical, morphological, and mechanical characteristics, in addition to barriers to
water, water vapor, oil, and oxygen. All suspensions showed pH >4.0 with good interaction
without phase separation. The scanning electron microscopy images showed a thin film for each
formulation on the paper, except for the treatment formed by 100% carnauba wax; adding
cationic starch to the wax corrected this non-film formation. With coating application, papers
showed a decrease of up to 36% in tensile mechanical strength caused by water in the
suspensions, which reduced the interaction between paper fibers. Kraftliner paper coated with
cationic starch showed high hydrophilicity with a Cobb test of 189+2 g/m?2 but decreased by
28% and 66% when adding carnauba wax and bentonite, respectively. Furthermore, adding
PVOH to cationic starch decreased the water vapor permeability of the papers by 57% and
increased the oil barrier from 10 to 12 in the kit oil. Compared to pure cationic starch, the oil
barrier also increased when adding 7% bentonite (m/m) to cationic starch. Finally, an oxygen
barrier of up to 10 cc/(mmz2.day) was achieved by adding 75% (m/m) of cationic starch to the
PVOH polymer. Incorporating carnauba wax, bentonite, and PVVOH into the cationic starch
improved the barrier properties to water vapor and oxygen, serving as low-moisture packaging
for foods, such as bakery elements. These coatings meet market demands for primary and
secondary packages, focusing on an excellent human-environment relationship.

Keywords: Eco-friendly coating. Green barrier. Kraft paper packaging. Multilayer packaging.
Sustainable materials.



RESUME

Traditionelt anvendes materialer baserede pa polyatylen og polypropylen til emballage,
hvilket ger bortskaffelse og genanvendelse vanskeligt, da polyztylen ikke er biologisk
nedbrydeligt. Et mindre miljgbelastende og billigere alternativ er papir, som allerede anvendes
bredt. Papir har imidlertid nogle ulemper: Det er ikke tet, og det er ydermere hydrofilt.
Overfladebehandling kan forbedre barriereegenskaberne og nedsette vandsugningsevnen. Det
er at foretreekke at der anvendes en belaegning bestaende af naturlige og biologisk nedbrydelige
materialer, sa som stivelse, da det nedsztter miljgbelastningen. | dette studie var formalet derfor
at undersgge coating af kraft liner papir med kationiseret stivelse til fremstilling af flerlagspapir
i hgj kvalitet med potentiale for biologisk nedbrydelighed og gode barriereegenskaber. | det
farste videnskabelige studie blev suspensioner bestaende af kationiseret stivelse blandet med
carnaubapalmevoks i forholdene 1:0, 3:1, 1:1, 1:3 og 0:1 (m:m). | det andet videnskabelige
studie blev suspensioner bestaende af kationiseret stivelse tilsat bentonit i koncentrationerne
5%, 7% og 10% (m/m). | det tredje videnskabelige studie blev suspensioner bestdende af
kationiseret stivelse blandet med poly(vinyl alcohol)(PVOH) i forholdene 1:0, 3:1, 1:1, 1:3 og
0:1 (m:m). | hvert studie coatedes kraft liner papir med suspensionerne i to lag med en samlet
veegt pa 15.0£0.5 g/m2 og sammenlignedes med ikke-coatet kraft liner papir (86+1 g/m2), der
var blevet gjort vadt og terret to gange. Suspensionernes indhold af ikke-oplaselige stoffer,
samt deres pH og viskositet blev bestemt. Papir overfladebehandlet med suspensionerne blev
undersggt med hensyn til kemiske, fysiske, morfologiske og mekaniske karakteristika.
Herudover blev barriereegenskaber med hensyn til vand, vanddamp, olie og ilt bestemt. Alle
suspensioner havde en pH-veardi pa over 4.0, udviste god interaktion og skilte sig ikke ud i
forskellige faser. Ved brug af elektronmikroskopi var det muligt at observere dannelsen af en
tynd film pa overfladen af papiret, undtagen for 100% carnaubapalmevoks; hvis der tilsattes
stivelse kunne voksen imidlertid godt danne en film pa papiroverfladen. Coating gav et fald i
treekstyrke pa op til 36% pa grund af vandet i suspensionerne, som reducerede interaktionen
mellem fibrene i papiret. Kraft liner papir coatet med kationiseret stivelse var meget hydrofilt;
en Cobb test viste 189+2 g/m2, men reduceredes med henholdsvis 28% og 66% ved tilseetning
af enten carnaubapalmevoks eller bentonit. Tilsaetning af P\VOH til suspensionen af kationiseret
stivelse nedsatte vandpermabiliteten af det coatede papir med 57% og @gede
barrieregenskaberne med hensyn til olie fra 10 til 12 ifglge det anvendte olie assay.
Sammenlignet med den rene suspension af Kkationiseret stivelse forbedredes
barrieregenskaberne over for olie nar der tilsattes 7% bentonit. Endelig opndedes
barriereegenskaber over for ilt pa op til 10 cc/(mmz2.dag) ved tilsetning af 75 % stivelse til
PVOH polymeren. At tilseette carnaubapalmevoks, bentonit og PVOH til kationiseret stivelse
forbedrede barrieregenskaberne over for vanddamp og ilt, hvilket abner perspektiver overfor
anvendelse af disse emballager til fadevarer med lavt vandindhold sa som for eksempel
bageriprodukter. Emballagerne har saledes et potentiale med hensyn til primar og sekundar
emballage, med en miljgmaessigt attraktiv profil.

Nggleord: Miljgvenlig coating af papir. Grgn barriere. Kraftpapir emballage. Flerlags
emballage. Baredygtige materialer.
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FIRST PART

THESIS PRESENTATION

This thesis is divided into six parts. The first part consists of an introduction, objectives,
a literature review, and final considerations of the literature review. The literature review
clarifies the content addressed in the three papers presented. The final considerations of the
literature review summarize the main aspects discussed throughout the chapter.

The second part presents an executive summary of the three papers that constructed this
thesis, elucidating the main data found in each paper and comparing them with the literature.

The third part of the thesis (paper 1) discusses how adding carnauba wax to a cationic
starch matrix influences the surface interaction of high-barrier multilayer kraftliner paper with
water, water vapor, and oil/grease.

The fourth subdivision (paper 2) includes a paper that addresses the addition of different
proportions of bentonite to a cationic starch matrix to produce multilayer paper with an
oil/grease barrier.

The fifth part and last paper (paper 3) addresses the effect of adding cationic starch to
poly(vinyl alcohol) in kraftliner paper coating to produce low-cost paper with an oxygen barrier.

Finally, the sixth part and last chapter discusses the general conclusion of this thesis,
summarizing the main points observed during the thesis regarding the use of cationic starch in

a kraftliner multilayer paper coating and providing suggestions for future works.

1. INTRODUCTION

Packaging materials from petroleum are conventional and widely used because they
exhibit a good cost-benefit relation in terms of their strength, durability, and ease of processing.
However, the lack of biodegradability of conventional polyethylene-based packaging materials
leads to many environmental risks (Emoyan, Adjerese, and Tesi, 2022; Mirjani, Soleimani, and
Salari, 2021, Sattar, Jehan, and Siddiqui, 2021). Thus, obtaining sustainable packaging has been
the objective of many research studies (Al-Gharrawi, Wang, and Bousfield, 2022; Chen et al.,
2022; Palai et al., 2020), especially concerning paper packaging, due to its recognized
production technology (Wang et al., 2022a; Shankar and Rhim, 2022; Saxena et al., 2020;
Dilkes-Hoffman et al., 2019; Muthus, 2016).
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Paper can absorb water vapor from the environment or a product due to its high
hygroscopicity. This absorption can cause the paper to lose its original mechanical properties
and reduce the quality of the product contained in the packaging as well as its expiration date.
To minimize this problem, the coating technique can be used to reduce hygroscopicity and
improve the barrier properties of paper (Chen et al., 2022; Shankar and Rhim, 2022; Vaezi,
Asadpour, and Sharifi, 2019). Coatings are intended for water vapor and oxygen barriers,
moisture resistance, and oil resistance (Chen et al., 2022; Giuseppe et al., 2022; Chen et al.,
2021; Yook et al., 2020). These factors have greater or lesser relevance depending on the
intended use of the paper. Natural or biodegradable products are preferable for making such a
coating to lessen the pressure on the environment and petroleum-based materials. Coatings
include modified starch, nanocellulose, carnauba wax, and bentonite (Behera, Mohanta, and
Thirugnanam, 2022; Hong, Wang, and Rhim, 2022; Dang and Yoksan, 2021). Another
approach is using potential biodegradable petroleum-based materials, such as poly(vinyl
alcohol), to improve waste management approaches (Ge, Lansing, and Lewis, 2021; Patil et al.,
2021; Roy and Rhim, 2021).

Modified starch and cellulose-based materials show great potential, especially when
countries approved a ban on disposable plastics (Wang et al., 2019). In addition to being
abundant and biodegradable, films based on starch and cellulose are safe for food packaging.
Several studies have reported that edible films and medicinal capsules can be inexpensively
developed with these films (Guzman-Puyol et al., 2022; Hai et al., 2021; Chaireh, Ngasatool,
and Kaewtatip, 2020; Vaezi, Asadpour, and Sharifi, 2019). Therefore, this work aims to
evaluate coatings based on cationic starch in kraftliner paper to produce biodegradable
multilayer papers with barrier properties and high quality.

2. OBJECTIVE

2.1  Main objective

This work aims to develop a multilayer coating barrier of non-petroleum based-coatings

focusing on cationic starch for water vapor, water, oxygen, and oil barriers on high-quality
coated kraftliner paper.
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2.2 Specific objectives

a) Investigate the impact of carnauba wax and bentonite on the hydrophobicity and
oil/grease resistance of the coatings based on carecytionic starch.

b) Analyze the impact of adding bentonite to a cationic starch coating on oil/grease, water
vapor, and water barrier to a kraftliner paper.

c) Evaluate the interactions between poly(vinyl alcohol) and cationic starch on the oxygen

barrier of multilayer kraftliner paper.

3. LITERATURE REVIEW

The literature review was divided into the following themes to present the work in a

clear manner.

3.1 Packaging

Objects have been utilized to transport food since the prehistoric period. Primitively
packaging began as leaves, shells, and other natural materials, with the primary purpose of
transport and storage (Emblem and Emblem, 2012). Currently, the materials used are glass,
paper, wood, metal, and plastics. The functions of packaging over time have expanded to
protection, containment, communication, and convenience, extending the shelf life of products
(Zhu et al., 2022; Ahmad et al., 2022).

Extending the shelf life of food is a primary function of packaging, which occurs by
blocking the physical and chemical contact of the product with the external environment. The
blockage is mainly against moisture, gases, microorganisms, vibrations, odors, and physical
pressures. Even more recently, packaging functions have expanded to UV light absorption,
decreased O content, carbon absorption, antimicrobial activity, antioxidant activity, and even
anti-fog activity (Hakke et al., 2022; Wang et al., 2022b; Todorova, Yavorov, and Lasheva;
2022; Ge, Lansing, and Lewis, 2021).

As it performs different functions, a packaging is hierarchically classified into primary,
secondary, tertiary (Figure 1), and quaternary packaging. Primary packaging directly contacts
the product or merchandise. Secondary, tertiary, and quaternary packaging are used to improve
the transportation of these goods (Narancic et al., 2020). Thus, packaging serves as marketing,

communicates with consumers, and familiarizes customers with the product (Taylor, 2014).
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Figure 1 - Hierarchical classification of packages.
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Source: Adapted from Thomton et al. (2015).

With the deterioration of products caused by the environment and handling, the demands
for packaging are increasing (Patil et al., 2022; Hong, Wang, and Rhim, 2022). Furthermore,
due to pressure on the environment, even more packaging must be produced with biodegradable

materials, or materials with natural origins, in addition to recycling and reuse techniques.

3.2 Multilayer packaging

In the goal of increasing the shelf life of products through packaging, multilayer
packaging has become an ally to utilizing biopolymers and biodegradable polymers. These
packages are formed by superimposing two or more layers of the same material or different
materials combined into a unified structure (Gartner, Li, and Almenar, 2015). The layers can
vary from 2 to 7 layers and usually have thicknesses between 20 and 400 um (Robert and
Chartrel, 2019; Butler and Morris, 2016). This combination of different materials and several
layers can offer a variety of multilayer packaging for each type of product, considering the
consumer's lifestyle. Coating technology represents an efficient solution to achieve such

performance (Farris, 2018), as this technique allows new properties to be incorporated into the
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material (Niinivaara et al., 2021). For example, water barrier polymers and UV light barrier foil
were superpositioned, as in the case of Tetra Pak® multilayer packaging (Georgiopoulou et al.,
2021). This technique increased the quality and durability of food and materials, creating an
efficient barrier to the external environment. This barrier hinders the diffusion of molecules
between the external and internal environments of the packages.

The process by which molecules diffuse between two materials occurs in three steps.
First, the material’s surface absorbs the diffusing molecule, followed by the diffusion of the
molecule through the film. Moreover, the diffusing molecule is desorbed from the surface to
the other side. Steps 1 and 3 generally occur faster than when molecules move through the film,
and the coating either increases or blocks this diffusion time (Nair et al., 2014).

Much of the packaging focuses on petroleum-based polymers. However, using the layer-
by-layer technique to produce multilayer packaging, natural and biodegradable polymers can
achieve similar properties (Wang et al., 2022c; Vinci et al., 2019). Such polymers can be
applied individually or in combination with different materials, such as kraft paper, a well-
known material used as a substratum to polymer coatings (Torres et al., 2020; Ghinea et al.,
2014).

3.3 Kiraft paper packaging

The kraft process mainly consists of individualizing vegetable fibers using NaOH and
Na.S and is a process with well-established technologies. The paper produced from this pulp at
different grammages exhibits high mechanical resistance, encouraging its use as packaging, and
is generally used for dry foods and secondary packaging. Coating technologies are applied to
kraft paper to increase its applications. Kraft paper originates from renewable materials, mainly
hardwoods and softwoods, and is a recyclable material, which is advantageous. Paper fiber is
recycled 3.5 times on average in Europe, but up to 15 times for corrugated paper (Kreplin, Putz,
and Schabel, 2019) or even 25 cycles are technically feasible (Putz and Schabel, 2018).
Recycled paper reduces waste and saves raw materials and energy (Martens and Goldmann,
2016), or even. For recycling, separate collection systems for paper and cardboard are needed
since they have different chemical compositions. Chemical substances from various sources are
usually present in waste paper and can eventually be transported to the recycled product (Ghinea
et al., 2014). Therefore, it is important that coatings have a natural and biodegradable origin so

that coatings can be directed to landfills after being reused (Dilkes-Hoffman et al., 2019).
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Among the kraft papers currently available on the market, kraftliner paper stands out for
exhibited high tensile, tearing, and compression strength, in addition to showing adequate
porosity, flexibility, durability, and good printability. Thus, the paper is used as packaging to
protect against impacts during transport, storage, and stacking and reduces the effects of
humidity and solar radiation (Torres et al., 2020). Kraftliner paper is defined as paper or
cardboard composed of at least 80% fibers, usually from Pinus sp., and is obtained by a
chemical process. Kraftliner is a paper predominantly made from primary kraft pulp with
flexibility, burst resistance, and short-span compression in the cross-direction strength
properties (Cepi ContainerBoard, 2017). In the production of corrugated cardboard, kraftliner
paper is present in the outer and inner layers, helping to define its properties (Biermann, 1996).
It is used for a high-performance packaging line and superior presentation (Paulapuro, 2000).

As a result, kraft paper stands out in the transport and packaging sector for its versatility
and mechanical strength; the current research highlights the reduction in the paper's
hydrophilicity and the reduction in pressure caused on the environment (Oliveira et al., 2022;
Wang et al., 2022b; Saxena et al., 2020; Li et al., 2019; Matos et al., 2019; Vaezi, Asadpour,
and Sharifi, 2019; Shankar and Rhim, 2018).

3.4  Materials as packaging coating

Researchers are looking for new sustainable formulations in which barrier properties are
achieved in one or more layers (Marangoni Junior et al., 2020; Wang et al., 2020; Oudjedi et
al., 2019; Wrona et al., 2019). The demand for materials from renewable sources that are
biodegradable, repulpable, and easy to process and handle makes this search even more
demanding.

The biodegradability of materials used in coating technology for water vapor and gas
barriers has been the main focus due to environmental protection problems (Degli-Innocenti et
al., 2022; Ye et al.,, 2022; Liao and Chen, 2021). Therefore, to replace petroleum-based
materials, packaging materials should biodegrade after their useful life without causing
environmental problems. Such materials are called “ecological packaging” (Rhim et al., 2013;
Luduefia et al., 2012).

These materials can be semisynthetic polymers, such as cationic starch; vegetable wax,
such as carnauba wax; natural materials with barrier properties, such as nanoclays; and potential
biodegradable synthetic polymers, such as poly(vinyl alcohol). Several patents have already

been registered in paper packaging using biopolymers and renewable materials with barrier
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properties (Hansson, Badenlid, and Backfolk, 2019; Heiskanen et al., 2019; Noda and
Fukunaga, 2018; Berglund, Zhou, and Kochumalayil, 2012; Malmborg, Heijnesson-Hultén, and
Sandstrém, 2011; Hassan and Borsinger, 2003).

3.4.1 Starch

Starch, which is among the main carbohydrates found in nature, is a reserve
carbohydrate found in plants, such as corn, wheat, rice, and potatoes. Starch is formed from a
mixture of two polymers. Amylose has a linear chain of 200 to 20,000 glucose units (Figure
2a), and amylopectin is highly branched. Amylose has an angulation in the a-(1-4) bond
between the glucose units (Figure 2b), whereas amylopectin has short side chains containing
approximately 30 units of glucose linked to an a-(1-6) bond to every 20 units of glucose (Figure

2¢). Thus, amylopectin can have numerous glucose units (Ray and Bousmina, 2005).

Figure 2 - Chemical composition of starch showing (a) glucose unit structure, (b) amylose, and
(c) amylopectin.
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Source: Alcazar-Alay and Meireles (2015).

The film-forming property of starch derives from the bond angulation and the extent of
the amylopectin chain. This process is called gelatinization. During gelatinization, the
crystalline structure of the starch granules ruptures, which is an irreversible process. The
gelatinization process involves granular swelling, crystalline fusion, and molecular
solubilization (Wongphan et al., 2022; Qiao et al., 2016; Atwell et al., 1988). Starch is not
considered a thermoplastic; however, when added to glycerol or sorbitol, for example, it
becomes more thermoplastic at high temperatures and shear.

In addition to their modification, the amylose/amylopectin ratio variation generates
different sustainable films molded in an aqueous solution (Mali et al., 2006; Roth and
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Mehltretter, 1967). Such films have a moderate gas barrier, small moisture barrier, and low
mechanical strength. Therefore, it is necessary to formulate a composite or modify the starch
surface (Guo et al., 2022; Hakke et al., 2022; Patil et al., 2021).

Cationic starch is a modified type that forms an electrostatic bond between the positive
charge introduced in the starch molecule and the negative charge sites in the matrix. Cationic
starch is produced (Figure 3) by treating starch with reagents such as 2-diethyl aminoethyl
chloride and 2,3-(epoxypropyl)trimethylammonium chloride (Xie et al., 2005). This modified
starch already exhibits great applicability in the paper industry (Wang et al., 2022c; You et al.,
2022; Eriksson et al., 2005). Its films presents high hydrophilicity and low tensile strength with
high permeability to water vapor (Wilhelm et al., 2003). Therefore, one of the possibilities to
improve its applicability is by combining biocomposites between cationic starch with other
materials, improving physical, mechanical, and barrier properties (Follain et al., 2022;

Todorova, Yavorov and Lasheva, 2022; Wang et al., 2022c).

Figure 3 - Production of cationic starch.
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3.4.2 Carnauba wax

Carnauba wax is a complex compound extracted from the leaves of Copernicia
prunifera (Miller) H. E. Moore (Lorenzi et al., 2010). The wax in the leaves probably evolved
toward the dry region to prevent excessive water loss by the plant and protect it against
pathogens and predators (Carvalho and Gomes, 2008). Carnauba is composed of a mixture of
esters, including aliphatic esters and diesters of cinnamic acid, aliphatic acids, free alcohols,
free w-hydroxycarboxylic acids, aromatic acids, triterpene diols, and hydrocarbons, with the

esters corresponding to more than 80% of the chemical composition. With a density of 0.92 to
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1.00 g/cm3, carnauba is the hardest wax with the highest melting point among the most common
waxes on the market (Wang et al., 2001; Laird, 1997; Vanderburg and Wilder, 1970).

Carnauba wax is used in the chemical, electronic, cosmetic, food, and pharmaceutical
industries as a raw material for numerous products. It is classified as a safe compound for human
health regarding application in the body and ingestion (FDA, 2018; European Food Safety
Authority, 2012). Carnauba has been used as a raw material for various industrial products,
such as automotive waxes, food coatings, candy additives, and paper coatings (Figure 4). As a
coating, it helps to block the loss of water and maintain the shiny appearance of the fruits,
adding value. Antimicrobial additives are often added to increase shelf life (Miranda et al.,
2022; Phothisuwan et al., 2021).

Figure 4 - Applications of carnauba wax in the food sector.
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Source: Devi et al. (2022).

The application of carnauba wax, whether on food, paper, or other materials, aims to
increase the hydrophobicity of the material (Oliveira et al., 2022; Matos et al., 2019). In their
study, Li et al. (2019) developed paper packaging with carnauba wax, carrageenan, chitosan,
and montmorillonite in its composition. The authors called this packaging superhydrophobic.

The packaging exhibits moisture and gas barrier properties, with a contact angle of 151.4° with
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water and an 83.8% reduction in the water vapor transmission rate. It is worth remembering
that the surface of carnauba wax is negatively charged, and the interaction of opposite charges

is more efficient in obtaining better hydrophobicity (Forsman et al., 2017).

3.4.3 Bentonite

Clays are hydrated silicates of aluminum silicates. They are formed by silicon,
aluminum or magnesium, oxygen, and hydroxyl groups associated with cations (Pavlidou and
Papaspyrides, 2008; Gul et al., 2016). Their structures are composed of layers stacked on top
of each other with a variable distance between layers. The exfoliated clay particles produce
nanoclays with a large surface area (Azeez et al., 2013; Choudalakis and Gotsis, 2009).

Clays, such as bentonite (Figure 5), occupy pores in the composite matrix, serving as a
blocking layer. The resulting structure increases and even block the gas diffusion paths (Gusev
and Lusti, 2001). In addition, bentonite generates positive synergistic effects on the tensile
strength and Young’s modulus, which are useful for packaging. However, its overuse can result
in agglomeration, interfering with the hydrogen bonds between the cellulose chains of paper

and decreasing the mechanical properties of packaging (Spence et al., 2011).

Figure 5 - Representation of the typical structure of bentonite.
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Different natural or synthetic nanoclays, such as montmorillonite (Gao, Wu, and Shi,
2022; Kumar and Udaiyakumar, 2021), kaolinite (Zhao et al., 2022; Qin et al., 2021), and
bentonite (Behera, Mohanta, and Thirugnanam, 2022; Qureshi et al., 2021), have been studied
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as matrix reinforcements for coatings and films. Composites that have exfoliated nanoclays
have received more attention as they exhibit better performances (Kim et al., 2021; Paul and
Robeson, 2008). Among different approaches, it was proposed that incorporating nanoclay into
the nanocellulosic and starch matrix could improve the mechanical, thermal, and antimicrobial
barrier properties (Hong, Wang, and Rhim, 2022; Garusinghe et al., 2018). Such properties are
achieved even with small amounts of clay (Majeed et al., 2013). Its efficiency is high when the

nanoclays are homogeneously dispersed in the polymeric matrix (Paul and Robeson, 2008).

3.4.4 Poly(vinyl alcohol)

The polymerization of poly(vinyl alcohol) is obtained by hydrolysis from poly(vinyl
acetate) and not from vinyl alcohol since this species does not occur in a free state. With a
barrier against oil/grease and good permeability to water vapor (Patil et al., 2022; Suhag et al.,
2022; Ge, Lansing, and Lewis, 2021; Roy and Rhim, 2021), poly(vinyl alcohol) coatings exhibit
a good barrier to oxygen with a low oxygen transmission rate close to 0.4 mL/m2/day (Hay and

Lyon, 1967). Its chemical composition is represented in Figure 6.

Figure 6 - Chemical composition of poly(vinyl alcohol) in a three-dimensional representation.

Red structures represent oxygen, gray is carbon, and white is hydrogen.
Source: Nyflott (2014).

As a nontoxic and water-soluble polymer, poly(vinyl alcohol) acts as an emulsifier and
adhesive with the capacity to form films. Its use as packaging has increased (Gaaz et al., 2015).
The presence of water can reduce the tensile strength of poly(vinyl alcohol), even as water
vapor, but increases its elongation and tear resistance (Niinivaara et al., 2021; Asrofi et al.,
2019). Despite being considered a synthetic polymer susceptible to biodegradation (Byrne et
al., 2021), poly(vinyl alcohol) is disadvantaged as only a specific number of microorganisms
act upon the compound; thus its biodegradability is limited (Chiellini et al., 1999) or exhibits a
low rate (Mao et al., 2000; Chen et al., 1997).
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A factor that affects the widespread use of poly(vinyl alcohol) is its higher cost
compared to the daily counterparts of commodities, such as polyethylene and polypropylene.
Mixing poly(vinyl alcohol) with other inexpensive renewable polymers, such as starch, could
be one solution to improve its biodegradation rate and reduce the total cost (Dessie and Tadesse,
2022; Chen et al., 2021; Ge, Lansing, and Lewis, 2021). Blending can improve the mechanical
properties, film-forming ability, and barrier properties of starch films and reduce the cost of

poly(vinyl alcohol) (Teodorescu et al., 2018) and other polymers.

4. REVIEWS CONSIDERATIONS

Based on the knowledge acquired from this literature review, it was possible to build
the methodology of this thesis, defining objectives and methods to achieve a product that meets
the needs of academic communities and populations. How to develop biodegradable packaging
based on cationic starch to meet the needs of the industry and people should be understood.
Such packages must exhibit high quality and resistance with a reduced diffusion of water vapor
and oxygen in films formed in kraftliner paper. These coatings are also expected to show high
hydrophobicity and oil resistance.

The need to create ecologically sustainable materials grows daily, and this is the
objective of several works. We hope this work can contribute to this demand.
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SECOND PART

1. RESEARCH PROJECT

1.1 Project description

Petroleum-based packaging materials have traditionally been used due to their cost-
effectiveness in terms of strength, durability, and workability, representing 19.5% of packaging
waste by volume in the European Union in 2020 (Eurostat, 2022). However, the lack of
biodegradability of such traditional materials leads to many environmental risks (Jakubowska
et al., 2023; Rojas-Lema et al., 2023; Emoyan, Adjerese, and Tesi, 2022; Hong, Wang, and
Rhim, 2022; Kan and Miller, 2022; Patil et al., 2022; Mirjani, Soleimani, and Salari, 2021;
Sattar, Jehan, and Siddiqui, 2021; Bassi et al., 2020; Reichert et al., 2020; Dilkes-Hoffman et
al., 2019). Achieving sustainable packaging through the coating technique is therefore the goal
of many research studies, especially those related to paper packaging (Farris, 2018; Dilkes-
Hoffman et al., 2019; Muthus, 2016; Farris, 2018).

Paper is found in different forms on the market, with specific characteristics. Kraftliner
stands out with high-performance printable kraft paper with flexibility, durability, extensibility,
and with tensile resistance. It is highly hygroscopic and can absorb water vapor from the
environment and from the product (Torres et al., 2020; Paulapuro, 2000; Biermann, 1996). To
minimize this problem, layer-by-layer coating techniques can be used to reduce moisture
absorption and improve the paper's barrier properties (Chen et al., 2022; Giuseppe et al., 2022;
Shankar and Rhim, 2022; Chen et al., 2021; Yook et al., 2020; Vaezi, Asadpour, and Sharifi,
2019). Natural and potential biodegradable materials are preferred for making such coatings in
order to reduce the pressure on the environment (Behera, Mohanta, and Thirugnanam, 2022;
Hong, Wang, and Rhim, 2022; Oliveira et al., 2022; Wang et al., 2022; Dang and Y oksan,
2021; Vinci et al., 2019).

Starches, for instance, are not only abundant and biodegradable, but they are also safe
for food packaging. In addition, starches are already used as a paper component in the pulp and
paper industry (Podshivalov et al., 2017). They have recognized oil barriers with good film
formation, also serving as a physical block on the surface’s paper. However, its hygroscopic
characteristics reduce its application, requiring the incorporation of other biopolymers and
materials such as blends or composites (Follain et al., 2022; Todorova, Yavorov and Lasheva,
2022; Wang et al., 2022).
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More efficient barrier properties can be achieved by combining starch with carnauba
wax, bentonite, and poly(vinyl alcohol) polymer for an amphiphilic component (Behera,
Mohanta, and Thirugnanam, 2022; Hong, Wang, and Rhim, 2022; Oliveira et al., 2022; Dang
and Yoksan, 2021). Some works already make such combinations with the purpose of barrier,
however, without the application in kraft paper (Ge, Lansing, and Lewis, 2021; Patil et al.,
2021; Roy and Rhim, 2021). There are still some works with this coating composition for paper,
however, the starch in its cationic form at high viscosity and low solid content combined with
such materials is not explored. This thesis, therefore, aimed to evaluate cationic starch-based
coatings on kraftliner papers to produce biodegradable multilayer papers with barrier properties
at high quality in order to extend shelf life by serving as a physical and chemical blocking
between the product and the environment. In addition, the data obtained by this thesis can serve

as a basis for other theoretical works regarding sustainable packaging based on cationic starch.

1.2 Research findings

This thesis presents three articles. The first associating cationic starch-glycerol (4,000
cP) and carnauba wax-polysorbate 80 as formulations in proportions 1:0, 3:1, 1:1, 1:3, 0:1
(m:m) applied in two layers of the same grammage (~7.5£0.5 g /m? in total) on kraftliner paper.
The first layer corrects the porosity of the paper surface, while the second layer forms the film
that serves as a block, possibly having barrier properties. In the second article, the addition of
5%, 7%, and 10% (m/m) of bentonite to the cationic starch-glycerol matrix was explored, also
applying it in two layers of the same grammage. Finally, the third article studies coatings
composed of cationic starch-glycerol and poly(vinyl alcohol) as formulations in proportions
1.0, 3:1, 1:1, 1:3, 0:1 (m:m) also applied in two layers of the same grammage (15.0+0.5 g/m?
in total) on kraftliner paper.

In all three papers, the suspensions were applied with an autobar coating machine,
evenly spread and avoiding film discontinuity. Between the layers and at the end of the coating
process, the multilayer papers were dried at 103+2 °C for 5 min to completely remove the water
from the suspension. Coated papers were further compared to uncoated kraftliner paper and
twice wet and dry kraftliner paper to assess the impact of water on packaging production. The
packages were characterized in terms of chemical, physical, morphological, and mechanical
properties, as well as a barrier to water, water vapor, oil/grease, and oxygen. For all suspension
formulations, the biodegradation potential and food safety of the materials were considered.
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The first paper (third part) reports the application of carnauba wax in a cationic starch-
glycerol matrix as coating on kraftliner paper. Carnauba wax has already been used to coat
fruits, vegetables, and objects, like cars, to increase their hydrophobicity (Cheng et al., 2023,
Devi et al., 2022; Miranda et al., 2022; Trinh, Smith, and Mekonnen, 2022; Todorova, Yavorov,
and Lasheva, 2022; Vaezi, Asadpour, and Sharifi, 2019; Despond et al., 2005; Larotonda et al.,
2005). However, studies on using wax as paper coating are limited. Still, the applications found
in the literature as coating do not associate carnauba wax with cationic starch-glycerol applied
on high quality kraftliner paper (Cheng et al., 2023; Devi et al., 2022; Liu et al., 2022; Oliveira
Filho et al., 2022; Diyana et al., 2021; Oliveira Filho et al., 2020; Chiumarelli and Hubinger,
2014; 2012; Rodrigues et al., 2014; Muscat et al., 2013).

Through the first paper, we concluded that more than 25 wt.% of cationic starch-glycerol
in the starch/wax composites suspension increased the melting temperature of the wax
promoting a layer over the paper rather than completely penetrating them, as found for isolated
wax coating application. When compared to 100% cationic starch coating, carnauba wax
incorporated into the starch at a proportion of 3:1 increased the water contact angle by 22%,
improving the coating hydrophobicity. On the other hand, wax incorporation in the suspension
decreased the dispersion and polar phases of surface free energy of the coated paper by 28%,
impairing ink penetration into the packaging, thus preventing the paper printability. In addition,
when compared with carnauba wax coating, increasing starch at a proportion of 75 wt.% in the
coating composition decreased the composite wettability by 82% and increased its oil resistance
from kit oil n. 6 to n. 9. The starch/wax interaction produced 70% less water absorption through
the Cobb test than the individual starch polymer. However, they were not inferior to those found
on the control kraftliner paper.

The second paper (fourth part) addresses the addition of bentonite clay into a cationic
starch-glycerol matrix as a kraftliner paper coating. Bentonite does not form a film itself. It is
applied to the matrix as a reinforcing additive to improve other properties when in its exfoliated
form. Bentonite is already used in papers as a reinforcement but its use in a high viscosity
cationic starch-glycerol coating formulations differs from other works (Behera, Mohanta, and
Thirugnanam, 2022; Oliveira et al., 2022; Ahmed et al., 2021; Sarkar et al., 2021; Shanmathy,
Mohanta, and Thirugnanam, 2021; Zamrud, Ng, and Salleh, 2021; Lendvai, Sajo, and Karger-
Kocsis, 2019; Monteiro et al., 2018; Rihayat et al., 2018).

Throughout the second paper, we concluded that adding 5 and 7% (m/m) of bentonite
to a cationic starch-glycerol suspension increased the water contact angle by 18%, implying

increasing their hydrophobicity. Furthermore, the papers coated with cationic starch-glycerol +
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bentonite showed a decrease in the tensile index when compared to the control uncoated
kraftliner paper. The water present in the suspensions is the main cause of such a decrease in
the tensile index, both in the machine direction and in the cross direction. The hydroxyl’s water
replaced the intermolecular interactions between the hydroxyls of the fibers, causing
movements between the cells, and facilitating the paper rupture at a lower load.

Adding 10 wt.% bentonite to the starch matrix in the coating suspensions generated a
66% decrease in water absorption by the Cobb test of coated papers when compared to 100%
cationic starch coating, proving synergism between bentonite and starch. Furthermore,
following the same comparison, the addition of 7 wt.% bentonite increased the oil barrier as the
kit oil was increased from n. 10 to n. 12, the maximum oil barrier level.

The third and last paper (fifth part) explores the blending of cationic starch-glycerol
with poly(vinyl alcohol) formulations for kraftliner paper coating. Both polymers have the
ability to form thin films with barrier properties. Each polymer with a different function. While
starch has better thermal stability with a temperature of degradation close to 310 °C, poly(vinyl
alcohol) initiates its thermal degradation at 230 °C. In contrast, poly(vinyl alcohol) produces an
oxygen barrier, differently from starch.

In the third paper, a greater use of starch and poly(vinyl alcohol) as a coating for kraft
paper is noticeable when compared to the previous papers. The literature already portrays the
use of both polymers as blends for oxygen barrier and decrease of water vapor permeance
(Garavand et al., 2022; Kochkina, Butikova, and Lukin, 2022; Khazael et al., 2021; Kumar et
al., 2021; Lee et al., 2021; Liu et al., 2021; Patil et al., 2021; Qin et al., 2021; Wu et al., 2021;
Yao et al., 2021; Gomez-Alpada et al., 2020; Mittal, Garg, and Bajpai, 2020; Christophliemk
et al., 2017). However, the use of starch in its cationic form with high viscosity at low solids
content for coating formulations is not well explored. The incorporation of poly(vinyl alcohol)
starch as a coating on kraftliner paper decreased the contact angle with water by 12% and
increased wettability by 33% when compared to paper coated purely with poly(vinyl alcohol),
indicating more hydrophilicity. However, adding up to 75 wt.% of cationic starch-glycerol to
poly(vinyl alcohol) suspensions effectively maintains the oxygen barrier of coated paper lower
than 10 cc/(mma2.day), conditions that state a good barrier package. In addition, many authors
use mild conditions in the characterization of water vapor permeance and also in water
absorption by the Cobb test.

When compared to literature, water vapor permeability differs in methodology. While
most authors use mild conditions to measure water vapor transmission rate (25 °C and 50% of
relative humidity) (Clegg et al., 2019; Mueller et al., 2011; Ning et al., 2009; Park et al., 2002),
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the three papers in this thesis report a more drastic condition, using 38 °C and 90% relative
humidity, simulating conditions that may occur during the transport and maintenance of food
and products. Still, low water vapor transmission rate values around 580 g/m2.day were
observed for suspension-coated kraftliner papers containing 25 wt.% and 75 wt.% cationic
starch and poly(vinyl alcohol), respectively. In this work, we also explored more severe
conditions for the water absorption test, which can explain high Cobb values. Many authors use
60 s for water absorption to occur, different from the 120 s reported in the three papers (Vaysi
and Vaghari; 2021).

Each kind of packaging requires different barrier conditions. Some focus on low values
of Cobb, oxygen permeability, water vapor transmission, and wettability as low as 0, and some
needs higher achievements such as water contact angle higher than 150°. These conditions
direct the use of the package (Wang et al., 2018). The high hydrophilicity observed for all
packaging tested in this thesis impaired their use in humid environments and with polar liquids,
thus being more suitable for dried products.

1.3 Thesis context

The manufacturing process for kraftliner paper coatings to create packaging with a
physical barrier to gases and liquids are demanding. In addition, the need to produce
biodegradable packaging and at same time from a renewable source, accessible and affordable,
makes the research even more challenging.

Thus, this thesis presents relevant technical data to assist in understanding the
interaction between paper, cationic starch polymer and materials with potential biodegradation
characteristics (carnauba wax and PVOH) in the construction of industrial applicable coating
formulations that meet market demands for primary and secondary packages, focusing on a

good human-environment relationship.
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ABSTRACT

Studies of single-use packaging have aimed to replace materials obtained from non-
renewable sources with biodegradable materials from renewable sources in response to
environmental concerns. Their barrier properties maximize shelf life and product safety. To
provide such green packaging, this work aimed to describe the chemical, physical,
morphological, and barrier properties of bilayer coatings made from mixtures of cationic starch
(S) and carnauba wax (W) on kraftliner paper (861 g/m?2). Two coating layers (15.0+£0.5 g/m?)
of both materials in different proportions were compared to uncoated paper and double wet-
and-dry paper. The addition of cationic starch to carnauba wax raised the melting point of the
wax, preventing it from completely entering the paper's pores but instead producing a layer on
top of them. The hydroxyl groups present in coated paper S contributed to its hydrophilicity,
showing a high Cobb value, absorbing 153 g/m2 more water than control samples. Further, the
mixtures showed higher hydrophobicity than the cationic starch-treated samples, with a high-
water contact angle (100£4°), similarly found for the W treatment. In addition, mixtures showed
0.35 °/s less wettability than the W treatment. In terms of mechanical strength, the lower tensile
strength and Young's modulus of the coated sheets brought on by hornification appear to have
been predominantly caused by water in the suspensions. The addition of carnauba wax to the
cationic starch decreased the resistance of coated papers to oil. However, there was an
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improvement in the water barrier by decreased water absorption and wettability and an increase
in water contact angle.

Keywords: Green packaging. Kraft paper. Kraftliner packaging. Palm tree wax. Sustainable
coating.

1. INTRODUCTION

With growing concerns about the human—environment relationship, studies of single-
use packaging have sought to replace fossil-derived material with biodegradable materials from
renewable sources (Jakubowska et al., 2023; Rojas-Lema et al., 2023; Reichert et al., 2020).
Assuring long shelf life and product safety is a central matter in packaging, and gradually tuning
the barrier properties of packages is a viable way to develop a functional product (Kruk et al.,
2023; Nilsen-Nygaard et al., 2021). Paper packaging is the main renewable alternative to fossil
packaging, and kraftliner paper stands out for its high tensile strength, durability, and high
performance (Torres et al., 2020; Petersen et al., 1999). However, kraftliner paper is porous
and hygroscopic and water uptake can negatively affect its mechanical properties as well as
increase the permeation of gases and water. Thus, applying natural coatings such as cationic
starch and waxes can improve its barrier properties without introducing toxic chemicals to the
paper (Dilkes-Hoffman et al., 2019; Muthus, 2016).

Starch generally contains 20 to 25% amylose and 75 to 80% amylopectin by mass.
Amylose is amorphous and has a long linear structure linked by a(1—4) bonds, while
amylopectin is highly branched and linked by a(1—4) and a(1—6) bonds (Tomasik and
Schilling, 2004). With good film-forming properties, starch is a highly available,
biodegradable, oil-resistant, edible and low-cost polysaccharide, attracting the attention of the
packaging industry (Podshivalov et al., 2017). However, starch films have poor mechanical
properties, and the addition of a glycerol plasticizer can improve their mechanical fragility. Due
to the high content of hydroxyl groups, starch is hydrophilic and readily interacts with water
molecules either in the vapor or liquid states (Basiak et al., 2018). Thus, oil and natural waxes
have to be added to the starch suspension to improve its hydrophobicity.

Carnauba wax, extracted from the leaf exudate of the Brazilian palm Copernicia
prunifera (Mill.) H. E. Moore, is a non-toxic natural product. It comprises unsaturated wax
specimens with a mixture of hydrocarbons, fatty acids, hydroxylated fatty acids, long-chain
alcohols, diols, esters, and cinnamic acid derivatives, of which myricyl cerotate is the main
constituent (Edwards and Falk, 1997). It is approved as a food additive (FDA, 2012) and has a
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highly hydrophobic nature. It is mainly found in Brazil's northern region and has a mid-yellow
color (Edwards and Falk, 1997). Carnauba wax has been successfully used as a coating for
fruits and vegetables to increase their shelf life (Cheng et al., 2023; Devi et al., 2022; Miranda
et al., 2022; Trinh, Smith, and Mekonnen, 2022). Because the wax forms a fragile film,
emulsifiers such as polysorbate can be used to stabilize the film (Matos et al., 2019; Dickinson,
1993). Further, temperature increase during the coating process, paper processing, or transport,
can cause the carnauba wax to reach the melting point of 82 °C (Tinto, Elufioye, and Roach,
2017). Therefore, using carnauba wax alone in paper coatings is unfeasible, but incorporating
it with other biopolymers can increase its melting point.

Studying the production of starch/gelatin films with different types of wax for coating
fruits and vegetables, Cheng et al. (2023) compared beeswax, candelilla, and carnauba wax for
their physical and barrier properties. The authors concluded that carnauba wax incorporated
into starch produced films with stronger molecular interactions, causing better crystallinity and
increased hydrophobicity. Devi et al. (2022) used waxes in mixture films as plant coatings to
extend the shelf life of fruits and vegetables. The authors recorded a reduced water loss and
respiration rate of the foods coated with carnauba wax. In addition, incorporating starch into
carnauba wax, improved the barrier properties of the film, as well as its mechanical and thermal
stability. By coating kraft paper with cationic starch and cellulose nanocrystals, Vaezi,
Asadpour, and Sharifi (2019) intensified the mechanical and barrier properties of packaging.
The addition of nanocrystals to the cationic starch matrix decreased water absorption by 50%
and increased tensile strength by 20%.

Chiumarelli and Hubinger (2014) studied four formulations of glycerol, cassava starch,
stearic acid, and carnauba wax for the production of edible films. The authors found that films
with higher carnauba wax content did not present a significant barrier to water vapor and
oxygen, also showing discontinuity of film formation. In addition, glycerol increased the film
solubility in water. The best formulation found by the authors was composed of 3% (m/m)
cassava starch with 1.5% (m/m) glycerol and 0.2% (m/m) carnauba wax with 0.8% (m/m)
stearic acid, promoting a continuous film with increased mechanical properties, a barrier to
moisture and oxygen. Rodrigues et al. (2014) proposed a film formed by distinct proportions
of cashew tree gum, cassava starch, and carnauba wax. They found that adding carnauba wax
to the film formulation promoted a decrease in water vapor permeability and water solubility,
but negatively decreased the film stiffness and strength. Forsman et al. (2020) analyzed the
application of coatings formed by natural wax particles and polymers covering cellulosic fabrics

as a repellent to water. The authors compared different coating curing temperatures and their
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effect on the properties of the coating and found that the wetting property was directly
correlated to the textile surface roughness with an optimal temperature of curing of 70 °C.
Korhonen et al. (2020) applied depositions layer-by-layer of carnauba wax and cationic starch
with different methodologies of coating application and curing. The authors found that the water
contact angle was affected by dipping the substrates into cationic starch suspension, followed
by the carnauba wax dispersion. The best curing was found for partially melting the carnauba
wax. Yet, the dipping methodology showed films with heterogeneous surface, impacting
negatively on tensile properties.

Generally, the application of cationic starch and carnauba wax to improve the barrier
properties of a film has been applied individually or with other biopolymers (Todorova,
Yavorov, and Lasheva, 2022; Vaezi, Asadpour, and Sharifi, 2019; Despond et al., 2005;
Larotonda et al., 2005) as a direct coating of fruits but never as a paper coating (Cheng et al.,
2023; Devi et al., 2022; Liu et al., 2022; Oliveira Filho et al., 2022; Diyana et al., 2021;
Forsman et al., 2020; Korhonen et al., 2020; Oliveira Filho et al., 2020; Chiumarelli and
Hubinger, 2014; 2012; Rodrigues et al., 2014; Muscat et al., 2013). In this work, we
characterize bilayer coatings formed by cationic starch and carnauba wax in the proportions of
1:0, 3:1, 1:1, 1:3, and 0:1 (m:m), on kraftliner paper by means of several analytical methods
toward greener packaging solutions.

2. EXPERIMENT
2.1  Material

Klabin S/A (Parand, Brazil) provided kraftliner paper (kappa number 100, 86+1 g/m?)
and cationic starch (95 wt.%, amylose content 42%, degree of substitution 0.243). Exodo
Cientifica (Sao Paulo, Brazil) provided glycerol (> 99%), Fenix Ceras ¢ Produtos Ltda. (S&o
Paulo, Brazil) provided carnauba wax, and Sigma Aldrich (Missouri, USA) provided
polysorbate 80 emulsifier (Tween 80, HLB = 15).

2.1.1 Preparation of suspensions

Cationic starch 4.0 wt.% was prepared following the cold-heat suggestions of Gao et
al. (2020). Complete cationic starch solubilization occurred at 23 °C (400 rpm) for 30 min,
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followed by heating at 60 °C (500 rpm) until complete gelatinization and the addition of 20
wt.% glycerol.

The carnauba wax emulsion, prepared at a concentration of 10% wax (w/v), followed
the methodology described by Matos et al. (2019). Ten grams of wax was melted in a water
bath (90 °C) together with ten grams of emulsifier (polysorbate 80) and stirred for 10 min at
800 rpm. Subsequently, while still in a water bath, mechanical agitation (Ultra Turrax, Tecnal
TE-102, Brazil) commenced at 14,000 rpm with the slow addition of 80 mL of deionized water.
After 10 min of mechanical agitation, the emulsion was removed from the water bath and kept
under continuous agitation at 4,000 rpm until completely cooled.

Utilizing the suspensions, mixtures with complementary proportions (m:m) of 1:0, 3:1,
1:1, 1:3, and 0:1 of cationic starch-glycerol (S) and carnauba wax-surfactant (W) were prepared.

Each mixture was stirred at 400 rpm by mechanical agitation for 10 min.

2.1.2 Kraftliner paper coating

The suspension was applied in two layers on a 297x210 mm kraftliner paper through a
coating machine with a 4 m/min speed following ASTM D646-13 (ASTM, 2013). First, the
suspension was uniformly spread with a cylinder (bar n. 220), reaching 7.5£0.5 g/m2. Then, the
coated paper was submitted to heating at 103+2 °C for 5 min. The second layer followed the
same procedure (bar n. 100), reaching 15.0+£0.5 g/m2, followed by the same drying. The solid
content and viscosity predetermined the amount for each layer. The first layer fulfills the
roughness and porosity of the paper, while the second layer evens out the surface, forming a
continuous film. Suspension application followed the fiber direction in the kraftliner paper's
machine direction (MD). For comparison, kraftliner paper without a coating was used (C1), as
well as kraftliner with a double wet-and-dry treatment with only deionized water (C2) to

evaluate the effect of water on the coating, totaling seven treatments (Table 1).
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Table 1 - Acronyms and description of the treatments used in this work.

Acronym Description of treatments
C1 Uncoated kraftliner paper
C2 Double wet-and-dry kraftliner paper with deionized water
S Kraftliner paper coated with cationic starch/glycerol

Kraftliner paper coated with a mixture of 75% m/m cationic starch/glycerol and 25%

S31W m/m carnauba wax/polysorbate 80
_ Kraftliner paper coated with a mixture of 50% m/m cationic starch/glycerol and 50%
SL:AW
m/m carnauba wax/polysorbate 80
S1:3W Kraftliner paper coated with a mixture of 25% m/m cationic starch/glycerol and 75%

m/m carnauba wax/polysorbate 80
W Kraftliner paper coated with carnauba wax/polysorbate 80
Source: From the author (2023).

2.2 Methods

2.2.1 Characterization of suspensions

Suspensions were characterized by their characteristics of solid content (NBR 8877 -
ABNT, 2020), pH measurement (W38 Bel Engineering, Brazil), and viscosity (NBR 9277 -
ABNT, 2020), following current standards.

2.2.2 Physical properties of coated paper

The thickness and density of the multilayer packaging were measured using a Regmed
micrometer (ESP/SA-10, Brazil) following the ISO 534:2011 (I1SO, 2011) standard, where
density is the grammage (g/cm?) ratio to its given thickness (cm). The packaging surface and
cross-section were evaluated by field emission scanning electron microscopy (SEM) in a
Tescan Clara (UHR, Libusina, Czech Republic) under working conditions of 10 kV and 8 mm
distance. Samples were cut with liquid nitrogen and coated with gold using a Balzer spray
coating technique (SCD 050) and then placed on aluminum stubs with carbon tape on aluminum
foil.

2.2.3 Paper pencil hardness

The pencil hardness was evaluated with a Wolf Wilborn durometer (TKB Erichsen
Comercial e Técnica Ltda., Sdo Paulo, Brazil) following the ASTM D3363-22 pencil test
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(ASTM, 2022). A softer pencil (10B, 9B, 8B, 7B, 6B, 5B, 4B, 3B, 2B, B, HB) is attached to
the instrument at a 45° angle to the paper, dragging the device. After removal, if there were no
signs of damage to the coating, the test was repeated with a pencil at a higher hardness grade
(F, H, 2H, 3H, 4H, 5H, 6H, 7H, 8H, 9H, 10H). The pencil that does not damage the coating

expresses the maximum pencil hardness.

2.2.4 Fourier transform infrared spectroscopy (FT-IR)

Attenuated total reflectance Fourier transform infrared spectroscopy (FT-IR) was
performed to identify the chemical structure of the coating and possible interactions between
its components. Spectra were determined with a Nicolet 6700 FT-IR equipped with a Pike
Technologies Gladi ATR diamond spectrometer (Thermo Scientific, Waltham, MA, USA) with
an average of 60 scans recorded at 4 cm-1 resolution in a range of 4000 to 500 cm-1 at room

temperature (23 °C).

2.2.5 Raman spectroscopy

Raman spectra were acquired in triplicate with a confocal Raman microscope (alpha
300, WITec GmbH, Ulm, Germany) equipped with a 10x air objective (NA = 0.25, Carl Zeiss
GmbH Jena, Germany). A linear polarized laser with a wavelength of 532 nm (Crysta Laser,
Reno, NV, USA) and a power of 10 mW was focused on a diffraction-limited spot size of 0.61x
MNA. Each Raman spectrum was the average of 10 accumulations acquired with 0.1 s exposure
time. Raman light was detected with a backlit, air-cooled charge-coupled device (CCD) detector
(DV401_BV, Andor, Belfast, UK) with a spectral resolution of 6 cm-1. A baseline was created
for each analyzed spectrum using Origin Pro 8.5 software (OriginLab, USA) to remove residual
fluorescence, followed by smoothing. As the kraftliner paper showed intense autofluorescence,
preventing the characterization by Raman spectroscopy, the analysis was performed on mixture
films only. First, the films were formed by casting in 5 cm diameter Petri dishes. Then, 10 mL
of the suspension (1.0 wt.%) was dried in a circulating oven (Solab SL-100, Brazil) for 48 h at
45 °C.
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2.2.6 Water and oil barrier properties of coated paper

The contact angle of the water with the surface of the coated papers was evaluated using
a Kriss Drop Shape Analyzer Goniometer (DSA25, Hamburg, Germany) in triplicate at room
temperature (23 °C). A deionized water drop was deposited on the sample surface through a
syringe 20 mm away. A camera captured the drop image, and Advance software determined
the average contact angle between the water drop and the paper surface. The analysis was
performed at ten average angles at the time of contact when the drop stabilized.

Determining the wettability of multilayer papers followed the procedures proposed by
ASTM D724-99 (ASTM, 2003) in triplicate. This method measures the angle at 5 s after contact
with the coated paper surface and after 55 s (total of 60 s). Increased dispersion generates
smaller angles and, consequently, higher wettability. Wettability (°/s) is calculated using
Equation 1.

(C-9

Wettability = 35

(D)

‘C’ represents the contact angle with water in 5 s (°), ‘c’ represents the contact angle
with the water after 60 s (°), and ‘55’ represents the time (s) for the paper to absorb the water.

The water absorption test (Cobb test) followed TAPPI T441 om-13 (TAPPI, 2013).
First, 15x15 cm samples were prepared, and 100 mL of deionized water was poured into a ring
instrument for 120 s. Then, a 10 kg roller pressed the “wet samples” between two absorbent
papers to remove trapped moisture. The sample was weighed before and after the procedure.
The Cobb index shows the relationship between the mass of water absorbed by the multilayer
paper and the wetted area (g/m?).

The measurements of water vapor transmission rate (WVTR) and water vapor
permeability (WVP) followed the adaptation of the ASTM E96/E96M-16 (2016) standard
method, as used by Guimaraes Jr. et al. (2015). Samples with 16 mm diameter were coupled to
permeation cells filled with silica. These cells were conditioned at 38 °C and 90% relative
humidity (RH) for eight days and weighed each day. The 90% RH environment created in a
desiccator containing a saturated saline solution was produced based on ASTM E104-02
(2012). WVTR (g/m2.day) and WVP (g.mm/day.mz2.kPa) were calculated following Equations

2 and 3, respectively:
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(M/t)

Th
WVP=WVIR - — - (R' - R?) 3)

‘M’ is the mass (g), ‘t’ is the time (d), ‘M/t’ is the angular coefficient from the linear
regression of day (d) and mass gain (g), and ‘A’ is the test area (m?). “Th’ is the paper thickness
(um), “S’ is the saturation vapor pressure at the test temperature (kPa), ‘R"’ is the relative
humidity in the desiccator (90%), and ‘R?’ is the relative humidity of the test environment (0%).

All samples were tested in triplicate.
2.2.7 Oil/Grease barrier property of coated paper

Oil resistance was evaluated according to T 559 cm-12 (TAPPI, 2012). Multilayer paper
samples were tested with oil Kit solutions ranging from 1 to 12, which contained specific
proportions of three reagents: castor oil, toluene, and n-heptane. Kit test 1 contained only castor
oil, while kit test 12 contained toluene and n-heptane, with the lowest surface energy. A drop
of the kit test was applied to the paper surface at a height of 13 mm. After 15 s, excess oil was
removed. The kit test that remained on the paper surface and not absorbed by the paper was
reported as the Kit test for the sample. A paper with kit test 12 indicated a more oil/grease-
resistant coating.

The same kit test procedure was performed on a crease produced on the sample
following the same methodology. The crease was made by repeatedly folding the paper,
simulating a possible discontinuity of the thin coating when folding the multilayer paper.

The sessile drop OWRK method described by Lago et al. (2021) was used for surface
free energy analysis. The values of polar and dispersive surface energies, expressed in mN/m,
were taken after the contact angles formed in the samples by five different solvents measured
by Advance software at room temperature (23 °C). The solvents used were deionized water,
glycerol, diiodomethane, ethylene glycol, and 1-bromonaphthalene. Polarity was calculated as
the ratio between the polar component estimates and the paper's total surface energy.
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2.2.8 Mechanical property of coated paper

The tensile strength test, performed in a Shimadzu testing machine (AGS-X, Japan),
followed the ASTM D828-22 (ASTM, 2022) standard with a distance between the claws of 122
mm, a speed of 25.4 mm/min, and a 10 kN load cell. Ten 25.4x254.0 mm samples per treatment
were analyzed. Tensile strength is the maximum force applied to the specimen before failure,
while the tensile index is the tensile strength divided by the sample’s grammage; tensile energy
absorption is the amount of work performed when a specimen is strained to rupture under
tension under certain conditions. Tensile stiffness is the tangent of the linear region of a tensile
strength—strain curve in the elastic region and represents the elastic characteristic of multilayer
paper (Santos and Yoshida, 2011). Finally, elongation is the specimen’s response when stress
is applied, increasing its size. Kraftliner paper is an anisotropic material with different
properties in the machine direction (MD) and in the cross direction (CD) of the paper sheets,
being necessary to characterize the two directions in the papers coated in each treatment. Data

were analyzed using Trapezium software, version 1.5.4.

2.3  Statistical analysis

The results were submitted to a one-way analysis of variance (ANOVA) and the Scott—
Knott test, with 5% significance, to evaluate the properties of multilayer paper and uncoated
kraftliner paper. Data were processed by Sisvar 5.6 software (Ferreira, 2014). The metan
package in the R software (Olivoto and Lucio, 2020) evaluated the correlation between the
water barrier properties through principal component analysis (PCA) and by applying Pearson's

correlation (p<0.01), analyzed by correlogram in the software R (R Core Team 2020).

3. RESULTS AND DISCUSSION

3.1 Investigation of Suspensions

Cationic starch and carnauba wax tend to have poor or no compatibility in their natural
forms. For example, Cheng et al. (2023) observed low compatibility between natural carnauba
wax and modified cassava starch, affecting the film's surface and decreasing its barrier
properties. In addition, the natural lubrication of the wax facilitates the movement of the starch

polymer chain, resulting in phase separation (Firoozmand, Murray, and Dickinson, 2009).
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However, the suspensions of cationic starch/carnauba wax mixtures in this work did not show

phase separation (Figure 1).

Figure 1 - Graphic scheme with cationic starch granules (A); chemical representation of cationic
starch, glycerol, carnauba wax, and polysorbate 80 (B); representation of suspensions
and their pH, solid contents, and viscosity characteristics of cationic starch (C);
cationic starch 75%/25% carnauba wax mixture (D), cationic starch 50%/50%
carnauba wax mixture (E); cationic starch 25%/75% carnauba wax mixture (F);
carnauba wax (G); and flowchart of the modification of suspension characteristics

~ with the increase of cationic starch to carnauba wax in suspension (H).
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Treatments with complementary proportions (m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic starch (S)
and carnauba wax (W). Image of scanning electron micrography of cationic starch granules.
Source: From the author (2023).

The insertion of glycerol plasticizer and polysorbate 80 emulsifier into the mixture
resulted in a single-phase suspension. Starch and glycerol bind to water via hydrogen bonds
due to their hydrophilic nature (Ciannamea et al., 2018), and the emulsifier assists in the binding

between the cationic starch and the wax. Thus, the dispersion becomes homogeneous and
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contributes to more significant contact between the carnauba wax and the cationic starch,
avoiding phase separation.

When carnauba wax was added to the cationic starch suspension in different proportions
(3:1, 1:1, and 1:3), the cationic starch/wax mixture showed an instant increase in viscosity but
after five minutes of stirring, the mixtures became homogeneous, and the viscosity decreased
to values between 69.3 and 63.3 cP (Figure 1). This increase was due to differences in
components’ polarity and nonimmediate interactions while the sudden decrease in viscosity
may be due to the retrogradation of the starch and the bonds forming between the polymer and
the wax (Ebnesajjad, 2012).

The mixture of cationic starch and wax generates an amphiphilic mixture, where the
aliphatic chains of the wax are associated with the hydrophobic phase of polysorbate 80, and
the hydroxyls of the polysorbate interact with the hydroxyls of cationic starch through ionic
bonds or hydrogen bonds (Trinh, Smith, and Mekonnen, 2022). The addition of the emulsifier
facilitates mixing but also increases the hydroxyl groups of the system, becoming more
hydrophilic.

The pH of the mixtures varied between 6.7 in the S3:1W and 5.9 in the S1:3W samples.
A pH value greater than 4.0 is needed to limit starch hydrolysis and stabilize the film
permeability (Olsson et al., 2013), which was observed for all mixture samples and pure
cationic starch.

3.2 Physical and morphological characteristics

Samples coated with cationic starch and glycerol (S) showed the highest hardness with
6H, which agrees with what other authors found (Noe et al., 2021; Ma, Kovash Jr., and Webster,
2017). Instead, W and S1:3W samples had the lowest hardness (B) while S3:1W and S1:1W
had a moderate 2B hardness (Figure 2F). The pencil hardness depends on the flexibility of the
coating chains, and gives an indication of the adhesion of the film to the paper (Gadhave,
Mahanwar, and Gadekar, 2019).
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papers and pencil hardness.

Figure 2 - Scanning
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and double wet-and-dry - C2 (B). Treatments with complementary proportions (m:m) of 1:0 (C), 1:1
(D), and 0:1 (E) of cationic starch - S and carnauba wax — W. Pencil Hardness (F).

Source: From the author (2023).

It is known that kraft papers are formed by flat fibers with significant porosity (Petersen
et al., 1999), as shown in Figure 2A, where water, oil, and gas molecules are transported. SEM
images showed that the double coating with water and drying (C2) caused a significant
flattening of the fibers and an increase in the porosity of the paper (Figure 2B), which facilitates
the transport of the molecules through the material. This fibrous and interwoven characteristic
of the paper gives it mechanical strength, which is excellent for use in packaging.

The continuity or discontinuity of the coating on kraftliner paper influences the physical

and barrier properties of the package (Yang et al., 2022). The paper coated with cationic starch
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and glycerol (S) showed film continuity. However, the paper fibers could be seen underneath
the barrier, suggesting a high permeability to water, water vapor, oil, and gases of the coating
(Figure 2C).

No formation of a wax layer over the paper coated with carnauba and polysorbate (W)
was seen; the wax likely melted and got absorbed by the paper fibers during the drying process
(Zhang et al., 2019). The lack of film formation on the paper for the carnauba wax sample
directly influences the barrier properties. On the other hand, the S1:1W coated paper presents
a continuous film on the surface with a certain roughness, which can modify the interaction
with water. Other authors have associated similar roughness to tiny particles of wax crystals
(Cheng et al., 2023; Diyana et al., 2021; Rodrigues et al., 2014; Muscat et al., 2013).

SEM cross-section allowed the estimation of the coating” thickness and the density of
samples, including the film and part of the kraftliner paper. We estimated that cationic starch-
coated paper (S) has the highest thickness, with 0.147mm, while carnauba wax samples the
lowest, with 0.134 mm (Figures 3C and 3E). Density calculations of the paper-fiber and coating
area showed instead carnauba coated samples (W) having the highest with 0.757 g/cm3 and
cationic starch-coated samples with the lowest, 0.693 g/cm3. The high viscosity of cationic
starch at low solids content generates a low paper density; the cationic starch suspension does
not penetrate the paper due to its high viscosity and the gelatinized cationic starch, with non-
aligned amorphous regions, favors the formation of a coating with greater volume than those
observed by the mixtures coated papers. In addition, fast drying at 1032 °C prevented the
polymer from adjusting on the paper's surface, decreasing its density. Only some of the cationic

starch appears to have penetrated the paper.
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Figure 3 - Scanning electron microscopy of coated papers’ cross-section, thickness, and density
characteristics.
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Thickness:
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Density:
©0.691 + 0.002 g/cm?

C2

Thickness:
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)

Thickness:
a0.147 £ 0.003 mm

Density:
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Thickness:
b0.140 + 0.002 mm
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w

Thickness:
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Thickness:  0.138 + 0.002 mm Thickness: P 0.140 + 0.004 mm
Density: ©0.736 + 0.005 g/cm? Density: P 0.727 £ 0.031 g/cm?

The same letters for each characteristic do not differ according to the Scott-Knott test at 5%
significance. Average value * standard deviation. Control treatments with no coating - C1 (A) and
double wet-and-dry coating - C2 (B). Treatments with complementary proportions (m:m) of 1:0 (C),
3:1, 1:1 (D), 1:3, and 0:1 (E) of cationic starch (S) and carnauba wax (W).

Source: From the author (2023).
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As illustrated in Figure 3D, the S1:1W mixture show a homogeneous coating,
suggesting good interfacial interaction, which is directly related to the performance of the
multilayer paper. In addition, the better contact surface between the wax and the cationic starch
and the insertion of the plasticizer and emulsifier contributed to a homogeneous dispersion (Liu

et al., 2022). As a result, the mixture showed moderate thickness and density.

3.3 Fourier transform infrared spectroscopy and Raman spectroscopy

The FT-IR spectra helped to understand the chemical interactions at the surface of the
coated mixture papers and to compare it to the uncoated paper. For C1 and C2 kraftliner papers
(Figure 4), the FT-IR spectra of functional groups are attributed to the O-H stretching of
hydroxyl groups at 3,308 cm L. They are in water molecules, cellulose, hemicelluloses, and even
glycerol (Chen et al., 2016). Peaks between the 1,610 cm* and 1,250 cm* bands are present in
lignins and hemicelluloses and are characteristic of uronic ester groups and ester bonds of the
carboxylic group of ferulic and p-coumaric acid (Miao, Lin, and Bian, 2020; Bian et al., 2019).

Figure 4 - Fourier transform infrared spectroscopy of coated papers.
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Control treatments with no coating (C1) and double wet-and-dry coating (C2). Treatments with
complementary proportions (m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic starch (S) and carnauba
wax (W).

Source: From the author (2023).
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Accessible hydroxyls are abundant in cationic starch chains performing intra- and
intermolecular bonds; they are responsible for restricting chain movement (Liu et al., 2022,
Gao et al., 2012). The peak at 3,308 cm* represents the stretching vibration of the O-H bond.
This peak for the cationic starch sample is broader than that presented by the control kraftliner
papers and the carnauba wax. In addition, this broader peak is also observed in the cationic
starch-based mixtures, even in smaller amounts, such as S1:3W. The large quantity of O-H
increased this bond's electron density, causing this peak to intensify.

Carnauba wax showed characteristic FT-IR peaks at 1,731, 1,453, and 1,029 cm?,
referring to vC=0 of carbonyl ester, SCH of —CH2-, and C-O-C, respectively. The C-O-C
vibration peak for starch is more intense and shifted to 990 cm ! (Zhu et al., 2022). According
to Abdulla et al. (2018), this region represents the crystalline fraction of starch in its natural
form. The absorption peaks at 2,913 and 2,853 cm* represent the asymmetric stretching of the
C-H bond of carnauba wax (Liu et al., 2022; Muscat et al., 2014).

Analyzing the mixture FT-IR spectra, no new peaks are present compared to the spectra
of cationic starch or carnauba wax. That suggests no formation of new IR sensitive chemical

bonds-interactions. Raman spectra were obtained to detect any eventual difference (Figure 5).
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Figure 5 - Raman spectroscopy characterization of cationic starch and carnauba wax composite
films.
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Treatments with complementary proportions (m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic starch (S)
and carnauba wax (W).
Source: From the author (2023).

The Raman scattering of light is given by the changes in polarizability of chemical bonds
and functional groups present in a surface’s material which has been illuminated with
monochromatic light. Such bonds have different polarizabilities and produce different Raman
shifts. Unlike FT-IR, Raman presents the obstacle of the analysis being unfeasible in the
presence of too intense autofluorescence. Kraftliner-coated papers produced autofluorescence
which hid the Raman signal (Sa, Miranda, and José, 2015). Therefore, it was decided not to
analyze the papers of the samples C1 and C2.

Typical peaks in the Raman spectra of starch correlate to their helical structures (Zheng
etal., 2021; Guo et al., 2019), such as single helix, amylose double helix, or amylopectin double
helix. This starch helical structures’ order correlates with their properties (Lu, Tian, and Ma,
2023). Raman bands at 3,050 and 2,901 cm! in cationic starch can assess the degree of cationic
starch retrogradation. These bands are related to C-H stretching, conformationally altered by
the formation of amylopectin double helices. The peak at 2,901 cm is directly dependent on
the change of these double helices (Hu et al., 2017; Bulkin and Kwak, 1987). The peak at 1,006
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cm® is associated with the ether group, present in the cationic portion of the starch (Wyan,
2019). According to Guo et al. (2019), the peak at 1,340 cm! is attributed to the angular
movement of the C-O-H bond caused by the spiralization of single helical amylose.

Carnauba wax is a material with a complex chemical nature. Following the work of
Edwards and Falk (1997), carnauba wax is characterized by high-intensity bands at 2,901,
1,612, and 1,449 cm! representing symmetrical CH3, CCH, and CH2, respectively. With bands
of lower intensity, 3,050, 2,712, and 2,657 cm* represent olefinic C=CH, CH3-CH, and CH-
CH3, respectively. The presence of carbonyl groups is confirmed by the band close to 1,702
cm't, methyl groups in the bands 1,340 and 843 cm, and, finally, d(CCC) confirmed by band
488 cmL. Note the absence of the 2,712 cm* band in the cationic starch sample.

The O-H band of hydroxyl groups usually appears between 3,170 and 3,650 cm?
(Salmén and Bergstrom, 2009), but unlike in IR-spectroscopy, hydroxyls are not a Raman active
group and are mainly visible in the moist state. In fact, apart from the 100% Carnauba wax
sample, we do not observe any peak in this range. That is probably because the films are
completely dry and the naturally occurring hydroxyls are not abundant enough to produce a
Raman scattering that is visible in the spectra. The bands 1,612 and 1,702 cm! are related to
chemical bonds C—H and C=C, respectively (Alves et al., 2016). The increase in intensity at the
peak of 2,901 cm! with the addition of carnauba wax to the mixture may have occurred due to
the increase of carbonic chains, C-H bonds, present in the wax.

The Raman spectra of the mixture films (S1:3W, S1:1W, S3:1W) are dominated by the
spectrum of carnauba wax, especially by looking at the peaks at 2,901 cm* and 1,449 cm®. The
peak at 3,050 cm!, associated with retrogradation of cationic starch, is proportionally varying
together with the concentration of cationic starch in the different coatings.

34 Water and oil barrier

The coated paper barrier properties can be derived from the water contact angle,
wettability, water vapor permeability (Figures 6A-D), and for the water barrier through the
Cobb test (Table 2). Usually, water contact angles above 90° indicate hydrophobicity
(Bacovska et al., 2016), which depends on the material’s surface chemistry and roughness,
paper porosity, among others. Controlled by these factors, the surface determines a specific
angle between the water drop and the surface (Saji, 2020). Some surfaces may retain a thin air
layer at the interface (Zhao et al., 2019; Ferrari and Benedetti, 2015). Alternatively, it is possible
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for the material to absorb water. Principal component analysis and Pearson's correlation

coefficient for correlation among the water barrier properties are shown in Figure 6E and 6F.

Figure 6 - Water contact angle (A), wettability (B), water vapor transmission rate — WVTR (C),
and water vapor permeability — WVP (D) property of coated papers and their
correlation analyzed by the principal component analysis (E) and Pearson's

correlation coefficient (F).
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wax (W).
Source: From the author (2023).
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Table 2 - Water absorbance and oil resistance of coated papers.

Treatment Cobb test (g/m?) Oil kit test- Surface* Oil kit test - Fold*
Cl 37+1° 0 0
C2 Ko 0 0
S 189+2¢ 10 0
S3:1W 73+1° 9 0
S1:1wW 57+5¢ 8 0
S1:3W 56 + 6 ¢ 5 0
w 91+4° 6 0

* Oil kit test number according to T 559 cm-12 (TAPPI, 2012). Average value + standard deviation.
The same letters in the columns do not differ according to the Scott-Knott test at 5% significance.
Control treatments with no coating (C1) and double wet-and-dry coating (C2). Treatments with
complementary proportions (m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic starch (S) and carnauba
wax (W).

Source: From the author (2023).

The highest contact angles were observed for samples C2, W, and S1:3W with 111+1°,
100£2°, and 100+4°, respectively (Figure 6A). The high water contact angle of C2 might be
induced by the double wet-and-dry procedure, which caused the hornification of paper
(Mascarenhas et al., 2022), hindering the access of hydroxyl groups to water molecules.
Another reason might be the water tension release after drying (Vaezi, Asadpour, and Sharifi,
2019). According to Ferreira et al. (2017), a piece of the cell wall collapses when water is
removed from fibers, increasing interfibrillar contact and forming hydrogen bonds that are both
irreversible and partially reversible. Also, a thin layer of air may have formed on the paper
fiber's surface, making it more hydrophobic (Samyn, 2013). For W and S1:3W samples, the
coating composition explains their performance; due to their nonpolar chemical nature, waxes
are the most affordable hydrophobic compounds (Basson and Reynhardt, 1988), generating
high contact angles compared to cationic starch. For the S1:3W mixture, as suggested in Section
3.2, the micro, meso and macro roughness on the coating surface may also have contributed to
the high angle. In turn, the high amount of hydroxyl in the cationic starch coated paper (S)
resulted in a low contact angle with water of 78+1°.

On the other hand, wettability, which indicates the water spread over the surface, was
lower for the control treatments C1 and C2 with 0.01+£0.01°/s (Figure 6B). The high wettability
of carnauba wax (0.58%0.06°/s) can be explained by the insertion of the emulsifier polysorbate
80, making the material more hydrophilic, spreading the water drop in the coating. The addition
of cationic starch to the wax caused the wettability of the coating to decrease, reaching
0.10£0.05°/s for S3:1W.
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Wang et al. (2016) sprayed different liquid solutions of carnauba wax or beeswax to
glass substrates. They found that the contact angle of the liquids was more than 150° when their
surface free energy was more significant than 45 mN/m. Wang, He, and Zhao (2017) reached
a 140° contact angle of a water/diesel drop in a TiO2 + carnauba wax surface.

The WVTR and WVP values were similar for all treatments tested (Figures 6C and 6D).
The water vapor, being a small molecule, passed through the paper's pores and the coating.
Generally, porous materials and amorphous polysaccharides are highly susceptible to gas
transport (Chi and Catchmark, 2018).

Evaluating the water absorption by the coated paper, the Cobb test indicated high
absorption by the cationic starch with 189+2 g/m?2 followed by the carnauba wax with 90.7
3.6 g/m? (Table 2). The porosity of the papers and the number of available hydroxyls of the
cationic starch promoted water absorption and swelling of the coating (Chi, Wang, and
Catchmark, 2020). The samples formed by the mixtures presented lower Cobb values than the
individual cationic starch and wax, confirming good synergism; however, they were still higher
than the controls.

With the sum of the principal component analysis equal to 84.49%, the dimensional
perceptual map (Figure 6E) is suitable for assessing the relationship between the studied
variables. A strong dynamic between TPVA and PVA (Pearson's r=0.85) can be observed
(Figure 6F). The positive value indicates the simultaneous increase of the correlated variables
that present results on water vapor diffusion through the sample. Between the Cobb test and
contact angle (Pearson's r = -0.53), the observed dynamics imply that one variable increases
with the decrease of the other; in this way, when the contact angle reduces, indicating greater
hydrophilicity of the material, its Cobb increases indicating greater absorption of water. With
probabilities close to zero, the other variables studied showed weak correlations.

Coated papers demonstrated some oil barrier because of polymers and wax's polarity
and cohesive energy (Table 2). Paper is a porous material that readily absorbs oil, which lowers
its oil barrier. Tests were run on folds and multilayer paper surfaces to mimic packaging use.
The cationic starch offered the kit oil n. 10 resistance, being kit n. 12 the maximum. The papers
reduced the oil resistance to n. 5 for S1:3W when carnauba wax was added to cationic starch.
The presence of more nonpolar C-C bonds and fewer polar C-O bonds may have contributed to
it. None of the samples showed a barrier to oil when folded.

The barrier characteristics of multilayer sheets are also related to the surface free energy.
Higher surface free energy supports more effective ink dispersion in coated paper, lowering the

consumption of paint and, as a result, removing the need for corona charge treatment
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(Mascarenhas et al., 2022; Lopes et al., 2018). In addition, the presence of accessible polar
groups, such as hydroxyls, is expressed by the polar phase of the surface free energy. The
samples with more significant wax contents, W and S1:3W, had the lowest values of the polar
phase, measuring 0.08 and 0.07 mN/m, respectively (Figure 7). The rise in the polar phase of
free energy for cationic starch, which reached 3.07 mN/m, is influenced by its hydrophilic
functional groups. Zotek-Tryznowska and Holica (2020) discovered that the scattered phase

was much higher than the polar phase for all samples.

Figure 7 - Surface free energy of coated papers.
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Source: From the author (2023).

35 Mechanical characterization

Paper is an anisotropic material, caused by fiber orientation (Alzweighi et al., 2021),
with mechanical properties that differ in the MD and CD directions. They are generally more
rigid and resistant in MD, with lower elongation (Seth and Page, 1974), a behavior also
observed for the multilayer papers (Figure 8, Table 3, and Table 4). Double wet-and-dry paper
(C2) decreased the tensile strength and tensile index by 25% on MD papers and 10% on CD.
The parallel separation of the fibers by humidity and the hornification by drying caused the
impediment of interactions between fibers, decreasing their strength (Rhim, 2010; Parker,
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Bronlund, and Mawson, 2006). Coatings based on cationic starch and carnauba wax have high
water contents, as seen in early sections, directly influencing their application on paper and
mechanical strength. The coating did not affect the fibers’ orientation but changed their bonds
(Lin et al., 2017; Zhang, Xiao, and Qian, 2014), decreasing up to 25% tensile strength for MD
in the S3:1W sample and 20% for CD, similarly found by W sample. Furthermore, a high
hydrocarbon content in wax can favor the deterioration of the tensile strength (Liu et al., 2019).
Additionally, inserting glycerol into the mixture sample formula may decrease the tensile stress
(Nordin et al., 2020). Even with such a decrease, the papers have adequate tensile strength and

now have barrier properties to oil, pencil hardness, and a higher water contact angle.

Figure 8 - Tensile properties of coated papers in the machine direction - MD (A) and the cross
direction - CD (B).
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Source: From the author (2023).

Table 3 - Tensile properties of multilayer paper in the machine direction (MD).

Sample Tensile strength Tensile Index  Tensile energy  Tensile stiffness  Elongation
P (kN/m) (N.m/g)  absorption (J/m?) (kN/m) (%)
Cl 89+0.1° 103.3+15%2 11.1+04° 7444 +29.2° 20+0.1¢
C2 6.7+05°¢ 774+53°¢ 115+23° 233.4+£36.0°¢ 32+04%
S 8.2+02° 80.9+21° 150+1.1°2 517.9+107.1° 28+0.1°
S3:1wW 6.7+0.2°¢ 65.6+2.3¢ 10.0+0.8° 525.1 +133.6° 25+0.1°
S1:1wW 7.1+02° 702+15¢ 11.0+06° 512.0+44.6° 25+£01°
S1:3W 6.9+05° 67.5+45°¢ 92+21°¢ 4729+ 142.1° 2.1+0.3¢
wW 6.7+£02° 65.8+1.6° 93+11° 693.6 +27.6° 21+02¢

Average value * standard deviation. The same letters in the columns do not differ according to the
Scott-Knott test at 5% significance. Control treatments with no coating (C1) and double wet-and-dry
(C2). Treatments with complementary proportions (m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic
starch (S) and carnauba wax (W).
Source: From the author (2023).



78

Table 4 - Tensile properties of multilayer paper in the cross direction (CD).

sample Tensile strength  Tensile Index  Tensile energy  Tensile stiffness  Elongation
P (kN/m) (N.m/qg) absorption (J/m?) (KN/m) (%)
Cl 44+02°2 505242 195+34° 336.9+10.9° 5.9+08°
C2 40+£01° 46.0+1.1° 20.7+2.0°2 1445 +10.7 ¢ 7.7+£06°
S 42+03° 409+27° 17.7+3.9° 286.0+17.0° 55£09°
S3:1W 35+0.1°¢ 341+05f 139+1.1¢ 252.3+37.2° 53+0.3°
S1:1W 3.7+0.1¢ 365+1.2°¢ 166+£26° 275.1+18.7° 5.8+0.8°
S1:3W 39+0.1° 38.0+1.2¢ 182+1.3° 2496+ 359° 6.2+03°
w 35+£01°¢ 345+1.2° 159+16° 275.1+38.2° 5.8+05°

Average value + standard deviation. The same letters in the columns do not differ according to the
Scott-Knott test at 5% significance. Control treatments with no coating (C1) and double wet-and-dry
(C2). Treatments with complementary proportions (m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic
starch (S) and carnauba wax (W).

Source: From the author (2023).

In addition to the tensile strength, the drying cycle negatively affected the tensile
stiffness of the papers, decreasing 69% in MD and 57% in CD. The replacement of the
intermolecular interactions between the hydroxyls of the fibers by the water molecule followed
by double drying generated stiffer papers (Sgrensen and Hoffmann, 2003; Bandyopadhyay,
Ramarao, and Ramaswarmy, 2002). On the other hand, Hassani et al. (2022) evaluated a
crosslinked cationic starch coating on bleached papers and found a 103% increase in Young's
modulus through interfacial adhesion. However, Bandyopadhyay, Ramarao, and Ramaswamy
(2002) suggested that Young's modulus generally decreases in humid environments.

The elongation property, on the other hand, increased with water application when
comparing C1 and C2. As fiber interactions decrease, for the reasons already mentioned, the
slipping between them grows, increasing the paper’s elasticity. However, when applying the
coating with the mixtures, the samples with higher cationic starch content favored elongation,
while those with higher wax content maintained the elongation of the C1 control treatment. The
interaction between wax and cationic starch increases the flexibility and extensibility of the
films, influencing the elongation of the multilayer paper (Liu et al., 2022). In addition, Follain
et al. (2005) suggested that the late retrogradation of starch causes increased elongation due to
the introduction of structural defects by crosslinking.

The addition of carnauba wax into a cationic starch matrix for coating on kraftliner paper
shown significant promise as barrier layers with good mechanical strength. Modifications to
increase their hydrophobicity might provide a potential replacement in terms of lowering non-

renewable material, so contributing to the manufacture of green packaging.
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4. CONCLUSION

The mixture of cationic starch biopolymer and the natural carnauba wax showed good
compatibility, confirmed by FT-IR and Raman spectroscopy. The mixture increased the wax's
melting temperature, not penetrating entirely into the paper's pores but forming a layer over it.
Carnauba wax incorporated into cationic starch increased the water contact angle and decreased
the dispersed and polar phases of the surface free energy of the coated papers. On the other
hand, cationic starch reduced the wettability caused by the wax and increased its resistance to
oil. However, the water vapor permeability rate was not altered, with the insertion of glycerol
and polysorbate 80 being a probable cause. The cationic starch/wax interaction still generated
lower water absorption than the individual polymers; however, they were not inferior to those
found in the control kraftliner papers C1 and C2. Regarding the mechanical strength, water in
the suspensions seems to have been primarily responsible for the decreased tensile strength and
Young's modulus of the coated papers caused by hornification under drying. Better
formulations seeking excellent barriers still need to be explored and there is still a long way to
find a biodegradable material from an affordable renewable resource, aiming at high-quality
packaging. We hope to have contributed to improving the understanding of wax and cationic

starch mixtures, seeking a healthy human—environment relationship.
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ABSTRACT

In this work, we aimed to analyze suspensions of cationic starch by adding 5 wt%, 7
wt%, and 10 wt% of bentonite as a bilayer coating on kraftliner paper (85 g/m?). The controls
were doubly-wet-and-dry and uncoated kraftliner paper. In a coating machine, the formulations
were applied until reaching a grammage of 15 g/m? and then dried at 103 + 2 °C. The test was
carried out about pH, solids content, and viscosity of the suspensions. The physical
characteristics of the coated papers were evaluated, as well as their ability to block water, water
vapor, and oil/grease. We also analyzed with scanning electron microscopy, Raman
spectroscopy, and Fourier transform infrared spectroscopy. The packaging, having a water
contact angle of up to 78° and 189 g/m? for Cobb, showed a low resistance to water, which is
further responsible for decreased mechanical resistance. Nevertheless, the coating did not
change the permeability to water vapor, however, bentonite promoted a decrease in wettability
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and Cobb value of the paper. The addition of 7 wt% bentonite to the cationic starch matrix
promoted high oil resistance with 12 for kit-oil, while 10 wt% bentonite promoted greater pencil
hardness, with a value of 8H. Bentonite strength and cationic starch showed good interaction,
increasing oil resistance.

Keywords: Bentonite clay. Green packaging. Kraft paper. Montmorillonite. Multilayer
packaging.

1. INTRODUCTION

Using renewable materials as barriers for consumer products in place of synthetic,
petroleum-based polymers is a hotly debated research topic (Dey et al., 2022; Todorova et al.,
2022; Wang et al., 2022; Zhu et al., 2022). Starch is one potential substituent as a coating on
paper, functioning well as a biopolymer for creating films due to the angulation of the glucose
unit bonds and the extension of the amylopectin chain. These films have a low mechanical
strength, moderate oil and gas barrier, and low moisture barrier, but they also have a high yield
and availability. Starch and plasticizers can be mixed to increase the strength of the films. The
most popular low molecular mass plasticizer addition for starch is glycerol, which is safe and
ideal for packaging that comes into contact with food (Basiak et al., 2018). Starch is very
hydrophilic due to the abundance of primary and secondary hydroxyl groups at carbons 2, 3,
and 6. These hydroxyl groups are susceptible to the addition or modification of cations and
anions (Tomasik and Schilling, 2004).

Due to their potential to enhance barrier qualities, combining clay minerals from various
origins into polymeric matrices, such as starch, has also been the subject of numerous
investigations in recent years. The clay minerals strengthen the starch matrix for coatings and
films, including talc (Castillo et al., 2019), montmorillonite (Olsson et al., 2014a; Wang and
Jing, 2017), kaolinite (Méité et al., 2022), halloysite (Dang et al., 2020), sepiolite (Olivato et
al., 2017), and bentonite (Breen et al., 2019; Clegg et al., 2019; Vaysi and Vaghari, 2021,
Oliveira et al., 2022). The mechanical, barrier, thermal, and antibacterial properties of paper
products can be improved by clay/starch nanocomposites.

According to Nielsen (1967), the formation of a tortuous pathway that lengthens the
effective distance for gas molecules to diffuse through a material is the cause of barrier
properties. Increasing the particle aspect ratio lowers aggregation and improves particle
alignment, which lowers permeability. Moreover, the addition of clay minerals to a polymeric

matrix can reduce the mobility of the polymeric phase in the film immediately adjacent to the
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surface of the particles, thereby reducing the mobility of penetrant molecules in this area and
reducing the diffusion of small molecules through the structure (Drozdov et al., 2003).
Furthermore, paper is primarily filled with and coated with nanoclays. A nanoclay enhances
printability and the appearance of the paper, characterized by gloss, smoothness, brightness,
and opacity. Nanoclays also stretch the fiber in paper (Bundy and Ishley, 1991). They are
hydrated aluminum silicates formed by silicon, aluminum or magnesium, oxygen, and hydroxyl
groups linked to cations. Their structures are found in layers that are irregularly spaced and
have a large surface area (Gul et al., 2016).

Bentonite is a phyllo-silicate clay mineral with tetrahedral and octahedral structures
coordinated into 2:1 layers in a nanoscale dimension that can expand. Bentonite has attracted
great attention from the nanoclay community and is already employed as a filler to boost
maximum tensile strength, even in small quantities. In addition, bentonite assists in filling the
porosity of the papers and helps in the printability and brightness of the papers (Romer, 1978)
and can considerably enhance the moisture barrier qualities of sustainable starch coatings for
paper and board by lowering the water vapor permeability, according to research by Breen et
al. (2019). The authors showed that bentonites with a layer charge of 0.4 electrons per formula
unit could tolerate starch in the interlayer space and consistently offered the best water vapor
barrier when added to the coating. The water vapor permeability values for comparable coatings
made using the higher-charge bentonites were three to four times higher. In contrast, bentonites
with a layer charge of >0.4 electrons per formula unit could not accept starch in the interlayer
region.

According to Olsson et al. (2014 a,b) and Johansson et al. (2012), the water vapor barrier
properties of the base paper, which depend on a maximum dispersion of the platelets in the
water-based coating, can be significantly reduced by the incorporation of high aspect ratio Na-
bentonite into starch plasticizer coatings. Additionally, bentonite is a perfect substrate for
incorporating and managing the release of antimicrobials.

In their study, Vaysi and Vaghari (2021) demonstrated that adding bentonite and
cationic starch to recyclable paper boosted the paper’s rip, tensile, burst, and ring crush
strengths while decreasing its Cobb 60 and thickness. Khairuddin et al. (2019) noted that adding
bentonite clay to the starch matrix improved the water vapor barrier up to 23 wt%. However,
the addition of bentonite caused a decrease in the oil barrier. When bentonite was added, the
lignocellulosic nanofibrillated specific Young’s modulus of the films increased to levels higher

than the levels of the clean nanofibril films (Horseman et al., 2017).



92

Oliveira et al. (2022) studied the impact of spray coating papers with layers of cellulose
micro/nanofibrils and bentonite on the mechanical and barrier qualities of packaging bags in
papers with three different grammages. The greater the number of layers is, the greater the
barrier property. The authors found that papers coated with micro/nanofibrils and bentonite
increased the barrier to water vapor and hydrophilicity, in addition to reducing the surface
porosity of the papers.

Although there have been several studies on applying starch and nanoclays with a barrier
function (Monteiro et al., 2018; Rihayat et al., 2018; Lendvai et al., 2019; Ahmed et al., 2021;
Sarkar et al., 2021; Shanmathy et al., 2021; Zamrud et al., 2021; Behera et al., 2022; Oliveira
et al., 2022), the application of bentonite to a high viscosity cationic starch matrix on kraftliner
paper is still scarce. By assessing and analyzing the paper’s physical, chemical, mechanical,
and barrier properties, this work sought to determine the impact of adding bentonite (5 wt%, 7
wit%, and 10 wt%) as reinforcement to a starch/glycerol cationic matrix for the development of
multilayer barrier paper, as a possible replacement for single-use plastic.

2. MATERIALS AND METHODS

2.1 Material

Both kraftliner paper (86 + 1 g/m?2) and cationic starch (95 wt%, amylose content 42%,
and degree of substitution 0.243) were obtained from Klabin S/A (Parand, Brazil), glycerol
(>99%) from Exodo Cientifica (Sdo Paulo, Brazil), and bentonite (B), a nanoclay type
(Al203°4(Si02)'H20) from Sigma-Aldrich Inc. (Missouri, EUA).

2.1.1 Preparation of suspensions

Following the recommendations of Gao et al. (2019), 4.0 wt% cationic starch was
prepared by completely solubilizing the starch at room temperature (23 °C, 400 rpm) for 30
min, heating it to complete gelatinization at 60 °C (500 rpm) and then adding 20 wt% glycerol.

Bardet et al. (2015) suggested that for nanoclay preparation, the suspension is subjected
to a 750 W ultrasonic treatment with 60% amplitude after agitation at 400 rpm for 24 h in
deionized water (Ultronique Disruptor, Brazil). The nanoclay is exfoliated so that its
characteristics are increased rather than agglomerating.
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Samples with cationic starch (S) were produced incorporating 5 wt%, 7 wt%, and 10
wt% bentonite (B). The concentration was defined according to Zafar et al. (2021) and
Chiumarelli and Hubinger (2014) and pre-tests considering the cationic starch viscosity.
Mechanical agitation was used to mix each sample for 10 min at 400 rpm. Additionally, two
control treatments were applied for comparison: C1 is the kraftliner paper alone with no coating,
and C2 is a coating with only water for two times. There was a total of six treatments, each with
its solid content (NBR 8877 — ABNT, 2020), pH measurement (W38 Bel Engineering, Brazil),
and viscosity (NBR 9277 — ABNT, 2020) parameters, as shown in Table 1.

Table 1 - Suspensions produced by cationic starch and bentonite and their pH, solids content,
and viscosity characteristics.

Sample Description pH Solid content (%) Viscosity (cP)
C1 Control 1 - without coating - - -
Cc2 Control 2 — water coating - - -

S Cationic starch 78+0.1° 42+0.1° 4707.7+3.1%
S.B5 Cationic starch + 5 wt% bentonite 80+0.1° 44+01°2 427+£06°
S.B7 Cationic starch + 7 wt% bentonite 81+0.1° 45+01° 49.3+45°
S.B10 Cationic starch + 10 wt% bentonite 83+0.1° 46+01° 47.7+0.3°

Average value + standard deviation. The same letters in the columns do not differ according to the
Scott-Knott test at 5% of significance.
Source: From the author (2023).

2.1.2 Kraftliner paper coating

A coating machine running at 4 m/min was used to apply the suspension layer by layer
to a kraftliner paper measuring 297 x 210 mm. The solid content determined how much it is
needed to disperse the suspension evenly so that the first layer’s grammage was 7.5 + 0.5 g/m?
using grooved coating bar n® 220 (0.22 mm) (D646-13, ASTM, 2013). The coated paper was
then dried for 5 min at 102 = 1 °C. A second layer, totaling 15.0 £ 0.5 g/m2, was applied under
the same circumstances but with a grooved coating n. 100 (0.1 mm) and dried at same
conditions. While the second layer evened out the surface and created a continuous film, the
first layer filled in the paper’s roughness and some porosity. The application followed the fiber

direction within the paper’s machine direction (MD).
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2.2 Methods

2.2.1 Physical properties of coated paper

The thickness and density of multilayer packaging were measured in accordance with
ISO 534:2011 (ISO 534:2011, 2011) using a Regmed micrometer (ESP/SA-10, Brazil).

Scanning electron microscopy (SEM) was evaluated using a Zeiss microscope (LEO
EVO 40XVP, Thornwood, NY, USA) for the paper surface and cross-section. Using a spray
coating method, gold was applied to the samples (SCD 050).

2.2.2 Pencil hardness

Following the ASTM D 3363-22 pencil test (ASTM, 2022a), the pencil’s hardness was
measured using a Wolf Wilborn durometer (TKB Erichsen Commercial e Técnica LTDA, S&o
Paulo, Brazil). The device is dragged while a softer pencil (10B, 9B, 8B, 7B, 6B, 5B, 4B, 3B,
2B, B, HB) is fastened at a 45° angle to the paper. If there are no indications that the coating
has been damaged after dragging, the test is repeated using a pencil with a harder grade (F, H,
2H, 3H, 4H, 5H, 6H, 7H, 8H, 9H, or 10H). Hardness is represented by the pencil number that
does not damage the coating.

2.2.3 Attenuated total reflectance Fourier transform infrared (ATR-FTIR)

spectroscopy.

To determine the chemical composition of the coating and potential interactions
between its constituent parts, Fourier transform infrared spectroscopy was used with coated
kraftliner paper samples positioned with the coating directed towards the infrared laser. A
Nicolet 6700 FTIR fitted with a Pike Technologies GladiATR diamond spectrometer (Thermo
Scientific, Waltham, MA, USA) was used to acquire the spectra in an average of 60 scans at a

resolution of 4 cm™ in the range of 4,000 to 500 cm™* at room temperature of 23 °C.

2.2.4 Raman spectroscopy

A confocal Raman microscope (alpha 300, WITec GmbH, Ulm, Germany) fitted with a

10x% air objective (NA = 0.25, Carl Zeiss GmbH, Jena, Germany) was used to collect Raman
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spectra in triplicate. A diffraction-limited spot size of 0.61 NA was targeted using a linearly
polarized laser with a power of 10 mW and a wavelength of 532 nm (Crysta Laser, Reno, NV,
USA). Each Raman spectrum was the mean of 10 accumulations collected with an exposure
time of 0.1 s. With a spectral resolution of 6 cm—1, a backlit, air-cooled charge-coupled device
(CCD) detector (DV401 BV, Andor, Belfast, UK) was used to detect Raman scattered light.
The spectra were baseline corrected and smoothed using Origin Pro 8.5 software (OriginLab,
USA). The investigation was limited to composite films since kraftliner paper displayed too
strong autofluorescence. The films were first created by casting them on Petri dishes with a 50
mm diameter. Then, 10 mL of the suspension (1.0 wt%) was dried for 48 h at 45 °C in a
circulating oven (Solab SL-100, Brazil).

2.2.5 Mechanical properties of coated paper

Following the ASTM D828-22 (ASTM, 2022) requirements, the tensile strength test is
carried out using a Shimadzu testing apparatus (AGS-X, Japan) with a distance between the
claws of 122.0 mm, a speed of 25.4 mm/min, and a 10 kN load cell. For each treatment, ten
25.4 x 254.0 mm samples were examined. The maximum force that may be given to a specimen
without causing failure is its tensile strength. Tensile index is the tensile strength divided by the
grammage of the sample and tensile energy absorption is the amount of work done when a
specimen is forced to rupture under tension. Tensile stiffness, which denotes the elastic property
of multilayer paper, is the tangent of the linear section of a tensile strength-strain curve (Santos
and Yoshida, 2011). When a stress is applied, the specimen’s reaction is the elongation, which
causes the specimen to expand. Anisotropic kraftliner paper presents differing qualities in the
paper sheet’s machine direction (MD) and cross direction (CD). Version 1.5.4 of Trapezium

Software was used to analyze the data.

2.2.6 Water barrier properties of coated paper

The Kriss Drop Shape Analyzer—-Goniometer DSA25 (Hamburg, Germany) was used
to measure the contact angle of the water with the coated papers in triplicate. Deionized water
is applied to the sample’s surface 20 mm above the surface using a syringe. The average contact
angle between the water drop and the paper surface at room temperature (23 °C) is calculated
using the Advance Software. The analysis is carried out in the first second after water contacts

the sample. Ten average angles are used to measure it.
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In addition, ASTM 458 cm-04 (ASTM, 2004) recommended procedures to determine
the wettability of multilayer packaging. This technique entails measuring the angle in triplicate
at 5 s and 60 s after contact with the coated paper surface. The angle during the analysis might
get smaller, indicating that the paper is more wettable. Equation (1) is

used to determine the wettability (°/s).

(A-2)

Wettability = 35

(D

Where ‘A’ represents the contact angle with water in 5 s, in °, ‘a’ represents the contact
angle with the water after 60 s, in °, and 55 represents the time, in seconds, for the paper to
absorb the water.

For water vapor permeance, Guimarées et al., (2015) used an adaption of the ASTM
E96/E96M—16 standard method (ASTM, 2016) for measuring water vapor transmission rate
(WVTR) and water vapor permeability (WVP). 16 mm diameter samples were attached to
silica-filled permeation cells. These cells were kept in a 38 °C, 90%relative humidity (RH)
environment for eight days while being weighed daily. According to ASTM E104-02 (ASTM
E104-02, 2002), a desiccator filled with a saturated saline solution produces a 90% RH
environment. Following equations (2) and (3), WVTR (g/m2/day) and WVP (g mm/day

m2/kPa) are calculated:

(M/t)
WVTR = 0 (2)

Th
WVP=WVTR - — - (R' = R?) 3)

‘M’ is the mass (g), ‘t’ is the time (d), ‘M/t’ is the angular coefficient from the linear
regression of day (d) and mass gain (g), and ‘A’ is the test area (m2). ‘Th’ is the paper thickness
(um), ‘S’ is the saturation vapor pressure at the test temperature (kPa), ‘R’ is the relative
humidity in the desiccator (90%), and ‘R?’ is the relative humidity of the test environment (0%).
All samples were tested in triplicate.

The water absorption test (Cobb test), which was conducted after TAPPI T441 om-13
(TAPPI, 2013), is another water barrier feature. 100 mL of deionized water is placed into a ring
instrument for 120 s after the 15 x 15 cm samples have been produced. The “wet samples” are

pressed between two absorbent papers with a 10 kg roller, in order to release any trapped water.
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Both before and after the process, the sample is weighed. The Cobb test depicts the relationship
between the wetted area (g/m?) and the mass of water that is absorbed by the multilayer paper.

2.2.7 Oillgrease barrier property of coated packaging

T 559 cm-12 (TAPPI, 2012) was used to evaluate oil resistance. With oil kit solutions
ranging from 1 to 12, which include precise ratios of the three reagents castor oil, toluene, and
n-heptane, multilayer paper samples were examined. The kit test with the highest surface energy
Is kit test 12, which is a mixture of toluene and n-heptane, as opposed to kit test 1, which
contains solely castor oil. On the paper’s surface, a drop of the kit test is applied at a 13 mm
height. Extra oil is removed after 15 s. The Kit test for the sample is recorded as the kit test if it
remains on the paper’s surface and is not absorbed by the paper. A paper with kit test number
12 reveals a coating that is more oil/grease resistant.

A crease made on the sample using the same methods was subjected to the same kit test
process. In order to simulate a possible discontinuity of the thin coating when folding the
multilayer paper, the paper is folded repeatedly to create the crease.

The sessile drop technique described by Owens and Wendt (1969), Kaelble (1970), and
Rabel (1971) was utilized for surface free energy analysis. The contact angles created in the
samples by five different solvents were determined by Advance Software at room temperature
(23 °C) using the values of the polar and dispersive surface energies. Deionized water, glycerol,
diiodomethane, ethylene glycol, and 1-bromonaphthalene, all expressed in mN/m, were the
solvents utilized. The ratio of the estimated polar components to the paper’s total surface energy

was used to determine polarity.
2.3  Statistical analysis
To evaluate the qualities of multilayer paper and uncoated kraftliner paper, the findings

were subjected to one-way analysis of variance (ANOVA) and the Scott-Knott test, both with

a 5% level of significance. Data processing was done using Sisvar 5.6 (Ferreira, 2014).
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3. RESULTS AND DISCUSSION

3.1  Suspension investigation

Bentonite and cationic starch interact in an aqueous suspension, as seen in the literature
(Alekseeva et al., 2017). Bentonite has a good molecular size that causes it to connect with
starch composite lattices tangibly, demonstrating its ability to function well with various
particles in composite film networks.

In suspension, there is simultaneous interaction between water, cationic starch, glycerol,
and bentonite by secondary bonds (Figure 1). Bentonite has an octahedral structure composed
of aluminum, iron, or magnesium linked to the tetrahedral structure by six oxygen molecules.
Tetrahedral structures are composed of silica-oxygen. At the same time, starch possesses
several hydroxyl groups on the amylose and amylopectin chains. Between the starch and the
intercalated layered arrangement of bentonite, interactions of interlayer cations form, as well as
van der Waals forces, and hydrogen bonds (Rhim et al., 2006; Natalia and Cristina, 2010; Liu
et al., 2017; Uddin, 2018; Zamrud et al., 2021). In addition, cationic starch polymer chains are
physically entangled (Tian et al., 2017).
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Figure 1 - Illustration of suspensions of cationic starch and bentonite in deionized water (A)
and their interaction (B). Cationic starch granules in a scale of 200 p (C), 100 u (D),
and 20 p (E). Cationic starch (S) with the addition of 5 wt% (.B5), 7 wt% (.B7), and
10 wt% (.B10) of bentonite.
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The solids content of all suspensions did not change as the addition of bentonite to the
starch matrix was small. In suspensions of pH higher than 4.0with cure at temperatures below
105 °C, starch hydrolysis is limited (Olsson et al., 2013). This pH range is observed in this
experiment. Cationic starch has high viscosity even with low solids content (Radosta et al.,
2004).
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There is a significant decrease in the viscosity of the suspensions when incorporating
any percentage of bentonite into the cationic starch matrix, as seen in Table 1, with the lowest
viscosity observed for S.B5 sample. More aggregated clay minerals have been shown to have
a reduced viscosity at low bentonite concentrations, which can be explained by a decline in the
hydrated layer and, consequently, in the effective particle volume fraction (Van Olphen, 1957).
Additionally, agitation of the suspensions for 24 h to exfoliate the bentonite may have generated

retrogradation of the starch, aligning its polymeric chain and decreasing the viscosity.

3.2 Physical and morphological characterization

The coating deposition on the paper directly affected the packaging thickness and
density through suspension penetration, changing the interaction among fibers or film
formation (Table 2). The S.B5 packaging sample presented the lowest thickness and the highest
density at 0.141 + 0.002 mm and 0.719 £ 0.002 g/cm3, respectively. S.B5 formed a thinner layer
over the paper caused by low viscosity, and suspension filled the paper’s porous (Figure 2),
promoting decreased thickness. Low viscosity may result in better suspension absorption by the
kraftliner paper, directly influencing film formation and potentially impacting the barrier
properties (Thébault et al., 2017; Yang et al., 2022). The barrier properties of packages depend
on the minimum thickness of continuous films to achieve their potential (Brodin et al., 2014).

Table 2 - Characterization of the thickness, density, and hardness of multilayer paper.

Sample Packaging thickness (mm) Packaging density (g/cm3) Pencil Hardness*
Cl 0.125+0.001 © 0.691 +0.002 ° -
C2 0.124 +0.002 © 0.689 + 0.003 ° -
S 0.147 £ 0.003 @ 0.693 +0.014° 6H
S.B5 0.141 +0.002° 0.719 + 0.002 @ 3H
S.B7 0.145 £ 0.003 @ 0.700 + 0.007 ® 2H
S.B10 0.148 + 0.009 ® 0.685 + 0.003 ° 8H

*Following ASTM D 3363-20 standard (ASTM, 2022a). Average value * standard deviation. The
same letters in the columns do not differ according to the Scott-Knott test at 5% of significance.
Control treatments with no coating (C1) and water coating (C2). Cationic starch (S) with the addition
of 5wt% (.B5), 7 wt% (.B7), and 10 wt% (.B10) of bentonite.

Source: From the author (2023).
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Figure 2 - Surface and cross-sectional images of multilayer packaging captured using standard
scanning electron microscopy. Control treatments with no coating (C1) and water
coating (C2). Cationic starch (S) with the addition of 5 wt% (.B5), 7 wt% (.B7), and

10 wt% (.B10) of bentonite. . .
Surface Cross-section Zoom cross-section

Sodrce From the author (2023).

Along its entire length, the kraftliner paper’s network of flattened threads generates
porous structures (Figure 2A-F). These pores allow for the passage of gases, oil, water, and
water vapor through the paper (Zhang et al., 2014). For the C2 sample, it is also feasible to see

an expansion of the paper’s pores. Water and gases can be displaced through the paper more
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easily due to the heterogeneity of the pores and the surface. In contrast, fiber entanglement
increases mechanical strength, favoring its use in packing.

The continuity of the films formed on the kraftliner paper can be observed by the SEM
images shown in Figure 2G-R. On the kraftliner paper, pure cationic starch and composite
suspensions created a homogeneous coating with a low thickness standard deviation at a similar
grammage. Figure 2G shows that the starch film’s surface is more uneven and discontinuous.
It is possible to visualize the fibers underneath the coating, suggesting a reduced barrier
property, differently observed by the samples containing bentonite (Figure 2J, M, and P). A
similar behavior was found by Monteiro et al. (2018). However, Wang and Jing (2017) noticed
in their SEM images that adding nanoclay montmorillonite to a chitosan matrix impaired film
formation on kraft paper when compared to paper coated with only chitosan. A film with
superior homogeneity and no discontinuity was produced due to the interaction between the
starch and bentonite’s nanometric structures, also affecting their pencil hardness. While the
pencil hardness of the samples containing 5 wt% and 7 wt% was lower than the pencil hardness
of the 6H starch, only the S.B10 sample displayed a pencil hardness higher than the pencil
hardness of starch, with an 8H pencil. The flexibility of the coating chains and the interactions
among their inner components, which represent adhesion to the paper, determine the hardness
of the pencil (Gadhave et al., 2019).

3.3  ATR-FTIR spectroscopy and Raman spectroscopy

ATR-FTIR was used to compare the surface chemistry of coated paper to that of
uncoated paper. The peak at 3,308 cm™ is responsible for the O—H stretching from water
molecules and functional hydroxyl groups present in the material. The peak is visible in the
FTIR spectra of lignocellulosic material C1 and C2 (Figure 3), but also exists in glycerol,
cellulose, hemicelluloses, lignin, bentonite, and water molecules (Chen et al., 2016; Sarkar et
al., 2021). Lignin and hemicellulose have peaks between the 1,610 cm™ and 1,250 cm ™,
assigned to uronic ester groups and ester bonds of the carboxylic group of ferulic and p-
coumaric acid (Bian et al., 2019; Miao et al., 2020).
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Figure 3 - Multilayer packing characterization by Fourier-transform infrared spectroscopy.
Control treatments with no coating (C1) and water coating (C2). Cationic starch (S)
with the addition of 5 wt% (.B5), 7 wt% (.B7), and 10 wt% (.B10) of bentonite.
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Starch chains with exposed hydroxyl groups frequently form intra- and intermolecular
interactions that prevent the chain from moving (Gao et al., 2012; Liu et al., 2022). Even at
lower quantities, such as in S.B5, the O—H peak is wider for the cationic starch sample than for
the kraftliner papers and the bentonite-starch composites. The O—H peak band expands as a
result of the higher amount of free O—H groups and water molecules in the sample. The
narrower O—H peak in bentonite-starch composite than the cationic starch samples can be
because of a high intermolecular interaction between clay, starch and glycerol, which reduces
the amount of free O—H groups and the amount of water molecules (Tan and Thomas, 2016).
Glycerol causes the starch film to break down the intramolecular and intermolecular contacts,
as well as the internal hydrogen bonds that have formed between the chains of the biopolymer
(Nordin et al., 2020). That might be the cause of more intermolecular interactions in bentonite-
starch composites.

For starch, the C-O—C vibration peak is stronger and displaced to 990 cm™ (Zhu et al.,
2022). This region, according to Abdulla et al. (2018), represents the crystalline portion of
starch in its unprocessed state. For bentonite, the peaks that in the FTIR spectra correspond to
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Si—-O-Al, S-O-Mg, and Al-AI-OH stretching, are, respectively, at 701, 755, and 3,731 cm™*
(Alghunaim, 2016) and to C—H wagging and CH_ stretching are at 1,360 and 2,920 cm™* (Sarkar
et al., 2021). Bentonite’s Si—O-Si functional group becomes more noticeable as its
concentration rises to 1,000 cm™* (Foletto et al., 2003). The interaction between the Al from the
bentonite and the OH group from the glycerol and cationic starch and glycerol is indicated by
the decrease in the frequency of OH bonding following the addition of bentonite to starch
matrices. Similar behavior was found by Behera et al. (2022) and Abdullah and Dong (2019).

A complementary analysis to IR spectroscopy, which depends on the change of
molecule’s dipole moment, is Raman spectroscopy, which depends on the change in
polarizability of a molecule. When a surface is irradiated with monochromatic light, the
chemical bonds and functional groups of the material’s surface scatter this light differently,
depending on their polarizability. These backscattered and shifted light can be visualized in a
Raman spectrum. Different functional groups cause different intensities and shifts to the back
scattered Raman light. Raman spectroscopy faces the challenge of analysis being impractical
in the presence of excessive autofluorescence. According to Sa et al. (2015), kraftliner-coated
papers created autofluorescence that covered up the Raman signal. For this reason, Raman
spectroscopy was performed on only the films of the composites, while not on the samples C1
and C2 (Figure 4).
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Figure 4 - Characterization of cationic starch and bentonite films using Raman spectroscopy.
Cationic starch (S) with the addition of 5 wt% (.B5), 7 wt% (.B7), and 10 wt%

(.B10) of bentonite.
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Raman bands in cationic starch at 3,050 and 2,901 cm™ are associated with C—H
stretching. In amylopectin, the formation of double helices is reflected in the intensity of the
peak at 2,901 cm™* (Bulkin and Kwak, 1987; Hu et al., 2017). Instead, Guo et al. (2019) claimed
that the peak at 1,340 cm ™t is due to the angular displacement of the C—-O—H bond as a result of
the spiralization of single helical amylose. Besides that, the ether group, which is likely present
in the cationic starch, is linked to the peak at 1,006 cm™ (Wyan, 2019).

For the bentonite composite samples, the silica structure Si—O-Si is responsible for the
peak at 847 cm™! (Galeener and Geissberger, 1983). The stretching oxygen atom in the silica
framework of bentonite is represented by the 479 cm™ peak in the Raman spectra (Ahmed et
al., 2021). For S.B10, the bentonite peak intensity at 1,340 cm™ increased and moved to a lower
value. Galeener and Geissberger (1983) and Ahmed et al. (2021) attribute this to the insertion
and intercalation of starch by the CHa twisting vibrational mode within the bentonite layers.

According to Salmén and Bergstrom (2009), the O—H band of hydroxy!l groups typically
appears between 3,170 and 3,650 cm ™2, although unlike in IR spectroscopy, hydroxyls are not

Raman active groups and are mostly evident in the moist state. Chemical linkages C—H and
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C=C are connected to the bands at 1,612 and 1,702 cm ™, respectively (Alves et al., 2016), with
the C=C being more evident for S.B10. With the addition of bentonite to the composite, the
intensity of the peak at 2,901 cm™ increased, possibly as a result of the insertion of additional

C—H bonds into the tetrahedral structure.

34 Mechanical characterization

As a material with anisotropy, paper has mechanical characteristics that vary in the MD
and CD directions (Alzweighi et al., 2021). They are typically more rigid and resistant in MD,
with less elongation (Seth and Page, 1974), as shown in Figure 5, Table 3, and Table 4.

Figure 5 - Tensile index x elongation curves of multilayer packaging (A) in their machine
direction — MD (B) and cross direction — CD (C). Control treatments with no
coating (C1) and water coating (C2). Cationic starch (S) with the addition of 5 wt%

(.B5), 7 wt% (.B7), and 10 wt% (.B10) of bentonite.
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Table 3 - Mechanical properties of multilayer paper in their machine direction (MD).

Sample Tensile strength  Tensile Index Tensilt_a energy  Tensile stiffness Elongation
(KN/m) (N.m/g) absorption (J/m?) (KN/m) (%)

C1 89+0.1° 103.3+15%2 11.1+04° 7444 +£29.2% 20+£0.1°
c2 6.7£05°¢ 774+53°¢ 115+23° 233.4+36.0° 3.2+04°

S 8.2+0.2° 80.9+2.1° 150+1.1° 517.9+107.1° 28+0.1°
S.B5 82+05° 81.2+49° 143+28° 459.4 +85.6° 2.8+0.3°
S.B7 85+05° 83.9+4.7° 156+22° 4635+ 71.0° 3.0+£0.2°
S.B10 79+03° 776+25¢ 13.6+0.4° 434.7+98.6° 27+02°

Average value + standard deviation. The same letters do not differ according to the Scott-Knott test at
5% of significance. Control treatments with no coating (C1) and double wet-and-dry (C2). Cationic
starch (S) with the addition of 5 wt% (.B5), 7 wt% (.B7), and 10 wt% (.B10) of bentonite.

Source: From the author (2023).

Table 4 - Mechanical properties of multilayer paper in their cross direction (CD).

Tensile strength  Tensile Index  Tensile energy Tensile stiffness Elongation
Sample .
(KN/m) (N.m/qg) absorption (J/m?) (KN/m) (%)

C1l 44+02°2 505+2.4%2 195+34° 336.9+10.9° 59+0.8°
c2 40+0.1° 46.0+1.1° 20.7+2.0¢2 1445+ 10.7 ¢ 7.7+06°

S 42+03° 409+27°¢ 17.7+3.9° 286.0+17.0° 55+0.9°
S.B5 41+02° 404+2.1° 13.4+34° 241.0+39.8° 44+08°
S.B7 40+0.1° 39.7+0.8¢ 121+24° 208.4+744° 42+05°¢
S.B10 41+0.2° 403+15¢ 155+3.9° 2224+ 26.7° 50+1.0°¢

Average value * standard deviation. The same letters do not differ according to the Scott-Knott test at
5% of significance. Control treatments with no coating (C1) and double wet-and-dry (C2). Cationic
starch (S) with the addition of 5 wt% (.B5), 7 wt% (.B7), and 10 wt% (.B10) of bentonite.
Source: From the author (2023).

The tensile strength of double wet and dry paper (C2) dropped by 25% on MD papers
and 10% on CD. The obstruction of interactions between the fibers produced by humidity-
induced separation and hornification caused by drying reduced the paper strength (Parker et al.,
2006; Rhim, 2010). As already mentioned in earlier sections, coatings made of starch and
bentonite have large water content, which has a direct impact on how well they adhere to the
paper and how strong they interconnect. The coating affected the fiber bonding rather than the
orientation of the fibers (Zhang et al., 2014; Lin et al., 2017), causing a decrease in tensile
strength of up to 11% for MD in the S.B10 sample and 10% for CD in the S.B7 sample. Oliveira
et al. (2022) coated sack kraft paper with cellulose micro/nanofibrils, and bentonite also noticed
a decrease in all multilayer papers when compared to an uncoated paper. Additionally, adding

glycerol to the recipe for the composite samples may reduce tensile stress (Nordin et al., 2020).
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The drying cycle also had a significant impact on the papers’ tensile stiffness, which
dropped by 69% and 57% in MD and CD, respectively. Stiffer papers might be produced by
replacing the intermolecular connections between the fibers’ hydroxyls with water molecules,
followed by twofold drying (Sgrensen and Hoffmann, 2003; Bandyopadhyay et al., 2002).
However, Hassani et al. (2022) reported a 103% increase in Young’s modulus due to interfacial
adhesion when they studied the crosslinked starch coating on bleached papers. In addition,
according to Bandyopadhyay et al. (2002), humid environment typically results in a drop in
Young’s modulus.

When comparing C1 and C2, the elongation property, however, is enhanced with water
application. As fiber contacts weaken, more slippage occurs between them, increasing the
paper’s elasticity. For CD, it is noticed that the presence of bentonite to the starch matrix
resulted in a reduction in elongation, which occurred as result of the development of clay layers
that limit the extensibility and reduce the elongation of the paper, as discovered by Oliveira et
al. (2022) and Gabr et al. (2013). Additionally, Follain et al. (2005) hypothesized that the
introduction of structural flaws by crosslinking during late retrogradation of starch results in

greater elongation.

35 Water and oil barrier

Through the water contact angle, wettability, water vapor permeability, and water
barrier Cobb test (Figure 6), it is possible to determine the suitability of coated paper. According
to Bacovska et al. (2016), hydrophobicity is often shown by water contact angles above 90°
and is influenced by the surface chemistry and roughness of the material. These elements
influence how the surface chooses what angle the water drop makes with it (Saji, 2020). A thin
air layer may continue to exist between some surfaces (Ferrari and Benedetti, 2015; Zhao et al.,

2019), or even the ability of the substance to absorb water.
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Figure 6 - Properties of multilayer packaging for water contact angle (A), wettability (B), water
vapor transmission rate (WVTR), water vapor permeability (WVP) (C), and water
absorption (Cobb test) (D). The same letters in the columns do not differ according
to the Scott-Knott test at 5% of significance. Control treatments with no coating (C1)
and water coating (C2). Cationic starch (S) with the addition of 5 wt% (.B5), 7 wt%
(.B7), and 10 wt% (.B10) of bentonite.
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Sample C2 had the highest contact angles, measuring 111 + 1°, followed by sample
S.B5 and S.B7, measuring 92 + 3° and 92 + 2°, respectively (Figure 6A). The hydroxyl groups
of the fibers may have been damaged by the double wet-and dry process, increasing the water
contact angle by horrification. Ferreira et al. (2017) claim that when water is removed from
fibers, a portion of the cell wall collapses, boosting interfibrillar interactions and creating
hydrogen bonds that are both irreversible and partially reversible. In addition, the surface of the
paper fiber may have developed a thin air layer, increasing its hydrophobicity (Samyn, 2013).
Because cationic starch has a large number of hydroxyl groups, it exhibits a low water contact
angle of 78 £ 1°, boosting its hydrophilicity.

However, the control treatments C1 and C2 had less wettability, which measures how
much water has spread across the surface, at 0.01 + 0.01 °/s (Figure 6B). The addition of the
plasticizer glycerol, which makes the polymer even more hydrophilic, explains why cationic
starch has a high wettability (0.07 + 0.01 °/s). The wettability of the coating decreased as result
of the bentonite addition to the starch matrix, reaching 0.04 + 0.01 °/s for S.B7, when comparing

to S sample.
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Coatings that have bentonite in their composition tend to have low WVTR and WVP
(Oliveira et al., 2022). However, high humidity can interfere with this result. The water vapor
permeability analysis condition used in this work (90% RH, 38 °C) was superior to most of the
literature, trying to reach extreme conditions to which packages can be submitted (Figure 6C).
It is possible to see many differences in the literature when mixing starch with nanoclays. At
54% RH and 24 °C, Park et al. (2002) found that adding 5 wt% clay to a mixture of 100 pph
potato starch + 60 pph glycerol reduced the water vapor permeability by 50%. Mueller et al.
(2011) found a comparable decrease in WVP following the addition of 5 wt% montmorillonite
to a 100 pph cassava starch + 25 pph glycerol matrix, but under the conditions of 75% RH and
25 °C. At 75% RH and 25 °C, the Tang et al. (2008) method of adding 9 wt% montmorillonite
to 100 pph potato starch + 15 pph glycerol succeeded in reducing the WVP by only 55%. In
addition, Ning et al. (2009) found that dispersing 9 wt% montmorillonite in maize starch and
30% glycerol decreased the WVP by 60% at 75% RH and 24 °C. In this work, the ability of the
coatings to function as a water vapor barrier, however, was unaffected by the addition of
bentonite, as similarly found by Clegg et al. (2019) under the environmental conditions of 50%
RH and 23 °C. Amorphous polysaccharides and porous materials, such as starch and kraftliner
paper, are quite vulnerable to gas movement (Chi and Catchmark, 2018). Additionally, the
surface roughness and porosity of the films formed in the kraftliner paper may increase the rate
at which water vapor binds to them (Hu et al., 2009).

When evaluating the water absorption of the coated paper, the Cobb test showed that
the cationic starch had the highest absorption with 189 g/m2, followed by the S.B7 composite
sample with 114 g/m? (Figure 6D). The number of accessible hydroxyl groups in the starch and
the porosity of the sheets encouraged the ability of the coating to absorb water and swell (Chi
et al., 2020). Cobb was lower in the composite samples than in the individual starch samples,
indicating good synergism, but they still outperformed the controls.

Because of the polarity and cohesive energy of starch, coated papers showed some oil
barrier. The oil barrier of the paper for C1 and C2 is lowered since it is a porous substance that
readily absorbs oil. The paper’s porous nature and high oil penetration rate lower the quality of
the package (Zhang et al., 2014). To simulate the use of packaging, tests were conducted on
folds and multilayer paper surfaces (Table 5). None of the samples displayed an oil barrier when
folded. Paper coated with cationic starch showed an oil resistance of 10 at kit oil. For S.B5 and
S.B10, the papers decreased the oil resistance to kit n. 6 and 4, respectively. When 7 wt%
bentonite was added to the starch matrix, the oil barrier did, however, rise to number 12 of the
oil kit.
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Table 5 - Cationic starch and bentonite multilayer paper properties of oil resistance and surface
free energy.

Oil kit test* Surface free energy (mN/m)
Sample .
Surface Fold Polar phase Dispersed phase
Cl 0 0 02+0.5 41.0+£35
C2 0 0 25+21 41.8+26
S 10 0 3.1+15 33.1+1.2
S.B5 6 0 12+12 36.4+2.7
S.B7 12 0 28124 345+1.1
S.B10 4 0 14+11 38.6+2.0

* Qil kit test number according to T 559 cm-12 (TAPPI, 2012). Average value + standard deviation.
Control treatments with no coating (C1) and double wet-and-dry (C2). Cationic starch (S) with the
addition of 5 wt% (.B5), 7 wt % (.B7), and 10 wt % (.B10) of bentonite.

Source: From the author (2023).

Good dispersion of bentonite intercalated in a cationic polymeric matrix provides
improved properties of nanocomposites, as observed by Xu et al. (2018). Bentonite is a semi
crystalline material that assumes a layered structure in optimal concentrations in the
surrounding matrix. In addition, the proper exfoliation of bentonite platelets helps in their
organization, forming a physical barrier layer (Aulin et al., 2012). If the bentonite platelets in
an optimal concentration are intercalated by the polymeric chains of the cationic starch without
breaking their spatial periodicity, the barrier property is enhanced. This characteristic is
observed for adding 7wt%of bentonites to the starch matrix (S.B7), as it showed a higher barrier
to oil. On the other hand, barrier properties are negatively affected if the platelet’s spatial
periodicity is lost due to agglomeration by an excessive amount of bentonite (Romo-Uribe,
2022), as implied by S.B10. In addition, the barrier property is also diminished if there is a
separation and random organization of the nanoplatelets due to the insufficient number of
platelets (Romo-Uribe, 2022), as indicated by S.B5.

The surface free energy is connected to the barrier properties of multilayer sheets. The
polar phase of the surface free energy indicates the presence of accessible polar groups, such as
hydroxyl groups (Shahbazi et al., 2017). The S sample presented the highest polar phase,
indicating its high OH availability, followed by S.B7 packaging. The C2 paper, despite having
also presented a high value of the polar phase of the surface free energy, also presented a high
standard deviation, indicating that some regions of this paper have more hydroxyl groups
available than other regions, which can be caused by the dual conditions of being wet and dry.
The dispersed phase was significantly higher than the polar phase for all samples, which was
also reported by Zotek-Tryznowska and Holica (2020).
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4. CONCLUSION

Bentonite and cationic starch suspensions worked well together, demonstrating good
synergy. Starch retrogradation from the prolonged mixing process may have contributed to the
reduction in suspension viscosity that occurred with the addition of bentonite to the starch
matrix. High pencil hardness was demonstrated using papers coated with cationic starch and
cationic starch + 10 wt% bentonite. Additionally, the coatings demonstrated strong bonding to
the paper, as demonstrated by SEM images and pencil hardness, with no interface gaps while
filling the pores of the kraftliner paper in the coating area. Due to the hydrophilic properties of
both starch and nanoclay, coated sheets demonstrated minimal water resistance in tests for
wettability, water contact angle, and the Cobb test. However, when 7 wt% of bentonite was
added to starch, the multilayer sheets displayed resistance to oil/grease and lost some of their
wettability. The distribution between 7 wt% of bentonite positioned uniformly their platelets in
the cationic starch matrix that physically blocked oil molecules and led to a maximum oil
resistance by the coated paper. The mechanical strength of the paper was found to be
predominantly affected by the water coating and drying process, whereas the starch
demonstrated an increase in the ability of the coated sheets to elongate. Packaging produced
from composites of bentonite and cationic starch on kraftliner paper showed a low barrier to
water and water vapor. However, due to its oil barrier, adequate pencil hardness, tensile
strength, and lower wettability, the S.B7 package may be a possible material for use in food/fat
product packaging. For multilayer packaging for non-wetted products, coatings made of
cationic starch, glycerol, and bentonite showed tremendous promise by increasing for up to 8H
on pencil hardness, serving as a physical barrier between the environment and the product inside
with a maximum oil barrier (n. 12 of oil kit test). More research is still needed to better
understand how biodegradable and renewable materials interact to create waterproof affordable

packaging or using a second hydrophobic layer to circumvent such interaction with water.
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ABSTRACT

This work aimed to evaluate blend formulations with cationic starch/glycerol and
poly(vinyl alcohol) for applications as a kraftliner paper coating. Blends of both polymers in 5
different proportions were tested in formulations. Uncoated kraftliner paper and double wet-
and-dry paper were used as controls. The formulations were applied in two layers of 15.0£0.5
g/m2 on 86+1 g/m? paper with a coating machine. Suspension characterization and the physical
properties of the coated papers were evaluated, as well as the barrier to water, water vapor,
oxygen, and oil/grease, scanning electron microscopy, and Fourier transform infrared
spectroscopy following standard methods. The papers coated with cationic starch showed low
water resistance. However, the blends formed with poly(vinyl alcohol) presented oxygen and
water vapor barriers, reaching values lower than 10 cc/(mmz2.day) and 586+23 g/m2.day,
respectively. Combining materials can improve the barrier properties of coated papers to create
biodegradable and renewable formulations, promoting sustainable packaging.

Keywords: Eco-friendly coating. Oxygen barrier. Renewable packaging.
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1. INTRODUCTION

Oxygen plays a vital role in the food we eat, as its presence causes food to deteriorate
through lipid and vitamin oxidation and might favor mold growth. In addition, through acting
on enzymes, oxygen can change the color of fruits and drinks, cause unpleasant flavors,
decrease the nutritional value of food, and reduce the shelf life, thus causing a risk to consumers
(Giuseppe et al., 2022; Dey and Neogi, 2019). Therefore, oxygen contributes to increased food
losses and causes economic damage; therefore, controlling the presence of oxygen in packaging
IS an essential factor.

A viable strategy is using packaging, such as glass and aluminum, that blocks the entry
of oxygen and prevents oxygen from contacting food. In addition to generating an oxygen
barrier, these materials also provide an oil/grease and water vapor barrier. Aluminum packaging
also blocks light. However, using these materials can involve some disadvantages. The weight
of glass can increase transportation costs, and aluminum packaging involves complex recycling
issues (Xu et al., 2022; Vinci et al., 2019). Plastic packaging met this demand, as its use and
application are versatile. However, plastic packaging exhibits several disadvantages, as the
material is not biodegradable, persists for a long time in the environment, and releases toxic
substances in soil and water (Kan and Miller, 2022; Bassi et al., 2020). Paper and cardboard
play a significant role in replacing plastic packaging. These materials originate from renewable
resources, are biodegradable, exhibit good mechanical properties, utilize traditional production
technology and are inexpensive (Petersen et al., 1999; Conti, 1997). Kraftliner is a flexible,
durable, tensile-resistant, and suitable type of printable kraft paper that exhibits high
performance and superior presentation (Torres et al., 2020; Bierman, 1996). However, due to
its fibrous structure and high porosity content, kraftliner is highly permeable to moisture and
gases, making its use unfeasible for packaging certain food products, i.e., those with a high
water content or those requiring low translocation of gases. Therefore, the technology of coating
potential biodegradable polymers and biopolymers on paper can add barrier properties to the
high mechanical property of paper packaging (Dilkes-Hoffman et al., 2019; Muthus, 2016).

As a polymer susceptible to biodegradation (Byerne et al., 2021), poly(vinyl alcohol)
(PVOH) is a good coating for paper due to its ability to form thin films with an oil/grease
barrier, low water vapor permeability, and high oxygen barrier, with oxygen transmission rates
close to 0.4 mL/m?/day (Patil et al., 2022; Suhag et al., 2022; Ge, Lansing, and Lewis, 2021;
Roy and Rhim, 2021; Hay and Lyon, 1967). The angulation of glucose unit bonds and the

extension of the amylopectin chain make starch a good film-forming biopolymer. These films
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have a moderate oil and gas barrier, a low moisture barrier, and low mechanical strength but
also exhibit a high yield and availability. Plasticizers are combined with starch to improve the
strength properties of films. Glycerol, which is nontoxic and suitable for packaging that contacts
food, is the most common low molecular weight plasticizer additive for starch (Basiak et al.,
2018).

The starch chain contains numerous primary and secondary hydroxyl groups at carbons
2, 3, and 6, making starch highly hydrophilic. Such hydroxyl groups favor their transformation
(Tomasik and Schilling, 2004). The modification of starch can improve its adhesion as a blend,
increasing its barrier properties (Guo et al., 2022; Hakke et al., 2022; Dang et al., 2021; Patil
et al., 2021). Cationic starch, for example, improves the mechanical strength and barrier of
starch by providing a positive charge, which is easily attracted by the negative charges from
cellulose fiber or other polymers used as a blend (Wang et al., 2022; You et al., 2022). Thus,
the combination of PVOH and starch expands barrier functions (Garavand et al., 2022;
Kochkina, Butikova, and Lukin, 2022; Wu et al., 2021; Khazael et al., 2021; Kumar et al.,
2021; Lee et al., 2021; Liu et al., 2021; Yao et al., 2021).

Christophliemk et al. (2017) investigated the addition of modified poly(vinyl alcohol)
on the performance of corn and potato starch coatings. The authors showed that up to 70 wt.%
starch, as a renewable polymer, was effective in maintaining the oxygen barrier of PVOH.
Gomez-Alpada et al. (2020) evaluated mixtures in different proportions of PVOH and starch
regarding the effect on water adsorption, water vapor permeability, and mechanical and thermal
properties for biodegradable alternatives to food packaging and for synthetic packaging
materials. Mittal, Garg, and Bajpai (2020) studied starch and PVOH films reinforced with
grafted barley husks as substitutes for synthetic films in paper packaging. Patil et al. (2021)
found that incorporating PVOH into the starch polymer resulted in composite films with better
mechanical and barrier performances, decreasing water vapor permeability by 52% (25 °C, 85%
RH). Qin et al. (2021) added anthocyanin-loaded nanocomplexes to a starch/PVVOH blend and
noticed denser microstructures with stronger intermolecular interactions, blocking by water
vapor 75% (at 20 °C, 90% RH).

Even with a diverse amount of research related to using blends of PVOH and starch with
barrier function, studies on the application of high-viscosity cationic starch in such a mixture
on kraftliner paper remained to be better explored and elucidated. There is still a lack of
information and details in the literature about the application (suspensions and bar coating) and
performance (chemical interactions, surface energy, thermomechanical, microstructure, and

permeabilities) of high-viscosity cationic starch:PVOH blends as a paper coating for different
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paper barriers (oil/grease, water vapor, and O2). Our hypothesis is that cationic starch:P\VOH
blends are able to provide important barrier properties for coated papers, which depends on,
and are related to the ratio of the components in those blends. More detailed information about
the chemical interactions of cationic starch and PVOH, microstructure, and performance of the
ensuing coated papers are valuable for optimizations and theoretical studies about renewable
and biodegradable polymers. In this context, this work aimed to evaluate the influence of the
addition of cationic starch to PVOH (1:0, 3:1, 1:1, 1:3, and 0:1 — m/m) on physical, chemical,

mechanical, and barrier properties of the ensuing kraftliner coated barrier papers.
2. EXPERIMENTAL
2.1  Material

Klabin S/A (Parana, Brazil) provided kraftliner paper (kappa number 100, 861 g/m?),
cationic starch (95 wt.%, amylose content 42%, degree of substitution 0.243), and PVOH (Mw
89,000 g/mol, degree of hydrolysis 98 mol%). Glycerol (>99%) was obtained from Exodo

Cientifica (S&o Paulo, Brazil).
2.1.1 Preparation of suspensions

The preparation of 4.0 wt.% cationic starch followed Gao et al. (2020) suggestions with
complete starch solubilization at room temperature (23 °C, 400 rpm) for 30 min. Afterward,
starch was gelatinized at 60 °C (500 rpm), followed by the addition of 20 wt.% glycerol. The
PVOH suspension was used as such.

With both suspensions, blends with complementary proportions (m:m) of 1.0, 3:1, 1:1,
1:3, and 0:1 of cationic starch (S) and PVOH (P) were obtained with mechanical agitation (10
min, 400 rpm). Table 1 shows the treatments with their solid content (NBR 8877 - ABNT,
2020), pH measurement (W38 Bel Engineering, Brazil), and viscosity (NBR 9277 - ABNT,
2020) in addition to the control treatment of kraftliner paper without coating (C1) and double
wet-and-dry paper (C2) to compare and contrast the effect of water on paper, computing seven

treatments. The methodology is summarized in the Figure 1.
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Table 1 - Description of treatments and characterization of pH, solids content, and viscosity of
the blend suspension formed by cationic starch and poly(vinyl alcohol).

Sample Description pH Solid content (%) Viscosity (cP)
C1 Control 1 - Without coating - - -
C2 Control 2 - Double wet-and-dry - - -

S Cationic starch 78+£01° 42+0.1° 4707.7+3.1°
S3:1P  Cationic starch 3:1* Poly(vinyl alcohol) 6.8+ 0.1° 41+0.2° 490.3+4.0°
S1:1P  Cationic starch 1:1* Poly(vinyl alcohol) 6.3+£0.1¢ 6.0+0.1° 478.7+5.1°¢
S1:3P  Cationic starch 1:3* Poly(vinyl alcohol) 6.1+0.1¢ 93+0.7°¢ 423.0+7.2¢

P Poly(vinyl alcohol) 6.0+0.1°¢ 19.0+0.2¢ 331.3+15¢°

* Proportion in m:m. Average value + standard deviation. The same letters in the columns do not
differ according to the Scott—Knott test at 5% significance.
Source: From the author (2023).

Figure 1 - Simplified graphlcal abstract with the methodology used in this research.
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2.1.2 Kraftliner paper coating

The suspension application with two layers in 297x210 mm kraftliner paper was carried
out layer-by-layer with a coating machine (4 m/min). The suspension was uniformly spread
with a bar with enough amount, which was predetermined by the solid content, to reach a
grammage of 7.5£0.3 g/m? (ASTM D646-13, 2013) for the first layer (bar n. 220), followed by
drying at 103+2 °C for 5 min. A second layer was applied under similar conditions (bar n. 100),
reaching 15.0+0.5 g/m2 total, followed by drying. The first layer fills the roughness and porosity
of the paper, anchoring the coating, while the second layer evens out the surface, forming a
continuous film. The suspension application followed the direction of the fibers in the machine
direction (MD) of the kraftliner paper.
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2.2 Methods

2.2.1 Physical properties of coated paper

a) Thickness and density: The thickness and density of the multilayer paper were measured
according to the I1ISO 534:2011 (ISO, 2011) procedure using a Regmed micrometer (ESP/SA-
10, Brazil).

b) Scanning electron microscopy: The paper surface and cross-section, cut with liquid
nitrogen, and coated with gold using a spray Balzers coating technique (SCD 050), were placed
on aluminum stubs with carbon tape on aluminum foil and evaluated by field-emission scanning
electron microscopy (SEM) under a Tescan (Clara, Czech Republic) under working conditions

of 10 kV and a working distance of 8 mm.

2.2.2 Thermogravimetric analysis (TGA)

TGA is a method used to evaluate the change in mass as a temperature function. This
work measured samples using a Netzsch (Perseus® TG 209 F1 Libra®, Japan). An atmosphere
of N2 (20 mL/min) with a heating rate of 10 K/min was used. Measurements for samples
between 20 °C (293 K) and 600 °C (873.15 K) were processed using Software provided by
Netzsch in a standard Al>O3 crucible. Instrument correction used the measurement of an empty
crucible. Tonset and Thaf indicate the temperature at the beginning of the thermal event,

calculated by extrapolation and at 50% mass loss, respectively.

2.2.3 Fourier transform infrared spectroscopy (FT-IR)

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR FT-IR) was
performed to identify the chemical structure of the coating and possible interactions between
its components. A Nicolet 6700 FT-IR equipped with a Pike Technologies GladiATR diamond
spectrometer (Thermo Scientific, Waltham, MA, USA) collected spectra with an average of 60
scans recorded at 4 cm™* resolution in the range 4,000 to 500 cm™ at room temperature of 23
°C. The Origin Pro 8.5 software's Peak Analyze function (OriginLab, USA) was used to
establish the baseline. The peaks' bases were marked by 20 points that were connected by a line
interpolation and smoothed by the 10 AAV function.
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2.2.4 Water barrier property of coated paper

a) Water contact angle: Kriss Drop Shape Analyzer - Goniometer DSA25 (Hamburg,
Germany) measured the water contact angle with the coated paper surface in triplicate. A
camera captures the image of the deionized water drop deposited from 20 mm, analyzing ten
average contact angles with the paper by Advance Software at room temperature (23 °C) after
water stabilization.

b) Wettability: The wettability of multilayer papers followed the procedures proposed by
ASTM T 458 cm-04 (ASTM, 2004). This method measures the angle at 5 s after contact with
the coated paper and after a period of 55 s (total of 60 s) in triplicate. A higher drop dispersion
means a smaller angle after 60 s and, consequently, high wettability. Wettability is calculated

using Equation 1.

(A-a)

Wettability = 35

(D)

‘R’ represents wettability in °/s; ‘A’ represents the contact angle with water in 5 s in °;
‘a’ represents the contact angle with the water after 60 s in °; ‘55’ represents the time for the
paper to absorb the water in seconds.
c) Cobb test: The water absorption test (Cobb test) followed TAPPI T441 om-13 (TAPPI,
2013) with 100 mL of deionized water poured over 15x15 cm samples into a ring instrument
for 120 s. A 10 kg roller presses the humid samples between two absorbent papers to remove
trapped moisture, weighed before and after the procedure. The Cobb index shows the
relationship between the mass of water absorbed by the multilayer paper and the wetted area
(9/m?).
d) Water vapor permeability: The measurements of water vapor transmission rate (WVTR)
and water vapor permeability (WVP) followed the adaptation of the ASTM E96/E96M-16
(2016) standard method, as used by Guimaraes Jr. et al. (2015) with 16 mm diameter coupled
to permeation cells filled with silica in triplicate. These cells, placed in an environment at 38
°C and 90% relative humidity (RH) for eight days, were weighed daily. The 90% RH
environment created in a desiccator containing a saturated saline solution followed the ASTM
E104-02 (2012) procedure. WVTR (g/m2.day) and WVP (g.mm/day.m2.kPa) are calculated
with Equations 2 and 3 as follows:
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(M/t)

Th
WVP=WVIR - — - (R' - R?) 3)

‘M’ is the mass (g), ‘t’ is the time (d), ‘M/t’ is the angular coefficient from the linear
regression of time (day) and mass gain (g), and ‘A’ is the test area (m?). ‘Th’ is the paper
thickness (um), ‘S’ is the saturation vapor pressure at the test temperature (kPa), ‘R"’ is the
relative humidity in the desiccator (90%), and ‘R’ is the relative humidity of the test

environment (0%).
2.2.5 Oil/grease barrier property of the coated paper

a) Kit test: Oil resistance followed T 559 cm-12 (TAPPI, 2012). Kit oil solutions ranging
from 1 to 12 contain specific proportions of the following reagents: castor oil, toluene, and n-
heptane. Kit test 1 is the solution of only castor oil, while kit test 12 is the solution of toluene
and n-heptane, with the lowest surface energy. A kit test drop was applied to the paper at a
height of 13 mm, and the excess oil was removed after 15 s. The kit test not absorbed by the
paper represents the number of its resistance. A paper with kit test 12 indicates a more
oil/grease-resistant coating.

b) Fold kit test: The same procedure was performed on a wrinkle by following the same
methodology. The crease simulates a possible discontinuity of the thin coating when folding
the multilayer paper, which was created by repeatedly folding the paper.

c) Surface-free energy: Surface-free energy analysis follows the sessile drop method
described by Owens and Wendt (1969), Kaelble (1970), and Rabel (1971). Advance Software
measures polar and dispersive surface energies, which is expressed in mN/m, from the contact
angles formed in the samples by five different solvents (water, glycerol, diiodomethane,
ethylene glycol, and 1-bromonaphthalene) at room temperature (23 °C). Polarity is the ratio of

polar components to the total free energy of the multilayer paper surface.
2.2.6  Oxygen barrier of the coated paper

Using an oxygen permeation analyzer (Ox-Tran® Model 2/22 L, Mocon Inc.,

Minneapolis, MN, USA), the oxygen transmission rate (OTR) of the multilayer paper followed



130

the ASTM D3985-17 (ASTM, 2017) procedure. Aluminum foil covered the coated paper that
was placed between two chambers at ambient atmospheric pressure; one chamber was purged
with nitrogen at 23 °C and 50% relative humidity, and the other was purged with oxygen at the
same temperature and relative humidity. After oxygen was transmitted to the nitrogen stream,
a coulometric detector determined the amount of oxygen in 5 test cycles. OTR levels cannot
exceed ten cc/mm2-day to meet food packaging requirements.

2.3  Statistical analysis

The results were submitted to a one-way analysis of variance (ANOVA) and the Scott—
Knott test, at 5% significance, to evaluate the properties of multilayer paper and uncoated

kraftliner paper, which was processed by Sisvar 5.6 Software (Ferreira, 2014).

3. RESULTS AND DISCUSSION

3.1  Investigation of suspensions

Starch and PVOH blends have a separation phase due to the short contribution to mixing
entropy among these polymers (De Gennes, 1979). However, the cationization of starch and
the addition of glycerol to the suspension caused the positive charges to form electrostatic bonds
with the negatively charged spots of PVOH. This interaction, with hydrogen bonding among
glycerol, PVOH, and water, and physical entanglement resulted in a single-phase suspension
for the evaluated blends, showing great synergy (Tian et al., 2017), as indicated in Figure 2.
Sin et al. (2010) investigated the hydrogen bonding between starch and PVOH through
computational modeling and experimental FT-IR, confirming the compatibility and stability of

the blend in a water suspension.
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Figure 2 - Sketch of blend suspensions in deionized water with complementary proportions
(m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic starch (S) and poly(vinyl alcohol)(P).
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Schematic representation of increase and decrease of pH, solid content, and viscosity when adding
poly(vinyl alcohol) to cationic starch/glycerol matrix (A); suspension of: 100% (m/m) cationic
starch/glycerol (B), 75% (m/m) cationic starch/glycerol and 25% (m/m) poly(vinyl alcohol) (C), 50%
(m/m) cationic starch/glycerol and 50% (m/m) poly(vinyl alcohol) (D), 25% (m/m) cationic
starch/glycerol and 75% (m/m) poly(vinyl alcohol) (E), 100% (m/m) poly(vinyl alcohol) (F); chemical
representation of cationic starch, glycerol, poly(vinyl alcohol) and their possible intermolecular
interactions (G); and scanning electron image of cationic starch granule (H).
Source: From the author (2023).

Cationic starch exhibits high viscosity at low solid contents due to gelatinization with
water ingress into the granule structure (Radosta et al., 2004). Ranging from 4.2+0.1% at
4,707.7£3.1 cP to 19.0+ 0.2% at 331.3+1.5 cP, with the addition of 25% PVOH to cationic
starch the suspension decreased the viscosity dramatically by approximately 4,200 cP (Table
1). Subsequently, the viscosity decreased by 2% when more 25% PVOH was added due to the
retrogradation of starch from mechanical agitation and electrostatic bonds between polymers

(Ebnesajjad, 2012). Solid content and viscosity conditions affect the formation of film during
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the coating process, influencing the quality and mechanical improvement of the multilayer
paper. Very viscous suspensions are difficult to spread and require high pumping forces. The
less viscous ones favor penetration in the paper, and an appropriate film is not formed (Thébault
etal., 2017).

Sakkara et al. (2020) studied the effect of pH on the barrier properties of unmodified
starch films. The pH influences the properties of permeability to oxygen and water vapor due
to increased starch crosslinking. Starch hydrolysis is minimal in suspensions of pH > 4 with
cure at temperatures < 105 °C (Olsson et al., 2013). The pH values of the suspensions ranged
from 6.0£0.1 to 7.8+£0.1 within this pH range.

3.2 Physical, morphological, and thermal characterization

Thickness and density directly influence the barrier properties of oil, water, water vapor,
and gases, as continuous layers are needed to produce a barrier property (Yang et al., 2022;
Heinz, Stephan, and Gambaryan-Roisman, 2021). Pure polymer and blend suspensions formed
a uniform film on the kraftliner paper with a low standard deviation for the thickness
considering a similar grammage, as shown in Table 2 and Figure 3. The surface of the starch
film shows greater roughness and discontinuity, suggesting a lower barrier property (Figure
3G).

Table 2 - Multilayer paper thickness, density, and thermal degradation temperature
characterization.

Sampl Paper thickness Paper density Tonset Thar Thermodegradation
e (mm) (g/cm?3) (°C) (°C) final residues (%)
Cl 0.125+0.001 @ 0.691 £ 0.002 @ 308 344 18.5
C2 0.124 £ 0.002 @ 0.689 + 0.003 ® 307 344 18.4
S 0.147 £ 0.003 © 0.693 +£0.014° 303 342 16.9
S3:1P 0.143 +0.004 ¢ 0.711+0.030° 306 342 17.9
S1:1P 0.141 +0.003 ¢ 0.720+£0.015° 298 340 14.6
S1:3P 0.138 £ 0.002 © 0.738 £0.032° 302 341 15.9
P 0.134 +£0.003° 0.756 + 0.018¢ 274 332 14.5

Tonset: Temperature at the beginning of the thermal event. Trar: Temperature at 50% mass loss.
Average value + standard deviation. The same letters in the columns do not differ according to the

Scott—Knott test at 5% significance. Control treatments with no coating (C1) and double wet-and-dry
(C2). Blend treatments with complementary proportions (m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic
starch (S) and poly(vinyl alcohol) (P).

Source: From the author (2023).
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Figure 3 - Typical scanning electron microscopy images of multilayer paper surface (A, D, G,
J, M) and cross-section (B, C, E, F, H, I, K, L, N, O).

Surface

Cross section Cross section

) 5 e |
Control treatments with no coating (C1) (A, B, C) and double wet-and-dry (C2) (D, E, F). Blend
treatments with complementary proportions (m:m) of 1.0 (G, H, I), 3:1 (J, K, L), and 0:1 (M, N, O) of
cationic starch (S) and poly(vinyl alcohol) (P).

Source: From the author (2023).

Adding PVOH to cationic starch and pure PVOH generated films with excellent surface
uniformity, as seen in Figures 3J and 3M, respectively. The greater package thickness with

lower density is observed in packages coated with cationic starch, which results from the high
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viscosity of the starch. When dried, the amorphous structures remain separate, decreasing the
density of the coated paper. In addition, part of the cationic starch appears to penetrate the
paper’s pores, pushing the fibers away (Figures 3G, 3H, and 31). On the other hand, the linear
chains of PVOH (Figures 3M, 3N, and 30) are well adjusted to low viscosity, become less thick
after drying and, consequently, exhibit a higher density (Wang et al., 2013). The blends showed
intermediate thicknesses and densities between the two pure polymers, as seen in Figures 3J,
3K, and 3L. Finally, an increase in density is observed when PVOH is added to the cationic
matrix of starch.

The network of flattened fibers formed by the kraftliner paper creates uneven and porous
structures along its entire surface, as suggested in Figures 3A and 3D. Pores transport water,
water vapor, oil, and gases through paper (Zhang, Xiao, and Qian, 2014). It is also possible to
observe an increase in the paper's pores for the C2 sample, generating an increase in the standard
deviation of thickness and density. The pore heterogeneity and the surface (Figures 3E and 3F)
can facilitate the displacement of water and gases through the paper. On the other hand,
interlacing these fibers contributes positively to the mechanical strength for use as packaging,
as well as the thermal response of the paper fibers.

Thermogravimetric analysis was performed to understand the behavior of the multilayer
papers with increasing temperature. The thermogravimetric analysis of papers coated with
blends of cationic starch and P\VOH can be divided into three phases (Figure 4A). The first
decay in the thermographic curve refers to the dehydration of the coated paper with physical
elimination by vaporization or breaking of trapped water. This process is not considered
degradation (Abral et al., 2019; Mohammadkazemi, Azin, and Ashori, 2015; Liu et al., 2013).
After the adsorbed water is lost, the starch-coated paper remains stable until thermal
degradation starts at 303 °C, and PVOH-coated paper starts at 274 °C (Table 2). The coated
papers analyzed exhibited similar thermal behavior, ending with a temperature close to 375 °C.
However, the beginning of mass loss occurred in the paper coated with PVOH before the other
coated papers, with a temperature at a maximum degradation rate of approximately 11-14 °C
difference (Figure 4B).



135

Figure 4 - Thermogravimetry curves (A) and the first derivative (B) of multilayer paper with
cationic starch and poly(vinyl alcohol) blends and control papers.
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Control treatments with no coating (C1) and double wet-and-dry (C2). Blend treatments with
complementary proportions (m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic starch (S) and poly(vinyl
alcohol) (P).

Source: From the author (2023).

The significant mass loss observed for the kraftliner multilayer papers is due to the
depolymerization of hemicelluloses, cellulose decomposition, and lignin degradation.
Hemicelluloses have amorphous structures with random arrangements, favoring hydrolysis
(John and Thomas, 2008; Yang et al., 2006). Cellulose, as a semicrystalline polymer, improves
the thermal stability of papers. The crystalline structure break is mainly responsible for mass
loss (Mohammadkazemi, Azin, and Ashori, 2015; Vazquez et al., 2013). Due to its crosslinked
structure and high molecular weight, the lignin component is difficult to degrade completely
and among the last components to degrade (John and Thomas, 2008; Yang et al., 2006).

Yang et al. (2013) suggested that before starch macromolecules are converted into
volatile products with low molecular weights, the macromolecules undergo intermediate
physical and chemical changes. For cationic starch, other reactions occur that involve the
scission of cationic groups, decreasing the temperature of thermal degradation. Sin et al. (2011)
evaluated the thermal degradation and activation energy of blends of PVOH with cassava
starch. The authors verified that starch presents better thermal resistance due to its cyclic
hemiacetal structure, which is less susceptible to thermal attacks. The blends increased the
thermal stability of PVOH by 40-50%.

3.3 Fourier transform infrared spectroscopy (FT-IR)
The FT-IR spectra of functional groups found in lignocellulosic materials, such as

kraftliner paper (Figure 5), are characterized by peak bands at 3,310 cm™, which are attributed

to the stretching of OH from molecules of water, cellulose, starch, glycerol, and PVOH, and a
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peak at 2,880 cm™, which is attributed to the stretching vibration of CH groups of cellulose,
starch, and PVOH (Han et al., 2013). There is a sequential decrease in the intensity of the OH
stretching peak. The blend components' more significant and intense interactions can contribute
to this decreased peak. The disappearance of the 3,310 cm™ peak might result from OH group
interactions in the molecular chains of P\VOH with the kraftliner paper.

Figure 5 - Fourier transform infrared spectroscopy characterization of kraftliner coated paper.
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Control treatments with no coating (C1) and double wet-and-dry (C2). Blend treatments with
complementary proportions (m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic starch (S) and poly(vinyl
alcohol) (P).

Source: From the author (2023).

The 1,610 cm™® peak, which was observed in the samples coated with pure PVOH and
cationic starch and in control samples C1 and C2, is related to the HOH- stretching vibration of
the water adsorbed by hydroxyl groups (Chen et al., 2016). For PVOH, C=0 is attributed to the
1,730 cm™ peak and C-O-C to the 831 cm™ peak (Mansur et al., 2008). Both peaks were not
observed on kraftliner papers coated with a blend of cationic starch and PVOH. The interaction
of cationic starch, PVOH, and glycerol may have masked the appearance of these peaks in
samples coated with S3:1P, S1:1P, and S1:3P.

The bands that vary in the 1,610 cm™ and 1,250 cm™ range are characteristic of the

uronic ester groups and ester bonds of the carboxylic group of ferulic and p-coumaric acid,
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which are present mainly in lignin and hemicelluloses, and are more evident in C1 treatments
and C2 since there is no coating in these samples (Miao, Lin, and Bian, 2020; Bian et al., 2019).

An intense peak at 990 cm™ is attributed to the crystalline region of starch (Abdulla et
al., 2018). However, the peak is not observed due to starch cationization and irreversible
breakage of the crystalline structure during gelatinization. The bands at the peaks at 1,130 cm"
11,010 cm?, and 739 cm™ are related to the elongation of the starch's CO, COH, and COC
bonds (Akhavan, Khoylou, and Ataeivarjovi 2017; Prachayawarakorn et al., 2013). Similar
behavior was also observed by Hamdani et al. (2022), confirming that the polymers exhibited

good interactions and good adhesion to kraft paper.
3.4  Paper water and oil resistance

Barrier properties determine the applicability of multilayer papers; for the water barrier,
the contact angle with water and wettability measure the paper’s hydrophobicity/hydrophilicity
(Figure 6A). Contact angles greater than 90° indicate that the materials are hydrophobic
(Bacovska et al., 2016). The highest contact angle was observed for the control paper coated
with water. The double drying of the paper caused a process of hornification (Mascarenhas et
al., 2022), which caused an increase in the porosity of C2 and in the water contact angle. In
addition, the surface roughness generated air trapping between the fiber network of the paper,

making its surface more hydrophobic (Samyn, 2013).

Figure 6 - Properties of multilayer paper of water contact angle, wettability (A), water vapor
transmission rate (WVTR), and Water vapor permeability (WVP) (B).
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Control treatments with no coating (C1) and double wet-and-dry (C2). Blend treatments with
complementary proportions (m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic starch (S) and poly(vinyl
alcohol) (P).

Source: From the author (2023).
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On the other hand, papers coated with PVOH and cationic starch presented contact
angles smaller than 90° due to the hydrophilic nature of their polymer chain. Papers with PVOH
contents of 50 wt.% or more had an even smaller contact angle with water (close to 64°). PVOH
showed a good spread over the paper surface with low thickness, as seen in the previous session.
The coated paper’s smoothness generated a lower contact angle by facilitating water spread
across the surface (Tan, Da Silva, and Demarquette, 2001). Wettability, indicating waterdrop
angle absorption as a function of time, was also higher for papers coated with both polymers,
reaching 0.08 °/s for the S sample. Measuring the water contact angles applied to coated paper
is helpful. However, the paper's barrier to water penetration is influenced by other
characteristics, such as surface roughness, porosity, and film formation as a physical block
(Samyn, 2013).

Multilayer papers were also evaluated for water vapor resistance (Figure 6B). The
parameters of water vapor transmission rate (WVTR) and water vapor permeance (WVP)
presented the same behavior. Control samples and samples with starch content greater than 50%
showed high WV TR values, with values greater than 1,080 g/m2.day. All amorphous and porous
polysaccharides with hydrogen bonds are highly susceptible to WVTR due to the disruption of
these bonds (Chi and Catchmark, 2018). By adding a ratio of 1:1 cationic starch:PVOH, the
WVTR decreased by 38% compared to that of the control treatment. In the proportions of
PVOH 1:3 and 0:1, the WVTR still reached 57% less WVTR. The mixture of cationic starch
and PVOH in a 1:3 ratio formed a network with a three-dimensional structure with intensified
intermolecular bonds, leading to the lowest WVTR of 586+23 g/m2.day.

As another water barrier analysis, the Cobb test indicated that water absorption was high
for samples containing cationic starch, as the level reached 189+2 g/m? (Table 3). Starch has
few molecular interactions due to its hydrophilic nature and forms an intrinsic dense
interdiffusion film with water barrier properties, splitting the starch chains up and promoting
film swelling (Chi, Wang, and Catchmark, 2020). In addition, the porosity and surface
roughness of the films can contribute to increased water absorption (Hu et al., 2009). The
addition of PVOH caused a decrease in water absorbency, similar to what was found elsewhere
(Lago et al., 2021; Rodrigues et al., 2020; Lin et al., 2017), while the pure PVOH coating
maintained a Cobb similar to the control treatments.
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Table 3 - Water absorbency and oil resistance of multilayer paper.

Oil kit test*

Sample Cobb test (g/m?) Surface Fold
C1 37+1¢° 0 0
C2 36+1° 0 0

S 189 +2¢ 10 0
S3:1P 138 + 94 12 1
S1:1P 115 +5¢ 12 1
S1:3P 68 +17° 12 1

P 34+1¢° 12 1

* Oil kit test number according to T 559 cm-12 (TAPPI, 2012). Average value * standard deviation.
The same letters do not differ according to the Scott—Knott test at 5% significance. Control treatments
with no coating (C1) and double wet-and-dry (C2). Blend treatments with complementary proportions

(m:m) of 1:0, 3:1, 1:1, 1:3, and 0:1 of cationic starch (S) and poly(vinyl alcohol) (P).
Source: From the author (2023).

On the other hand, the blends showed a sound oil barrier (Table 3) due to both polymers’
polarity and cohesive energy (Chen et al., 2021). Paper is a porous material with high oil
permeation, causing a decrease in packaging quality (Zhang, Xiao, and Qian, 2014). Tests were
performed on multilayer paper surfaces and folds, imitating the use of packaging. The starch
presented the kit oil n. 10, with zero resistance when paper is folded. When PVOH was added
to cationic starch for all proportions, the coated papers increased the oil resistance to kit n. 12
for the surface, maximum resistance, and kit n. 1 for folded coated paper samples. PVOH is a
well-known oil-resistant polymer (Spagnol et al., 2018), promoting suitable packaging for oil
resistance.

As a surface characterization, the surface free energy relates to the barrier properties of
multilayer papers (Figure 7). Higher surface free energy promotes more efficient ink dispersion
in coated paper, reducing the use of paint in the paper industry, hence eliminating the
requirement of corona charge treatment (Mascarenhas et al., 2022; Shenoy and Shetty, 2022;
Lopes et al., 2018). The polar phase of the surface free energy expresses the presence of
available polar groups, such as hydroxyls (Shahbazi, Rajabzadeh, and Sotoodeh, 2017). The
lowest value of the polar phase was observed by the C1 control with 0.2+0.5 mN/m, in which
the hydroxyl groups were unavailable. The paper hydroxyl groups were again accessed by
double wet-and-dry (Samyn, 2013). The hydrophilic functional groups present in PVOH and
starch influence the increase in the polar phase of free energy, reaching 7.2+4.1 mN/m for 100%
PVOH. For all samples, the dispersed phase was considerably higher than the polar phase,

which was also found by Zotek-Tryznowska and Holica (2020).
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Figure 7 - Properties of multilayer coated paper surface free energy with their dispersed and
polar phases.
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Source: From the author (2023).

3.5  Oxygen barrier

Uncoated papers C1 and C2 have a shallow oxygen barrier due to their high porosity,
which was confirmed by SEM images, with values above 10,000 cm3/(m2.day), as shown in
Figure 8. The starch-coated paper also exhibited a low oxygen barrier. The rupture of
intramolecular and intermolecular hydrogen bonds favors the permeation of oxygen molecules
(Gao et al., 2012). As seen in Section 3.2, the cationic starch film still shows discontinuities in
the kraftliner paper. Furthermore, the starch chains are randomly disorganized in the amorphous
regions, allowing the diffusion of oxygen molecules (Liu et al., 2016; 2022). The crystalline
structure of natural starch is impermeable to small molecules; however, the gelatinization
process irreversibly disrupts this structure (Yilmaz et al., 2004).

Figure 8 - Oxygen transmission rate of multilayer paper.
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PVOH coatings, on the other hand, have a high oxygen barrier under low drying
conditions, which decreases in highly humid environments (Tsurko et al., 2017). Oxygen is a
nonpolar molecule and does not establish significant interactions with the PVOH hydroxyl
groups. Furthermore, the polymeric fit increases the hydrogen bonds between the PVOH chains
(Peng et al., 2006). Grunlan et al. (2004) confirmed more than 500% increase in O
permeability with an increase in relative humidity from 0% to 55%. The starch and PVOH
blends maintained the oxygen barrier property of PVOH with up to 75 wt.% cationic starch,
with average values lower than 10 cm3/(mm2.day). Coating paperboard with starch and PVOH,
Javed, Ullsten, and Jarnstrom (2017) found that samples containing glycerol contained defects
in the coating bilayers, increasing the OTR of the paper. Furthermore, the authors verified that
by using citric acid as a plasticizer, the film remained free of defects and the OTR remained
lower than 1 cm3/(mm2.dm3ay), which was confirmed by Javed et al. (2016) and Olsson et al.
(2013), even in high humidity.

OTR values close to zero are desirable for food packaging, such as packaging for fresh
meats, cheeses, soluble coffee, seeds, baked goods, vegetables, and fruits (Stocchetti, 2012).
Wang et al. (2018) suggested that for low OTR and WVTR values between 100 and 1000
g/(m2.day), packaging should be used for cheese, baked products, fruits, vegetables, and salads.
Considering the water resistance presented by the PVOH and cationic starch blends, using
multilayer paper is more suitable with dried products.

The addition of cationic starch in blends with PVOH as a coating on kraftliner paper,
which was presented in this article and obtained similar results to starch-PVVOH blends, exhibits
potential for reducing nonrenewable material and potential for biodegradability, contributing to
the production of ecological packaging.

4. CONCLUSION

The present work contributes with detailed information about the application and
performance of different cationic starch/glycerol:PVOH blends as paper coating for different
functional barriers (oil/grease, water, water vapour, and O2). Suspensions of cationic starch and
PVOH blends showed good synergy. The suspension viscosity decreased with the addition of
PVOH to the starch matrix, which may have been caused by starch retrogradation and
adjustment to PVOH chains. Papers coated with more than 25 wt.% cationic starch showed
increased temperature at the maximum degradation rate. In addition, the coatings showed good

adhesion to the paper without spaces in the interface, as confirmed by SEM images, while filling
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the pores of the kraftliner paper in the coating area. The coated paper showed low water
resistance by water contact angle tests, wettability tests, and Cobb tests due to the hydrophilic
nature of both polymers. On the other hand, compared to the control paper, the kraftliner coated
papers showed resistance to oil/grease and decreased water vapor permeability. The addition of
cationic starch up to 75 wt.% to the PVOH matrix did not decrease the oxygen resistance of the
PVOH, assisting in the incorporation of renewable material in the manufacture of kraftliner
coated paper with a barrier function. However, the water vapor permeability remained low due
to the proportion of 25 wt.% cationic starch. Therefore, blends formed by high-viscosity
cationic starch, glycerol, and PVOH showed great potential for kraftliner coating, which are
related to the PVOH ratio in those blends, mainly for packaging applications that require
reduced O2 permeability and resistance to oil/grease, as used in kraftliner coated paper for no
moistened products. This study has contributed with more detailed knowledge about chemical
interactions of cationic starch and PVOH, microstructure, about performance of the ensuing
coated papers, to the search for more sustainable packaging and consists of data support for
theoretical studies. Additional work is still valuable for optimizations of performance, to
improve the relationship between biodegradable and renewable materials, the waterproof

properties and for maintaining paper as low-cost solutions for the packaging sector.
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SIXTH PART

1. THESIS CONCLUSIONS

The process of manufacturing coatings for kraftliner paper to create packaging with a
physical barrier to gases and liquids was compared in this work by adding various polymers
and natural ingredients to a cationic starch matrix. To assess how water, water vapor, oil/grease,
and oxygen affect the performance of coatings, carnauba wax (W), bentonite (B), and
poly(vinyl alcohol) (P) were added to cationic starch (S) and compared to uncoated paper (C1),
as well as a double dry and wet paper (C2).

The modified starch biopolymer and natural carnauba wax composite displayed good
compatibility (paper 1). Through retrogradation, their contact reduced the viscosity of the
starch. Additionally, the composite raised the melting point of the wax, preventing it from
completely entering the paper's pores and producing a layer on top of the kraftliner paper.
Adding carnauba wax to the starch enhanced the surface free energy of the coated sheets' water
contact angle and decreased its dispersion and polar phases. On the other hand, starch boosted
the material's oil resistance while lowering the wettability introduced by the wax. The
introduction of glycerol and polysorbate 80 was a likely reason why the water vapor
permeability rate did not change. Although the water absorption produced by the starch/wax
interaction remained lower than that of the different polymers, it was not less than that of the
kraftliner control papers. Regarding the mechanical strength, it appears that the reduction in
tensile strength and Tensile stiffness of the coated sheets introduced by hornification was
predominantly caused by water in the suspensions.

The cationic starch biopolymer and bentonite added together interacted well (paper 2).
The suspension viscosity was reduced due to the bentonite exfoliation procedure. In addition,
compared to a pure cationic starch coating, adding bentonite to the starch reduced the
wettability and water absorption of the coated paper in the Cobb test. By reducing the polar
phase of the surface energy and increasing the dispersed phase, 7 wt.% of bentonite increased
the oil resistance of the oil kit coating from 10 to 12. Regarding the mechanical strength, it is
also confirmed that the water in the suspensions played a major role in lowering the tensile
strength and the Tensile stiffness of the coated sheets induced by the hornification.

Blends of cationic starch and poly(vinyl alcohol) demonstrated good synergy, with
suspension viscosity falling as poly(vinyl alcohol) was added to starch (paper 3). At the

maximal degradation rate, papers coated with more than 25 wt.% cationic starch showed an
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elevated temperature. Additionally, as shown by scanning electron microscopy images, the
coatings filled the pores of the kraftliner paper in the coating region. The coatings strongly
adhered to the paper without causing voids in the interface. Due to the hydrophilic properties
of both polymers, the coated paper showed low water resistance in water contact angle tests,
wettability tests, and Cobb tests. In contrast, the multilayer papers displayed lower water vapor
permeability and oil/grease resistance than that of the control paper. The use of renewable
material in creating multilayer paper with a barrier function was made possible by adding
cationic starch up to 75 wt.% to poly(vinyl alcohol). However, the water vapor permeability
remained low because there was a fraction of 25 wt.% cationic starch. Blends made of cationic
starch, glycerol, and poly(vinyl alcohol) demonstrated significant potential for multilayer
packaging for nonmoisturized goods using kraftliner coating.

The interaction between biodegradable and renewable materials, such as waterproof and
affordable packaging, still needs much improvement. There is certainly room for improvement
in terms of achieving excellent barriers. However, we are aware that finding a biodegradable
substance made from a cost-effective renewable resource to produce high-quality packaging
takes time and effort.

Future research should focus on increasing the solids content while maintaining the pH
levels of all suspensions above four and the viscosities between 1,000 and 3,000 cP. To promote
spreading, it is also essential to mix starch into carnauba wax with the least amount of emulsifier
possible and raise the solids content of both starch and poly(vinyl alcohol). To increase the
wettability of papers, poly(vinyl alcohol) and starch could be applied as a first layer and a
hydrophobic coating as a second layer. To minimize packaging problems and enhance packing
performance, an elastic substance or polymer, such as micro/nanofibrils, should be added to
improve the fold of the kit oil.

To foster a positive relationship between people and the environment and create more
environmentally friendly packaging for a bright future, we aspire to improve our understanding

of green materials and cationic starch.



