7 AUFLN

UNIVERSIDADE FEDERAL DE LAVRAS
CLEYSON SANTOS DE PAIVA

VALORIZACAO DO CIPO-TITICA (HETEROPSIS
FLEXUOSA) E OLEO DE ANDIROBA
(CARAPA GUIANENSIS) PARA A PRODUCAO DE FILMES
CELULOSICOS
FUNCIONALIZADOS

LAVRAS - MG
2024



CLEYSON SANTOS DE PAIVA

VALORIZACAO DO CIPO-TITICA (Heteropsis flexuosa) E OLEO DE ANDIROBA
(Carapa guianensis) PARA A PRODUCAO DE FILMES CELULOSICOS
FUNCIONALIZADOS

Tese apresentada a Universidade Federal de
Lavras, como parte das exigéncias do Programa
de Poés-Graduacdo em Engenharia de

Biomateriais para obtencéo do titulo de Doutor.

Profé. Dré. Marali Vilela Dias (UFLA) — Brasil
Orientadora
Prof?. Dr2. Fabiana da Silva Felix (UFLA) — Brasil
Coorientadora

LAVRAS - MG
2024



Ficha catalogréfica elaborada pelo Sistema de Geragéo de Ficha Catalografica da Biblioteca
Universitaria da UFLA, com dados informados pelo(a) préprio(a) autor(a).

Paiva, Cleyson Santos de.

Valorizagdo do cip6-titica (Heteropsis flexuosa) e 6leo de
andiroba (Carapa guianensis) para a producdo de filmes celulésicos
funcionalizados / Cleyson Santos de Paiva. - 2024.

79 p.

Orientador(a): Marali Vilela Dias.

Coorientador(a): Fabiana da Silva Felix.

Tese (doutorado) - Universidade Federal de Lavras, 2024.
Bibliografia.

1. Biopolimeros. 2. Biodegradacao. 3. Nanotecnologia. . Dias,
Marali Vilela. 1l. Felix, Fabiana da Silva. I1l. Titulo.




CLEYSON SANTOS DE PAIVA

VALORIZACAO DO CIPO-TITICA (Heteropsis flexuosa) E OLEO DE ANDIROBA
(Carapa guianensis) PARA A PRODUCAO DE FILMES CELULOSICOS
FUNCIONALIZADOS
VALUATION OF CIPO-TITICA (Heteropsis flexuosa) AND ANDIROBA OIL (Carapa
guianensis) FOR THE PRODUCTION OF FUNCTIONALIZED CELLULOSE FILMS

Tese apresentada a Universidade Federal de
Lavras, como parte das exigéncias do Programa
de PoOs-Graduacdo em Engenharia de
Biomateriais, area de concentracdo em Ciéncia
e Tecnologia de Alimentos para a obtencdo do
titulo de Doutor.

APROVADA em 09 de maio de 2024.
Dr. Mario Vanoli Scatolino UFERSA
Dr. Matheus Cordazzo Dias UEAP

Dr. Danillo Wisky Silva UFLA

Dr. Mario Guimaraes Junior CEFET/MG

Dr2. Marali Vilela Dias UFLA
Orientadora

LAVRAS - MG
2024



AGRADECIMENTOS

E com profunda emocéo e imensa gratiddo que expresso meus agradecimentos a todos
que tornaram possivel a conclusdo deste trabalho de pesquisa e, por conseguinte, a realizacdo
do meu doutorado, entre elas temos: Adriano Mascarenhas, Mario Scatolino, Marali Dias,
Gustavo Tonoli, Danillo Wisky, Felipe Gomes, Carine Setter, Rafael Lago, lanca Borges,
Matheus Dias, Fabiana Felix, Francisco Tarcisio, Arielle Sayame Castro Uchda, Vilma
Gregolon Santos, Claubenil Sebastido Botelho de Paiva, Neuza, Hedoelson, Helen Santos de
Paiva, Wanderson Santos de Paiva, Valentim, Philippe Paul Robert Batardiere e Célia Paiva.
Esta jornada foi desafiadora, repleta de descobertas e aprendizados, e ndo teria sido possivel
sem 0 apoio generoso e dedicado de muitas pessoas e institui¢oes.

Em primeiro lugar, quero expressar minha sincera gratiddo a minha orientadora, Marali
Vilela Dias, cuja orientacdo sabia, paciéncia e encorajamento constante foram fundamentais
para o desenvolvimento desta tese. Sua expertise e comprometimento com a exceléncia
académica foram fontes de inspiracdo, guiando-me em cada etapa do processo de pesquisa.

A banca examinadora, agradeco a avaliagio criteriosa e valiosas contribui¢des que
enriqueceram significativamente o conteddo desta. Suas observacBes e sugestfes foram
essenciais para aprimorar a qualidade do trabalho e ampliar sua relevancia no contexto
académico.

Meus sinceros agradecimentos se estendem aos colegas de laboratdrio e aos amigos que
compartilharam suas ideias, experiéncias e apoio ao longo deste percurso. Suas contribui¢fes
foram inestiméaveis, tornando a jornada mais rica em experiéncias e mais prazerosa.

A minha familia, expresso minha profunda gratidio pelo amor incondicional,
compreensdo e apoio constante. Seu encorajamento foi minha &ncora nos momentos
desafiadores, e seu orgulho nas minhas conquistas foi minha fonte de motivacao.

A Universidade Federal de Lavras (UFLA) e todos os seus colaboradores, agradeco a
infraestrutura, recursos e ambiente propicio a pesquisa. Agradeco também as agéncias de
fomento que tornaram possivel a realizacao deste projeto.

Agradeco ao Programa de PoOs-Graduacdo em Engenharia de Biomateriais
(PPGBIOMAT), ao Programa de Pds-Graduacdo em Ciéncia e Tecnologia da Madeira
(PPGCTM), & Fundacdo de Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG), a
Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES), ao Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPQ), a Rede Brasileira de Pesquisa
em Comp0sitos e Nanocompositos Lignocelulésicos (RELIGAR) e a Universidade do Estado
do Amapa (UEAP) pelo apoio, incentivo e ajuda.



RESUMO

O crescente uso de polimeros derivados de petroguimicos, como os plasticos, pode causar danos
ambientais significativos, desestabilizando ecossistemas, uma vez que séo frequentemente
descartados de forma inadequada, resultando na poluicao de ecossistemas terrestres e aquéaticos.
Uma alternativa para reduzir esses impactos € a adocao de polimeros com fonte natural, como
a celulose, presente em varios vegetais. A pesquisa sobre a producao, caracterizacao e aplicacédo
em escalas nanométricas da celulose, especificamente as nanofibrilas celulésicas (NFC), esta
crescendo devido seu potencial para producdo de filmes, com o intuito de oferecer solucgdes
sustentaveis. O uso de matérias-primas ainda pouco exploradas aumenta o apelo sustentavel,
sendo o cipd-titica (Hf) um material viavel nesse contexto. Algumas substancias, como os 6leos
vegetais, podem ser adicionadas aos filmes para conferir propriedades funcionais. Um exemplo
é 0 6leo de andiroba, conhecido por suas propriedades antibacterianas e inseticidas. Este estudo
produziu e caracterizou filmes a base de cipo-titica funcionalizados com éleo de andiroba,
avaliando suas propriedades mecanicas, de barreira, biodegradabilidade e atividade
antioxidante. Os filmes de Hf foram estabilizados com 5% (m/m) de Hidroxipropilmetilcelulose
(HPMC) e adicionados com diferentes concentracdes de dleo de andiroba (OA) emulsionados
com 2% (m/m) de Tween 80:0, 1, 3 e 5%, sendo os percentuais em funcdo do teor de sélidos de
Hf em 1%. A adicdo de dleo de andiroba elevou a viscosidade das suspensdes e alterou as
propriedades fisicas dos filmes. O uso do 6leo de andiroba resultou na formacao de filmes com
menor degradacdo em meio aquoso, maior angulo de contato e menor capacidade de
molhamento, embora apresentassem uma permeabilidade consideravel ao vapor de agua. O
filme denominado Anl exibiu carater hidrofébico, com um angulo de contato superior a 93,07°
, € uma resisténcia a perfuracdo mais elevada de 6.70 N mm-1. Por outro lado, os filmes An3
exibiram maior transparéncia e biodegradabilidade, enquanto os filmes An5 resultaram em
peliculas mais opacas com uma temperatura de degradacdo térmica superior e atividade
antioxidante elevada. Os filmes derivados de fibras de Hf funcionalizados com 6leo de andiroba
demonstraram potencial como materiais de embalagem para produtos leves e com baixo teor

de umidade, devido as suas propriedades téermicas e de barreira adequadas.

Palavras-chave: Biopolimeros. Biodegradacdo. Consumo energético. Nanotecnologia.



ABSTRACT

The increasing use of petrochemical-derived polymers, such as plastics, can cause significant
environmental damage, destabilizing ecosystems, as they are often improperly disposed of,
leading to pollution of both terrestrial and aquatic ecosystems. An alternative to mitigate these
impacts is the adoption of polymers from natural sources, such as cellulose, found in various
plants. Research on the production, characterization, and application of cellulose at nanometric
scales, specifically cellulose nanofibrils (NFC), is growing due to their potential for producing
films, aiming to provide sustainable solutions. The use of underexplored raw materials enhances
sustainability appeal, with titica vine (Hf) being a viable material in this context. Some
substances, such as vegetable oils, can be added to the films to confer functional properties. An
example is andiroba oil, known for its antibacterial and insecticidal properties. This study
produced and characterized films based on titica vine functionalized with andiroba oil,
evaluating their mechanical, barrier, biodegradability, and antioxidant activity properties. The
Hf films were stabilized with 5% (w/w) Hydroxypropyl Methylcellulose (HPMC) and added
with different concentrations of andiroba oil (AO) emulsified with 2% (w/w) Tween 80: 0, 1,
3, and 5%, with percentages based on the solid content of Hf at 1%. The addition of andiroba
oil increased the viscosity of the suspensions and altered the physical properties of the films.
The use of andiroba oil resulted in the formation of films with less degradation in aqueous
media, a higher contact angle, and a lower wetting capacity, although they exhibited
considerable water vapor permeability. The Anl film exhibited hydrophobic character, with a
contact angle greater than 93.07°, and higher puncture resistance of 6.70 N mm-1. On the other
hand, the An3 films showed greater transparency and biodegradability, while the An5 films
resulted in more opaque films with a higher thermal degradation temperature and elevated
antioxidant activity. Films derived from Hf fibers functionalized with andiroba oil
demonstrated potential as packaging materials for lightweight and low moisture content

products, due to their suitable thermal and barrier properties.

Keywords: Biopolymers. Biodegradation. Energy consumption. Nanotechnology. Andiroba

oil. Cipo-titica.



INDICADORES DE IMPACTO

A pesquisa sobre a funcionalizacdo de micro/nanofibrilas de celulose (MFC/NFC) de
Heteropsis flexuosa com 6leo de andiroba para produzir filmes de embalagens tem impactos
significativos em varias areas. Socialmente, promove 0 uso sustentavel de recursos da
Amazobnia, criando empregos e incentivando a conservacdo ambiental. Tecnicamente,
desenvolve filmes biodegradaveis com propriedades melhoradas, como resisténcia e
hidrofobicidade, que podem substituir plasticos convencionais e reduzir o impacto ambiental.
Economicamente, pode criar uma nova cadeia de valor, diminuir custos de producéo e estimular
a economia local. Culturalmente, valoriza o conhecimento tradicional e fortalece a identidade
cultural da regido, promovendo a colaboracdo entre cientistas e comunidades locais. Em
resumo, a pesquisa promove um futuro mais sustentavel e integrado, com desenvolvimento
social, avancos tecnoldgicos, crescimento econdmico e valorizacao cultural.

IMPACT INDICATORS

The research on the functionalization of micro/nanofibrils of cellulose (MFC/NFC) from
Heteropsis flexuosa with andiroba oil to produce packaging films has significant impacts in
various areas. Socially, it promotes the sustainable use of Amazonian resources, creating jobs
and encouraging environmental conservation. Technologically, it develops biodegradable films
with improved properties, such as strength and hydrophobicity, which can replace conventional
plastics and reduce environmental impact. Economically, it can create a new value chain, lower
production costs, and stimulate the local economy. Culturally, it values traditional knowledge
and strengthens the cultural identity of the region, promoting collaboration between scientists
and local communities. In summary, the research promotes a more sustainable and integrated
future, with social development, technological advancements, economic growth, and cultural
appreciation.
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PRIMEIRA PARTE

1. INTRODUCAO

A Floresta Amazonica apresenta grande variedade de matérias-primas que podem ser
exploradas para a producdo de materiais de valor agregado, de acordo com os principios da
gestdo sustentavel, obtendo melhores alternativas ambientais e sociais. Destarte, a Floresta
oferece uma ampla gama de espécies de madeira, fonte de biopolimeros, como a celulose e
biodegradaveis, como o cip6-titica, e outros produtos florestais ndo madeireiros como 6leos
(PENA et al., 2021). Entre os 6leos extraiveis, destaca-se o de andiroba (Carapa guianensis
Aubletet).

O cipd-titica [Heteropsis flexuosa (Kunth) G.S. Bunting)] € uma matéria prima utilizada
para producdo de utensilios para diversas aplicacdes, entre elas as domésticas, de forma
artesanal (COSTA, BEITUM, 2020). Material este que impulsiona a economia do estado do
Amapa, onde se estima uma producao de até 60 toneladas por ano de fibras advindas das raizes
aéreas da Heteropsis flexuosa (Kunth) G.S. Bunting) - (Hf).

A Empresa Brasileira de Pesquisa Agropecuaria (Embrapa), em parceria com outras
instituicbes publicas do Amapa, vem desenvolvendo estudos na busca de um método
adequado, gque preserve as plantas-maes de Hf, possibilitando ciclos de coleta da mesma area
a cada 5 anos, garantindo a longevidade e a preservacao das florestas (SANTOS, 2018).

O o6leo de Carapa Guianensis Aubletet (ao) ndo exige a queda da sua espécie para
extracdo, mantendo as arvores em estado constante de producdo. Este 6leo desperta interesse
devido seu potencial de desenvolvimento fitoterdpico para producdo de cosméticos
(UITTERHAEGEN; EVON, 2017), repelentes de insetos (BRITO et al., 2020), alimenticia e
farmacéutica (LIRA et al., 2021), para tratamento de ectoparasitas, potencializador de
atividade respiratoria dos microrganismos do solo, facilitando sua degradagdo (COSTA-
SILVA et al., 2008), podendo ser utilizado para funcionalizar filmes de nanofibrilas de
celulose (NFC) para serem aplicados como embalagens ativas.

As NFC, sdo unidades fibrilares que resultam da desconstrucdo da parede celular e de
cadeias de celulose, lineares, com dimensdes nanométricas entre 1 e 100 nm e baixa densidade
(1,566 g/cm3) (ARIFFIN et al., 2018). Devido a sua alta resisténcia mecanica, grande superficie
especifica, baixa toxicidade e alta biodegradabilidade a NFC tém sido exploradas para a
producdo de filmes nanoestruturados e nanocompositos, como o caso da utilizacdo do acai
(SCATOLINO et al., 2022), a fibra de pseudocaule de banana (GUIMARAES et al. 2021), a



14

de juta (FONSECA et al. 2021), a de palmeira de dendezeiro (OKAHISA et al. 2018), a de
sisal (SANTANA et al. 2017), a de bambu (GUIMARAES Jr et al. 2015), entre outros. Esse
material pode ser utilizado em varios tipos de aplicacOes, entre elas: encapsulacdo de farmacos
(KUPNIK et al., 2020); producdo de embalagens e filmes (AHANKARI et al., 2021);
fabricacdo de filmes magnéticos (ARANTES et al., 2019); na industria téxtil (SAREMI et al.,
2020); e como reforgo para matrizes poliméricas (MULLER et al., 2020).

E possivel obter NFC, pela desconstrucéo da parede celular, de origem vegetal por meio
de processos quimicos, como a hidrolise &cida (NCC) ou por meio de processos mecanicos, que
incluem a microfluidizacdo (PERRIN et al., 2020), a sonicacdo (WU et al., 2021), a
homogeneizacao de alta pressdo (KARINA et al., 2020) e a fibrilagdo mecanica (ZENG et al.,
2020). Processos estes, como 0s mecanicos, que sdo mais acessiveis devido a maior existéncia
desses equipamentos em universidades, que ainda necessitam de mais pesquisas para reducédo
de custos (ESPINOSA et al., 2019) e novas tecnologias para estabilizacdo das NFC durante o
processo de obtencdo dos filmes por casting; (SCATOLINO et al., 2022).

A flexibilidade da celulose durante processamento, abre caminho para sua
personalizacdo em variadas aplicacGes, expandindo suas possibilidades no avancgo de produtos
inovadores. Um exemplo é a hidroxipropilmetilcelulose (HPMC) e as nanofibrilas celul6sicas
(NFC), que demonstram promissor potencial. A HPMC, por exemplo, desempenha um papel
crucial na industria alimenticia como emulsificante, estabilizante, suspensor (permitindo que as
particulas sejam distribuidas de uma forma mais homogénea, dificultando sua decantacao) e
formador de filme (TUDOROIU et al., 2021). Os filmes produzidos a partir de HPMC
apresentam notavel resisténcia a 6leos e gorduras, além de serem flexiveis, transparentes, sem
odor e sabor. No entanto, é importante ressaltar que eles podem exibir uma resisténcia mecanica
moderada (LARSSON et al., 2017).

A literatura mostra claramente o potencial do OA para oferecer propriedades
antibacterianas (BRAGA et al, 2020), antiparasitarias, podendo ser utilizado como repelente
(HENRIQUES; PENIDO, 2014) e inseticida (LIN et al., 2021) se adicionado ao filme de NFC,
entre muitos pesquisadores como Mendonga et al. (2022) e Melo et al. (2021) tém se
comprometido a estudar a composicdo quimica deste 0leo. No entanto, hd uma falta de
evidéncias cientificas claras sobre seu papel nas propriedades mecénicas, colorimétricas e
barreiras dos filmes, o que é extremamente importante nas aplicacbes de embalagens.

CaracterizacOes em suspensdes, como estabilidade, e em filmes funcionalizados com 6leos,
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como propriedades mecanicas, aparecem como novidade, uma vez que essas condi¢des ndo séo
amplamente encontradas na literatura.

A incorporacdo de 6leos naturais em filmes e compdsitos nanoestruturados se mostra
possivel pela utilizacdo de surfactante e emulsificante, encontrado também como (Tween 80),
também denominado como polisorbato 80, é uma substancia quimica liquida a condicdes
normais de temperatura e pressdo comercialmente utilizado pela industria de alimentos (YING
et al, 2013), que € anfipatico (AIZAWA, 2009), promovendo a ligacdo entre moléculas que
possuem uma extremidade polar (hidrofilica) e uma extremidade apolar (hidrofdbica)
(SCATOLINO et al., 2022).

Por isso, este estudo prop6s o uso de nanofibrilas de celulose do cipo-titica
funcionalizados com 6leo de andiroba para a producéo de filmes com potencial em embalagens
funcionais, sendo avaliadas suas caracteristicas fisicas, propriedades mecanicas e de barreira,

biodegradabilidade e atividade antioxidante.
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2. OBJETIVOS
2.1 Objetivo geral

Desenvolver e caracterizar filmes de nanofibrilas celulosicas a base de cipd-titica
funcionalizados com dleo de andiroba, visando a obtengdo de embalagens ativas biodegradaveis

e a valorizagdo de espécies nativas.

2.2 Objetivos especificos

1. Levantar a densidade, teores de extrativos, lignina, holocelulose, celulose e
hemicelulose das fibras de cipé-titica.

2. Verificar o consumo energético da producdo das nanofibrilas celulésicas.

3. Avaliar a microestrutura, estabilidade e viscosidade de suspensdes de nanofibrilas
celulésicas de Heteropsis flexuosa (Kunth) G.S. Bunting, adicionadas de HPMC e
Tween 80 com diferentes concentracdes de 6leo de Carapa guianensis Aubletet.

4. Avaliar as propriedades fisicas como porosidade, densidade, gramatura e espessura, a
microestrutura e morfoldgicas, bem como os grupos funcionais, a cristalinidade, as
propriedades Oticas de transmitancia, transparéncia, opacidade e colorimetria,
propriedades térmicas, sua degradagdo em &gua, propriedade de barreira ao vapor de
agua, barreira ao oxigénio e a gorduras, além da propriedade de superficie:
hidrofobicidade/hidrofilicidade (angulo de contato), molhabilidade, e propriedades
mecanicas: tracdo e punctura, capacidade antioxidante e biodegradacao dos filmes de

NFC produzidos a partir das polpas de Heteropsis flexuosa.
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3. REFERENCIAL TEORICO
Esta secdo busca explorar e discutir os principais conceitos, teorias e estudos relevantes

que informam e sustentam a investigacdo em curso.

3.1 Cipé-titica

O cipo-titica pertence a familia Araceae, enraizada na Amazoénia. De suas raizes aéreas
sdo extraidas fibras naturais que sdo empregadas na confeccao de moveis artesanais, utensilios,
cestos e outros objetos domeésticos. Esse cip6 apresenta uma particularidade interessante, pois
emite raizes aéreas extensas que se estendem desde a parte superior das plantas hospedeiras até
o0 solo, alcancando um comprimento impressionante de até 30 metros (CARVALHO et al.,
2015).

A remocao da casca do cipé-titica resulta em um rendimento de aproximadamente 30%
das fibras, o que possui significativa relevancia econdmica para o estado do Amapa,
atualmente o maior produtor. Estima-se que a producdo anual de cipé-titica sem casca por
hectare varie entre 0,5 e 3,0 quilogramas (SANTOS, 2018). No interior do estado do Para, no
municipio do Xingu, a Hf é comercializada por R$ 1,00/kg para o setor atacadista, que 0
revende em outras regides do estado por R$ 5,94/kg. O consumidor final local pode adquiri-
lo por R$ 6,39/kg, resultando em um preco aproximado de R$ 350,00 por uma cadeira
(IDEFLORBIO, 2011).

Os intermediarios transportam de forma clandestina as fibras para o centro-sul do pais,
onde sdo utilizadas por industrias de méveis de luxo, resultando em produtos de alto valor
agregado, como cadeiras que chegam a custar R$ 4.500,00 quando produzidas em série pelas
industrias do centro-sul brasileiro. De acordo com a literatura, ha falta de incentivo e estudos
que valorizem o cipo-titica, o que evidencia a necessidade de politicas publicas que visem
manter 0s ganhos provenientes da extracdo dessa planta no estado do Amapa. Atualmente, os
intermediarios, que geralmente residem no sul e sudeste do Brasil, obtém lucros em torno de

500% em relacdo a populacdo que extrai e processa o cip6 (CARVALHO et al., 2015).

3.2 Oleo de andiroba
Muitas plantas medicinais desempenham papel importante, em paises que predominam
a medicina tradicional, como em paises subdesenvolvidos (SILVA et al, 2023). Muitos

compostos produzidos pelo metabolismo das plantas ainda séo desconhecidos (AMORIM et


https://www.sciencedirect.com/science/article/pii/S2666027X23000026#b0020

18

al., 2020). Logo, estudos sobre as plantas medicinais se fazem necessarios (MALHOTRA et
al., 2021).

Com essa diversidade, o Brasil se destaca por apresentar um rico acervo de espécies
vegetais da Terra. Assim, a busca de compostos bioativos alternativos, como farmacos naturais
é interesse de empresas farmacéuticas e de pesquisadores e, também pode contribuir com
melhores resultados de desenvolvimento para as regifes que os tiverem (VEIGA JUNIOR,;
YAMAGUCHI, 2022).

Dentre a vasta diversidade de espécies nativas com potencial para uso como agentes
funcionalizadores, a familia do género Carapa, se destaca. Suas sementes possuem
triacilglicerdis, com elevada concentracdo de acidos graxos insaturados, como: acidos oleico,
palmitico, estearico e linoleico, e uma fracdo insaponificavel composta principalmente por
limondides, que sdo marcadores quimiotaxondmicos da Familia Meliaceae (CABRAL et al.,
2013). A riqueza metabdlica apresentada por essas espécies tem impulsionado a ampliacdo das
pesquisas quimicas em varias variedades desse género, destacando-se especialmente a Carapa
guianensis Aubletet, conhecida como “Andiroba” na regido Norte do Brasil (SANTOS et al.,
2021).

A andiroba € uma arvore amplamente distribuida na floresta amaz6nica e em regides de
solo rico e pantanos de varios paises da América do Sul e Caribe. E encontrada principalmente
em varzeas sazonais e areas umidas ao longo dos igap6s na Amazénia brasileira. A andiroba é
facilmente cultivada e tem potencial para auxiliar na recuperacdo de areas degradadas
(FERRAZ et al., 2002).

Segundo Hammer e Johns (1993) o 6leo de andiroba (OA), amplamente utilizado no
Brasil, é conhecido por suas propriedades medicinais na cura de doencas de pele e também
como repelente natural de insetos. As comunidades indigenas da floresta amazbnica tém
utilizado diversas partes da planta Carapa. guianensis, como cascas, flores, folhas e sementes,
para tratar uma variedade de doencas.

O o6leo de semente de andiroba é amplamente utilizado na medicina tradicional da
Amazonia e na América do Sul, devido aos seus efeitos curativos (SILVA, 2018). E
reconhecido por seu alto potencial anti-inflamatorio e analgesico (SILVA et al., 2010). O 6leo
contém derivados de acidos graxos saponificaveis, como acido oleico, palmitico, esteérico e
linoleico, além de vitaminas, minerais, bem como 5% de material insaponificavel, metabdlitos
tetranortriterpenoides conhecidos como limonoides, como 17 B-hidroxiazadiradiona, xiloccesin

K, gedunin, 6- a-acetoxigedunina, 7-desacetoxi-7-oxogedunina, 1,2-di-hidro-3B-hidroxi-7-
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desacetoxi-7-oxogedunina e angolensato de metila. A andlise quimica do 6leo de andiroba
atribuiu as propriedades antiinflamatorias, antiparasitarias e repelentes de insetos a presenca de
limonoides (HENRIQUES, PENIDO; 2014).

O dleo de andiroba € amplamente disponivel em drogarias, farmacias de manipulacéo,
lojas de produtos naturais e cosméticos no Brasil (NONATO et al., 2018). Além disso, é
bastante comercializado em mercados da regido no Amapéa e utilizado como insumo para
industrias farmacéuticas e cosméticas na Europa e nos Estados Unidos (MENDONCA,
FERRAZ; 2006). Todos os componentes da andiroba sdo aproveitados, onde boa parte que é
utilizada na fabricagdo de sab&o, velas e sabdo (MORAES et al., 2019). O 6leo de andiroba tem
propriedades repelentes de insetos (LOURENCO et al., 2017) e pode ser utilizado na inddstria
cosmética, alimenticia e téxtil (AMARAL, FIERRO; 2013). Na area de cuidados com a pele, o
6leo de andiroba possui propriedades hidratantes e auxilia na regeneracéo da pele (MELO et
al., 2021). Pode ser aplicado topicamente varias vezes ao dia para tratar erupcdes cuténeas,
dores, lesdes musculares/articulares, feridas, picadas de insetos, furdnculos e Ulceras (NAYAK
etal., 2011).

Também é utilizado na producdo de xampus, 0leos corporais, perfumes, produtos de
higiene pessoal e beleza (DJENONTIN et al., 2012), e pode ser empregado como alimento
funcional ou corante na industria téxtil (SOUSA et al., 2019).

A extracdo do 0Oleo de andiroba pode ser feita de duas maneiras: o método artesanal,
realizado por extrativistas em comunidades da regido Norte que ndo tém acesso a energia
elétrica, e 0 método industrial, que envolve a utilizacdo de prensagem mecénica (SOUSA et al.,
2019).

O processo artesanal possui as etapas de: coleta e selecdo das sementes, preparo da
massa e extracdo do Oleo. Em seguida as sementes sdo lavadas e cozidas a cerca de 90 °C
(MENDONCA, FERRAZ; 2007). Depois, colocados a sombra para descansar por dias. Assim,
0 6leo comega a sair, entdo as sementes sdo separadas das cascas e socadas no pildo (SILVA et
al., 2023). Eles sdo moldados em massas esféricas e colocados ao sol para liberar gradualmente
0 0Oleo por gotejamento (SOUSA et al., 2019). Por nédo existir padronizacdo nos procedimentos
de extracéo, os relatos de rendimento da producédo de 6leo variam muito, podendo ser necessario
usar de 2 a 30 Kg de sementes para obter um litro de 6leo (SILVA et al., 2010).

O processo de extracdo em grande escala é realizado de forma continua e
ambientalmente sustentavel, sem a necessidade de adicdo de solventes orgéanicos
(MENDONCA; ALMEIDA, 2020). Inicia-se picando as sementes, que séo colocados em estufa
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de 60-70 °C até atingirem 8% de umidade. Na sequéncia, é prensado na prensa hidraulica a
uma temperatura de 90 °C (SOUZA et al., 2006). Porém, segundo Mendonca e Almeida (2020),
a prensagem é fria. Este Ultimo processo resulta em uma quantidade de 6leo raramente superior
a 30% do peso da semente com 8% de umidade (SOUZA et al., 2006).

Estudo de Baldissera et al. (2013) examinou como os 6leos essenciais de andiroba
(Carapa guaianensis) e aroeira (Schinus molle), tanto em sua forma convencional quanto
nanoestruturada, afetam a suscetibilidade in vitro do Trypanosoma evansi. Concentracdes de
0,5%, 1,0% e 2,0% dos 6leos puros foram utilizadas. Um grupo de controle negativo (sem
tratamento) e um grupo de controle positivo (diminazen aceturato 0,5%) foram empregados
como parametros comparativos. Posteriormente, 0s mesmos testes foram realizados utilizando
6leos nanoemulsionados em concentracdes de 0,5% e 1,0%. Os testes foram conduzidos em
triplicata, e 0 nimero de parasitas foi quantificado em 1, 3 e 6 horas apds o inicio do estudo.
Verificou-se uma reducao dependente da dose no numero de parasitas para as formas dos dois
6leos testados apds 1 hora. A concentracdo de parasitas foi significativamente reduzida em
concentracfes baixas apds 3 horas, e nenhum parasita vivo foi observado apds 6 horas de
exposicao aos 6leos essenciais testados.

J& a pesquisa de Sarquis et al. (2020) analisou o0 uso de Carapa guianensis e seus
derivados associados a matriz biopolimérica de fibroina da seda contra larvas do mosquito
Aedes aegypti. As emulsdes contendo &cidos graxos insaturados apresentaram melhores
resultados apos 48 horas, causando alteragfes nas larvas. A fibroina da seda pode aumentar a
biodisponibilidade do composto ativo em meio aquoso, mostrando a atividade larvicida do
acido graxo livre contra 0 Aedes aegypti.

Entretanto, segundo Vaucher et al. (2015) mas o0 uso de 6leos essenciais, como o de
andiroba e o de copaiba, no ambiente ainda representa um desafio, pois apresentam diversos
elementos volateis em sua composicao, sendo essa alta volatilidade a causa de um declinio
acentuado na atividade antimicrobiana corroborando a necessidade de estudos como o de
encapsulacdo de 6leos como os de jojoba e andiroba (CARDOSO et al., 2013).

3.3 Pré-tratamentos quimicos das fibras celuldsicas

A estrutura molecular da celulose dificulta 0 processo de desconstrucdo mecénica da
parede celular. Para superar esse desafio e obter microfibrilas de alta qualidade com menor
consumo de energia, tém sido explorados pré-tratamentos discutidos em estudos publicados em
periddicos renomados (TRACHE et al., 2020).
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Por exemplo, Rol et al. (2019) apresentaram estudos que abordam os principais pré-
tratamentos para modificar a superficie das fibras e produzir NFC com propriedades diversas.
Esses pré-tratamentos incluem sulfoetilacdo (NADERI et al., 2017), carboximetilacdo
(ARVIDSSON et al., 2015), fosforilagdo (NOGUCHI et al., 2017) e oxidagdo mediada por
TEMPO - N-oxil-2,2,6,6-tetrametilpiperidina (SAITO et al., 2007).

Entre esses pré-tratamentos, a oxidacdo mediada por TEMPO merece destaque. Saito et
al. (2007) constataram que ao utilizar esse pré-tratamento na celulose nativa, foram obtidas
microfibrilas/nanofibrilas com didmetro entre 2 e 5 nm. Além disso, observou-se um aumento
no valor de retencdo de agua (WRV) devido a maior superficie especifica das
microfibrilas/nanofibrilas, melhoria na estabilidade da suspensao, aumento da transmitancia de
luz através da suspensdo, aumento da resisténcia ao cisalhamento e aumento da viscosidade da
suspensdo. Estudos também indicaram que o uso de TEMPO reduz o consumo de energia e
acelera o processo de fibrilagdo mecanica (LEVANIC et al., 2020). Isogai et al. (2011) e
Filipova et al. (2020) relataram que o uso de TEMPO na produ¢do de NFC resultou em um
consumo de energia entre 13.000 e 19.000 kWh/t. Comparando esses valores com os relatados
por Osong et al. (2016) e Espinosa et al. (2019), que variam entre 30.000 e 50.000 kWht, 0 uso
de TEMPO proporciona uma economia média de energia de 50%. Do ponto de vista industrial,
esses resultados tém um impacto significativo nos custos de producéo em escala de NFC.

Seguindo o protocolo apresentado por Saito et al. (2007) e considerando o custo médio
do reagente TEMPO - US$122,00/g (SIGMA-ALDRICH, 2021), seriam necessarios 16 kg
desse reagente por tonelada seca de polpa celuldsica, totalizando um custo de
US$1.952.000,00/t. Além disso, tanto o pré-tratamento com TEMPO quanto os outros
mencionados neste estudo tém potencial para gerar residuos quimicamente ativos, exigindo
neutralizacdo antes do descarte ambiental, o que adiciona mais custos e implicacGes ambientais
(BIAN et al., 2020). Outra preocupacao relacionada a isso € que 0s riscos para a satde devido
as modifica¢bes quimicas das NFC ndo podem ser completamente descartados (AIMONEN et
al., 2021), o que pode limitar a aplicacdo desses materiais em alimentos e embalagens, por
exemplo.

Logo, fica evidente que a questdo dos pré-tratamentos da polpa celulésica ainda ndo esta
totalmente resolvida, e é necessario realizar pesquisas para explorar novas solucdes. Existem
iniciativas de pesquisa que buscam utilizar reagentes mais econdémicos para a fibrilacdo
mecanica da celulose. Por exemplo, Dias et al. (2019) aplicaram diferentes concentracGes de

NaOH no pré-tratamento da polpa de eucalipto e pinus, obtendo uma reducdo no consumo
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energético para valores entre 4050 e 10.300 (kWh/t), além de uma diminui¢do no nimero de
ciclos no moinho de pedras e um alto grau de fibrilacao, utilizando uma concentracdo de NaOH
de 5%, temperatura de 80 °C e duracdo de 2 horas. No entanto, outros estudos apresentaram
resultados contraditérios, indicando que o uso de NaOH ndo resultou em reducdo do consumo
energético e tornou as NFC quebradicas, diminuindo sua qualidade e estabilidade (TRACHE et
al., 2020).

Outra pesquisa relevante é a de Xu et al. (2020), que aborda 0 mesmo contexto. Nesse
estudo, os pesquisadores utilizaram o pré-tratamento hidrotérmico (180 °C/30 minutos) sem
adicdo de aditivos na polpa celulosica e, ap6s o processamento no moinho de pedras, obtiveram
um consumo energético em torno de 8150 kWh/t e um diametro médio das NFC de 8,4 nm.
Embora seja um processo livre de reagentes, para aplicacdes da NFC, como reforco em
compdsitos poliméricos ou como meio de adsorcdo ou liberagdo de substancias, é necessario
realizar uma modificacdo na superficie da celulose, o que requer uma etapa adicional apds o
processo de fibrilacdo. Além disso, o pré-tratamento hidrotérmico em escala industrial pode se
tornar dispendioso devido a necessidade de aquecer grandes volumes de agua e polpa, exigindo
0 uso de fontes de energia (biomassa, elétrica, fossil) para executar o processo.

Por conseguinte, enfrentamos o desafio de encontrar soluc¢des que equilibrem a reducéo
do consumo energético e a manutencdo da qualidade das NFC, tornando-as adequadas para
aplicacdes que ndo prejudiquem a saude e 0 meio ambiente. Algumas pesquisas ja indicaram
uma afinidade entre os grupos hidroxilicos da celulose e fontes de silica (L1 et al., 2018). No
entanto, o potencial de usar essas fontes de silica como pré-tratamentos da celulose para facilitar
a fibrilacdo mecénica ainda ndo fora explorado. Portanto, no préximo topico, abordaremos as
caracteristicas dos silicatos mencionados e como sua interacdo com as fibras e NFC pode

modificar suas superficies.

3.4 Fibrilagdo mecanica da celulose: aspectos gerais e desafios

A celulose é o biopolimero mais abundantes no planeta Terra e possui uma vasta
utilizacdo (KIM et al., 2020). E a celulose nanofibrilada (NFC) € um material renovavel obtido
a partir de fibras de plantas por meio de processos quimicos ou mecénicos, que tém como
objetivo desconstruir a estrutura da parede celular, alterando sua forma, propriedades de
superficie e tamanho, que podem variar de 25 a 100 nm de diametro (MIRI et al, 2021). No que

se refere aos métodos mecéanicos, podemos mencionar a microfluidizacdo (PERRIN et al.,
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2020), a sonicagéo (WU et al., 2021), a homogeneizacdo em alta pressdo (KARINA et al., 2020)
e a fibrilacdo mecéanica (LEAL et al., 2021).

A fibrilagdo mecénica € comumente realizada utilizando um moinho, que provoca a
separacdo da parede celular, expondo suas camadas internas (SHARMA et al., 2015). Quando
adicionada as fibras celulésicas, estas sdo forcadas em alta velocidade para uma abertura entre
um disco de pedra rotativo e outro estatico em ciclos consecutivos de estresse. A abrasdo gera
forcas de cisalhamento que rompem as ligacdes de hidrogénio da parede celular. Estes discos
em contato com as fibras com auxilio dos sulcos e da pressdo emitidos pelo moinho geram a
desintegracdo do material em subcomponentes estruturais (HE et al., 2017).

Apbs varios ciclos de estresse, obtém-se suspensdes aquosas constituidas de redes
entrelacadas e desarranjadas de NFC, sendo visualizadas, por exemplo, com um microscépio
eletrénico de transmissdo (MET). Heterogeneidade dos produtos e a dificuldade para degradar
a estrutura cristalina da celulose sdo desafios no processo de fibrilagio mecéanica (SANCHEZ-
GUETIERREZ et al., 2020). Segundo problema relaciona-se ao elevado consumo energético
para desconstrucdo das paredes celulares das fibras sem uso de tratamento quimico. Estudos
apontam que utilizando-se 0 moinho de pedras na fibrilagdo mecanica, 0 consumo energético
pode atingir valores entre 30.000 e 50.000 kWh/t (ESPINOSA et al., 2019).

Dependendo da origem da matéria-prima, da duracdo e conducdo do processo de
fibrilacdo, do nimero de ciclos (passagens) no moinho e da forma de pré-tratamento da polpa,
h& uma heterogeneidade de produtos e varia¢do do consumo energético (THOMAS et al., 2020).
No trabalho de Wang e Zhu (2016), por exemplo, verificaram que o tempo e distancia entre os
discos utilizados no moinho afetaram as caracteristicas da microfibrilas celul6sicas. Os autores
observaram que a densidade e a resisténcia do material foram aumentadas ao passo com que se
prolongou o tempo de fibrilagéo.

Estudos conduzidos por Mihranyan et al. (2012) e Stanislas et al. (2020), usando o
método de fibrilagdo mecénica, que mostraram que diferentes tipos de matéria-prima afetam a
cristalinidade, porosidade e resisténcia mecéanica das NFC. Além disso, Dias et al. (2019) e
Durées et al. (2020) descobriram que o numero de ciclos de moagem no moedor e 0s
tratamentos alcalinos prévios tém um impacto significativo no deslocamento das paredes das
fibras, nas propriedades morfoldgicas das NFC e no consumo de energia durante a producéo.
Existem diversos mecanismos que explicam a fibrilagdo mecénica da parede celular, sendo os
mais comuns a fibrilacdo interna e externa, o que resulta em varia¢Ges esperadas. A fibrilagéo

interna envolve o desempacotamento da estrutura helicoidal das macrofibrilas de celulose na
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camada S2 da parede celular (CHEN et al., 2014). Esse processo ocorre devido a a¢do abrasiva
das pedras do moinho, que afrouxam as macrofibrilas e formam feixes de NFC (NAKAGAITO;
YANO, 2005).

Quando se trata da fibrilacdo externa da parede celular, o processo de fric¢do das fibras
com as pedras do moinho resulta no rompimento individual das macrofibrilas, mas elas ainda
permanecem parcialmente ligadas a parede celular (AFRA et al., 2013). Isso leva ao aumento
da superficie especifica e maior reatividade do material com 0 meio, o que é uma caracteristica
desejavel para varias aplicacdes (KUMAR et al., 2020).

Estudos indicaram que, em relacdo aos outros mecanismos, 0 processo mecanico esta
mais relacionados a fibrilacdo excessiva da polpa celuldsica (AREVALO et al., 2019). Nesse
caso, ocorre a formacao de particulas finas dispersas devido a quebra das NFC ao longo do seu
comprimento, resultando na reducéo da sua razdo de aspecto. Esse fendmeno leva a um maior
consumo de energia, reducdo do indice de cristalinidade, massa molar e resisténcia mecéanica
das microfibrilas (SERRA-PARAREDA et al., 2021).

Lengowski et al. (2020) descobriram que o uso de diferentes niveis de fibrilacdo das
fibras pode afetar as propriedades fisico-quimicas dos filmes produzidos com NFC. Esses
pesquisadores observaram que quanto menor o nivel de fibrilacdo, maior foi a estabilidade
térmica e a impermeabilidade ao ar e a agua.

Portanto, é evidente que ainda ha& lacunas no conhecimento sobre os fatores que
influenciam a fibrilagdo mecénica e as propriedades das microfibrilas obtidas por esse processo.
Varios estudos indicaram que a aplicacdo de pré-tratamentos nas fibras celulésicas ndo apenas
reduz o consumo de energia, mas também possibilita a funcionalizacdo das microfibrilas,
ampliando suas possiveis aplicacdes e reduzindo os custos de producdo (ZAMBRANO et al.,
2020). No proximo topico, abordaremos 0s principais tipos de pré-tratamentos quimicos

utilizados nas polpas celuldsicas para facilitar o processo de fibrilagdo mecanica.

3.5 Nanofibrilas celulésicas e embalagens

O uso extensivo de polimeros derivados do petroleo causa um processo de degradacéo
prolongado, 0 que impacta negativamente 0s ecossistemas aquaticos e terrestres,
comprometendo a salude dos organismos e as dindmicas dos ecossistemas (SEELEY et al.,
2020). Por essa razdo, tem havido um crescente interesse em encontrar maneiras de mitigar
esses efeitos por meio do uso de biopolimeros, especialmente em embalagens (SONAR et al.,
2020).
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Todavia, enfrenta-se um grande desafio ao buscar o desenvolvimento de embalagens
biodegradaveis que nao apenas protejam o contetdo, mas também oferecam resisténcia
mecanica e sejam capazes de criar uma barreira eficaz contra oxigénio, umidade, luz e outros
fatores que possam comprometer as propriedades fisico-quimicas do produto
(ANUKIRUTHIKA et al., 2020). Dentre os principais biopolimeros utilizados na criacdo de
alternativas de embalagens, merecem destaque o amido, a quitosana, as hemiceluloses e a
celulose (NECHITA et al., 2020).

InovagGes nas embalagens de alimentos sdo impulsionadas por fatores como o contexto
social, globalizagdo e necessidade de seguranga rigorosa. A crescente demanda por produtos
pré-embalados destaca desafios como contaminacéo e oxidacgdo. A aplicacdo de nanomateriais
funcionalizados, destacada por Saadat et al. (2020) e Pandey et al. (2016), € crucial para mitigar
riscos de contaminacdo, desidratacdo superficial, deterioracdo, incrustacdo, oxidacao e perda
de umidade. Esses nanomateriais funcionalizados, modificados com molécula ou composto
exogeno para melhorar propriedades extrinsecas, desempenham papel essencial em embalagens
antimicrobianas, controlando caracteristicas intrinsecas (BHATT et al., 2020). A
funcionalizacdo de diferentes regides na superficie de nanomateriais contribui para reduzir
caracteristicas prejudiciais ao produto (RAWTANI et al., 2019).

Essas inovagBes incorporam nanocompoésitos diversos, como metais e 0xidos,
nanomateriais argilosos e hibridos organicos-inorganicos, visando seguranca, durabilidade e
prevencdo de contaminacao em alimentos, com ampla substituicdo de materiais convencionais
(PANDEY; MUNGUAMBE, et al., 2017). Materiais tradicionais, como papel, plastico e cartdo
rigido, também sdo empregados nas embalagens, mas embalagens convencionais enfrentam
desafios na extensdo do periodo de retencdo da frescura e na prevencdo do crescimento
microbiano (KHEDKAR & KHEDKAR, 2020).

A énfase global na seguranga alimentar destaca a importancia dos materiais de
embalagem para evitar danos ao consumidor, permanecendo como foco central nas préaticas
globais (PAL, 2017). Ao longo das fases de processamento, manipulagéo, comercializagéo e
distribuicdo, a protecdo contra contaminacgdes fisicas, quimicas e bioldgicas é crucial (MEI &
WANG, 2020). Os nanomateriais funcionalizados tém papel importante no desenvolvimento
de biossensores para deteccdo de patdgenos, utilizando diversos tipos em uma plataforma
integrada (ZAREI et al., 2018). Esses nanomateriais também sdo empregados na deteccdo de
pesticidas, na protecdo contra metais pesados e na prevencdo de biofilmes em alimentos
(LUNA-SANGUINO et al., 2020).
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Nanomateriais funcionalizados a base de 6xido metalico reduziram metais pesados em
agua potavel engarrafada e também vem sendo utilizados para prevenir o crescimento de
biofilme em produtos alimenticios. O sistema de comunicacgéo depende da densidade conhecida
como quorum sensing (QS), variavel de detereioragcdo da bactéria nesses produtos. O Biofilme
QS Control que se forma em superficies de alimentos funciona como transporte de
contaminacdo por bactéria, levando sua deterioracdo do alimento podendo gerar problemas a
salde de quem consome o produto (AL-SHABIB et al., 2016).

Nanoestruturas de zinco e nanoparticulas de ouro funcionalizadas apresentam eficacia
na inibicdo de biofilmes bacterianos, sendo potenciais para embalagens alimentares. O
encapsulamento nano-habilitado contribui para a preservacdo de alimentos, oferecendo
beneficios como entrega simultanea de ingredientes ativos, extensdo do prazo de validade e
maior estabilidade quimica (SAMPATHKUMAR et al., 2020).

As preocupac0es cruciais sobre migracéo, relocacdo e permeabilidade em embalagens
de alimentos demandam atencdo (ZABIHZADEH KHAJAVI et al., 2020). Nenhum material é
totalmente impermeavel a vapores e gases presentes em alimentos embalados, sendo a restricdo
de caracteristicas migratorias indesejavel em embalagens para frutas e vegetais frescos
(ZABIHZADEH KHAJAVI et al., 2020). Embalagens para bebidas carbonatadas requerem
impermeabilidade ao oxigénio e didxido de carbono para evitar a oxidacdo e descarbonatacao
(STOICA, 2020). Solucbes de embalagem inteligentes, incorporando nanomateriais
funcionalizados, destacam-se por suas notaveis atividades antimicrobianas e aplicacdes
essenciais na industria alimenticia (STOICA, 2020).

Quando se trata da celulose, sdo encontradas varias pesquisas e patentes que evidenciam
sua utilizacdo em diferentes areas, como embalagens, filmes comestiveis, encapsulamento de
medicamentos e revestimentos em escalas micro e nano (AHANKARI et al., 2021).

Além disso, de acordo com Ferrer et al. (2017), ha evidéncias de que os nanocristais de
celulose (CNC), a celulose nanofibrilada (NFC) e a nanocelulose bacteriana (BC) possuem um
grande potencial para serem adotados no mercado de embalagens. Além de serem provenientes
de uma fonte renovavel e ndo toxicos, a nanocelulose tem a capacidade de melhorar de forma
sustentavel as propriedades de barreira ao oxigénio e vapor de agua quando aplicada como
revestimento, preenchimento em compdsitos e na forma de filmes finos autossustentaveis
(FERRER et al, 2017). Isso se deve a sua alta superficie especifica, cristalinidade elevada e a
possibilidade de modificacdo quimica da superficie, conforme destacado por (AZEREDO et
al., 2017).
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Spieser et al. (2020) realizaram um estudo sobre a utilizac&o de nanofibrilas de celulose
com prata para o desenvolvimento de embalagens antibacterianas com matriz de &cido
polilatico (PLA). Os resultados obtidos mostraram uma homogeneidade na espessura das
camadas e uma transparéncia superior a 65%. Além disso, 0s autores constataram que 0 uso das
nanofibrilas como revestimento do PLA na embalagem resultou em uma reducdo significativa
na permeabilidade ao oxigénio e ao vapor de agua.

A titulo de exemplo, Vilarinho et al. (2018) observarou que a incorporacdo de NFC no
revestimento de embalagens ou na forma de filmes pode resultar em uma notavel reducéo na
permeabilidade ao oxigénio e a agua, superando os resultados alcan¢ados por polimeros a base
de petréleo. Essa caracteristica é explicada pela formacdo de uma densa rede de nanofibrilas
com dimensdes reduzidas e uniformes. Da mesma forma, em estudos sobre embalagens
utilizando amido e PLA como matrizes, Nazrin et al. (2020) obtiveram resultados semelhantes
aos mencionados anteriormente. No entanto, eles constataram que nem sempre ha uma interface
perfeita entre as NFC e a matriz polimérica, sendo necessaria a modificacdo das cargas do
material para garantir a compatibilidade entre os componentes.

Em determinados casos, € possivel aprimorar essas caracteristicas por meio da
modificagdo quimica da superficie das NFC (SPIESER et al., 2020). Estudo como de Assaf et
al. (2019) demonstraram que modificagfes quimicas na superficie da celulose levam a uma
maior exposicdo de grupos hidroxilicos (ASSAF et al., 2019).

De maneira semelhante, Yu et al. (2018) incorporaram silica em filmes biodegradaveis
de PVA/quitosana para embalagens de alimentos, resultando em um aumento na resisténcia
mecanica e na reducdo da permeabilidade a a4gua e ao oxigénio. 1sso evidencia que a adigdo de
silica pode aprimorar as propriedades de biopolimeros, como a celulose, para o revestimento
de embalagens.

Outro material que também € utiliza como filme é o hidroxipropilmetilcelulose
(HPMC), que é um dos éteres de celulose mais utilizados na industria alimenticia, como
emulsificante, coloide protetor, estabilizador, agente de suspenséo e promove a formagéo de
filme (TUDOROIU et al. 2021). Filmes de HPMC sdo bastante resistentes a 6leos e graxas,
flexiveis, transparentes, inodoros e insipidos, mas tendem a ter resisténcia mecanica moderada
(LARSSON et al. 2017).

Segundo pesquisa realizada por Krishnadev et al. (2021), foi constatado que o filme de
HPMC, quando refor¢ado com 1% (m/v) de NFC, apresentou um aumento de aproximadamente

30% na resisténcia a tracdo e no modulo de Young. No entanto, essa melhoria na resisténcia



28

veio acompanhada de uma redugdo na transparéncia, que caiu de 74% para 32%, além de uma
diminuicdo na permeabilidade ao vapor de dgua, que foi reduzida em cerca de 40%. De forma
semelhante, Hassan et al. (2018) realizaram estudos em que adicionaram diferentes proporcdes
de nanofibrilas celulésicas, variando de 10% a 75%, em matrizes de HPMC. Como resultado,
eles constataram um aumento proporcional na resisténcia mecénica dos filmes produzidos.
Além disso, o0s autores mencionados também observaram uma reducdo significativa,
aproximadamente 30%, na permeabilidade ao vapor de agua dos filmes.

Esses resultados evidenciam que o NFC representa uma categoria de material capaz de
aprimorar consideravelmente as propriedades de barreira, mecanicas e térmicas dos
bionanocompositos, em comparacdo com 0S compoOsitos convencionais e materiais feitos
apenas de polimeros. Essa descoberta torna 0 NFC uma opc¢éo altamente promissora para ser
empregado no desenvolvimento de materiais de embalagem a base de biopolimeros (NAIDU;
JOHN, 2021). A diversidade de combinagfes e proporgdes entre HPMC e NFC, juntamente
com a variagédo das condicdes experimentais em diferentes estudos, desafiam a busca por uma
padronizacao dos resultados obtidos (GHADERMAZI et al., 2019).

3.6 Filmes funcionalizados

Nanofilmes funcionalizados com aditivos naturais foram desenvolvidos no trabalho de
Scatolino et al. (2022). Estes autores adicionaram oleo de copaiba e tanino vegetal em
nanofibrila celuldsica de agai, para aplicagdes em embalagens para produtos com baixo teor de
umidade, como farinhas e paes. Furtado et al. (2021) mostraram potencial promissor de
nanocompdsitos poliméricos a base de silicato que contém o6leo de babacu e dleo-resina de
copaiba para reduzir o processo patologico da hiperplasia prostatica benigna, podendo servir
como uma alternativa natural para o tratamento. Debone et al. (2019) realizou uma pesquisa
sobre os efeitos do uso da copaiba 6leo resina e quitosana na modificagdo das propriedades de
filmes destinados a utilizagdo em tratamentos de feridas e queimaduras cutaneas. Morelli et al.
(2015) conduziram extensivas pesquisas sobre as propriedades antimicrobianas do 6leo de
copaiba no contexto de embalagens bioativas. De Moraes et al (2018) estudaram os efeitos de
nanoemulsdes preparadas com 6leos essenciais de copaiba e andiroba contra infecgdes por
Leishmania infantum e Leishmania amazonensis.

Cano et al. (2021) empregaram taninos vegetais em combinagdo com compostos de
celulose com o objetivo de desenvolver filmes com menor solubilidade em dgua, maior rigidez

mecanica ¢ menor elasticidade. J4 Zhou et al. (2019) utilizaram taninos em conjunto com
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nanocelulose para criar estruturas poliméricas com caracteristicas antioxidantes.

Trabalho de Sganzerla et al. (2023) investigou filmes nanocompositos utilizando
nanoparticulas de prata (AgNPs) biorreduzidas com alecrim e funcionalizadas em diferentes
concentragdes. Os resultados mostraram que o 6leo essencial de alecrim continha compostos
bioativos, como a-pineno, acetato de bornila e 1,8-cineol. As AgNPs tinham tamanho de
particula inferior a 50 nm e demonstraram atividade antimicrobiana contra microrganismos
patogénicos. Os filmes nanocompositos com AgNPs apresentaram melhorias na opacidade e
propriedades mecanicas. Conclui-se que esses nanocompoésitos ecoldgicos tém potencial para
aplicagdes biologicas sustentaveis.

J& Singla et al. (2017) desenvolveu curativos nanocompoésitos impregnados com
nanoparticulas de prata (AgNPs) em uma matriz de nanocristais de celulose (CNCs) isolados
de folhas de Syzygium cumini. A aplicagdo desses curativos em feridas agudas e diabéticas de
camundongos resultou em uma rapida cicatrizagdo, reducao da inflamagao e formacao de pele
saudavel. A acdo sinérgica dos CNCs e AgNPs acelerou o processo de cicatrizagdo, aumentando
a expressao de fatores de crescimento e colageno, e diminuindo os fatores pré-inflamatorios.
Os resultados sugerem que esses curativos nanocompositos sao promissores para o tratamento
eficaz dessas feridas.

Ainda ndo existem pesquisas incorporando 6leo de andiroba em nanofibrilas celuldsicas

para a producao de filmes funcionalizados.
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SEGUNDA PARTE

MANUSCRITO - Andiroba oil (Carapa guianensis Aubletet) as
functionalizing agent for titica vine (Heteropsis flexuosa) nanofibril films:

biodegradable products from species native to the Amazon region

ABSTRACT

The diversity of species in the Amazonia is exceptionally vast and unique, and it is of great
interest to industry sectors to explore this potential in derivatives for packaging applications
with functional properties. This study proposes the functionalization of cellulose
micro/nanofibrils (MFC/NFC) from Heteropsis flexuosa with andiroba oil to produce films with
potential for packaging. MFC/NFC was produced by mechanical fibrillation from suspensions
of H. flexuosa fibers. Proportions of 1, 3, and 5% of andiroba oil were added to make films with
concentrations of 1% (m/m). Suspensions with andiroba oil provided greater viscosity and
crystallinity, with changes in the physical properties of the films. Funtionalization with
andiroba oil provided films with lower degradation in water, greater contact angle, and lower
wettability despite high permeability to water vapor. The films with 1% andiroba oil showed a
hydrophobic characteristic (contact angle >90°) and greater puncture resistance (6.70 N mm1).
Films with 3% oil showed a more transparent appearance and high biodegradation, while 5%
oil generated more opaque films with a higher thermal degradation temperature and high
antioxidant activity. It is concluded that films produced from H. flexuosa fibers functionalized
with andiroba oil showed packaging potential for light, low-moisture products due to their
adequate thermal and barrier characteristics. More studies should be carried out on the
pretreatment of waste fibers to reduce energy consumption and improve their mechanical
properties.

Keywords: biopolymers; mechanical fibrillation; essential oils; lignocellulosic waste.
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1. Introduction

Materials from renewable and biodegradable sources have gained attention from the
scientific and industrial communities. Conventional petroleum-based polymeric products are
being replaced due to immense ecological disruption, such as global warming and plastic
pollution [1]. Given the adaptability of cellulose and the number of plant sources available,
many species still need to have their potential evaluated, especially in nanotechnology.
Cellulose is the most abundant natural polymer in the world. Due to its interesting chemical,
physical, mechanical, and microstructural properties, it has been one of the primary raw
materials to solve these issues [2, 3].

In Amazonia, a wide variety of raw materials can be better explored to obtain products
with sustainable management principles. Heteropsis flexuosa (Kunth) GS Bunting, popularly
known as titica vine, is a species belonging to the Araceae family, typical of the Amazon region
that occurs in non-flooded areas [4]. They are extracted from aerial roots thrown towards the
ground and, when they reach the surface, are thick, woody, resistant, and durable [5].

Furthermore, in the Amazon there is also growing interest in natural oils, such as
andiroba oil (Carapa guianensis Aubl.), due to its potential for the development of
phytoproducts for application in the food and pharmaceutical industries [6], cosmetics [7],
insect repellents [8], in addition to the treatment of ectoparasites, enhancing the respiratory
activity of soil microorganisms, which facilitates their biodegradation [9] (Costa-Silva et al.
2008).

The literature strongly presents the potential of different essential oils in nanocellulose
matrix, which offer antimicrobial properties in food packaging, as many researchers have been
committed to studying this function [10]. Characterizations of suspensions and films of
cellulose micro/nanofibrils (MFC/NFC) functionalized with essential oils appear to be novel
since these conditions are not widely found in the literature [2]. There is a lack of clear scientific
evidence about its role in the physical, mechanical, colorimetric, and barrier properties of films,
in addition to its antioxidant activity and biodegradability, which is extremely important in
packaging applications aimed at sustainability. In this context, this study proposes to promote
the functionalization of MFC/NFC suspensions from Heteropsis flexuosa with andiroba oil, an
important raw material from the Amazon region, and verify the action of the functionalizing
agent on the quality properties of the suspensions and films potentially applied in ecological

packaging.
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2. Material and Methods
2.1. Obtainment of materials

Titica vine (Heteropsis flexuosa) was obtained from local stores in Macapa, Amazon
region, Brazil. The material was reduced in length by ~3 cm and subsequently, ground and
sieved, collecting the portion that passed through the 2.00 mm sieve and was retained in the
0.595 mm sieve. Andiroba oil (Carapa guianensis), with a density of 0.860 g cm, was supplied
by a Macanese company specializing in Amazon flora products with medicinal value.
Hydroxypropylmethylcellulose (HPMC) (Celotex K60) was obtained from Aditex Inddstria e
Comeércio de Produtos Quimicos LTDA (S&o Paulo, Brazil) and used to improve the
dimensional stability of the films during the casting drying process. Tween 80, used as a
surfactant, was supplied by the manufacturer Labsynth (Séo Paulo, Brazil).
2.2. Alkaline treatment of fibers

The ground H. flexuosa fibers underwent alkaline treatment according to the procedures
described by Dias et al. [3]. The treatment was carried out by preparing a 5% (m/m) NaOH
solution containing 5% (m/v) fibers. The fibers were kept in a water bath at 80 + 2 °C under
constant stirring at 500 rpm for 2 h. After treatment, they were washed with deionized water
until pH~7.

2.3. Characterization of the fibers

The basic density of the fibers was determined according to a methodology adapted
from the NBR 11941 [11] standard. Regarding chemical analyses, they were characterized in
terms of total extractive contents, according to the TAPPI T 204 om-97 standard [12]; Lignin:
TAPPI T 222 om-02 [13]; Holocellulose (cellulose + hemicelluloses): Browning [14]; Cellulose:
Kennedy et al. [15]; Hemicelluloses: (holocellulose — cellulose); and Ashes: TAPPI T 211 om-

02 [16]. Average values for all analyses were obtained in triplicate.

2.4. Production of cellulose micro/nanofibrils (MFC/NFC)

The fibers were mechanically fibrillated using the SuperMassColloider Masuko Sangyo
(Kawaguchi, Japan) with two stone discs. The material was processed by making 20 passes
with the equipment set at 1500 rpm [17]. The initial distance between the stones was 10 pm and

gradually modulated as the viscosity of the suspension increased.
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2.5. Energy consumption of MFC/NFC production
Energy consumption (EC) was recorded during the fibrillation process, considering the
average amperage of each fibrillation cycle, the equipment voltage, and the fibrillation time per

ton of H. flexuosa fibers processed [18]. The EC was calculated according to Equation (1).

(Pxt)

EC (kWh/t) = 1)

where P (voltage x electric current) is the equipment power (kW); t is the time taken for

fibrillation (h) and m is the mass of pulp subjected to fibrillation (t).

2.6. Microstructural analysis of suspensions

Microscope images were obtained to estimate the residual fraction and diameters of the
CNFs after the mechanical fibrillation process. First, an Olympus BX41 light microscope
(Tokyo, Japan) was used. The MFC/NFC were diluted in deionized water to a concentration of
0.1% (m/m). Using a Pasteur pipette, drops of the suspension were added to glass slides and
stained with a 0.5% (m/m) aqueous solution of astra blue to increase the contrast with fiber
fragments and aggregates, covering them with a coverslip for observation, under the microscope
using the 10x objective at a range of 1280 x 1024 pixels.

The advanced Image J software [19] was utilized to analyze the images and obtain the
average area of visible particles (macroscopic dimension). This procedure was performed using
5 images per sample. Homogeneity was calculated from the relative frequency observed for
visible particles smaller than 5 um?, between 5 and 10 um? and >10 pm?. Thus, the greater the
number of particles included in the same class of dimensions, the greater the homogeneity [20].

In addition, the MFC/NFC suspensions were observed using a Tescan-Clara ultra-high
resolution (UHR) FEG scanning electron microscope (Kohutovice, Czech Republic) under
conditions of 10 KeV, 90 pm, with a working distance of 10 mm. The material was placed on
double-sided carbon tape adhered to an aluminum sample holder (stubs). After an overnight
period in a container with silica gel for drying, the material was metalized with gold in a
sputtering device (Balzers SCD 050) and then analyzed, and five images were obtained. The
micrographs were used to measure the diameters of the MFC/NFC. The measurements were

carried out using an average of 200 by the Image J software [19].
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2.7. Stability of MFC/NFC suspension

Stability of suspensions (ES) was conducted according to the methodology presented
by Silva et al. [21]. In test tubes, 10 mL of MFC/NFC suspensions were added with a
concentration of 0.25% (w/w), previously homogenized on a magnetic stirrer at 500 rpm for 1
h. The test tubes with the suspensions were kept at rest and photographed every 1 h, for 8 h,
and after 24 h. Image J software [19] was used to estimate the stability of MFC/NFC in

suspensions from the images. The stability calculation was carried out according to Equation

(2).

ES (%) = (%) x 100 (2)

where AP corresponds to the height of the particles suspended in the test tube, and AT is the
total height of the liquid in the tube.

2.8. Viscosity of the suspensions

The viscosity of the MFC/NFC suspensions was determined according to Brookfield DV-E
viscometer with Spin: S62 in 100 rpm.
2.9. Production of the MFC/NFC films

HPMC (5%) and Tween 80 (2%), both about the mass of MFC/NFC, were added to
allow compatibility between the MFC/NFC and the andiroba oil suspensions. The treatments
were developed according to the concentration of andiroba oil in the MFC/NFC (Table 1).

Table 1. Treatments evaluated with different concentrations of andiroba oil added to MFC/NFC

of H. flexuosa.

Tratament Andiroba oil (%)
Control 0
Anl 1
An3 3
An5 5

The casting method was used to produce 10 films from each treatment using 50g of

suspension with a concentration of 1% (m/m) in acrylic Petri dishes 15 cm in diameter (Figure
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1). The samples were dried for 7 days in an air-conditioned environment (20 + 3°C and humidity
65%).

(1) Heteropsis flexuosa

y A| (6) MFCINFC
| 2

P
(7 Films obtained | 1%
~ by casting method |
y g | 3% = 5
| 59, | {5 ) Mechanical fibrillation
\_ -,
Andiroba oil

Figure 1. Flowchart of the production stages of MFC/NFC films with andiroba oil

2.10. Physical and morphological properties of the films

Film thicknesses were measured using a Mitutoyo digital micrometer with an opening
between 0 and 25 mm and a resolution of 0.001 mm following the TAPPI T 411 om-15 [23].
The grammages were obtained by the TAPPI T 410 om-08 standard [24], weighing the samples
on an analytical balance (0.001g) and measuring their diameters with a digital caliper (0.001
mm) to calculate their areas. The bulk density (pa) in g/cm?3 of the films was determined by the
ratio between the grammage and thickness of each film. The porosity (®) was calculated using
the value of the film's bulk density (pa) and the value of cellulose density (1.54 g/cm3),
according to Desmaisons et al. [20] (Equation 4).

_ pa
@ (%) =1 - (£2) x 100 (4)

The MFC/NFC film samples with dimensions of 5 x 5 mm were submerged in liquid
nitrogen for instant freezing, fractured, and fixed in sample holders (stubs) containing double-
sided carbon tape and then kept in a desiccator with silica for drying. After drying, the stubs
were taken for metallization with gold before obtaining micrographs in an ultra-high resolution

(UHR) scanning electron microscope Tescan-Clara (Kohoutovice, Czech Republic), under



51

conditions of 10 KeV, 90 pA, with a distance of 10 mm working diameter. The microstructures
of the films were analyzed using scanning electron micrographs of the surface and fracture

section.

2.11. Fourier transform infrared spectroscopy (FTIR)

Vibrational infrared spectroscopy analyses were carried out using a Varian 600-IR FTIR
spectrometer with Fourier transform, coupled to a GladiATR accessory from Pike Technologies
for measurements by attenuated total reflectance (ATR) at 45° with a selenide zinc crystal. The
spectral range analyzed was 400 to 4,000 cm™, with a resolution of 2 cm™ and 32 scans. Films

from each treatment produced with MFC/NFC at 1% (m/m) were used for measurements.

2.12. X-ray diffraction (XRD)

The MFC/NFC diffractograms of H. flexuosa were carried out to verify possible changes
in crystallinity in the cellulose due to the application of pre-treatments. XRD analyses were
performed using an X-ray diffractometer Shimadzu Corporation XRD 6000 (Kyoto, Japan),
adjusted with Cu Ko radiation (0.15418 nm) at 30 kV and 30 mA. Scattered rays were collected
in the range of 26 = 5-40° at a rate of 2°/min [25]. The patterns were deconvolved with the
Magic Plot software (3.0.1), using the peak information presented by French [26]. The
crystallite fraction (CF) was calculated by Equation (5), while the crystallite size (CS) was

estimated by the Scherrer equation (Equation 6).

CF (%) =X 100 (5)
_ Kx2 (6)
¢S (nm) = B X cosf

where CF is the crystalline fraction, Ac is the sum of the areas under the crystalline curves, and
At is the total area under the XRD patterns. CS is the perpendicular size of the crystallites in
the (200) plane; K is the Scherrer constant that varies according to the symmetry of the crystal
(K'=0.89); A is the incident X-ray wavelength used; and j is the full-width at half maximum of
the diffraction peak (FWHM), in radians, 0 is the Bragg angle corresponding to the (200) plane
peak.
2.13. Light transmission and transparency of the films

The films' light transmittances were obtained using a Thermo Scientific Genesys 10S
UV-Vis Spectrophotometer (Massachusetts, USA) operated at 600 nm, according to ASTM
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D1746 [27]. The samples were prepared in dimensions of 30 x 20 mm and positioned in the
equipment to allow the light beam to pass through the sample. Transparency was calculated

according to equation (7).

T (%) = (*47) x 100 (7)

where T is the transparency (%), Tr is the transmittance at 600 nm (%), and ft is the film

thickness (mm).

2.14. Coloration and opacity of the films

The functionalized films were analyzed using a Konica Minolta CM-5 colorimeter
(Osaka, Japan), adjusted to a viewing angle of 10° and illuminant D65 (daylight). Five
measurements were taken for each treatment to determine the color parameters (L*, a*, b*, C*,
hue). Following the procedures of Fakhouri et al. [28] and Lago et al. [29], the apparent opacity
of the sample () was calculated from the relationship between the opacity of the sample placed
in the black standard (Yp) and the opacity in the white standard (Yb), where Y is equivalent to

the value of L* (Equation 8). The results were expressed on a scale from 0 to 100%.

Y
Y (%) = % % 100 ®)

2.15. Thermal degradation of the films

For thermogravimetric analysis (TGA), film degradation was performed using a TGA
Q500 TA Instruments thermal analyzer (Delaware, USA) set to a heating ramp of 10 °C/min.
Samples containing 7 to 10 mg of film were cut and placed in the equipment’s crucible heated
from 25 to 600 °C under a nitrogen atmosphere and using a gas flow of 50 mL/min. The initial
degradation temperature (T onset) was obtained by the intersection of the tangents to the
constant mass region and the linear part of the curves after the deflection point, as Scatolino et
al. [2] described. Likewise, the percentage of mass loss can be observed by the curve's end
point, while the maximum degradation temperature (T max) can be seen from the peaks

observed in the DrTGA curves.
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2.16. Degradation in water of the films

Samples measuring 30 x 30 mm were dried in an oven at 105 °C, weighed, and immersed
in a Becker with 100 mL of deionized water for 24 h. Subsequently, the water was removed,
and the samples were dried again at 105 °C for 24 h and weighed. The disintegrated portion of
the samples after degradation in water was calculated according to Equation (9). The values

were obtained as an average of five samples per treatment.

WD (%) = (M;—f’f) x 100 9)

where WD is the degradation in water; Mi is the initial mass of the sample (g) (before the

immersion and drying); Mf is the final mass of the sample (g) (after drying).

2.17. Barrier to water vapor and grease

The water vapor permeability of the films was carried out following the permeability
cell methodology described by Guimaraes et al. [17], which was based on the ASTM €96-16
[30] standard. Samples with a diameter of 1.5 cm were sealed in a glass permeation cell partially
filled with silica gel and placed in desiccators containing a saturated NaOH solution at 36°C
and 90% relative humidity. The capsules with films and silica were weighed on an analytical
balance (0.001g) for 8 days. The water vapor transmission rate (WVTR) and water vapor
permeability (WVP) were calculated by equations (10) and (11), respectively.

WVTR = (i) (10)
tXA
WVP = (%) (11)

where WVTR is the water vapor transmission rate (g/m2 day); WVP is water vapor permeability
(g mm/kPa! day m2); M/t is the angular coefficient of the graph obtained by the linear
regression of mass gain (g) versus conditioning time (days); A is the exposed area of the sample
(m2); Th is the thickness of the samples (mm); p is the water vapor pressure (kPa); (Ho — Hi) is

the difference between the external and internal humidity of the glass capsules at 25°C.

aThe grease resistance test followed the TAPPI T559 pm-96 standard [31]. The film
samples were cut with dimensions of 216 x 279 mm, in which drops of the solutions were
applied under the surface of the films, with the excess liquid being slightly removed after 15 s.

The films were ranked with the solution score (1 to 12) added. The solutions were classified
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from 1, with low penetrating power and composed only of oil, to 12, with high penetrating

power, composed of toluene and n-heptane.

2.18. Contact angle and wettability of the films

The contact angle and wettability were evaluated using the TAPPI T458 om-94 [32]
standard in a Kriiss DSA30 goniometer (Hamburg, Germany). The film samples, measuring 10
x 50 mm, were fixed on a glass slide and placed on the base of the equipment's image
acquisition system. For evaluation, deionized water was applied to the films to calculate the
average contact angle between the water droplet and the surface after 5 s. The wettability (W)
of the films was calculated with the average values of the contact angles measured between 5

and 55 s, according to Equation (12).

x 100 (12)

w o/s) = A=

where A is the average contact angle after 5 s (°); and a is the average contact angle after 60 s

).

2.19. Mechanical properties of the films

Mechanical tests were carried out following ASTM D 882-18 [33], using a texturometer
(Stable Micro Systems, TATX2i, England) equipped with a load cell with a capacity of 500 N.
The thickness of each sample was obtained by the average of 10 measurements carried out with
a digital micrometer (0.001 mm) along the their length. Five samples from each treatment with
dimensions of 100 x 100 mm were used to determine resistance, modulus of Young, and
elongation at break (%) in the tensile test. The initial distance between the grips was 50 mm,
and the test speed was 0.8 mm/s.

For the puncture resistance test, the specimens were cut with dimensions of 30 x 30 mm
and adjusted to the sample support (p/S5), with 5 mm of contact with the film. The distance
between the puncture rod and the sample was manually adjusted, and the test speed was 0.8

mm/s.

2.20. Antioxidant activity
The iron-reducing antioxidant activity was evaluated using the FRAP (Ferric Reducing

Antioxidant Power) method. Aliquots of 9 uL of antioxidant extracts from the samples were

combined with 27 pL of distilled water and 264 pL of FRAP solution [TPTZ: 2,4,6-Tris(2-
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pyridyl)-s-triazine) with (M.W. =312.34 a.u.m.) from Sigma, code T1253 or equivalent], [ferric
chloride hexahydrate (M.W. =270.3 a.m.)] and [grade P.A. acetate buffer]). After incubation in
a water bath at 37°C for 30 min, the absorbances of the film samples were read at 595 nm on a
CM-5 spectrophotometer. The results were calculated based on an analytical curve for ferrous

sulfate (FeSO4) (500 uM to 2000 uM) and expressed in uM ferrous sulfate (FeSO4) g™ .

2.21. Biodegradation of films

Soil samples (50 g) were collected in places close to trees, composed of microorganisms
and insects that contributed to the simulation of biodegradation of MFC/NFC films. The soil
samples were placed in transparent polypropylene plastic pots and moistened with
approximately 10mL of water during all days of the test to ensure constant soil moisture. The
films were cut with dimensions of 2 x 2 cm and ~0.025 mm thick and incubated in soil at 28°C
+ 2 °C for 28 days, according to the study by Norcino et al. [34]. For the test, 3 replications per
treatment were used. The mass of the samples was meticulously obtained using an analytical
balance with a precision of 0.001g. This ensured the accuracy of the weighing process.
Subsequently, images capturing the visual aspects of the films and their mass variation over the

course of the experiment were recorded.

2.22. Data analysis

The data obtained for the evaluated parameters were subjected to the F test at a 5%
probability level. When differences in at least one pair of means between treatments were
indicated, the Scott-Knott test was applied at a 5% probability level. The tests were conducted
using the SISVAR statistical package [35].

3. Results and Discussion
3.1. Chemical and physical characterization of the fibers

In the chemical constitution of H. flexuosa fibers, cellulose values were increased after
alkaline treatment (NaOH). The content of lignin, hemicelluloses, and extractives showed a
significant reduction, demonstrating the effectiveness of the treatment. As for ash, a slight
increase in values was observed (Figure 2). This effect of alkalinity is reported in the literature

for different lignocellulosic materials, corroborating that of the present study [2, 5, 17].
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Figure 2. Chemical and physical composition of H. flexuosa fibers. Averages followed by the

same letter do not differ by the Scott-Knott test at a 5% probability level.

The reduction in the concentration of hemicelluloses strongly contributes to mechanical
fibrillation, facilitating the deconstruction of the cell wall since these polysaccharides prevent
the coalescence of MFC/NFC [3]. Despite the known effectiveness of alkaline treatment, lignin
was not wholly removed. As an amorphous polymer, it is solubilized in an alkaline
environment, releasing monomers. Once the system is cooled, the monomers can be
redistributed and condensed under various chemical bonds, forming potentially different lignin-
phenolate complexes [36].

Contrary to the role of hemicelluloses, the presence of lignin in fiber structures can
contribute to the resistance of cell wall deconstruction, making the nanofibrillation process less
costly. However, in the study by Rojo et al. [37], a systematic decrease in fibril diameter was
observed with an increase in residual lignin after the mechanical fibrillation process. The same
authors also reported that the plasticization of lignin during hot pressing of the nanopapers and
its amorphous nature enabled a bonding effect, filling the voids between the nanofibrils,
reducing porosity and making the surfaces of the nanopapers smoother.

The low content of extractives, a non-cellulosic component, can favor the
deconstruction of the cell wall and enhance the optical properties of the films/nanopapers of
potential products generated with MFC/NFC, such as transparency. Conversely, an increase in

cellulose content enhances the final yield of particles on a micro and nanometric scale. As for
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ash content, this slight increase is associated with the presence of residues from the alkaline
treatment, which is often not completely removed during the fiber washing step after the
chemical procedure [38].

H. flexuosa fibers reached a basic density of 0.540 g cm3, which classifies it as medium
density (0.500 - 0.720 g.cm) according to the Forest Products Laboratory [39] classification.
To further facilitate fibrillation, the raw material depends on the resistance offered by its cell
wall. In other words, the greater the basic density of the fibers, the greater the thickness of the
cell wall. Thus, there will be more bundles of microfibrils that will offer greater resistance to
rupture by the discs of the mechanical ultra-refiner, which can hinder the production of
MFC/NFC and provide greater energy consumption [5].

3.2. Energy consumption

In producing MFC/NFC from H. flexuosa, energy consumption was close to 25000
kWh(t for 20 passes in the fibrillator, in which the gel aspect was formed in the 12" pass (Figure
3). This result indicates that although alkaline treatment provided improvements in chemical
properties (see Figure 2), it was not enough to reduce energy consumption, making it necessary
to analyze other means of treatment to improve this parameter, as this is one of the biggest

challenges for production of MFC/NFC on an industrial scale.
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Figure 3. Energy consumption with the increasing number of passes through mechanical
fibrillation. The arrow indicates the passage in which the MFC/NFC presented a gel appearance.

The high energy consumption for H. flexuosa may be associated with the slow
delamination of the cell wall of the fibers, which reduces the individualization of microfibrils

in each pass and minimizes water retention in the suspension, requiring a greater number of
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passes in the fibrillator to achieve the gelatinous viscosity and the formation of NFC network

in the cellulose suspension [40].

3.3. Microstructure of the suspensions

Particle homogeneity was high in the class with dimensions < 5 umz?, totaling 54.1%
(Figure 4). Therefore, the presence of nanometer-scale fibers was adequate to reduce the surface
area of the MFC/NFC and increase the stability of the suspension through homogeneity,

achieving the study's objective
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Figure 4. Particles homogeneity of MFC/NFC from H. flexuosa.

The morphology of the MFC/NFC was investigated by SEM to measure the diameters
(Figure 5). It was possible to observe a structure of fibril elements with the general appearance
of a tightly woven MFC/NFC network with aggregations, a characteristic obtained by
mechanical nanofibrillation, where shear forces delaminate the fibrils to free them and

individualize them [41].
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Figure 5. Typical SEM image and diameter distribution of MFC/NFC.

The highest proportions of more homogeneous MFC/NFC were in the diameter ranges
of 45-60 nm (30%). According to Tonoli et al. [42], cellulose nanostructures with these
dimensions (diameters) are potentially helpful as reinforcing agents. On the other hand, only
7.5% of all measured structures had diameters >90 nm, indicating that H. flexuosa has potential
as a raw material for producing cellulose nanofibrils. According to Scatolino et al. [2], smaller
diameters of MFC/NFC allow better intertwining of the structures due to the greater surface

area, which can provide greater density and better physical, mechanical, and barrier properties
of the films/nanopapers.

3.4. Stability of the suspensions

The stability was analyzed from 0 to 8 h and after 24 h, showing decreasing behavior
over time (Figure 6a). In the first hours (0-2 h), the state of dispersion remained constant. After
3 h, fragments of MFC sedimented, this behavior being visible at the bottom of the tubes from

4 h until 24 h (Figure 6b). Overall, the suspension resulted in ~99% stability, confirming high
amounts of NFC.
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Figure 6. Dispersion of MFC/NFC suspensions (0.1% wt) at 0 — 8 h and 24 h.

The sedimentation after 3 h can be attributed to the presence of lignin and hemicelluloses
in the suspension, which are high-molecular-weight constituents. This sedimentation reached a
final proportion of approximately 9% after 24 h. This fact can also be explained by the large

proportion of MFC over NFC in suspensions. The same behavior can be seen in Silva et al. [5]
for the same lignocellulosic material.

3.5. Viscosity of the suspensions

When the oil was introduced in different proportions, the mixture exhibited an
immediate increase in viscosity (Figure 7). However, with the addition of 3 and 5% oil, we
noticed a slight reduction, resulting in a more homogeneous mixture with viscosity values
between 9.96 and 10.14 cP, respectively. This change in viscosity is a direct result of the
polarity differences of the components and non-immediate interactions between the andiroba
oil and the hydrogen bonds of the MFC/NFC [43].
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Figure 7. Viscosity of MFC/NFC from Heteropsis flexuosa with andiroba oil. Averages

followed by the same letter do not differ by the Scott-Knott test at a 5% probability level.

3.6. Physical and morphological properties of the films

Andiroba oil improved the films' physical properties, according to the addition
percentages (Table 2). The An3 and An5 treatments presented more significant values of
grammage and density, with low porosity (40.1 and 39.3%, respectively). Consequently, these
results are also related to the thickness of the films, which was increased from 43.0 um (Control)
to 48.8 (Anl), 46.0 (An3), and 49.6 um (An5). Thickness variations are explained by the casting
method, which does not apply a vacuum in the film production. This increase in thickness with
additives can also be seen in the study by Scatolino et al. [2] for NFC films from commercial

eucalyptus and acai pulps with copaiba oil and vegetal tannins.

Table 2. Average values and standard deviation of film thickness, grammage, bulk density and

porosity.
Treatments Thickness Gramrr_lzage Bulk der_133ity Porosity (%)
(Um) (gm) (gcm™)
Control 43.0+09*%a 33.7+19a 0.82+0.01a 46.7+20a
Anl 488+1.3c 41.8+14Db 085+£0.02b 446+23b
An3 46.0£19Db 423+13Db 0.92+0.05¢c 40.1+34a
AnS 49.6+0.7d 455+12c 0.93+0.02c 393+14a

*Standard deviation; averages followed by the same letter in the same column do not differ by
the Scott-Knott test at a 5% probability level.



62

The highest bulk density for films produced is reflected in their surface characteristics.
Optical microscopy images show that films with higher densities (An3 and An5) had more
regular surfaces and fewer imperfections (Figure 7). However, the control and Anl treatments
provided a more heterogeneous appearance due to the presence of MFC/NFC clusters and cell

wall fragments.
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Figure 8. SEM micrographs of the films: (a and b) Control; (c and d) An1; (e and f) An3; (¢
and h) An5. The Left side corresponds to the surface and the right to the transversal region

(magnification 25k).

3.7. Fourier transformed infrared spectrometry (FTIR)

The FTIR spectra showed a difference in transmittance between the film treatments.
However, the peaks in the spectral profile were similar to each other (Figure 8). The adsorption
at the wavelength close to 3,336 cm™ can originate from the O—H stretching vibrations of
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cellulose hydroxyls, cellulose molecules, and intermolecular and intramolecular hydrogen
bonds [44]. On the other hand, the low intensity of this band can be attributed to the formation
of strong hydrogen bonds between the nanofibril bundles drying, which results in the loss of
hydroxyl groups in the form of water, which in turn is evaporated in the process of of the films,
resulting in a decrease in the amount of accessible OH groups [45, 46]. The 2,900 cm™* band is
related to the symmetric and asymmetric C-H stretching of cellulose, typical of lignocellulosic

materials [17].
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Figure 9. Typical FTIR spectra of the films from MFC/NFC and andiroba oil.

The intensity close to 1,635 cm™* corresponds to the angular deformation of OH groups
from the water absorbed in the MFC/NFC [47]. The bands at ~1,320 cm are attributed to the
in-plane bending vibration mode of methyl and/or C—O stretching, which are characteristic
signatures for the presence of the acetyl group [48], while the band ~1,025 cm™ are attributed
to the C-O-C vibration of the cellulosic chain [49] and -C-O stretching of andiroba oil [50].

3.8. X-Ray Diffraction (XRD)

Treatments with andiroba oil altered the original structure of the MFC/NFC crystals,
reducing their intensity (Figure 9). The peak at 20 = 22.9° is related to the (200) crystal plane
[26]. The overlapping lowest diffraction peaks at 15.3° and 16.5° are assigned to the (1-10) and
(110) lattice planes, respectively, corresponding to cellulose I and native cellulose [51]. The
(012) and (102) planes were observed using the deconvolution technique, which demonstrated

that there was no preferential orientation of the cellulose. Furthermore, we can observe the
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absence of a peak defined at approximately 35° (004) in the diffractograms of the films,
resulting in the overlap of several peaks, which occurs due to the deformation and/or destruction

of the crystals during the fibrillation process [52, 53].
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Figure 10. Typical X-ray diffraction spectra of MFC/NFC of H. flexuosa and andiroba oil.

The XRD patterns were used to calculate the crystalline fraction (CF) and crystallite
size (CS) of the films (Table 3). The results show that the amount of andiroba oil applied to the
MFC/NFC contributed to the small increase in crystallinity despite not showing a significant

difference in the crystallites size.

Table 3. Crystalline fraction (CF) and crystallite size (CS) for MFC/NFC of H. flexuosa with

andiroba oil.
Treatments CF (%) CS (nm)
Control 66.6 2.7
Anl 71.6 2.8
An3 72.0 2.7
An5 69.5 2.7

Silva et al. [50] also observed an increase in the crystallinity (28.5 to 44.9) as the oil
content increases, which explains that more oil content decreases the amorphous domain. Qil
dispersion in the MFC/NFC may have made drying using the casting technique difficult,
reducing the evaporation rate. Thus, the polymer chains had more time to reorganize into a

more crystalline conformation.
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3.9. Transmittance and transparency of the films

In transmittance, the An3 achieved the highest result (Figure 10), with greater
transparency at the wavelength of 600 nm (26.3%). According to Qing et al. [54] and Okahisa
et al. [55], light dispersion is directly related to transparency since MFC/NFC have fibrous
fragments that scatter light. As the size of the fragments is reduced, the films tend towards
transparency. This property is important in the application of films in industry, especially in the
food sector, as it allows visualization of the conservation status of the packaged product.
Furthermore, it helps with light dispersion, which gives the food a longer shelf life [56].
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Figure 11. Transmittance and transparency of the films from MFC/NFC and andiroba oil

3.10. Opacity and color of the films

Table 4 presents the opacity and color values of MFC/NFC films with different
percentages of andiroba oil added. Higher additive proportions generated more opaque films.

Table 4. Opacity and color of the films.

Treatments  Opacity (%om™1) L* C* hue
Control 0.875+0.03*a 40.78+20a 11.23+264a 91.34+0.72c
Anl 0987+0.02b 4492+11c 1511+0.79b 89.53+150b
An3 1.013+0.01c 4046+11a 16.07+098c 86.49+180a
An5 1.220+0.08d 4259+0.7b 16.69+1.20c 87.68+153a

* Standard deviation; averages followed by the same letter in the same column do not differ by
the Scott-Knott test at the 5% probability level.
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The control films had the lowest opacity. In contrast, isolated agglomerates were
observed in the control and Anl treatments, culminating in voids on the surface of the films
(see Figure 7). These voids allow light to pass more easily than spaces filled with MFC/NFC,
which explains the smaller opacity values. It's worth noting that despite the increase in opacity
after the addition of andiroba oil, these values remain within acceptable limits. This is
particularly important for materials used as edible coatings, as high opacity can interfere with
the original color of the coated product, potentially reducing its acceptance [46, 57].
Additionally, the darkening of the film surface and the increase in the intensity of the yellowish
color may be attributed to the higher concentration of andiroba oil, as indicated by the values

of L*, C*, and hue.

3.11. Thermal degradation of films

The treatments showed thermal resistance up to 250 °C, with a rapid initial mass
reduction due to the evaporation of surface moisture. Then, degradation occurred as the
temperature increased, with a maximum peak at 500 °C (Figure 11). This trend is better

visualized in Figure 8b with the data treated by the first derivative.
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Figure 12. Thermal degradation of the films. a) mass loss with increasing temperature; and b)
first derivative of TGA (DTG).
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The degradation profile was similar for all treatments. Nonetheless, An5 presented a
higher thermal degradation temperature (Tmax), While An3 films had a lower initial temperature
(Tonset). The composition of copaiba oil may be one of the factors that culminated in the increase
in the thermal degradation temperature of H. flexuosa films. Andiroba oil is composed of
stearic, oleic, linoleic, linolenic, and other fatty acids, and these elements may have decomposed
between 460 and 500 °C [58]. According to Silva et al. [50], this increase in degradation
temperatures may be related to the barrier effect caused by polymer chains to andiroba oil
molecules, hindering the diffusion of volatile compounds and increasing the thermal stability
of hybrid materials.

3.12. Degradation in water of the films

The Anb5 treatment also presented the best degradation in water (2.69%), with the lowest
values found for the control (5.01%). This confirms the effectiveness of the addition of andiroba
oil, mainly because it is a non-polar substance (Figure 12). As a result, An5 films are more
durable in water-saturated conditions, allowing the material to be applied to high-value

packaging.
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Figure 13. Degradation in water of films. Averages followed by the same letter do not differ

by the Scott-Knott test at a 5% probability level.

The low degradation in water is related to the stability of the films in high humidity

conditions. According to the present study, MFC/NFC films from Heteropsis flexuosa with
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andiroba oil can mainly be indicated for contact with products that have high water activity,
such as edible coatings for fruits and vegetables, for example, as well as coatings for packaging

frozen foods, which will be subjected to storage under conditions of high humidity [59, 60].

3.13. Barrier to water vapor and grease resistance

In the water vapor transmission rate (WVTR) analysis, Anl films presented the lowest
result. In contrast, in water vapor permeability (WVP), the control obtained the most
considerable value, although in physical properties (see Table 2), the treatments with andiroba
oil have reached significant parameters (Table 5). The WVTR and WVP values must be
minimal when applying films to packaging, enabling greater product longevity by reducing

moisture transfer between the food and the atmosphere [29].

Table 5. Average values and standard deviation for water vapor transmission rate (WVTR),

water vapor permeability (WVP) and grease resistance.

Treatments WVTR (g/m?2day) WVP (g mm/day m? kPa) Grease resistance score

Control 710.3+7.7*b 2.84+0.03a 12
Anl 686.9+11.7a 3.35+0.07c 12
An3 729.4+209b 3.17+0.09b 12
Anb 7545+113¢c 4.60+0.16 d 12

*Standard deviation; averages followed by the same letter in the same column do not differ by

the Scott-Knott test at a 5% probability level.

In the grease resistance test, all the films with MFC/NFC from H. flexuosa showed
resistance to 12 oil solutions due to the most “aggressive” solution with classification no. 12,
composed of toluene and n-heptane. Similar results were found for different lignocellulosic
fibers [2, 5], demonstrating the potential for use in packaging materials. This blocking of fats
and water can be explained by the degree of fibrillation. The higher it is, the smaller the number
of pores in the films will be [61, 62].

3.14. Contact angle and wettability of the films

Figure 13 shows the average values for contact angle and wettability of the films. The
Anl treatment obtained the highest angle (93.07°), while An5 achieved lower wettability (~0.04
mN/m). This highlights that the treatment applied to the MFC/NFC suspension improved the

films' surface parameters, adding a less hydrophilic character with the addition of andiroba oil.
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Figure 14. Average values and standard deviation of: (a) contact angle and (b) film wettability.
Averages followed by the same letter do not differ by the Scott-Knott test at a 5% probability

level.

According to Sahraee et al. [63] and Abbasi et al. [64], a contact angle between 0-90° is
designated for surfaces susceptible to wettability, while values greater than 90° indicate that the
material is hydrophobic. Thus, Anl films are hydrophobic, and the others are classified as
hydrophilic. Despite this, the increase in the concentration of andiroba oil contributed to
reducing the wettability of the surfaces, indicating greater stability in contact with water, as
demonstrated in the water degradation test.

Applying these materials for packaging requires, in most cases, a more hydrophobic
character for food conservation and protection purposes. Packaging produced with materials of
a hydrophilic nature (<90°) can cause some difficulties in storing certain types of products,
mainly food and perishables [65]. Furthermore, the films' hydrophilicity may result from the
large number of hydroxyl groups present in the surface layer, which is why it presents a low

proportion of free OH groups [66].

3.15. Mechanical properties of the films

Regarding the mechanical properties of the films, the control treatment showed higher
tensile strength (63.59 MPa), although the An3 treatment required a higher elasticity value (3.74
GPa) (Figure 14). A possible explanation for this reduction in tensile strength is that andiroba
oil may have resulted in a discontinuous matrix with larger pores and/or cavities throughout the
films than those presented by the control films. Another explanation is that the oil may have

acted as a plasticizing agent, attenuating the bonds between the NFC molecules and making the
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material more malleable, which could be attractive for industrial applications. This same
behavior is corroborated by Scatolino et al. [2], using copaiba oil and tannin in agai films, with

a 10 and 25% reduction, respectively.
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Figure 15. Average values and standard deviation of: (a) tensile strength; (b) Young’s Modulus;
(c) elongation at break; and (d) puncture force. Averages followed by the same letter do not
differ by the Scott-Knott test at a 5% probability level.

Another factor is that andiroba oil can stop MFC/NFC entanglement. The stress-strain
curves highlighted that the films from the control treatment were superior in resistance among
all treatments. The puncture force Anl obtained 6.70 N mm™, the most satisfactory value. On
the other hand, the casting method presents limitations such as variation in thickness and weight
of the films, humidity gradients, roughness, accumulation of more viscous suspensions in

specific points of the sample-forming plates, which can provide low mechanical resistance [67].

3.16. Antioxidant activity of films
Figure 15 shows the antioxidant activity of MFC/NFC films with different percentages
of andiroba oil, based on the FRAP procedure.
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A significant increase was observed in treatments with andiroba oil concerning the

control. The explanation for this behavior is that the porous microstructure throughout the

samples with andiroba oil allows greater release of antioxidant compounds trapped in the

MFC/NFC. Although increased permeability leads to greater antioxidant activity, this also

reflects greater exposure of the material, contributing to the protective action of food against

external agents [68].

3.17. Biodegradability of films

The influence of incorporating andiroba oil on the biodegradation of films was

investigated. Figure 16 shows the mass loss of samples in the soil.
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Figure 17. Biodegradation of films in the soil for 28 days.

The results obtained over 28 days show that the four treatments analyzed underwent
aerobic biodegradation in the soil. The control and An3 treatments showed more pronounced
degradation, especially after 14 days of testing, with 44.7 and 43.1%, respectively, of final
mass. Microorganisms affected the surface and depth of the films. As a result of the
biodegradation process, the control sample broke into small pieces after 28 days of exposure to
the soil, suggesting that the andiroba oil treatments imparted antimicrobial properties to the
films.

Biodegradation is the process of degradation of polymers or other materials by the action
of microorganisms, which produces CO> and/or methane, water, cellular biomass and energy
[69]. Furthermore, it is influenced by crystallinity, since enzymes prefer to attack amorphous
domains in polymers. The amorphous regions of the MFC/NFC are poorly compacted, making

them more susceptible to degradation [70].

4. Conclusion

In this study, Titica vine MFC/NFC films were functionalized with andiroba oil to verify
their barrier, thermal degradation, and biodegradation properties. Andiroba oil added to
MFC/NFC generated films with less degradation in water, greater contact angle, and lower
wettability despite the high permeability to water vapor. The Anl films presented suitable
charachteristics of contact angle (>90°) and greater puncture resistance. The An3 films exhibited

a more transparent appearance concerning the other treatments and high biodegradation. At the
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same time, An5 generated more opaque films with a higher maximum thermal degradation
temperature (Tmax) and high antioxidant activity. Adding andiroba oil reduced the tensile
strength properties of the MFC/NFC films about the control. However, the films produced in
this study from H. flexuosa fibers, functionalized with andiroba oil, showed packaging potential
for lightweight, low-moisture products due to their adequate thermal and barrier characteristics.
More studies should be carried out on the pretreatment of waste fibers to reduce energy

consumption and improve their mechanical properties.

Acknowledgments

The authors would like to thank the Post-graduate Program in Biomaterials Engineering
(PPGBIOMAT) and Wood Science and Technology (PPGCTM). The authors thank Research
Support Foundation of the State of Minas Gerais (FAPEMIG), the Coordination for the
Improvement of Higher Education Personnel (CAPES; Funding Code 001), the National
Council for Scientific and Technological Development (CNPq; finance code 141301/2021-0),
Brazilian Research Network in Lignocellulosic Composites and Nanocomposites (RELIGAR),
and the State University of Amapa (Edital N° 003/2022-PROPESP/UEAP and Edital 003/2021-
PROPESP/UEAP) for the financial support and research grant and Federal University of Lavras
(UFLA).

Funding
This work was funded by FAPEMIG, CAPES, CNPq and PROPESP/UEAP.

References

1. Kargarzadeh, H.; Mariano, M.; Huang, J.; Lin, N.; Ahmad, I.; Dufresne, A.; Thomas, S.
(2017) Recent developments on nanocellulose reinforced polymer nanocomposites: A
review. Polymer. 2017, 132, 368-393. https://doi.org/10.1016/j.polymer.2017.09.043

2. Scatolino, M.V.; Bufalino, L.; Dias, M.C.; Mendes, L.M.; Silva, M.S.; Tonoli, G.H.D.
Copaiba oil and vegetal tannin as functionalizing agents for acai nanofibril films:
valorization of forest wastes from Amazonia. Environ. Sci. Pollut. Res. 2022, 1-16.
https://doi.org/10.1007/s11356-022-20520-7

3. Dias, M.C.; Zidanes, U.L.; Mascarenhas, A.R.P.; Setter, C.; Scatolino, M.V.; Martins,
M.A.; Mori, F.A.; Belgacem, M.N.; Tonoli, G.H.D.; Ferreira, S.R. Mandacaru cactus as a
source of nanofibrillated cellulose for nanopaper production. Int. J. Biol. Macromol. 2023,
123850. https://doi.org/10.1016/j.ijbiomac.2023.123850


https://doi.org/10.1016/j.polymer.2017.09.043

10.

11.

12.

13.

14.

15.

16.

17.

74

Cunha, J.D.S.C.; Nascimento, L.F.C.; Luz, F.S.; Monteiro, S.N.; Lemos, M.F,; Silva, C.G;
Simonassi, N.T. Physical and Mechanical Characterization of Titica Vine (Heteropsis
flexuosa) Incorporated Epoxy Matrix Composites. Polymer. 2021, 13, 4079.
https://doi.org/10.3390/polym13234079

Silva, D.W.; Batista, F.G.; Scatolino, M.V.; Mascarenhas, A.R.P.; Medeiros, D.T.; Tonoli,
G.H.D.; Lazo, T.A.A.; Caselli, F.T.R.; Souza, T.M.; Alves Junior, F.T. Developing a
Biodegradable Film for Packaging with Lignocellulosic Materials from the Amazonian
Biodiversity. Polymer. 2023, 15, 3646. https://doi.org/10.3390/polym15173646

Lira, G.B.; Lopes, A.; Nascimento, F.; Conceicdo, G.; Brasil, D. Extraction processes and
industrial uses of andiroba and acai oils: a review. Res., Soc. Dev. 2021, 10, 12.

Uitterhaegen, E.; Evon, P. Twin-screw extrusion technology for vegetable oil extraction:
A review. J Food Eng 2017, 212, 190-200. https://doi.org/10.1016/j.jfoodeng.2017.06.006

Brito, A.D.; Coelho, R.F.R.; Rosal, L.F. Saberes e praticas tradicionais da extracdo do 6leo
de Carapa guianenses Abul. (Andiroba) em area de varzea do municipio de igarapé-miri,
PA. Rev. Bras. Agroecol. 2020, 15, 13-13. https://doi.org/10.33240/rba.v15i3.23165

Costa-Silva, J.H.; Lima, C.R; Silva, E.J.R.; Aradjo, A.V.; Fraga, M.C.C.A.; Ribeiro, A.R.;
Arruda, A.C.; Lafayette, S.S.L.; Wanderley, A.G. Acute and subacute toxicity of the
Carapa guianensis Aublet (Meliaceae) seed oil. J. Ethnopharmacol. 2008, 116, 495-500.
https://doi.org/10.1016/j.jep.2007.12.016

Syafig, R.; Sapuan, S.M.; Zuhri, M.Y.M.; llyas, R.A.; Nazrin, A.; Sherwani, S.F.K;
Khalina, A. Antimicrobial activities of starch-based biopolymers and biocomposites
incorporated with plant essential oils: A review. Polymer. 2020, 12, 2403.
https://doi.org/10.3390/polym12102403

ABNT. Brazilian Association of Technical Standards (2003) NBR 11941: wood:
determination of basic density. Rio de Janeiro, 2003, 6 p.

TAPPI. Technical Association of the Pulp and Paper Industry, T 204 om-97. Solvent
extractives of wood and pulp. Press, Norcross, 2007.

TAPPI. Technical Association of the Pulp and Paper Industry, T 222 om-02. Acid-
insoluble lignin in wood pulp. Press, Norcross, 2002a.

Browning, B.L. The chemistry of wood. Warrenvile: Interscience, 1963, 689 p.

Kennedy, F.; Phillips, G.O.; Willians, P.A. Wood and cellulosics, industrial utilization,
biotechnology, structure and properties. Ellis Horwood, Chichester, 1987.

TAPPI. Technical Association of the Pulp and Paper Industry, T 211 om-02. Ash in wood,
pulp, paper and paperboard: combustion at 525 °C. Press, Norcross, 2002b.

Guimaraes, M.R.G.; Scatolino, M.V.; Martins, M.A.; Ferreira, S.R.; Mendes, L.M.; Lima,
J.T.; Guimardes Junior, M.; Tonoli, G.H.D. Bio-based films/nanopapers from



18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

75

lignocellulosic wastes for production of added-value micro-/nanomaterials. Environ. Sci.
Pollut. Res. 2021, 29:8665-8683. https://doi.org/10.1007/s11356-021-16203-4

Martins, C.C.N.; Dias, M.C.; Mendonca, M.C.; Duraes, A.F.S.; Silva, L.E.; Felix, J.R.;
Damasio, R.A.P.; Tonoli, G.H.D. Optimizing cellulose microfibrillation with NaOH
pretreatments for unbleached Eucalyptus pulp. Cellulose 2021, 28, 11519-11531.
https://doi.org/10.1007/s10570-021-04221-x

Rueden, C.T.; Schindelin, J.; Hiner, M.C.; Dezonia, B.E.; Walter, A.E.; Arena, E.T.;
Eliceiri, K.W. ImageJ2: ImageJ for the next generation of scientific image data. BMC
Bioinformatics 2017, 18, 1-26. https://doi.org/10.1186/s12859-017-1934-z

Desmaisons, J.; Boutonnet, E.; Rueff, M.; Dufresne, A.; Bras, J. A new quality index for
benchmarking of different cellulose nanofibrils. Carbohydr. Polym. 2017, 174, 318-329.
https://doi.org/10.1016/j.carbpol.2017.06.032

Silva, L.E.; Santos, A.A.; Torres, L.; McCaffrey, Z.; Klamczynski, A.; Glenn, G.; Sena
Neto, A.R.; Wood, D.; Williams, T. Orts, W.; Damasio, R.A.P.; Tonoli, G.H.D.
Redispersion and structural change evaluation of dried microfibrillated cellulose.
Carbohydr. Polym. 2021b, 252, 117165. https://doi.org/10.1016/j.carbpol.2020.117165

TAPPI. Technical association of the pulp and paper industry, T 230 om-19. Viscosity of
pulp (capillary viscometer method). Press, Norcross, 2019.

TAPPI. Technical Association of the Pulp and Paper Industry, T 411 om-15. Thickness
(Caliper) of Paper, Paperboard and Combined Board, Phys. Prop. Comm. Process Prod.
Qual. Div., 2015, 3-6.

TAPPI. Technical Association of the Pulp and Paper Industry, (Revision of T 410 om-08).
Grammage of paper and paperboard (weight per unit area), 2013.

Tonoli, G.H.D.; Holtman, K.; Silva, L.E.; Wood, D.; Torres, L.; Williams, T.; Oliveira,
J.E.; Fonseca, A.S.; Klamczynski, A.; Glenn, G.; ORTS, W. Changes on structural
characteristics of cellulose pulp fiber incubated for different times in anaerobic digestate.
Cerne 2021, 27, €102647. https://doi.org/10.1590/01047760202127012647

French, A.D. Idealized powder diffraction patterns for cellulose polymorphs. Cellulose
2014, 21, 885-896. https://doi.org/10.1007/s10570-013-0030-4

ASTM. American Society for Testing and Materials, D1746-15. Standard Test Method for
Transparency of Plastic Sheeting. West Conshohocken, 2015.

Fakhouri, F.M.; Costa, D.; Yamashita, F.; Martelli, S.M.; Jesus, R.C.; Alganer, K.;
Collares-Queiroz, F.P.; Innocentini-Mei, L.H. Comparative study of processing methods
for  starch/gelatin  films. Carbohydr. Polym. 2013, 95, 681-689.
https://doi.org/10.1016/j.carbpol.2013.03.027

Lago, R.C.; Oliveira, A.L.M.; Dias, M.C.; Carvalho, E.E.N.; Tonoli, G.H.D.; Vilas Boas,
E.V.B. Obtaining cellulosic nanofibrils from oat straw for biocomposite reinforcement:


https://doi.org/10.1007/s10570-021-04221-x
https://doi.org/10.1186/s12859-017-1934-

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

76

Mechanical and barrier properties. Ind. Crops Prod. 2020, 148, 112264.
https://doi.org/10.1016/j.indcrop.2020.112264

ASTM. American Society for Testing and Materials, E96. Standard Test Methods for
Water Vapor Transmission of Materials. ASTM E96. West Conshohocken, 2016.

TAPPI. Technical Association of the Pulp and Paper Industry, T 559 cm-12. Grease
resistance test for paper and paperboard. Press, Norcross, 2012.

TAPPI. Technical Association of the Pulp and Paper Industry, T 458 cm-14. Surface
wettability of paper (angle of contact method). TAPPI Press, Norcross, 2014.

ASTM. American Society for Testing and Materials. Standard Test Methods for Tensile
Properties of Thin Plastic Sheeting, 2018.

Norcino, L.B.; Mendes, J.F.; Natarelli, C.V.L.; Manrich, A.; Oliveira, J.E.; Mattoso,
L.H.C. Pectin films loaded with copaiba oil nanoemulsions for potential use as bio-based
active packaging. Food Hydrocoll. 2020. https://doi.org/10.1016/j.foodhyd.2020.105862

Ferreira, D.F. SISVAR: A computer analysis system to fixed effects split plot type designs.
Braz. J. Biom. 2019, 37, 529-535. https://doi.org/10.28951/rbb.v37i4.45

Bufalino, L.; Sena Neto, A.R.; Tonoli, G.H.D.; Souza Fonseca, A.; Costa, T.G.;
Marconcini, J.M.; Colodette, J.L.; Labory, C.R.G.; Mendes, L.M. How the chemical nature
of Brazilian hardwoods affects nanofibrillation of cellulose fibers and film optical quality.
Cellulose 2015, 22, 3657-3672. https://doi.org/10.1007/s10570-015-0771-3

Rojo, E.; Peresin, M.S.; Sampson, W.W.; Hoeger, I.C.; Vartiainen, J.; Laine, J.; Rojas, O.J.
Comprehensive elucidation of the effect of residual lignin on the physical, barrier,
mechanical and surface properties of nanocellulose films. Green Chem. 2015, 17, 1853-
1866. https://doi.org/10.1039/C4GC02398F

Scatolino, M.V.; Fonseca, C.S.; Gomes, M.S.; Rompa, V.D.; Martins, M.A.; Tonoli,
G.H.D.; Mendes, L.M. (2018) How the surface wettability and modulus of elasticity of the
Amazonian parica nanofibrils films are affected by the chemical changes of the natural
fibers. Eur. J. Wood Wood Prod. 2018, 76, 1581-1594. https://doi.org/10.1007/s00107-
018-1343-7

LPF. Forest Products Laboratory, National Forest Information System. Brazilian Forest
Service. Database of brazilian woods. Brasilia, 2023. https://snif.florestal.gov.br/. 14 mai.
2023.

Lahtinen, P.; Liukkonen, S.; Pere, J.; Sneck, A.; Kangas, H. A comparative study of
fibrillated fibers from different mechanical and chemical pulps. BioResources 2014, 9,
2115-2127.

Nechyporchuk, O.; Belgacem, M.N.; Bras, J. Production of cellulose nanofibrils: A review
of recent advances. Ind. Crops Prod. 2016, 93, 2-25.
https://doi.org/10.1016/j.indcrop.2016.02.016


https://doi.org/10.1016/j.foodhyd.2020.105862
https://doi.org/10.1007/s10570-015-0771-3

42.

43.

44,

45.

46.

47.

48.

49.

50.

ol.

92.

7

Tonoli, G.H.D.; Holtman, K.M.; Glenn, G.; Fonseca, A.S.; Wood, D.; Williams, T.; Sa,
V.A.; Torres, L.; Klamczynski, A.; Orts, W.J. Properties of cellulose micro/nanofibers
obtained from eucalyptus pulp fiber treated with anaerobic digestate and high shear mixing.
Cellulose 2016, 23, 1239-1256. https://doi.org/10.1007/s10570-016-0890-5

Santos, A.D.A.; Matos, L.C.; Mendon¢a, M.C.; Lago, R.C.; Santos Muguet, M.C.;
Damasio, R.A.P.; Ponzecchi, A.; Soares, J.R.; Sanadi, A.R.; Tonoli, G.H.D. Evaluation of
paper coated with cationic starch and carnauba wax mixtures regarding barrier properties.
Ind. Crops Prod. 2023, 203, 117177.

Lopes, T.A.; Bufalino, L.; Claro, P.I.C.; Martins, M.A.; Tonoli, G.H.D.; Mendes, L.M. The
effect of surface modifications with corona discharge in Pinus and Eucalyptus nanofibril
films. Cellulose 2018, 25, 50-17. https://doi.org/10.1007/s10570-018-1948-3

Jaramillo, C.M.; Gutiérrez, T.J.; Goyanes, S.; Bernal, C.; Famé, L. Biodegradability and
plasticizing effect of yerba mate extract on cassava starch edible films. Carbohydr Polym
2016, 151, 150-159. https://doi.org/10.1016/j.carbpol.2016.05.025

Lago, R.C.; Oliveira, A.L.M.; Santos, A.D.A.; Zitha, E.Z.M.; Carvalho, E.E.N.; Tonoli,
G.H.D.; Vilas Boas, E.V.D.B. Addition of wheat straw nanofibrils to improve the
mechanical and barrier properties of cassava starch—based bionanocomposites. Ind. Crops
Prod. 2021, 170, 113816. https://doi.org/10.1016/j.indcrop.2021.113816

Marwanto, M.; Maulana, M.I.; Febrianto, F.; Wistara, N.J.; Nikmatin, S.; Masruchin, N.;
Zaini, L.H.; Lee, S.H.; Kim, N.H. Characteristics of nanocellulose crystals from balsa and
kapok fibers at different ammonium persulfate concentrations. Wood Sci. Technol. 2021,
55, 1319-1335. https://doi.org/10.1007/s00226-021-01319-0.

Salem, K.S.; Starkey, R.H.; Pal, L.; Lucia, L.; Jameel, H. The topochemistry of cellulose
nanofibrils as a function of mechanical generation energy. ACS Sustain Chem Eng 2019,
8, 1471-1478. https://doi.org/10.1021/acssuschemeng.9b05806

Qin, D.; Ma, X.; Zhang, B.; Luo, Q.; Na, H.; Chen, J.; Zhu, J. Ultra-high gas barrier and
enhanced mechanical properties of corn cellulose nanocomposite films filled with
graphene oxide nanosheets. Carbohydr. Polym. Technol. Appl. 2021, 2, 100066.
https://doi.org/10.1016/j.carpta.2021.100066.

Silva, D.F.; Lima, K.T.; Bastos, G.N.; Oliveira, J.A.R.; Nascimento, L.A.S.; Costa C.E.F;
Rocha Filho, G.N.; Concha, V.0.C.; Passos, M.F. PCL/andiroba oil (Carapa guianensis
Aubl.) hybrid film for wound healing applications. Polymer. 2021a, 13, 1591.
https://doi.org/10.3390/polym13101591

Azubuike, C.P.; Rodriguez, H.; Okhamafe, A.O.; Rogers, R.D. Physicochemical properties
of maize cob cellulose powders reconstituted from ionic liquid solution. Cellulose 2012,
19, 425-433. https://doi.org/10.1007/s10570-011-9631-y

Nam, S.; French, A.D.; Condon, B.D.; Concha, M. Segal crystallinity index revisited by
the simulation of X-ray diffraction patterns of cotton cellulose If and cellulose II.
Carbohydr Polym 2016, 135, 1-9. https://doi.org/10.1016/j.carbpol.2015.08.035


https://doi.org/10.1007/s10570-018-1948-3
https://doi.org/10.1021/acssuschemeng.9b05806
https://doi.org/10.1016/j.carpta.2021.100066

53.

o4,

55.

56.

S7.

58.

59.

60.

61.

62.

63.

78

Setter, C.; Mascarenhas, A.R.P.; Dias, M.C.; Oliveira Meira, A.C.F.; Silva Carvalho, N.T.;
Lorenco, M.S.; Martins, M.A.; Tonoli, G.H.D.; Oliveira, T.J.P. Surface modification of
cellulosic nanofibrils by spray drying: Drying yield and microstructural, thermal and
chemical  characterization. Ind. Crops  Prod. 2023,  201: 116899.
https://doi.org/10.1016/j.indcrop.2023.116899

Qing, Y.; Sabo, R.; Wu, Y.; Zhu, J.Y. Cai, Z. Self-assembled optically transparent cellulose
nanofibril films: effect of nanofibril morphology and drying procedure. Cellulose 2015, 22,
1091-1102. https://doi.org/10.1007/s10570-015-0563-9

Okahisa, Y.; Furukawa, Y.; Ishimoto, K.; Narita, C.; Intharapichai, K.; Ohara, H.
Comparison of cellulose nanofiber properties produced from different parts of the oil palm
tree. Carbohydr Polym 2018, 198, 313-319. https://doi.org/10.1016/j.carbpol.2018.06.089

Jeevahan, J.; Chandrasekaran, M. Nanoedible films for food packaging: A review. J.
Mater. Sci. 2019, 54, 12290-12318. https://doi.org/10.1007/s10853-019-03742-y

Martins, M.P.; Dagostin, J.L.A.; Franco, T.S.; Mufiiz, G.1.B.; Masson, M.L. Application
of cellulose nanofibrils isolated from an agroindustrial residue of peach palm in cassava
starch films. Food Biophys. 2020, 15, 323-334. https://doi.org/10.1007/s11483-020-09626-

y

Costa, M.N.F.S.; Muniz, M.A.P.; Negrdo, C.A.B.; Costa, C.E.F.; Lamardo, M.L.N.;
Morais, L.; Silva Junior, J.O.C.; Costa, R.M.R. (2014). Characterization of Pentaclethra
macroloba oil: Thermal stability, gas chromatography and Rancimat. J. Therm. Anal.
Calorim. 2014, 115, 2269-2275. https://doi.org/10.1007/s10973-012-2896-z

Lago, R.C.; Zitha, E.Z.M.; Oliveira, A.L.M.; Abreu, D.J.M.; Carvalho, E.E.N.; Piccoli,
R.H.; Tonoli, G.H.D.; Vilas Boas, E.V.B. Effect of coating with co-product-based
bionanocomposites on the quality of strawberries under refrigerated storage. Sci Hortic
2023, 309, 111668. https://doi.org/https://doi.org/10.1016/j.scienta.2022.111668

Silva, D.W.; Batista, F.G.; Scatolino, M.V.; Mascarenhas, A.R.P.; Medeiros, D.T.; Denzin
Tonoli, G. H.; Mendes, L.M.; Souza, T.M.; Alves Junior, F.T. Nanofibrillated pulps from
Amazonian species as a potential raw material for ecological packaging. Nord. Pulp Pap.
Res. J. 2024. https://doi.org/doi:10.1515/npprj-2023-0089

Wang, W.; Gu, F.; Deng, Z.; Zhu, Y.; Zhu, J.; Guo, T.; Song, J.; Xiao, H. Multilayer surface
construction for enhancing barrier properties of cellulose-based packaging. Carbohydr
Polym 2021, 255, 117431. https://doi.org/10.1016/j.carbpol.2020.117431

Dias, M.C.; Belgacem, M.N.; Resende, J.V.; Martins, M.A.; Damaésio, R.A.P.; Tonoli,
G.H.D.; Ferreira, S.R. Eco-friendly laccase and cellulase enzymes pretreatment for
optimized production of high content lignin-cellulose nanofibrils. Int. J. Biol. Macromol.
2022, 209, 413-425. https://doi.org/10.1016/j.ijbiomac.2022.04.005

Sahraee, S.; Milani, J.M.; Ghanbarzade, B.; Hamishekar, H. Effect of corn oil on physical,
thermal, and antifungal properties of gelatin-based nanocomposite films containing nano
chitin. Food Sci Technol 2017, 76, 33-39. https://doi.org/10.1016/j.Iwt.2016.10.028


https://doi.org/10.1007/s10853-019-03742-y

64.

65.

66.

67.

68.

69.

70.

79

Abbasi, H.; Fahim, H.; Mahboubi, M. Fabrication and characterization of composite film
based on gelatina and electrospun cellulose acetate fibers incorporating essential oil. J.
Food Meas. Charact. 2021, 15, 2108-2118. https://doi.org/10.1007/s11694-020-00799-1

Oliveira, M.L.C.; Mirmehdi, S.; Scatolino, M.V.; Junior, M.G.; Sanadi, A.R.; Damasio,
R.A.P.; Tonoli, G.H.D. Effect of overlapping cellulose nanofibrils and nanoclay layers on
mechanical and barrier properties of spray-coated papers. Cellulose 2022, 29, 1097-1113.
https://doi.org/10.1007/s10570-021-04350-3

Oun, A.A.; Rhim, J.W. Effect of post-treatments and concentration of cotton linter
cellulose nanocrystals on the properties of agar-based nanocomposite films. Carbohydr
Polym 2015, 134, 20-29. https://doi.org/10.1016/J.CARBPOL.2015.07.053

Mascarenhas, A.R.P.; Scatolino, M.V.; Santos, A.A.; Norcino, L.B.; Duarte, P.J.; Melo,
R.R.; Dias, M.C.; Faria, C.E.T.; Mendong¢a, M.C.; Tonoli, G.H.D. Hydroxypropyl
methylcellulose films reinforced with cellulose micro/nanofibrils: study of physical,
optical, surface, barrier and mechanical properties. N Nord. Pulp Pap. Res. J. 2022, 37,
366-384. https://doi.org/10.1515/npprj-2022-0006

Altin, G.; Gultekin-Ozgiiven, M.; Ozcelik, B. Chitosan coated liposome dispersions loaded
with cacao hull waste extract: Effect of spray drying on physico-chemical stability and in
vitro bioaccessibility. J. Food Eng. 2018, 223, 91-98.
https://doi.org/10.1016/j.jfoodeng.2017.12.005

Kabir, E.; Kaur, R.; Lee, J.; Kim, K.H.; Kwon, E.E. Prospects of biopolymer technology
as an alternative option for non-degradable plastics and sustainable management of plastic
wastes. J. Clean. Prod. 2020, 258, 120536. https://doi.org/10.1016/j.jclepro.2020.120536

Malekzadeh, E.; Tatari, A.; Firouzabadi, M.D. Preparation, characteristics, and soil-
biodegradable analysis of corn starch/nanofibrillated cellulose (CS/NFC) and corn
starch/nanofibrillated lignocellulose (CS/NFLC) films. Carbohydr Polym 2023, 309,
120699. https://doi.org/10.1016/j.carbpol.2023.120699


https://doi.org/10.1007/s11694-020-00799-1

