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RESUMO
Paulino, Graziela dos Santos, D.Sc., Universidade Federal de Vigosa, agosto de
2023. Materiais celuldsicos: isolamento de nanocristais a partir da biomassa de
café e funcionalizacio de membranas para remocao de contaminantes em aguas
residuais. Orientador: Tiago Antonio de Oliveira Mendes. Coorientadora:
Deusanilde de Jesus Silva.
Esta tese é apresentada em forma de artigo e divide-se em dois capitulos distintos.

Assim sendo, sdo apresentados neste trabalho na sec¢do “resumo” dois resumos de

artigos, cada resumo refere-se a um artigo em especifico desta tese.

Graos de café de baixa qualidade como nova fonte de biomassa de

nanocristais de celulose: extracao e aplicacio em embalagens

Residuos vegetais gerados a partir de processos industriais ou agroindustriais
podem resultar em produtos de alto valor agregado. Devido a presenca de compostos
funcionais com grande potencial tecnolégico, como celulose, lignina, hemicelulose,
metabolitos secundarios, entre outros. Além disso, o reaproveitamento da biomassa
contribui para a criacao de alternativas verdes para o descarte do grande volume de
biomassa gerado. Neste trabalho, foram extraidos nanocristais de celulose a partir
de graos de café ardbica de baixa qualidade descartados durante o processamento de
graos de café na agroindustria. Os graos de café arabica foram coletados,
higienizados, triturados, clarificados por tratamento alcalino e submetidos a
hidrélise dcida com 4cido sulfirico 65% m/v. Os nanocristais de celulose extraidos
apresentaram formato de agulha, com altura e comprimento médios de 7,27 nm e
221,34 nm, respectivamente. Esses nanocristais mostraram-se estdveis em meio
aquoso em pH 7 e 8, com um potencial elétrico de 22,5 mV e 20,5 mV, nessa ordem.
O seu indice de cristalinidade foi de 67,75% e a sua taxa de degradacdo térmica de
apenas 8%. Por fim, os nanocristais de celulose de café produzidos neste trabalho
foram adicionados a matriz polimérica de metil celulose para avaliar sua capacidade
como agente de fortalecimento térmico. Os resultados demonstraram que a presenca
de nanocristais de celulose de café ndo afetou significativamente a resisténcia a
degradacao térmica dos filmes produzidos. No entanto, foram capazes de diminuir
o teor de umidade desses filmes, ndo afetou o grau de transparéncia dos mesmos, e

ainda, agiram como barreira de protecao contra a luz ultravioleta.

Palavras-chave: nanocristais de celulose, café, reaproveitamento de residuos,

cristalinidade, hidrélise acida, bioplasticos, metil-celulose.



Otimizando a eficiéncia da remocao de material genético de SARS-CoV-2 de

aguas residuais sintéticas usando UVC e membranas de celulose derivadas

Os SARS-CoV-2 sdo transmitidos principalmente por goticulas respiratérias e
particulas de aerossdis. No entanto, como para outros CoVs, esse virus também pode
ser eliminado de pacientes sintomdticos ou assintomadticos por meio das fezes, uma
excrecdo comumente descartada em dguas residuais. Assim, neste trabalho foi
avaliada a capacidade de remog¢do de material genético SARS-CoV-2 de efluentes
sintéticos usando um protétipo de baixo custo contendo uma membrana de celulose
funcionalizada com grupos alquilamoénia e alquilamina acoplada a luz UVC. O
protétipo utilizado mostra que um curto tempo de exposicao ao UVC (5 min) j4 é
possivel degradar mais de 60% do gene N-SARS-CoV-2. Além disso, observamos
uma remog¢do de aproximadamente 100% do material genético avaliado quando a
membrana de celulose foi derivatizada com QASN*(CH>)s. Portanto, esse protétipo
pode ser utilizado tanto para a remog¢do de material genético de microrganismos
patogénicos, quanto para a retirada dos proprios microorganismos patogénicos
viaveis, de dguas residudrias. Especialmente, em dreas onde o saneamento basico é
deficiente ou inexistente, além disso, sua aplicacdo em efluentes hospitalares pode
minimizar o risco de contaminacdo em épocas de surtos epidémicos, garantindo a

seguranca da populacdo.

Palavras-chaves: membrana de celulose, Covid, tratamento de efluente, UV,

aminas quaterndrias.



ABSTRACT
Paulino, Graziela dos Santos, D.Sc., Universidade Federal de Vicosa, agosto de
2023. Cellulosic materials: isolation of nanocrystals from coffee biomass and
functionalization of membranes to remove contaminants in wastewater. advisor:
Tiago Antonio de Oliveira Mendes. Co-advisor: Deusanilde de Jesus Silva.
This thesis is presented in the form of an article and is divided into two distinct

chapters. Therefore, two article summaries are presented in this work, each summary

refers to a specific article from this thesis.

Low quality coffee beans as a new source of cellulose nanocrystal biomass:

extraction and application in packaging

Plant residues generated from industrial or agro-industrial processes can result in
products with high added value. Due to the presence of functional compounds with
great technological potential, such as cellulose, lignin, hemicellulose, secondary
metabolites, among others. Furthermore, the reuse of biomass contributes to the
creation of green alternatives for disposing of the large volume of biomass generated.
In this work, cellulose nanocrystals were extracted from low-quality Arabica coffee
beans discarded during the processing of coffee beans in the agribusiness. Arabica
coffee beans were collected, sanitized, crushed, clarified by alkaline treatment and
subjected to acid hydrolysis with sulfuric acid 65% w/v. The extracted cellulose
nanocrystals were needle-shaped, with an average height and length of 7.27 nm and
221.34 nm, respectively. These nanocrystals were stable in aqueous media at pH 7
and 8, with an electrical potential of 22.5 mV and 20.5 mV, in that order. Its
crystallinity index was 67.75% and its thermal degradation rate was only 8%. Finally,
the coffee cellulose nanocrystals produced in this work were added to the methyl
cellulose polymeric matrix to evaluate their capacity as a thermal strengthening agent.
The results demonstrated that the presence of coffee cellulose nanocrystals did not
significantly affect the resistance to thermal degradation of the films produced.
However, they were able to reduce the moisture content of these films, did not affect
their degree of transparency, and also acted as a protective barrier against ultraviolet

light.

Keywords: cellulose nanocrystals, crystallinity, acid hydrolysis, thermogravimetry.



Optimizing the Efficiency of Removal of SARS-CoV-2 Genetic Material from
Synthetic Wastewater Using UVC and Derived Cellulose Membranes

SARS-CoV-2 is mainly transmitted by respiratory droplets and aerosol particles.
However, as for other CoVs, this virus can also be shed from symptomatic or asymptomatic
patients through feces, an excretion commonly discarded in wastewater. Thus, in this work,
the ability to remove SARS-CoV-2 genetic material from synthetic effluents was evaluated
using a low-cost prototype containing a cellulose membrane functionalized with
alkylammonium and alkylamine groups coupled to UVC light. The prototype used shows
that a short exposure time to UVC (5 min) is already possible to degrade more than 60% of
the N-SARS-CoV-2 gene. Furthermore, we observed a removal of approximately 100% of
the genetic material evaluated when the cellulose membrane was derivatized with
QASN*(CH2)3. Therefore, this prototype can be used both for the removal of genetic
material from pathogenic microorganisms, and for the removal of viable pathogenic
microorganisms themselves, from wastewater. Especially in areas where basic sanitation is
deficient or non-existent, in addition, its application in hospital effluents can minimize the

risk of contamination in times of epidemic outbreaks, ensuring the safety of the population.

Keywords: cellulose membrane, Covid, effluent treatment, UV, quaternary amines.
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1. INTRODUCAO GERAL

Nas ultimas décadas pesquisas em diversas dreas envolvendo biomateriais, energia
renovdvel e quimica verde ganharam destaque. Os trés ramos de pesquisas visam
desenvolver tecnologias capazes de suprir parcialmente ou totalmente as diferentes
demandas de mercado, e a0 mesmo tempo diminuir o uso de matérias-primas nao
renovaveis e seu impacto ambiental (Bozell,2001). O grafico 1 mostra a evolugdo em
nimeros de pesquisas envolvendo fontes renovaveis. Uma das aplicacdes mais
recorrentes, € a troca de moléculas de fontes ndo renovaveis por moléculas de fontes
renovaveis. Por exemplo, producdo de etanol de segunda geracdo pela fermentacdo do
bagaco de cana-de-actucar; uso de oOleo vegetal para produzir moléculas de interesse
industrial como o 4cido palmitico; uso de celulose para a producdo de moléculas como
xilose e glicose; producdo de biosurfactantes por microorganismos; uso de polimeros
advindos de biomassa vegetal, animal ou de microorganismos para producdo de
bioembalagens, materiais condutores e implante tecidual, entre muitas outras aplicagdes

emergentes (Cherubini, 2010; Reshmy et al., 2021).

4000 54%
3500 53% \ 52%
9 (o}
3000 53% 51% 50%
2500
48% &%
2000 y 2 Y
459 0
1500 5 46%
1000 e
500 l 42%
0 . 40%
2017 2018 2019 2020 2021
Nimero total de artigos Numero .de artigos publicados com
acesso livre
= Proporg¢ao de artigos com acesso livre

Grifico 1: Numeros de artigos publicados entre os anos de 2017 até 2021 relacionados aos temas”
Bioecnomia” e “Produto de base ecologica”. A pesquisa foi realizada por D’Adamo e
colaboradores, 2022. A base de dados foi a Web of Science e as informagdes foram acessadas em

27 de outubro de 2021. Fonte: Grafico adaptado de D’ Adamo e colaboradores, 2022.

Biomassa é uma das principais fontes de biomoléculas com viés sustentdvel, sendo

definida como toda e qualquer fonte carbonica e renovavel de origem vegetal, animal, ou
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microbioldgica que pode ser utilizada para fins tecnoldgicos. Tais como, producdo de
energia, fabricagdo ou extrag¢ao de insumos bioquimicos, fabrica¢do de biomateriais, entre
outros (Ning et al., 2021)). Nesse cendrio, a biomassa vegetal é que mais se destaca, para
se ter uma ideia, a fixacdo de carbono pelas copas das drvores amazonicas € cerca de 1 tC
ha "' ano™ e por drvores de florestas secunddrias com mais de 20 anos é cerca 3 tC ha
lano™! (Boina,2008 apud grace, et al., 1996; Ortiz, 1997), acrescentada a producdo de
biomassa pelas florestas, existe a producdo agricola de biomassa vegetal, assim a
biomassa vegetal é abundante.

Esforcos para a utilizagdo de biomassa vegetal vem aumentando gradativamente em
todo mundo, principalmente devido ao forte apelo econdmico e ambiental. A biomassa
vegetal possui grande flexibilidade de utilizacdo, podendo ser usada para a produgdo de
combustiveis verdes, tais como, bioetanol, biodiesel, carvdo e gis; na producdo de
produtos biodegraddveis a partir de fibras vegetais, como é o caso dos biopolimeros
aplicados nas industrias de embalagens, farmacéutica, automobilisticas e médica; na
producdo de derivados e percursores quimicos de interesse industrial como: O &cido
levulinico, glicose, sorbitol, dcido linoleico, surfactantes, derivados de furanos, celulose,
lignina e seus aromaticos, aminodcidos e muitas outras moléculas (Isikgor & Becer,
2015).

As moléculas lignoceluloticas recebem grande destaque nesse contexto, a diversidade
quimica e a complexidade estrutural das moléculas que formam a biomassa
lignoceluloticas podem ser aplicadas em diversos campos da biotecnologia gerando
produtos de valor agregado. No geral a biomassa lignoceluloticas € composta por 10—
25% de lignina, 20-40% de hemicelulose e 40—60% de celulose, a estrutura quimica
béasica dessas biomoléculas sdo mostradas na figura 1 (Ning, et al.2021). O estudo e o
emprego biotecnoldgico de biomassa lignoceluloticas € amplo e variado. Sua aplicagcao
pode ser encontrada em: produtos farmacé€uticos e alimenticios; producdo de plasticos,
tintas e adesivos; nanomateriais; biomedicina e biorremediacdo. A tabela 1 sumariza os
principais produtos obtidos de biomassa lignoceluloticas.

Dentre as macromoléculas das fibras lignoceluloticas, a celulose é mais valorizada. Seu
uso € datado desde 105 d.C na China, quando o papel foi criado pelo inventor T'sai Lun
e sua formula quimica foi determinada 1838 pelo quimico francés Anselme Payen. As
primeiras aplicagcdes da celulose focam em sua estrutura macroscopica, especialmente
devido a sua flexibilidade e resisténcia (Trache et al., 2020). No entanto, o uso tradicional

da celulose ndo € capaz de responder as altas demandas e as complexidades tecnoldgicas
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exigidas pela sociedade moderna.
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Figura 1: Principais biomoléculas que compde a biomassa lignoceluloticas. a) Celulose; b)
hemicelulose; ¢) monoligndis; d) ligacdes quimicas comuns entre os mondmero de lignina. Fonte:

Imagem adaptada de Ning, et al.2021.

Tabela 1: Derivados lignocelul6sicos de valor agregado

Moléculas derivadas de
Macromolécula Produto final
baixo peso molecular

Alcoois (etanol, butanol, xilitol,
glicerol); Furanos (Furfural, 5-

hidroxi-metil-furfural) Acidos

Glicose; xilose; organicos (dcido lactico, 4cido

Celulose e arabinose acético, acido butilico);
Hemicelulose sorbitol, manitol, frutose Polimeros (PHA, PHB, acido
e sacarose. polilactico); Alcanos liquidos

(hexano e pentano);
Aminodcidos (glicina, aspartato,

lisina).

L. Biochar, bio-6leos, compostos
Compostos aromadticos

- . aromaticos; biogds, gis de
Lignina com diferentes estruturas - D10gas, &

L. sintese.
quimicas
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Atualmente pesquisas voltadas para celulose em nanoescala tem demonstrado que as
nanoparticulas de celulose apresentam vantagens tecnoldgicas, e potencial para
aplicacdes de alta performance em engenharia e biotecnologia. A nanocelulose tem
caracteristicas fisico-quimica que garantem a essas particulas vantagens tecnoldgicas
quando comparada a celulose fibrilar (Aziz, et al., 2022). Essas nanoparticulas
apresentam maior cristalinidade, alto médulo de elasticidade quando comparado ao
Kevlar e outros polimeros de reforco, baixa densidade, maior drea de superficie e alta
reatividade quimica devido a presenca dos grupamentos -OH livres (Aziz, et al., 2022).
Essas nanoparticulas tem sido empregadas na fabricacdo de embalagens para alimentos;
no tratamento de dgua; em dispositivos eletronicos e optico, na biomedicina e em muitos
outros campos (Ghasemlou, et al., 2021). Por exemplo, Zhong et al, 2020., produziu
nanocristais de celulose a partir da reciclagem de tecido denim tingido com corante
indigo, quando esses nanocristais de celulose de denim (CNC-denim) foram usados como
agentes de refor¢co em filme de dlcool polivinilico (PVA), os compdsitos com até 5% m/m
(CNC-denim/PVA) obtiveram maior resisténcia a tragcdo quando comparados aos filmes
de PVA puro, e também apresentaram uma maior barreira de prote¢do contra a luz
ultravioleta (UV). Ja Abouzeid e colaboradores, 2018., fabricaram scaffolds biomédicos
usando hidrogel de nanofibrila de celulose/alginato reticulado com célcio, os scaffolds
demonstraram estabilidade, resisténcia e biocompatibilidade para serem aplicados como
“ andaimes” na engenharia dssea.

No contexto atual, as principais vantagens do uso de nanocelulose sdo suas propriedades
mecanicas, comportamento optico, sua hidrofilicidade e biocompatibilidade, seu baixo
custo e renovabilidade. Além disso, a nanocelulose pode ser derivatizada quimicamente
para que adquira as caracteristicas necessdrias para sua aplicacdo, alguns exemplos de
modificagdes quimicas de nanocelulose sdo: esterificacdo, aminacdo, oxidagao, sililagdo,
sulfonacdo e fosforilacao (Ghasemlou, et al., 2021).

O mercado de nanocelulose se mostra economicamente viavel e com projecdes positiva
de crescimento. Até 2032 espera-se que esse o mercado de nanocelulose alcance cerca de
1,45 milhdes de dolares. A figura 2 resume o crescimento econdmico do setor de
nanocelulose, e a figura 3 apresenta os principais investidores e seguimentos de mercado

para essa nanoparticula.
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Mercado de nanocelulose de 2022 até 2032 (bilhdes de USS)
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Figura 2: Crescimento em bilhdes de délar do mercado de nanocelulose, projetado de 2022 a
2023. Fonte: Grafico adaptado da companhia “Precedence Research”  site:

<https://www.precedenceresearch.com/nanocellulose-market>.
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Figura 3: Empresas envolvidas no mercado de nanocelulose e seus segmentos de atuagio. Fonte:
Imagem adaptada de “Maximize market research” site:<

https://www.maximizemarketresearch.com/market-report/global-nanocellulose market/16711/>.
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1.1 Estrutura quimica e organizacao da celulose
A celulose € o polimero de carboidrato natural nao ramificado mais abundante na terra,
¢ formada pela ligacdo glicosidica B1-4 entre mondmeros de glicose, rotacionadas em
180°, sua unidade bdsica ¢ a molécula de celobiose (Figura 4). O seu grau de
polimerizacdo (nimero de unidades de glicose anidra ligadas entre si) em espécies

vegetais, normalmente se encontra dentro da faixa de 300 a 15.000 unidades (Zhang et

al., 2021).

HO OH

o)
CH,OH |
¥

Figura 4: Unidade repetitiva da celulose (celobiose). Fonte: Imagem livre.

Sua organizacdo macromolecular (Figura 5) se origina a partir de unidades fibrilares,
as unidades fibrilares sao filamentos lineares de celulose, essas estruturas sdo organizadas
em feixes paralelos, conectados por multiplas ligacdes cruzadas intermolecular e
intramolecular de hidrogénio, o que confere um arranjo semi-cristalino a essa estrutura.
Cada feixe contém em médias 36 unidades paralelas, esse conjunto é denominado
microfibrilas que também estdo associadas a polimeros ndo celulésicos como
hemicelulose, lignina, pectina, glicoproteinas, ceras e Oleos (Seddiqi, et al., 2021;

Lindman, et al., 2017; Blanco et al., 2018).

A organizacdo em microfibrilas e a sua associagdo com moléculas de hemicelulose e
lignina, confere a celulose uma alta resisténcia mecanica, sendo que, a propor¢dao de
moléculas ndo-celulésicas associados a estrutura depende da fonte vegetal. O grau
cristalinidade é dependente tanto da fonte de origem, como dos tratamentos que a celulose
€ submetida. Em madeiras o grau de cristalinidade varia entre 40-60%, em contraste, a
celulose bacteriana pode apresentar um grau de cristalinidade de até 100% (Djafari

Petroudy,2017; Nishiyama, 2009).
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Figura 5: Organizacio macromolecular das fibras lignoceluloticas. Fonte: Imagem adaptada

de Magalhaes Jr, et al., 2019.

Por ser semi-cristalina, a celulose apresenta duas regides, uma cristalina e uma amorfa
que se diferenciam de forma gradual ao longo das microfibrilas, essas duas regides sao
importantes para as propriedades fisico-quimica e bioldgica da celulose, a regido amorfa
apresenta moléculas de celulose com estrutura desorganizada, resultado das quebras de
ligacdo de hidrogénios entre as moléculas de celulose, e maior propor¢ao de hemicelulose
e lignina. J4 a regido cristalina, tem alta organizacdo entre as moléculas de celulose e é
menos hidratada que a regido amorfa, e menor € a proporcao de moléculas nao celuldsicas,
ou seja, hemicelulose e lignina (Blake et al., 2006; Ruel et al., 2012, 2019; Seddiqi, et al,
2021).

A proporcao dessas duas regides dentro da estrutura microfibrilar da celulose, influéncia
diretamente em seu comportamento fisico-quimico e mecanico, por exemplo, celulose
com grande por¢do amorfa absorve mais dgua e umidade e sd@o mais sensiveis a
degradacdo térmica, efeito contrario acontece em celulose com maiores porcdes de
regides cristalinas, essas celuloses apresentam resisténcia maior ao elongamento e a
reacoes quimicas e possuem menor grau de hidratacdo, além disso, em procariotos, varias
familias de hidrdlases glicosidicas sdo capazes de diferenciar entre a regido amorfa e a

regido cristalina da celulose para realizar a clivagem. (Grondahl et al., 2021; Ergun, et al.,
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2016).

Segundo De Avila Delucis, e colaboradores (2021), a celulose € classificada em quatro
polimorfismos estruturais: Celulose I, Celulose II, Celulose III e Celulose IV, como

descritos em seguida:

Celulose tipo I: Encontrada em diversas espécies de plantas como em madeiras e algas,
€ organizada com folhas paralelas de celulose. Sua estrutura cristalina € composta por
dois tipos metaestavel de cristais la e If. Quando tratada com solugdes alcalinas a celulose

tipo I é convertida em celulose tipo II (Figura 6).

Celulose tipo I1: E a morfologia encontrada na maioria das plantas e organismos, sendo
ponderada como a estrutura quimica mais estdvel. Suas microfibrilas sdo arranjadas de

forma antiparalela que confere maior estabilidade nas intera¢cdes quimicas.

Celulose tipo I11: A celulose tipo III pode ser dividida em dois subgrupos: Celulose tipo
III; e Celulose tipo I1I>. Essa estrutura existe apenas quando as celuloses do tipo I e II sd@o

submetidas a tratamentos com amonia liquida.

Celulose tipo IV: E derivada do tratamento térmico a partir de 260°C em uma solugo

de glicerol da celulose tipo III independente dos seus subgrupos.
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Figura 6: Polimorfismo da celulose ( Celulose If e Celulose I1). Fonte: Imagem adaptada de

Goyal, et al., 2008 apud Klemm et al., 2005.
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1.2 Nanocristais de celulose

A celulose é um polimero abundante, quimicamente versitil e biodegraddvel. Essas
caracteristicas despertam interesses da comunidade cientifica, especialmente, devido a
sua biodegrabilidade, e por ser derivada de fontes renovdveis, incluindo residuos
agroindustriais. Pesquisa com nanocristais tiveram um aumento consideravel ao longo
dos anos, saltando de 77 artigos cientificos em 2011 para 1469 artigos cientificos em 2021
(Peter et al., 2022; Owoyokun et al., 2021).

Quando submetida a tratamentos mecanicos, enzimdticos e quimicos, como, a hidrélise
dcida, a celulose é capaz de ser quebrada em unidades nanoméricas. Uma vez com
dimensdes de nanoparticulas, as microfibrilas de celulose apresentam caracteristicas
fisico-quimicas que se diferem das macromoléculas e apresentam uma gama variada de

aplicabilidade (Shojaeiarani et al., 2021; S. Xie et al., 2018).

As nanoparticulas de celulose, também denominadas como celulose nanofribiladas e
nanocristais de celulose (Figura 7), apresentam dimensdes variadas e a literatura
cientifica ndo possui um consenso sobre quais sdo as dimensdes limites para nanocristais
de celulose. No entanto, ao menos uma das dimensdes desses particulas deve ser

nanomeéricas, tendo valores entre 1 e 100 nm de didmetro ou a largura.

15 nm

12

Figura 7: Microscopia de forca atdbmica (AFM) de nanocristais de celulose de polpa de madeira

macica. Fonte: Imagem extraida de Chen e colaboradores, 2021.

Em média a nanocelulose produzida de fontes vegetais, tem largura ou didmetro entre
3-50 nm e o cumprimento de 100 — 300 nm. Vale ressaltar, que essas dimensodes

dependem da fonte vegetal, método de extragdo celulose e método de produgdo de
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nanocelulose, a morfologia mais comum dessas nanoparticulas € a de bastdao ou agulha
(Trache et al., 2020; Owoyokun et al., 2021; Mariano et al., 2014). A tabela 2 descreve
as dimensdes de nanocristais de celulose, extraida de diversas fontes vegetais.

Os nanocristais de celulose sdo classificados como semi-cristalino, o que lhe confere
simultaneamente, resisténcia mecanica e maleabilidade. Podemos discutir as
propriedades dos nanocristais de celulose usando dois eixos principais: Propriedade

mecanica e quimica.

Medir essas varidveis em nanocristais de celulose, ndo € uma tarefa simples,
especialmente devido ao seu tamanho e a sua anisotropia, além disso, diferentes técnicas
de medicdo resultam em resultados distintos. No geral, as pesquisas apontam que a
resisténcia a tracdo de nanocristais de celulose podem variar de acordo com a fonte
vegetal e o seu processamento, no entanto, em média a nanocelulose possui médulo de
resisténcia a tracdo em torno de 7.5-7.7 GPa e alto grau de elasticidade entre 110-220
GPa. Seu grau de elasticidade é compardvel com os graus de elasticidade de materiais
com o vidro e a poliamida, com médulos de elasticidade entre 63-110 GPa e 63-67 GPa
respectivamente (Rowell et al., 2012; Tingaut et al., 2012; Grishkewich et al., 2017; Kim
et al., 2015).

Outras caracteristicas importantes das nanoparticulas sdo a sua razao de aspecto e sua
cristalinidade. Quanto menor a nanoparticula, maior € o nimero de dtomos em sua
superficie, isso permite que as nanoparticulas, como os nanocristais de celulose, tenham
uma maior razdo de aspecto, o que resulta em um maior nimero de interacdes quimicas
com outras moléculas, estabelecendo dessa forma interagdes quimicas de longo e curto
alcance. No que diz respeito ao grau de cristalinidade de nanocelulose, estudos
demonstram que a cristalinidade afeta diretamente o comportamento fisico-quimico
dessas particulas, tais como, propriedade mecanica, Opticas, reoldgica, reatividade
quimica, resisténcia térmica. Em conjunto, a razdo de aspecto e a cristalinidade dos
nanocristais de celulose, influenciam em sua aplicacdo tecnoldgica, por exemplo, quanto
maior a razdo de aspecto e a cristalinidade, melhor € resisténcia mecanica de diversos

compdsitos contendo nanocristais de celulose, pois, hd um aumento do médulo de Young.

(Yang et al., 2023 Wu et al., 2019, Daicho et al., 2018; Quadros & Marr, 2010).
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Tabela 2: Dimensdes de nanocristais de celulose extraida de diversas fontes vegetais

Biomassa vegetal [Largura/didmetro; Comprimento Método de producao Referéncia
(nm) (nm)
Clorito de sédio e Trilokesh &
Casca de jaca 130 346 )
ultrassom Uppuluri, 2019
Hidrolise com acido Korolovych et al.,
Polpa de madeira 6-11 116-210
sulfiirico 2018
Hidrolise dcida com 4cido| Deb Duttaetal.,
Griéos de café NA 120
sulfiirico 2021
Hidrdlise dcida com acido
Residuos de tomate 4.7-10.2 367-510 sulfurico ou fosforico ou | Kassab et al., 2020

citrico

Os nanocristais de celulose possuem vérios grupamentos -OH livres em sua superficie,
0 que a torna uma particula extremamente versatil em termos de modificagdes quimicas,
sejam elas covalentes ou ndo. Uns dos objetivos mais comuns dessas modificacdes dos
grupamentos -OH da superficie dos nanocristais de celulose é aumentar a sua dispersdo
em matrizes poliméricas, substincias ou solventes nao-hidrofilicos, normalmente, a
maioria dessas modificacdes para tal fim, visam aumentar a carga idnica na superficie dos
nanocristais de celulose e promover a repulsdo entre essas nanoparticulas. No entanto, a
maior dispersdo dos nanocristais de celulose em matrizes hidrofébicas ndo é o uUnico
objetivo da modificagdo quimica dessas particulas. Muitas modificagdes quimicas dos
grupamentos -OH lives da superficie dos nanocristais de celulose, promovem a
funcionalizacdo dessas nanoparticulas, que objetivam por exemplo, facilitar a entrega de
farmacos dentro das células, promover a ancoragem de moléculas a substratos especificos
para serem utilizados como catalisadores mais eficientes, insertos poliméricos para a
melhoria de filmes plésticos, entre inimeras outras modificagdes. Atualmente muita
metodologia tem sido estudadas para promover a derivatizacdo dos nanocristais de
celulose, sem afetar a sua estrutura primaria, no entanto, as metodologias tradicionais tais
como, esterificacdo, aminacdo. oxidacao, sililacdo, epoxidacdo, sulfonacdo, substituicdao
nucleofilica e carboxilmetilacdo sdo as mais estudadas e as mais empregadas na
derivatizacdo desses nanocristais (Habibi et al., 2010; Hasan et al., 2021; Heise et al.,
2021; Gomri et al., 2022; Abushammala & Mao, 2019). A Tabela 3 sumariza algumas

modifica¢des quimicas de nanocristais de celulose e suas aplicacdes
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Tabela 3: Derivatizacdo de nanocristais de celulose

Molécula adicionada Aplicacao/objetivo Referéncia

Revestimento hidrofébico e

Ester metilico de 6leo de canola refor¢o para nanocompdsitos \Wei et al., 2017
hidrofébicos
Acilag@o com 4cidos graxos e Diminuir a umidade em nano

Do . . . Huang et al., 2017
anidrido trifluoroacético papéis de nanocelulose

4-acetamido-2,2,6,6-tetrametil-1- ) o
S Aplicacdo de nanocristais como |
piperinidiloxi (TEMPO)/sal - Saidane et al.2016
emulsificante
quarterndrio de amonio

Dianidetilenodiaminotetracético
Dectecgdo de Cu?* Zhang et al., 2018
(EDTAD)

) Fabricagdo de adesivos
Acetilagio i Eslah et al., 2018
compdsitos

1.3 Obtencao de nanocristais de celulose e sua aplicacao em bioplastico

Os nanocristais de celulose sdo excelentes agentes de refor¢o térmico e mecanico e uma
das suas aplicacdes mais conhecidas € como nanoparticula de reforco de materiais
poliméricos, como por exemplo, os bioplasticos. Os bioplasticos sdo umas das classes de
biomateriais que ganham cada vez mais destaque na pesquisa € na industria de
embalagens, devido a sua potencial aplicabilidade em diversas dreas, desde embalagens
de alimentos a dispositivos médicos(Arikan & Ozsoy, 2015; Di Bartolo et al., 2021). E
podem ser definidos como polimeros plasticos criados a partir de fontes renovaveis, como
as biomassas vegetais, sintese quimica, microorganismos naturais ou geneticamente
modificados (Tokiwa et al., 2009).

Apesar de serem ecologicamente mais benéfico para a natureza, nem todo biopléstico
€ biodegradadvel. A biodegradabilidade de um bioplastico € originada de sua composi¢ao
quimica e ndo da sua matéria-prima de origem, por isso, os biopldsticos sdo divididos em
dois grandes grupos, os nao-biodegradaveis e os biodegraddveis (Tokiwa et al., 2009;
Rosenboom et al., 2022; Fojt et al., 2020). Abaixo segue as subclassificacdes dos
biopléstico:

Bioplasticos “bio-based” biodegraddavel: O termo bio-based refere-se aos bioplasticos
construidos a partir de polimeros naturais renovaveis de espécies vegetais ou microbianas,
tais como, celulose, amido, polihidroxialcanoato, dleos vegetais, agicares, proteinas e

outros, que sao biodegraddveis por compostagem ou por decomposicdo espontanea no
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ambiente. Exemplos sdo: o Poli(hidroxibutirato) (PHB), poli(lactideo) (PLA).

Bioplasticos “bio-based” ndo—biodegraddvel: Esses bioplasticos também sdo baseados
em moléculas de fontes renovaveis, mas ndo sdo biodegradaveis. Por exemplo, o a acetato
de celulose, cuja biodegradabilidade depende do grau de polimeriza¢do. Normalmente
esses biopldsticos sdo compdsitos (uma mistura de um ou mais tipos de polimeros
distintos) ou s@o moléculas naturais que sofrem variacdes quimicas em laboratério, com
o objetivo de conferir aos mesmos caracteristica tecnoldgicas desejadas. Outros exemplos
sdo: Polietileno (PE) e o Nylon 11 (NY11) que mesmo quando obtidos de biomassa
vegetal, ndo sdo biodegraddveis.

Bioplasticos “petrochemical-based” biodegraddvel: Como o proprio termo sugere,
esses sdo bioplasticos biodegraddveis de origem petroquimica. A matéria-prima desses
bioplasticos sdo resultantes dos processos da inddstria petroquimica, por exemplo, dos
acidos carboxilicos ou até mesmo da utilizagdo do 6leo cru. Esses bioplasticos possuem
boas caracteristicas tecnoldgicas e quando expostos aos ambientes sao degradados com
facilidade. Exemplos sdo: a Policaprolactona (PCL) e poli (succinato de butileno) (PBS).

Os bioplasticos sdo uma alternativa promissora para a ado¢do de materiais verdes,
biodegraddveis e livres de moléculas de origem petroquimica. No entanto, muitas das
suas caracteristicas fisico-quimicas como resisténcia mecanica e permeabilidade a vapor
e gases, ndo corroboram para o seu uso em grande escala em substitui¢do aos plasticos
petroquimicos (). Umas das alternativas utilizadas para melhorar essas caracteristicas
negativas € a inser¢ao de nanocristais de celulose na matriz polimérica ().

A maior parte dos nanocristais de celulose € extraida de polpa de madeira macica, no
entanto, o interesse em utilizar biomassa alternativas tem se mostrado promissor e
desafiador. Os residuos de biomassa advinda do cultivo de alimentos, tais como, casca de
arroz, bagaco de cana-de-agucar, sisal, casca de café, palha de milho, e diversos outros
alimentos, sdo fontes ricas e abundante de moléculas lignocelulésicos e podem ser
aproveitadas tanto para a extracdo de nanocristais de celulose, quanto para a producdo de
outras substancias de valor agregado, como o biodiesel e o dlcool (Abdullah et al., 2021;
Chaka, 2022).

Uma biomassa ainda pouca explorada para esse fim, € a biomassa descartada da
producdo de café. O Brasil € o lider mundial na producio de café, seguido do Vietnam,
Colombia e Indonésia (Nishijima, et a.,2012).Os principais estados produtores de café no
Brasil sdao Minas gerais, Espirito do Santo, Sao Paulo, Bahia, Parand e Rond6nia. Com

destaque para o estado de Minas Gerais, que sozinho detém 50% da produgdo nacional
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desse fruto (Ministério da Agricultura e pecudria,2022) Segundo a Embrapa em 2022 a
producdo anual de café no Brasil chegou a 50,3 milhdes de sacas de 60 kg de café, sendo
que cerca de 64% dessas sacas foram de café ardbica e cerca de 36% de robusta. Boa
parte da producdo nacional é destinada a exportacdo e em 2022 foi responsavel 9,23
bilhao de ddlares (Embrapa,2022; Volsi, et al., 2019).

O café usado na alimentagdo passa por dois tipos de processamento antes de seus graos
serem empregados no preparo de bebidas e alimentos. Sdo eles: I) via imida e II) via
seca. Em torno de 50% de todo o café processado se torna subprodutos, dentre eles se
destacam, os grdos de baixa qualidade, como os grios verdes e “boia”, a palha de café
(mistura da casca, mucilagem, endocarpo, pelicula prateada e pergaminho) e a dgua de
lavagem, esta ultima composta de substancias quimicas presente nos frutos (Arya et al.,
2022).

Toda essa biomassa residual € rica em substincias e moléculas que podem ser aplicadas
em diversos setores, como na producdo de combustiveis, insumos alimenticios ricos em
vitaminas, materiais poliméricos, biogds, bio-Oleos e extrativos incluindo a cafeina e
compostos antioxidantes (Janissen & Huynh, 2018).Apesar de toda essa aplicabilidade
essa biomassa residual do café ndo é reaproveitada de uma maneira sustentavel. A maioria
dos agricultores queimam esse material a céu aberto e descartam as dguas residuais do
processo de lavagem em rios e em cursos de dguas naturais. Essas atividades impactam
negativamente o meio ambiente, emitindo gases téxicos como CO», metano, ou ainda,
causando acidificag¢do de aguas, entre outros danos (Minuta & Jini, 2017; Mussatto, et al.,
2011).

Os estudos relacionados a extragdo de nanocristais de celulose de café a partir de
biomassa residual desse fruto, ainda € insipiente. A maioria dos trabalhos focam no uso
da casca do café como matéria-prima para produgdo de nanocristais de celulose. Como é
o caso de Collazo-Bigliardi, e colaboradores, que extrairam nanocristais de celulose a
partir da casca de café, usando 4cido sulfirico como solvente de extragdo. Os
pesquisadores observaram que os nanocristais de café possuiam uma razdo de aspecto
maior que 10 e quando foram adicionados como agente de reforco em filmes poliméricos
de amido termopléstico, esses nanocristais de celulose acrescidos na propor¢ao de 1%
m/m nanocristais de celulose/amido, aumentaram a resisténcia a tensao dos filmes.

Em outro estudo, Tesfaye e demais pesquisadores 2021, isolaram nanocristais de
celulose de diferentes biomassas agricolas, dentre elas, a casca de café.O resultado desse

trabalho demonstrou que os nanocristais de celulose extraidos da casca de café possuiam
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alto grau de cristalinidade (77%). A alta cristalinidade € uma caracteristica interessante
para nanocristais de celulose usados como agente de refor¢co ou em dispositivos dpticos.

Ja Frost & Foster, 2020, isolaram nanocristais de celulose a partir de grdos de café,
usando dcido fosfoérico e obtiveram nanocristais de celulose com 74% de cristalinidade e
12 de razao de aspecto, o que os tornam nanoparticulas com potencial para ser usadas
como agente de reforco polimérico.

Como demonstrado nos exemplos citados acima, a maioria dos estudos focam na
extracdo de nanocristais da casca de café, que representa uma parte da biomassa residual.
Logo, se faz necessario mais estudos sobre a extracdo e aplicabilidade em matrizes
poliméricas de nanocristais de celulose a partir dos graos de café que sdo descartados

durante o processamento do café.

14 Tratamento de efluentes e membrana filtrante

A 4gua é um bem essencial para a vida, por isso, sua qualidade é um ponto crucial para
a manutencdo da saide humana. O tratamento de esgoto e efluentes é uma etapa
extremamente importante para manter o grau de pureza quimica e bioldgica, tanto da dgua
usada para consumo humano quanto para dgua usada em atividades didrias e industriais.
A baixa qualidade da 4dgua acarreta doencas e prejudica processos industriais, podemos
observar isso, especialmente em paises pobres, onde o tratamento de esgoto e efluentes
sdo insipientes (Bijekar et al., 2022).

As membranas filtrantes sdo comumente usadas como tratamento secunddrios e
tercidrios de 4gua para consumo, efluentes e esgoto, atualmente no mercado existe cerca
de 500 tipos de membranas filtrantes para esse fim. Essas membranas podem ser
empregadas em substituicdo a algumas etapas de tratamento de 4gua, como nos processos
de floculagdo e destilacao, ou ainda, ser utilizada como uma etapa adicional para aumentar
a eficiéncia dos tratamentos de dgua e esgoto ja estabelecidos (Bodzek et al., 2019; Henrik
Teaekker,2016).

As membranas filtrantes possuem larga aplicabilidade, uma delas € a remocdo de
agentes bioldgicos, tais como virus e bactérias. Estudos em pequena e larga escala ja
provaram a capacidade de inimeras membranas de diminuir o ndmero de células vidveis
de virus e bactérias encontrados em esgoto e efluentes, entre esses agentes, destacam-se
os virus patogénicos mais comuns, como os adenovirus, norovirus e enterovirus (Hai, et
al., 2014; Zhang, et al., 2016). Uma das vantagens da utilizacdo de membranas filtrantes

aplicada na eliminagdo de patdgenos, € a diminui¢dao do uso de reagentes quimicos, iSSo

diminui o custo total do processo e elimina possiveis danos a saude ocasionada pela
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ingestdo e/ou contato com excesso de reagentes quimicos, como as substancias cloradas.
Os patégenos biolégicos podem ser excluidos por tamanho e/ou eliminados por afinidade
eletroestética, associada aos outros métodos como esterilizagdo por luz ultravioleta e
agentes quimicos desinfetantes, como os sais de amonios quaterndrios (ya, 2018)

Segundo Zhang e colaboradores (2016), no geral, o processo de filtragdo por membranas
pode envolver substancias quimicas ou ndo. As membranas sdo agrupadas em dois
grandes grupos e quatro subgrupos. A primeira divisdo classifica as membranas em
membranas pressurizadas, ou seja, que sdo aplicadas em sistema com pressio e
membranas ndo pressurizadas, que sdao usadas sem a ac¢ao de pressdo externa ou interna.
A segunda classificacdo € de acordo com a tecnologia de separacao da propria membrana
filtrante e sdo agrupadas em:
Osmose reversa (RO): essas membranas t€ém tamanhos de poros capazes de reter sais e
moléculas organicas de pequenas dimensoes.
Nanofiltracao (NF): Sio membranas cujos poros sao capazes de reter macromoléculas,
virus, pequenos coloides e alguns tipos de acidos.
Microfiltracdo (MF): Sao membranas com poros capazes de reter bactérias, polimeros e
particulas coloidais grandes.
Ultrafiltracao (UF): Os poros dessas membranas retétm moléculas extremamente
pequenas como virus e compostos de 1 nm a 100 nm.

Essas membranas podem ser confecionadas a partir de uma vasta gama de materiais,

a escolha do material ird depender do objetivo do processo de filtracdo e suas
particularidades. Alguns aspectos bdsicos devem ser observados para a escolha da
membrana, sdo eles: Hidrofilicidade ou hidrofobicidade, faixa de pH suportado,
resisténcia a antioxidantes, carga superficial, flexibilidade, resisténcia mecénica e

porosidade (Zhang et al., 2016; Chen, et al.,2021; Yang et al., 2019).
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2. OBJETIVOS GERAIS

O objetivo do primeiro capitulo deste trabalho foi desenvolver biopldsticos compdsitos
de metil celulose, acrescidos de nanocristais de celulose produzidos a partir de graos de
café de baixa qualidade. E avaliar a sua resisténcia térmica.

No segundo capitulo deste trabalho pretendeu-se desenvolver e validar um prétipo de
filtro de 4guas residudrias usando como agente ativo membranas de celulose modificada
com sais quarterndrio de amonio, associada com luz ultravioleta, e avaliar o seu potencial

de degrada¢do de material genético de virus
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4. CAPITULO 1: Low-quality coffee beans as a novel biomass source of cellulose

nanocrystals: extraction and application in packaging
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Abstract: In recent decades, there has been an increased number of research works
related to the reuse of plant biomass and its technological applications. Plant residues
generated from various industrial or agro-industrial processes can have added value, due
to the presence of functional compounds with great technological potential, such as
cellulose, lignin, hemicellulose, and secondary metabolites, among others. In addition,
the reuse of biomass contributes to the creation of green alternatives for the disposal of
the large volume of biomass generated. In this work, we produced cellulose nanocrystals
from low-quality Arabica coffee beans discarded during the processing of coffee beans in
the agroindustry. Arabica coffee beans were collected, sanitized, crushed, clarified by
alkaline treatment, and subjected to acid hydrolysis with 65% wt./v sulfuric acid. The
cellulose nanocrystals extracted from low-quality coffee beans had needle-shape, with
average height and length of 7.27 nm and 221.34 nm, respectively. These nanocrystals
were stable in an aqueous medium with pH 7-8, the electrical potential module of 22.5
mV and 20.5 mV, in that order, and a crystallinity index of 67.75% and a thermal
degradation of just 8% by mass Finally, the coffee cellulose nanocrystals extracted were
added to methylcellulose bioplastics to evaluate their capacity effect as thermal
reinforcement in methylcellulose film. The joint analysis of the results demonstrates that
cellulose nanocrystals extracted from low-quality coffee beans have dimensional and
crystalline characteristics compatible with data found in scientific literature, thus, they
are good candidates for use in various technological applications, especially as agents of
mechanical reinforcement in polymeric matrices. Among the physical-chemical

characteristics of these cellulose nanocrystals extracted in this work, their low thermal
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degradation stands out, which makes these cellulose nanocrystals suitable for use in
processes that require greater thermal resistance. In addition to this important
characteristic, when applied to a methyl cellulose matrix, cellulose nanocrystals were able
to reduce the percentage of moisture in the films, reduce UV-vis absorption and did not

interfere with the transparency or color of the composites produced.

Keywords: cellulose nanocrystals, coffee, waste reuse, crystallinity, acid hydrolysis,

bioplastics, methylcellulose.

Abstract graphic

Low-quality coffee Clarified and extractive- Coffee nanocrystals Bioplastic containing
beans in natura free coffee biomass (CCN) the CCN
4.1 Introduction

Cellulose is the most abundant natural polymer available in nature. It is present in plant
cells and some species of bacteria, such as Komagataeibacter xylinus, and even in animals
of the phylum Chordata (Brigham, 2017; Saxena & Brown, 2001). Biochemically, it is a
polymer composed of glucose monomers linked together by a B-1,4 glycosidic bond
rotated at 180 °C around the central axis, and its basic unit is cellobiose (1-B-D-
Glucopyranosyl-4-B -D-glucopyranose). Cellulose type I is the polymorphism found
naturally in the cell wall of plants and can be divided into two main allomorphisms:
Cellulose la and If. The la allomorphism is mainly found in the primary plant wall of
higher plants, while the If} allomorphism is found especially inside the secondary plant
wall, and both types of cellulose play an important role in the mechanical strength of this

structure (Paukszta & Borysiak, 2013; Wang et al., 2016).

In addition to its excellent natural function, cellulose has great technological and
biotechnological applications when in the form of cellulose nanocrystals (CNC), which
can be used, for example, as a reinforcement and barrier agent for a variety of plastic and
bioplastic films (George & Sabapathi, 2015; Razali et al., 2019; Lin & Dufresne, 2014;
Omran et al., 2021). The physical properties of cellulose nanocrystals that most contribute

to such application are their high tensile strength and high Young's modulus, which result
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in their reinforcing function when associated with other polymers. In the literature,
theoretical calculations indicate that the tensile strength of cellulose nanocrystals varies
from 50 to 220 GPa, a value similar to that of glasses and metals, and is closely linked to
characteristics such as degree of crystallinity, geometry, dimensions and aspect ratio.
When inserted into a polymeric matrix, mechanical reinforcement is a result especially of
the increase in the number of weak chemical interactions between the cellulose
nanocrystals and the polymeric matrix used, such as interaction bonding, van der Waals
interactions, induced dipole, ionic interactions. This increase in mechanical resistance
increases linearly the smaller the size of the cellulose nanoparticle, as the “empty spaces”
between the polymer molecules tend to be filled by dispersed cellulose nanocrystals. In
addition to mechanical reinforcement capacity, cellulose nanocrystals are also an
excellent nanoparticle for chemical modification due to their free -OH groups (Kéadar et
al., 2021; Lagerwall et al., 2014; Aziz et al., 2022; Gomri et al., 2022; Perdoch et al.,
2022)

Currently, the principal sources used for CNC extraction are short-fiber cellulosic
pulps originating from wood processing. However, agro-industrial residues, such as corn
straw, coffee, barley, rice, fruit husks, and sugar cane, have been explored as potential
sources of low-cost CNC, which results in the possibility of adding value to agricultural
production and raw materials, expanding the market, generating jobs and income,
stimulating innovation and technology development, and contributing to stimulate the

concept of “circular economy”.

In this scenario, Brazil has great potential for reusing waste from raw material
processing since it is the agricultural country and food producer. Moreover, Brazil stands
out in the world as the largest producer and exporter of coffee in the world. According to
studies by the Brazilian Ministry of Agriculture and Agriculture estimate that 55 million
60 kg bags of coffee were processed in Brazil in 2023, and projections indicate that around
59 million bags (60 kg bag) will be produced in 2023/2024. And between 2032/2033
production should reach around 63 million processed bags, and 36 million of these bags

will be exported.

During the production of high-quality coffee, defective or low-quality beans (black,
sour, and green), and the husk are separated and discarded or mixed to be used in the
Brazilian domestic market (Skorupa et al., 2023). These residues can represent about 50%

of the production and are rich in carbohydrates, secondary metabolites, proteins and
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lignocellulosic fibers (Cavaton Thiago Farah, 2023, Almeida-Couto et al., 2022; Alarcon
etal., 2021, Sadh et al. al., 2018).

In this sense, in the present work, we performed CNC extraction from low-quality
coffee beans, and characterized the CNCs in terms of their size and morphology (Atomic
Force Microscopy (AFM)), zeta potential, functional groups (Fourier transform infrared
spectroscopy  (FTIR)), crystallinity (X-ray diffraction) and thermal properties
(thermogravimetry (TGA)). And subsequently, evaluation of waste cellulose nanocrystals

as a thermal reinforcing agent in methylcellulose polymeric films
4.2 Materials and methods

a.  Plant biomass processing

Low-quality Arabica coffee beans (LQCB) were collected from coffee grown at the
University of Federal of Vigosa (UFV), in Sao José do Triunfo, Vigosa, Minas Gerais,
Brazil. In the first stage, the beans were washed thrice under running water and emerged
for 15 min in sodium hypochlorite solution, at 0.5% wt/v. Then, the coffee grains were
rewashed under running water until the complete removal of the sanitizing solution. The
LQCB were dried in a 45 °C air circulation greenhouse, for the period of 48 h, ground in
a Model TE-631 knife mill (Tecnal, Piracicaba, Brazil), at 22,500 rpm, and sieved (0 =
35 mesh). After grinding and sieving, the secondary metabolites were extracted from the
coffee beans by the exhaustive percolation method, gradually increasing the polarities of
the solvent. Soluble fractions containing secondary metabolites were reserved for further
studies of their antioxidant and bactericidal activities. Solid coffee lignocellulosic
biomass, free of secondary metabolites (CFX) was used for the extraction of cellulose

nanocrystals.

b.  Alkaline treatment of plant biomass

CFX was submitted to alkaline hydrolysis to remove hemicellulose, lignin, oils, and
waxes surrounding plant fibers. In this sense, 50 g of CFX was added to NaOH solution
at 4% wt/v in a ratio of 1:18 (CFX:NaOH). The mixture was heated to 70 °C (£ 2 °C),
under stirring at 145 rpm, for 1 h. After time elapsed, the plant biomass was filtered using
a vacuum filtration system, with the aid of a Biichner Funnel with a 35 mesh aperture.
This coffee biomass was washed with distilled water (until the washing water reached the

pH 7,0) and dried at 60 °C (= 2 °C) for 12 h in a greenhouse.

The second stage of the alkaline treatment aimed to remove lignin from plant fibers to

purify the pulp content of plant biomass. At this stage, 50 g of biomass previously treated
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were added to H,O2/NaOH, at 24% v/v and 4% wt/v, respectively, totaling a volume of
450 mL. Then, the solution was heated to 50 °C for 2 h, under constant stirring at 145
rpm. Extractive-free and clarified coffee biomass (CFXC) was washed in a filtration
funnel vacuum with an opening of 35 mesh, until washing water reached pH 7,0 and then

dried at 60 °C (£ 2 °C), for 12 h, in the greenhouse.

c.  Quantification of lignocellulosic biomolecules in fresh and clarified coffee fibers

The quantification of cellulose, hemicellulose, lignin, and ash was performed as
described in “Documento 236/2010 (EMBRAPA) - Procedimento para Andlise
Lignocelulosica” (Morais, et al., 2010). The methods used are based on a review of the
literature and methodologies by TAPPI and ANSI (American National Standards
Institute).

d.  Cellulose nanocrystal extraction

The CFXC biomass was crushed in a knife mill (TE-631-Tecnal) until 325 mesh (0.044
mm diameter). Then, 1 g of coffee biomass was added to 13 mL sulfuric acid at 65% wt/v
(Sigma Adrich®), at 50 °C (£ 2 °C), for 20 min. The acid hydrolysis reaction was
terminated with the addition of 300 mL of refrigerated distilled water. Coffee cellulose
nanocrystals (CCN) were resuspended after 20 cycles of centrifugation at 12,000 rpm, at
4°C (* 1°C). The supernatant containing the CCN was collected, and its pH was adjusted
to pH = 5 using NaOH at 0.5 M.

e.  Characterization Atomic Force Microscopy

CCN was suspended in distilled water, at a ratio of 1:20, sonicated for 5 min, and drops
of it were placed on mica sheets, followed by drying in an oven at 100 °C (£ 5 °C) for 5
min. The mica sheet containing the CCN was coupled to the Atomic Force Electron
Microscope (AFM) (NT-MDT/Ntegra Prima - Amsterdam, Netherlands) operating in
probe scanning mode. The analyses were measured using Nova NT-MDT SPM software

version 1.0.

f. Fourier transform infrared spectroscopy

The coffee cellulose nanocrystal suspensions were dried at 72 °C (£ 2 °C), for 24 h,
and 1 mg of CCN particles was evaluated regarding their functional groups in a Fourier
transform infrared-attenuated total reflectance (ATR-FTIR), using the Varian 660-IR
equipment coupled to the GLadiATR accessory, with diamond crystal, operating in the
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sweep transmittance mode, in the range of 4000 - 400 cm™ (Thermo Fisher Scientific —

USA).

g.  Zeta Potential and Dynamic scattering of light

Different aliquots of CCN suspensions had their pH adjusted to values from 2 to 12,
using 0.5 M NaOH or 0.5 M HCI. The zeta potential of CCN suspensions at different pH
values was analyzed with the aid of the Zetasizer Malvern Nano ZS (United Kingdom).
The analyses were performed at 25 °C (+ 2 °C), using a detection angle of 173° operating

at a wavelength of 633 nm.

h.  X-Ray Diffractometry

The X-ray diffractometry (XRD) was performed to determine the crystalline index
(CI) of CCN, using a BRUKER X-ray diffractometer (D8-Discover, USA), with Ni filter
and Cu-Ka radiation (A= 1.5406 A), angular variation of 10° to 40° (20;) and 3 min’!
speed, 40 kV voltage and 40 mA current. The CI was calculated using the following
equation (Eq 1):

% CI = (Ac - Aa)x100 (Eq. 1)
At

In which Ac is the area of the crystalline peaks, A, is an amorphous area of the
amorphous pattern, and A is the total area. The identification of the crystalline peaks was
calculated using the X Powder X 2021 program (Martin, J.D, 2016). The Full
Crystallographic Open Database (COD) was used to identify the type of cellulose present

in crystalline structures.

1. Thermogravimetry

Thermogravimetry (TGA) was used to evaluate the thermal decomposition of CCN
through the TGA analyzer, model Model DTG-60 H (Shimadzu, Japan). A sample of 3
mg of nanocrystals was heated in alumina crucibles up to 1000 °C (£ 5 °C), with a heating

rate of 10 °C.min"! in an inert nitrogen atmosphere with a flow rate of 50 mL.min"',

] Bioplastics Production

Firstly, 1.5 g of methyl cellulose (cP 4,000, Sigma Aldrich, USA) was gradually
dispersed in 100 mL of a 50% wt/wt solution of ethanol/distilled water at 0 °C (= 2 °C)
totaling a 1.5% (wt/wt) solution of methyl celulose (MC). Subsequently, the mixture was
heated at a rate of 5 °C.min"! to a temperature of 70 °C (£ 2 °C), under constant stirring

at 100 rpm. Once the temperature reached 70 °C (= 2 °C), 500 pL of glycerin (Sigma
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Aldrich, USA) and 50 pL of Tween 80 (Sigma Aldrich, usa) were added, corresponding
to 33.33% and 3.33% of the polymer mass, respectively. The dispersion was maintained

at 70 °C for 15 min under stirring.

The amounts of CCN added to MC dispersions were calculated in relation to the
polymer mass: 0, 0.6, 1, 3, and 5% (wt/wt). The weighted CCN was dispersed in 5 mL of
Dimethyl sulfoxide (DMSO) and added to 95 mL of the MC dispersion previously cooled
in an ice bath to 35°C (£ 2 °C). The filmogenic dispersions containing cellulose
nanocrystals (MCNC) were stirred for 30 min at 100 rpm, and approximately 25 g were
poured into 10 cm Petri dishes and dried in an oven for 72 h at 37°C (+ 2 °C) to solvent
evaporation.

Characterization of the bioplastic

a.  Moisture content

The bioplastics of MC and MCNC bioplastics (@ = 10 cm) were initially weighed and
then placed in an oven at 105 °C for 2 h. After, dried films were weighed again. Then
moisture content was quantified by the difference of the initial and final mass of the films

sur the initial mass.

b.  Fourier transform infrared

The Fourier transform infrared (FTIR) of MC and MCNC bioplastics were carried out
at the Multivariate Chemical Data Analysis Laboratory (MCDALab) of the Department
of Chemistry at UFV. For this, a small section of MC and MCNC films were subjected to
the attenuated reflectance technique (ATR) using the Varian 660-IR equipment coupled
to the GLadiATR accessory with diamond crystal, operating in transmittance mode with

scanning in the wavelength range of 400 - 4000 cm’'.

c.  Color Analysis

MC and MCNC bioplastics with 25 cm? were subjected to color analysis using the L*,
a*, b* color coordinates of the CIELAB color scale. The instrument was the Colorquest
XE Colorimeter (Hunter Lab, Reston, USA) by reflectance, with spherical geometry d/8°,
illuminant D65 and observation angle of 10°. The equations below were used for the

calculation of the Hue angle (Eq. 2) (McLELLAN, 1994)

Hue®= 180+arctang() 2 (Eq. 2)
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d.  UV-vis analysis

The MC and MCNC bioplastics transparency and UV protection were assessed using
a UV-Vis spectrophotometer, model UV 1800 (Shimadzu, Japan) with scanning in the
range of 200-700 nm. The films samples 25 cm? were placed directly in the test cell for

the scanning ranging from 200 to 700 nm.

e.  Scanning electron microscopy analysis

Micrographs of the bioplastics were obtained using a Scanning electron microscope
(SEM) with a secondary electron detector operating under low vacuum, model TM3000
(Hitachi High Technologies America, Inc. Schaumburg, IL, USA). The electron

accelerating voltage used was 15 kV with a magnification of 500x.

f. Thermogravimetry

Termogravimetry (TGA) was used to evaluate the thermal decomposition of
methylcellulose bioplastics containing or not low-quality coffee cellulose nanocrystals.
For this purpose, a TGA analyzer, model DTG-60 H (Shimadzu, Japan), was used.
Samples of 3 mg of bioplastic film were heated in alumina crucibles up to 1000 °C (= 5
°C), with a heating rate of 10 °C.min-1 in an inert nitrogen atmosphere with a flow rate

of 50 mL. min !

4.3 Results and Discussion

a.  Quantification of biomolecules

Cellulose, hemicellulose, lignin, ash content, and moisture were quantified in CFX and
clarified CFXC biomass, and the results are presented in Table 1. The coffee biomass
clarification process was able to halve the relative lignin content, from 36.3% to 17%.
Furthermore, the process increased the relative cellulose and hemicellulose content of
CFXC by 1.6x and 1.5x, respectively. The clarification process did not obtain 100%
efficiency, which can be noticed by the result of lignin reduction of only 50%. Many
external factors can influence the removal of lignin, and at the same time result in the loss
of cellulose during the purification and clarification process. Among these factors, the
concentration NaOH/H,0,, temperature, alkaline hydrolysis time, the combination of
these factors can act either as bleaching agents, modifying only the structure of the lignin
chromophore groups, which results in an apparent loss of lignin, or as catalytic agents
resulting in the total loss of the chemical structure of lignin and the release of this
biomolecule from the vegetable fiber. Regarding the yield of the acid hydrolysis reaction
with 65% w/t sulfuric acid for extraction of cellulose nanocrystals, the calculated results

indicate that the reaction had a yield of 21% by mass for every 1 g CFXC hydrolyzed.
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Table 1: Biomolecule contents of coffee biomass

Coffe % Celullose | %Hemicellulose % Lignin %Ash % Moisture
Biomass

ICFX 22.7 35.8 36.3 9.3 1
ICFXC 36.7 52.7 17 10.55 1.8

L CFX = coffee lignocellulosic biomass, free of secondary metabolites

2 CFXC = Extractive-free and clarified coffee biomass

b.  Fourier Transform Infrared Spectrometry and Zeta Potential

Spectrum A (Figure 1) compares the FTIR profile between the CFX and CFXC
samples. The band at 3200 cm™! refers to the OH stretching presented in cellulose, lignin
and hemicellulose molecules. The absorption at 1024 cm™' characterizes the vibration of
the C-O-C bond, a relative decrease in the transmittance intensity value of this wavelength
in CFXC in relation to the transmittance value at the same wavelength for CFX, indicates
that the clarification process has increased the number of molecules that have glycosidic
bonds (cellulose and hemicellulose), this conclusion is supported by the relative increase
in cellulose and hemicellulose that were quantified in the CFXC fibers in Table 1. For
the CFX and CFXC samples, the peaks at 2800 and 2883 cm™! are characteristic of CH,
stretching and the peaks at 1316 cm™! are attributed to the deformation of the CH bond of
the methylene groups, both chemical groups feature cellulose, hemicellulose and lignin
molecules. An increase in the transmission intensity is noted at the wavelengths
mentioned above, and it is observed a decrease in the transmission intensity at the
wavelength of 1024 cm™, which refers to the vibration of the glycosidic bond. These
observations indicate a structural change caused by the occurrence of oxidation with
hydrogen peroxide in an alkaline medium, which possibly led to the demethylation of
lignin molecules and consequently the relative increase of lignin and hemicellulose.

(Alghooneh et al., 2017; Cardoso et al., 2016; Mancera et al., 2020; Santos, 2020).

The absorption at 1234 cm’! is related to the stretching of the C-O bond, the increase
in the transmittance intensity of this band in CFXC indicates a loss/modification in the
phenolic -OH groups. At 1583 cm™, it is the region of deformation of the C=C aromatic
bond and the increase in transmittance at this wavelength indicates the loss of the aromatic
structure existing in the lignin molecules. The CFX spectrum has a small jump at 1713
cm’' that is associated with the ester absorption region, which is abundant in

hemicellulose and lignin compounds. The absence of this transmittance in the CFXC
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spectrum corroborates the hypothesis that there was oxidation of lignin and hemicellulose

(Cardoso et al., 2016).

In spectrum B (Figure 1), there is an increase in transmittance intensity at all
wavelengths of the CCN sample when compared to the spectrum of commercial
microcrystalline cellulose (MCC). The transmittance at 3.200 cm™ and 1.633 cm™! refers
to the stretching movement of the OH group of cellulose. The band centered in the 2860

! region is related to the symmetric and asymmetric stretching of the methyl and

cm
methylene groups (Matebie et al., 2021; Doh et al., 2020).The peak at 1420 cm™ is
attributed to the C6’s rocking movement of the CH» groups of the cellulose’s ring
(Rasheed et al., 2020; Aguayo et al., 2018b). The increase in transmittance intensity of
these peaks in the nanocrystals’ spectrum indicates organization of hydrogen bonds in the
structure of the celulose, which reduced the rocking movement of this group, which
indicates the presence of a crystalline structure (cellulose nanocrystals). Finally, the peak

at 1022 cm™! can be related to the stretching motion of the C-O-C group of the cellulose
glucose hexagonal rings (Deb Dutta et al., 2021; Akinjokun et al., 2021; Rasheed

et al., 2020). The quantification of glucose from the cellulose nanocrystals via HPLC
supports the cellulose spectrum data obtained by the FTIR, and the amount of glucose

present in the sample of nanocrystals was 0.212 mg/g.
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Figure 1: Fourier transforms infrared. A) FTIR of low-quality extractive free (CFX) and low-
quality extractive-free-clarified coffee beans(CFXC). B) FTIR of low-quality coffee bean

celulose nanocrystals (CCN) and commercial Microcrystalline Cellulose (MCC).

c.  Atomic Force Microscopy and Dynamic ligth mirroring

Atomic force microscopy and Dynamic Light Scattering are one of the techniques
commonly used to characterize nanoparticles. Using these techniques (Figure 2), it was
possible to observe the dimensions and morphology of the cellulose nanocrystals
extracted. The CCN had a rodshape, average height of 7.27 nm and an average length of
221.34 nm, which is in agreement with the values reported in the literature for cellulose
nanocrystals. Based on the length, width, and height of cellulose nanocrystals’ values, it
is possible to calculate their aspect ratio and obtain information about their surface area,
which plays an important role in their applications. Studies on the morphology of
cellulose nanocrystals proved that the higher the aspect ratio, the better the tensile strength
of the compounds reinforced with these nanoparticles, and the greater their chemical
reactivity and optical transmittance (Lahiji, 2010; Wu, et al 2019; Shrestha, et al, 2018;
Babaei-Ghazvini & Acharya 2022; Panchal, et al 2019). In this study, the aspect ratio of



46

the cellulose nanocrystals was equal to 30.45, which can be considered an average

aspect ratio value, when compared to those found in the literature.
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Figure 2: Micrographs from Atomic Force Microscopy (AFM) and data from Dynamic Light
Scattering (DLS). A) CCN AFM-1D B) CCN AFM-3D C) CCN height distribution using AFM
D) CCN width bimodal distribution using DLS.

e.  Zeta Potential

Stability in aqueous solutions is an important feature of cellulose nanocrystals. In
general, dispersions with Zeta Potential in module values greater than 30 mV are more
stable, with a low tendency to agglomeration since molecular forces of electrical repulsion
are predominant. Suspensions with Zeta Potential in module less than 15mV tend to
agglomerate, forming clusters. The stability of the coffee cellulose nanocrystals extracted
in this work was through their dispersion in aqueous solutions with pH ranging from 2 to
12 and measuring the zeta potential of these solutions. Coffee cellulose were stable in the
pH range between 7-8, with potential Zeta Potential in module values 22.5mV and
20.5mV, respectively. The values found are consistent with the literature data for the Zeta

potential of cellulose nanocrystals (Kassab et al., 2020; Tesfaye et al., 2021).

f.  X-Ray Diffractometry
The Figure 3 shows the X-ray diffractogram of the NCC and Table 2 explains the
peaks present in the diffractogram, the sample showed crystalline peaks at 18°- 45°, and

peaks with less intensity between 45° and 75°. The peak centered at 18° 20 is typical of



47

the crystalline portion of cellulose nanocrystals. Other characteristic peaks centered at
22° 20 were less intense. Peaks in the regions of 50° < 20 < 70° are less common in the
diffraction pattern of cellulose nanocrystals, probably due to impurities, different shapes
and sizes, or the occurrence of more than one type of crystal (Holder & Schaak, 2019).
The crystallinity index was 67.75%, thus corroborating the literature data, which values
range from 54% to 90%. According to the data from Crystallography Open Database
(Grazulis et al., 2012), the cellulose of coffee nanocrystals is If type, characteristic of
plant biomasses, with triclinic as the main crystallite type. The crystallinity of cellulose
nanocrystals is an important factor for their technological application, because of their
physicochemical properties, such as tensile strength, stiffness, melting point, gas, and
vapor permeability, besides the optical properties. The cellulose nanocrystals extracted in
this study have a medium crystallinity index, which allows them to be used as a

reinforcing composite in various biodegradable and synthetic polymeric matrices.

1000 —
uy

800
=y
© 600+
o© (220)
]
2
9 400 — (114)
E ’ (181

200 — oy AMJ’LJ ™ \Mjmﬁ,\} “l‘u ;\AWMLMLM

0I T T T T T T T 1
0

10 20 30 40 50 60 70 80 90
626

Figure 3: CCN X-Ray diffraction pattern.

Table 2: Main crystalline peaks of cellulose nanocrystals
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18.9 4.704 32.0 2.795 54.654 1.678
22.57 3.926 33.8 2.649 55.27 1.661
27.29 3.270 38.53 2.339 57.323 1.606
28.0 3.182 45.53 1.988 59.492 1.552
289 3.086 48.815 1.864 75.339 1.260

g.  Thermogravimetry

Figure 4 compares the mass loss between the CFXC and CCN samples. Graph A is
related to the linear loss of mass with the gradual increase in temperature and graph B
represents the first derivative of mass loss in relation to time, during the gradual increase
in temperature. The profile of both samples has significant differences in the amount of
mass loss and also in relation to the degradation profile. The CFXC sample presents a
degradation profile characteristic of cellulosic or lignocellulosic fibers, for this sample
the total degradation rate is 97.75% with maximum loss at 315°C. The loss of water
molecules through dehydration, the evaporation of volatile organic molecules, as well as
the degradation of low molecular weight organic molecules occurred between 100 and
200 °C, as can be seen by the presence of the first degradation peak in Figure 4 B.
Cellulose degradation in the CFXC sample occurred at 311°C and the physicochemical
events involved in this stage are especially the breaking of hydrogen bonds between
parallel cellulose chains and oxidation of carboxylic groups, leading to the complete
degradation of cellulose into CO2 and water. The red curve in Figure 4 A is the
thermogravimetric curve for cellulose nanocrystals (CCN). These nanocrystals have high
thermal stability, as the total mass loss during the gradual increase in temperature was
only 8%. The amplification of the thermogravimetric curve shows that there are two
initial events of thermal degradation, the first event occurs between 100°C and 200°C,
and corresponds to the loss of water molecules, evaporation of volatile molecules and
breakdown of low-weight organic molecules. The second thermal degradation event
occurs at 311°C, and corresponds to the degradation of cellulose molecules or
ligncocellulosic molecules. Several factors can explain the low mass loss rate of
nanocrystals (CCN), mainly the chemical composition of the biomass, clarification
process, nature of hydrolysis, degree of crystallinity of the nanocrystals and size of the

crystallite (Akinjokun et al, 2021; Farooq Adil et al., 2020a; Frost & Johan Foster, 2020;
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Tesfaye et al., 2021; Gong et al., 2017; de Carvalho Benini et al., 2017). In this work, the
main hypothesis that explains the low rate of thermal degradation is the interaction of
residual lignin from the clarification process with the extracted cellulose nanocrystals.
Lignin has a slow degradation rate that can vary from 60° C to 950° C, which is justified
especially by the complexity of the oxygen groups present in its structure, each of these
functional groups has a degradation temperature, resulting in an extensive thermal range
for complete lignin degradation. Furthermore, oxygenated groups frequently undergo
rearrangements during an increase in temperature, which generates secondary compounds
with high thermal resistance. Another important factor is the presence of inorganic salts,
which enhance the natural flame retardant effect of lignin, increasing resistance to thermal
degradation (Brebu, 2014; Brebu & Vasile, 2010; Lopez-Beceiro et al., 2021). Results
similar to those found in this work were also reported in experiments carried out by

collaborators Farooq (2020 a) and also by Sabaruddin & Paridah,2018.
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Figure 4: Thermogravimetry of CFXC and CCN. A) Comparison between the TGA of CFXC
and CCN. B) Comparison between the DTG of the CCN sample and the CFXC sample.
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g.  Characterization of bioplastics by Fourier Transform Infrared Spectrometry and
Scanning electron microscopy analysis

Pure methylcellulose (MC) films had an average moisture content of 10.76 % and
methylcellulose films added with cellulose nanocrystals had an average moisture content
of 1.40%. Photographs of produced bioplastics containing different concentrations of
low-quality coffee celulose nanocrystals are shown in figure 5. The increase in CCN
concentration made the bioplastics more opaque and rigid to the touch. Furthermore, is

possible observe that the bioplastics containing CCN were not homogeneous.

¢ MC +1.0 % CCN

d) MC + 3.0 % CCN e) MC +5.0 % CCN

Figure 5: Photographs methyl cellulose bioplastics containing low quality coffee cellulose
nanocrystals: (a) pure methyl cellulose bioplastic (control); (b) methyl cellulose bioplastic with
0.6% wt/wt of CCN; (c) methyl cellulose bioplastic with 1.0 % wt/wt of CCN; (d) methyl
cellulose bioplastic with 3.0 % wt/wt of CCN; and (e) methyl cellulose bioplastic with 5.0 %
wt/wt of CCN.

In Figure 6, the SEM images are presented,showing the surface morphology of the
produced bioplastics. For the methyl cellulose bioplastic without the addition of CCN
(Fig.6a) a smooth surface with some whitish spots can be observed, which are probably
lumps of non-gelatinized methyl cellulose, causing a small irregularity in the produced
bioplastic. Shallow tears, which may result from occasional abrasion of bioplastics with

hard surfaces during film handling can also be seen.

Images Fig.6b to Fig.6e refer to methyl cellulose bioplastics with increasing
concentrations of coffee cellulose nanocrystals. In all micrographs, the presence of CCN

agglomerates with different morphologies can be seen, in addition to an irregular
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dispersion of CCN in the films. In some points, clusters of cellulose nanocrystals can be
seen, with a needle-like morphology, characteristic of CCN extracted by acid hydrolysis

with sulfuric acid.

Several factors can cause the agglomeration of cellulose nanocrystals, such as
chemical compatibility with the polymeric matrix, shear force, surface energy increase,

drying process, temperature, interactions with plasticizers and other components.

Methyl cellulose is a cellulose derivative with uncontrolled replacement of the free -
OH groups by the -CH3 methyl group. Thus it is a less hydrophilic derivative than
cellulose. Cellulose nanocrystals, on the other hand, are hydrophilic nanoparticles
because they have free -OH groups. Additionally, in the case through acid hydrolysis,
CCN extracted with sulfuric acid, have negative charges on their surface, derived from
the replacement of some free -OH by —SO4>" groups, contributing even more to its
hydrophilicity. Therefore, the CCN tends to agglomerate and escape from the polymeric
matrix, physically observed in bioplastics with concentrations of CCN greater than 0.6%.
These films expelled the nanocrystals from the polymeric matrix, causing that the dry
bioplastic to contain a thin layer of whitish and shiny powder on its surface, possibly the

coffee cellulose nanocrystals added to the filmogenic dispersion.

When cellulose nanocrystals are agglomerated, they can acquire different
morphologies, as observed by several authors (Fitriani et al., 2021; Pereira et al., 2020;
Wei et al., 2017; Zhu et al., 2022), the most common morphologies found in groups of
cellulose nanocrystals are spherical, cylindrical and sheet-shaped, the films produced here

have spherical agglomeration and cylindrical cellulose nanocrystals.
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Figure 6: Scanning electron microscopy (SEM) of methyl cellulose bioplastics containing low
quality coffee cellulose nanocrystals with magnifications of 200x or 500x: (a) pure methyl
cellulose bioplastic; (b) methyl cellulose bioplastic with 0.6% wt/wt of CCN; (c¢) methyl cellulose
bioplastic with 1.0 % wt/wt of CCN; (d) methyl cellulose bioplastic with 3.0 % wt/wt of CCN;
(e) methyl cellulose bioplastic with 5.0 % wt/wt of CCN.

The FTIR spectra of methyl cellulose (MC) and methylcellulose bioplastics containing
coffee cellulose nanocrystals (MCNC) in general exhibited a typical cellulose spectrum
(Figure 7). The peak at 2950 cm™' is the result of symmetric and asymmetric stretching
of the C-H bond. Peaks around 1350 — 1650 cm™! related to the deformation in the plane
of the 8(C-H) bond, whereas the peak at 1068 cm™ is characteristic of stretching of the
C-O-C glycosidic bond. The band at 3400 cm™ is the result of stretching vibration of the
v(O-H) bond. The peak identifies methyl cellulose is 950 cm™, corresponding to the -
OCHj radical of methyl cellulose.
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Figure 7: Fourier transform infrared of the produced bioplastics: pure methyl cellulose film
(MC) and films containing different concentrations of low-quality coffee cellulose nanocrystals

(MCNC).

After evaluation by SEM and FTIR, the chosen concentration of cellulose nanocrystals
for application in methyl cellulose bioplastics was 0.6% (wt/wt), % due to the homogeneous
distribution of cellulose nanoparticles. Besides, there was no expulsion of cellulose nanocrystals
to the surface of the films produced. In this film presented good malleability during touch.

Therefore, the following characterizations refer to MCNC 0.6% films.



53

h.  Color and ultraviolet analysis

Color analysis was performed using the CIELAB system. MC and MCNC bioplastics
do not differ significantly for luminosity index (L). MCNC 0.6% bioplastics emit higher
intensity with L = 66.83, while MC bioplastics are slightly less luminous with L = 66.66.
In relation to the color coordinates a and b, the bioplastics resulted in greenish-yellow,
with the color coordinates for the MCNC bioplastic being 0.6% a= -1.79, b= 5.39 and
HUE® = 108.87, and for MC bioplastic the color coordinates were a= -2.46, b= 6.42 and
HUE®°= 110.97.The UV analysis (Figure 8) demonstrated that 0.6% MCNC bioplastics
had a UV protection range between 225-375 nm greater than MC bioplastics.
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Figure 8: UV-Vis transmittance of MC bioplastics (blac color curve) and MCNC (red

color curve).

1. Thermogravimetric

No significant difference in the degradation temperature between MCC (Tonset=179
°C Tmax. = 359 °C) and MCNC (Tonset= 181 °C and Tmax = 359°C) bioplastics was
observed when the thermogravimetric results were evaluated. In other words, the presence

of nanocrystals did not affect the thermal resistance of the film.

Based on the profile of mass loss between 100 °C and 200 °C, MCNC films have less
moisture than the MCC films, corroborating with the humidity test carried out previously.
This behavior can be explained by the capacity of cellulose nanocrystals to establish
bonds with the MCC polymeric matrix, preventing water molecules absorption and

interaction with the MCC matrix and increasing the , humidity. Other studies with
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cellulose nanocrystals have also shown that there is no increase in the thermal resistance
of the studied bioplastics when adding cellulose nanocrystals extracted with acid

hydrolysis with sulfuric acid (Agustin et al., 2014; Blilid et al., 2020).
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Figure 9: Thermogravimetry of bioplastics. A) TGA curve and 1° curve derived from MCC
bioplastic. B) TGA curve and 1° curve derived from the MCNC (0.6%) bioplastic.

44 Conclusion

The results presented in this work demonstrate that cellulose nanocrystals extracted
from low quality coffee beans (LQCB) have physicochemical characteristics with
potential biotechnological application. Among these characteristics, the degree of
crystallinity and thermal resistance of cellulose nanoparticles stand out. The crystallinity
degree of the nanocrystals extracted from LQCB was 67.75% and their thermal
degradation was 8% up to 800°C. In this sense, the combination of high thermal resistance
and a significant degree of crystallinity of these nanoparticles makes them useful in
processes that require high temperature and/or that require mechanical reinforcement,
such as in food packaging. The results found for the application of these cellulose

nanocrystals as a composite in methyl cellulose films demonstrate that the cellulose
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nanocrystals do not alter the thermal resistance of this polymer. However, the addition of
cellulose nanocrystals to the methyl cellulose matrix was able to reduce the percentage of
moisture in the films, maintain the high degree of transparency of this polymer and act as
a barrier against ultraviolet light. These characteristics are essential in the development
of biopackaging capable of maintaining food quality, especially foods sensitive to light

and humidity.

4.5 Perspectives

In the next work, we intend to evaluate films containing coffee cellulose nanocrystals,
as antimicrobial and antioxidative packaging for dry foods. Furthermore, testing the
chemical compatibility of coftee cellulose nanocrystals in other biodegradable polymeric

matrices.
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Abstrat:

The SARS-CoV-2 are mainly transmitted through respiratory droplets and aerosol particles.
However, as for other CoVs, this virus can also be eliminated from symptomatic or asymptomatic
patients via faeces, an excreta that is commonly disposed of in wastewater. The presence of
SARS-Cov-2 RNA in wastewater can be exploited in different ways, and therefore needs to
receive necessary attention. Thus, in this work was evaluated the ability to remove SARS-CoV-2
genetic material from synthetic wastewater using a low cost prototype containing a cellulose
membrane functionalized with alkylammonium and alkylamine groups coupled with UVC light.
The prototype used shows that a short exposure time to UVC (5 min) is already possible to
degrade more than 60% of the N-SARS-CoV-2 gene. Furthemore, we observe a removal of
approximately 100% of the genetic material evaluated when the cellulose membrane was
derivatized with QASN+(CH2)3. Thus, our prototype can be used especially for the removal of
emerging pathogenic microorganisms with potential risk for the population living in regions
where basic sanitation is deficient or non-existent. In addition, its application in hospitals effluents
can minimizes the risk of contamination in times of epidemic outbreaks, ensuring the safety of

the population.
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5.1 Introduction

Access to safe and readily available water is essential to prevent the spread of several
waterborne diseases and to avoid a major problem for public health. The World Health
Organization (WHO, 2014) estimated that, in low and Middle income countries,
inadequate drinking water and sanitation were the reason for 502 000 and 280,000

diarrhoea deaths, respectively.

The incidence of waterborne diseases is mainly related to the quality of drinking water
available for human consumption, as these infections occur from ingestion or contact with
contaminated water by pathogenic microorganisms including bacteria, virus, protozoa,
and parasites (Leclerc et al., 2002; WHO, 2015). Recently, the identification of SARS-
CoV-2 RNA in wastewater and sewage of several countries, including Australia, Brazil,
Spain, Italy, and France, drew attention to a potential new route for the spread of this new
coronavirus (CoV) responsible for the global outbreak 51 of COVID-19 (Ahmed et al.
2020 ; La-Rosa et al. 2020 ; Prado et al. 2020 ; Randazzo et al. 2020 ; Wurtzer et al. 2020).

The SARS-CoV-2 are mainly transmitted through respiratory droplets and aerossol
particles (Meselson 2020). However, as for other CoVs, this virus can also be eliminated
from symptomatic or asymptomatic patients via faeces, excreta that is commonly
disposed of in wastewater (Pan et al. 2020 ; Wolfel et al. 2020 ; Zhang et al. 2020). The
presence of SARS-Cov-2 RNA in wastewater can be exploited in different ways, and
therefore needs to receive necessary attention. Monitoring levels of SARS-Cov-2 RNA
in wastewater, known as wastewater-based epidemiology (WBE), provides valuable
information about the levels of infection as well as the transmission dynamics of COVID-
19 in a community (Prado et al., 2021 ; Westhaus et al., 2021). In this way, WBE supports
prevention and control plans against COVID-19 in a specific region. On the other hand,
these findings indicate that wastewater and sewage can be potential sources in spreading

of COVID-19 in a community, especially in regions with poor sanitation.

Tertiary treatments promote water disinfection in treatment plants commonly through the
use of chemical disinfectants, such as chlorine and ozone, or ultraviolet light (Mbonimpa
et al. 2018). Although these treatments effectively reduce the concentration of pathogens
in wastewater and prevent disease transmission, they have some disadvantages due to
their genotoxic and carcinogenic properties (Li and Mitch 2018), high operating costs

(Collivignarelli et al. 2018) and their potential induction of microorganisms to antibiotic



63

resistance (Li et al. 2016).

In the last fifty years, the use of cellulose membranes in the water treatment area has
become common (Siedenbiel & Tiller, 2012 ; kang & Jiao,2013). Three mechanisms are
directly related to virus reduction by membrane - size exclusion, adsorption, and
electrostatic interaction (Zhu et al. 2021). Although it does not naturally have biocidal
activity, cellulose can be chemically modified by compounds covalently linked to its
hydroxyl groups that provide antimicrobial activity (Tavakolian, et al, 2020 ; Shaghaleh,
Xu, & wang, 2018).

Quaternary ammonium salts (QAS) are completely substituted amines that have a
positive charge on the nitrogen atom that can be produced naturally or synthetically (Sun,
2011 ; Bures, 2019). Due to their chemical reactivity, they act as biocides, inactivating or
killing vegetative microorganisms, which makes them recommended for industrial use
for surface asepsis. Recently its use was also recommended for the removal of SARS-
CoV- 2 by the Environmental Protection Agency -US EPA (Hora, et al., 2020 ; Bures,
2019 ; Kwasniewska, 2020). A polar region positively charged ("NR4) and an apolar
region formed by the substituting hydrocarbons (R), promote the interaction with the
surface of microorganisms, especially with the plasma membrane. Upon infiltrating the
plasma membrane, these compounds collapse the proteins and lipids that cover the
microorganisms, what induces the formation of pores in the membrane through which the
cellular material overflows (REN, et al, 2016 ; Khattak, et al, 2019).

Among the quaternary ammonium salts, trimethoxysilyl propyl trimethylammonium
chloride has been applied, for example, in the functionalization of surfaces for the capture
of genomic DNA sequences for the study of genetic variants of diseases, as well as
surfaces antiseptic, chelating and purifying agent in water and sewage treatment Du, et
al, 2017 ; Dioum & Hamoudi, 2014 ; Li, et al, 2016).

In this work we evaluated the ability to remove SARS-CoV-2 genetic material from
synthetic wastewater using a low-cost prototype containing a cellulose membrane
functionalized with alkylammonium and alkylamine groups coupled with UVC light. The
cellulose functionalization with trimethoxysilyl propyl trimethylammonium chloride
(QASN*(CH2)3) showed the greatest capacity to remove the genetic material of SARS-
CoV-2. When associated with exposure for a short period of time to UVC light, it is
possible to ensure, in addition to the total removal of viral genetic material, the safe
handling of the prototype. This prototype make way for the development of an eficiente

pathogen removal system that can be applied in sewage and wastewater treatment plants.
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5.2  Material and methods
a) Chemical protocol to modificat ion of the cellulose membranes with a quaternary
ammonium salt

The reagents were: trimethoxysilylpropyltrimethylammonium chloride (QASN*(CH2)3)
50% Alfa AesarTM, trimethoxysilyl propyl chloride octadecyldimethylammonium
(QAS-(CH2)18), 42% Sigma Aldrich® and 3-aminopropyl-trimethoxysilane (QASNH>)
Aldrich®, Ethanol (Synth), Acetone (Synth), Regenerated cellulose membrane with
12000-14000 Da (Spectrum® Laboratories). The protocol for cellulose modification
membranes with quaternary ammonium salts was based on Menge et al., 2015. The
regenerated cellulose membrane was cut with an area of 3.9 cm?, and washed with
distilled water for 30 minutes. These membranes were dried in an air oven at 35 °C for 2
hours and weighed. Three solutions were used for immobilization of quaternary
ammonium salts. (A) Aqueous solution of QASN*(CH»)3 at 6.72 mmol in 10 ml of
deionized water; (B) Aqueous solution of QAS- (CH2)1s at 4.23 mmol in a total volume
of 10 ml and; (C) QAS-NH> at 27 mmol in 40 ml of acetone. After drying, the regenerated
cellulose membranes were immersed in solutions A, B and C under suspension at room
temperature for 3.5 h. The membranes were dried at room temperature for 12 hours. In
the next step, QASN*(CHz)3 and QAS-(CH»)1s membranes were washed vigorously in
250 ml of 95% ethanol for 30 min at 25°C and the QAS-NH> membrane was washed in
250 ml acetone for 30 min at 25 °C. All membranes were dried at 35 °C overnight and
then weighed. The calculation of the yield of the ammonium salt graft was given in

mg/cm? and converted to mmol/cm?.

b) Characterization by the Infra-Red Technique with Fourier transform

The Infra-Red Technique with Fourier Transform (FTIR) analysis was carried out at the
Multivariate Chemical Data Analysis Laboratory (MCDALab) of the Chemistry
Department of the Universidade Federal de Vigosa (UFV). For this, small horizontal
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sections of cellulose modified membranes with quaternary ammonium salts, QAS-
(CH2)1s, QAS-NH;, QASN*(CH:2); and control membrane, were subjected to
theattenuated reflectance technique (ATR) using the Varian 660-IR equipment coupled
to the GLadiATR accessory with diamond crystal, operating in transmittance mode wit

scanning in the wavelength range of 400 - 4000 cm™.

¢) Evaluation of the surface load of the Zeta Potential

The surface load of the QASN*(CH2)3s membrane was evaluated using the potential
streaming method. For this, 0.5 g of the QASN*(CH2); membrane was frozen in liquid
nitrogen and later macerated. The resulting powder was dispersed in deionized water
pH =7, this dispersion was homogenized by inversion and equilibrated at 10 °C for 24
hours. After this period, the dispersion was again agitated and submitted to Zeta Potential
analysis on the Zetasizer equipment, Nano Series by Malvern Instruments, from the
Laboratério de Embalagens (LABEM-UFV), at 25 °C, with a fixed angle of 173° and

with a length of 633 nm wave. The analyzes were performed in triplicates.

d) Production and quantificaion of N SARS-CoV-2 gene

The gene sequence encoding structural protein N from SARS-Cov-2 (nucleocapsid
phosphoprotein_SARS-COV-2) was synthesized by Biomatik Corporation (Kitchener,
Ontario - Canada) (Gene ID: 43740575). The gene was cloned into the Nhel and Notl
restrictions site placed at 5' and 3' ends, respectively, in cloning vector pET28a (+). Then
the transformation experiments were performed with chemically competent cells
Escherichia coli DH50 using the heat shock method (Panja et al., 2006), briefly described
by the addiction in ice for 30 min, followed by water bath at 42°C for 1 min, plus ice for
2 min and in the sequence shaking at 37°C for 1 h. After centrifugation at 2,500 x g for
10 min, the transformed cells were plated on LB/agar plates containing 50 mg/ml
kanamycin and the plates were inverted and incubated at 37°C overnight. The resistant
single colony was picked and amplified in LB medium. The plasmid extraction was
performed using the commercial QIAGEN Plasmid Kit (Germantown, MD - USA). The
quantification of the genetic material was performed in a Qubit ™ 4 Fluorometer

equipment (Invitrogen, California - USA).



66

e) Synthetic wastewater

The synthetic wastewater used to perform the experiments was prepared from a 10X
solution containing 160 mg/L peptone, 110 mg/L. meat extract, 30 mg/L urea, 28 mg/L.
K2HPOys, 7 mg/L NaCl, 4 mg/L CaCl,.2H>0, 2 mg/L. MgS0O4.7H>20, dissolving in distilled
water, previously described by (Giannakis et al., 2014). The initial pH of the synthetic
wastewater obtained with this composition was pH 6.6. The N Sars-CoV-2 synthetic gene

was diluted according the required experiment.

) Removal of N-SARS-CoV-2 gene from synthet ic wastewater by ultraviolet -C light

A simulated prototype of a treatment plant was built using two aquariums interconnected
by hoses, containing between them an 9 watt ultravioleta - C (UVC) lamp filter, in a closed
circuit. Inside the aquariums, pumps circulated the liquid volume at a constant speed of
2L/min. The experiment was carried out in two phases: the first with the UVC lamp off
and the second with the UVC lamp on. A final volume of 7 L of synthetic wastewater
containing 1x10° copies/L of the N SARS-CoV-2 gene was added to the system and 5 mL
aliquots were collected from the entrance aquarium, after circulation in the filter system,
at the times 0 min, 5 min, 10 min, 15 min, and 30 min.The samples were processed

immediately after collection, following the subsequente methodologies described here.

g) Quantification of N-SARS-CoV-2 gene by real time PCR

N-SARS-CoV-2 gene was extracted from the samples of synthetic wastewater by
precipitation. Five hundred pL of each sample was precipitated with 300 pL phenol, 300
pL chloroform/isoamyl alcohol (24:1). The supernatant was recovered and incubated with
ethanol on ice for 10 min and in the centrifuged sequence. The pellets were washed with
70% ethanol and later resuspended in RNAse free dH2O.N SARSCoV- 2 gene was
detected by TagMan real-time RT-PCR (RT-qPCR) on StepOnePlus Real-Time PCR
System thermocycler (Applied Biosystems) conducted in two replicates using the
following cycling parameters established by CDC (Centers for Diseas Control and
Prevention, Georgia, USA): a final reaction volume of 10 uL in MicroAmp Fast Optical

48 Well Reaction Plates (Thermo Fisher Scientific) containing 1X GoTaq qPCR Master
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Mix (Promega Corporation), 300 nM CXR Reference Dye, a final concentration of 200
nM. The cycling parameters were at 50°C for 15 min, preheating at 95°C for 2 min and
45 cycles of amplification at 95°C for 3 s, 55°C for 30 s. Ct values generated by the
equipment were interpolated in a standard curve Ct x DNA concentration (ng) and
subsequently transformed into a percentage reduction of NSARS- Cov-2 gene from the

value found for the zero-time controls.

h) Removal of N-SARS-CoV-2 gene by derivatized membranes

Derivatized membranes of dimensions 35 mm x 10 mm were added to 5 ml of synthetic
wastewater solution containing 1x10° copies/L of the N-SARS-CoV-2 gene or synthetic
wastewater without gene. The untreated membranes, 3- aminopropyltrimethoxysilane
(QAS-NH>), trimethoxysilylpropyl octadecyldimethyl ammonium chloride (QAS-
(CH2)18) and trimethoxysilyl propyl trimethylammonium chloride (QASN*(CH2)3)
treated membranes were under agitation in contact with the solutions for 30 min. In the
end, 1 ml of each sample was collected and the gene was extracted by precipitation.
Wastewater control without N-SARS-CoV-2 was also precipitated to verify the influence

of membranes on the solution. The material was evaluated by real time PCR.

i) Removal of N-SARS-CoV-2 gene from synthet ic wastewater by association between
derivatized membranes and UVC

Cellulose derivatized membrane with trimethoxysilyl propyl trimethylammonium
chloride (QASN*(CHa)3) or untreated membrane of dimensions 500 mm x 40 mm were
inserted into the prototype filter and were subjected to the capture test under the same
conditions described in point “d". The tests were carried out under the incidence of UVC
light or not. Aliquots of 5 mL were collected from the entrance aquarium, after circulation
in the filter system, at the times 0 min, 5 min, 10 min, 15 min, and 30 min. The samples

were processed immediately after collection.
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Statistical analysis

The performance of the biosensor was evaluated by the unpaired T-Student test used to
compare the means of reducing the samples genetic material collected before and at
different times after coming into contact with the decontamination prototype. The
differences were considered statistically significant when p <0.05. The One-way ANOVA
test was applied for multiple comparisons between the different evaluated derivatized
membranes. P values <0.0001 were considered statistically different. All analyzes were
performed using the GraphPad Prism 6.0 softwares

(https://www.graphpad.com/scientific-software/prism/).

5.3 Results
Modified and Characterization of cellulose membranes

The different quaternary ammonium salts resulted in different reaction yields. Following
an increasing order, we have QAS-(CH2)1s (5.17x10” mol/cm?); QAS-NH, (2,86 x 10®
mol/cm?) and QASN*(CHz)s (5x10mol/cm?) Figure 1.
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Figure 1: Yield of modification reaction with ammonium salts of cellulose membranes.

Yield given in mol/cm?.

Infrared spectroscopy with ATR is useful in identifying chemical groups characteristic
of organic compounds, so it can be applied to confirmation of Chemical modification of

cellulose membranes, functionalized with quaternary ammonium salts. We can notice in



69

the FTIR spectrum functionalized cellulose and non-functionalized cellulose membrane
(control membrane) the appearance of new absorption peaks in modified cellulose
membranes when compared to the control membrane (Figure 2). The peak at 2885 cm™
is characteristic of C-H stretching of glycosidic molecules. The stretch of cellulose
molecule group OH is the wide peak at 3315 cm™ and at 898 cm™ we can notice the
characteristic peak of the C-O stretch of the glycosidic cellulose bond. The infrared
spectrum of the modified membranes shows the appearance of two new bands, a 1345
cm’! which is characteristic of a C-N stretch in a tertiary amine and peak at 1545 cm™!

which refers to the N-H stretch of primary amine (Makarem,2019; Paiva,2010).
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Figure 2: Fourier transform infrared spectrum (FTIR) of cellulose membranes modified
with quaternary ammonium salts. Attenuated reflectance technique (ATR), operating in

transmittance mode with scanning in the wavelength range of 400 - 4000 cm.

The zeta potential preset in the figure 3 the unmodified membrane has a high zeta
potential value (-27.5mV), counter-starting, the modified membrane (QASN*CH>)3 has a
lower zeta potential.) As we can see from the figure 3 the unmodified membrane has a
high zeta potential value (-27.5mV) this is probably the result of the higher concentration
of OH ions that binds to cellulose forming hydrogen bridges, counter-starting, the
modified membrane QASN*(CHb»)3; has a lower Zeta Potential, this can be explained by
the lower formation of hydrogen bridges, since quaternary amine induces a higher

concentration of H3O" ions in the shear layer. Zeta potential of the modified membrane

enhances efficiency in the chemical membrane modification process by
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trimethoxysilylpropyl trimethyl ammonium chloride.
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Figure 3: Apparent Zeta Potential. In red QASN*(CH3)s derivatized membrane, in green
the membrane control.

Avaliation N-SARS-CoV-2 gene removal of the wastewater

The ability to remove the N-SARS-Cov-2 gene by the prototype based on the use of UVC
light is shown in figure 4. We observed that there was a spontaneous N-SARS-Cov- 2
gene degradation in the developed prototype observed in the UV- group, in the four
evaluated times (figure 4). This spontaneous degradation ranged from 14.2% at 5 min of
system operation to 39.2%, after 30 min. However, when the UVC light was activated in
the system, the emission of light degraded the genetic material more quickly (UV+),
where we were able to verify a 62.7% reduction in the DNA evaluated in the initial time
of 5 min. This removal pattern was maintained, reaching 66.3% removalat 15 min, and

remained until the end of the trial, which occurred after 30 min of exposu to UVC light.
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Figure 4: Percentage of N-SARS-CoV-2 gene removal by UVC light in 5°, 10°, 15” and
30°. UV light off, UV *: light on. The symbol * represents a significant statistical
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difference with p < 0.05 by nonparametric Student t test.

The use of functionalized membranes can favor removal by immobilization and capture
of  several  charged  particles. = Membranes  functionalized  with  3-
aminopropyltrimethoxysilane (QAS-NHz), trimethoxysilylpropyl octadecyldimethyl
ammonium chloride (QAS-(CH2)ig) and trimethoxysilyl propyl trimethylammonium
chloride (QASN*(CH>)3) were evaluated for their ability to remove the N-SARS-CoV- 2
gene and it was possible to verify that the QASN*(CHz)3 membrane removed 99.0% of
the synthetic genetic material (figure 5). The untreated cellulose membrane removed
58.2% of the N-SARS-CoV-2 gene after 30 min of contact with the solution and the
removal potential was optimized with treatment by the quaternary amine QASN*(CHb>)s.
The other quaternary amines evaluated, QAS-NH> and QAS-(CHb»)is, did not show
potential for immobilization and capture of genetic material, presenting worse results

when compared to the membrane without treatment.
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Figure 5: Percentage of N-SARS-CoV-2 gene removal by cellulose membranes in 30°.
M, control; M *, untreated membrane; 3-aminopropyltrimethoxysilane (QAS-NHy),
QAS- NH: treated membrane; trimethoxysilylpropyl octadecyldimethyl ammonium
chloride (QAS-(CHs3)1s), QAS-(CH3)1s treated membrane; trimethoxysilyl propyl
trimethylammonium chloride (QASN*(CH3)3), QASN*(CH3); treated membrane.
Diferent letters represents a significant statistical difference with p<0.0001 by

nonparametric one-way analysis of variance (ANOVA) test with Bonferroni correction.

After verifying the potential for removal of synthetic gene material by membranes, the

association of potential membranes in the UVC light system was performed to verify the
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removal efficiency in the prototype. When the non-functionalized cellulose membrane
was added to the system, it came into contact with the synthetic wastewater flow and did
not receive direct action of UVC light, it was possible to verify the removing capacity the
genetic material, which varied from 16.3% at 5 min to 61.8% at the end, in 30 min test
(figure 6A). When the QASN*(CH3); functionalized membrane was evaluated in the
system under the same conditions, it showed a higher removal efficiency since the initial
stages of the experiment. The removal efficiency of the QASN.(CH3)3 functionalized
membrane reached 55.6% removal within 5 min of the assay, gradually increasing until

reaching 91.3% removal of the N-SARS-CoV-2 gene at 30 min of the assay (figure 6A).

When the UVC light was activated in the system in association with the membranes, a
worsening in the efficiency of the functionalized membrane in promotingthe removal of
the N-SARS-CoV-2 gene was observed. In 5 min of evaluation, the control membrane
removed 29.0% of the genetic material while the functionalized QASN*(CH3)3; membrane
removed 17.9% (figure 6B). The capacity of both increased gradually over the 10 and 15
min times, however, there was a drop in the percentage of genetic material captured by

the QASN™(CH3)s functionalized membrane at the end of the experiment (figure 6B).
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Figure 6: Percentage of N-SARS-CoV-2 gene removal by membranes and UVC light in
5°,10°, 15” and 30°. M UV -: control membrane with light off, QASN*(CH3); UV -:
QASN*(CH3); funcionalized membrane with light off, M UV +: control membrane with

light on and, QASN*(CH3)3 UV +: QASN*(CH3)s funcionalized membrane with light on.
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The symbol * represents a significant statistical difference with p < 0.05 by

nonparametric Student t test.

5.4 Discussion and Conclusion

Hospitals are important sources of pollutants resulting from the release of excretafrom
patients that may contain from pathogenic microorganisms to residues of pharmaceutical
products and their metabolites, radioactive markers, iodinated contrast media, etc., which
in a way may represent a potential risk of contamination of the population, when the
discharge of hospital waste is not subjected to adequate treatment (Wang et al, 2020). In
this context, some emerging pathogens, such as Ebola virus and SARS-CoV-2, pose a
significant health threat and their exposure in an unsanitary sewage system can have

potentially serious consequences for public health (Lahrich et al., 2021).

The SARS-CoV-2 virus has the characteristic of being an enveloped virus. Although
enveloped viruses are predisposed to inactivation in water, the survival time of thes
viruses can still be very long, depending on environmental conditions. This is explaine
by the fact that the S proteins on the viral surface are deeply anchored and only pass
through the envelope. Thus, if the envelope is altered, but surface S proteins are preserved,
viral infectivity is maintained (Lahrich et al. 2021), which leads us to think about the
increased risk of infections by wastewater. In this context, the use of highly efficient
sanitation methods in sewage treatment plants or at exits from places with a high rate of
water contamination, such as hospitals, become important interventions to reduce the risk
of transmitting emerging diseases. With this intention, a low-cost prototype containing a
cellulose membrane functionalized with alkylammonium and alkylamine groups coupled
to UVC light was developed for application in the treatment and removal of viral particles
from contaminated water. We evaluated the prototype's removal potential based on
electrical charge interactions with the derivatized membranes, and thus we used a circular
synthetic DNA containing the coding for the SARS-CoV-2 N protein as an insert, as a

particle to be removed by the prototype.

The chemical structure of cellulose does not have biocidal activity, but the hydroxyl
groups present in its structure allow covalent chemical modifications that, depending on
the chemical nature of the modifying molecule, end up conferring biocidal activity to the
cellulose. Many antimicrobial substances are used as modifying agents to create cellulose

materials with biological activities of medical, industrial or technological interest
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(Tavakolian, et al, 2020; Shaghaleh, Xu, & wang, 2018; Milani, France, Balieiro and
Faez, 2017). The main advantages of using cellulose as a raw material for such purposes
are its high abundance, low cost, low toxicity, biocompatibility, biodegradability and easy
handling (Kumaran, Chopra, Oh, & Choi, 2020), opposite advantages the use of UVC
light, which has been shown to have virucidal activity against SARS-CoV-2, but has
limitations related to exposure that can cause adverse health effects, such as damage to
the eyes, skin cancer and aging, and UVC should not be used in housing environment
(Sabino, 2020). Interestingly, in our prototype, which is composed of a closed system
with no risk of exposure, it was observed that a short exposure time to UVC (5 min) was
already possible to degrade more than 60% of the N-SARS-CoV-2 gene. The removal rate
was maintained until the end of the experimente (30 min), showing a limited ability to
degrade the N-SARSCoV- 2 gene. The short exposure time to UVC light provided by the
continuous flow of liquid inside the prototype may be preventing the total degradation of

the genetic material after 30 min.

As shown, QAS are able to interact with DNA and even induce DNA photopolymerization
(Tischer et al., 2012; Song et al., 2006; Flood et al., 2019). The interactions of QAS with
DNA are not well understood, but the most accepted hypothesis is related to the ionic
interaction between the positive charge of the amine nitrogen of the QAS and the negative
charge of the phosphate group of the DNA. The presence of the ammonium salt on the
membrane surface maximizes DNA adsorption on the membrane surface as the surface
becomes positively charged, thus exerting na ionic force on the DNA. This effect is
probably clear in our results, where we could observe a removal of approximately 100% of

the genetic material evaluated when the

cellulose membrane was derivatized with QASN+(CH2)3 (fig. 5). Disregarding the
solvation effect, we can state that the more exposed the positive charge of nitrogen, the
easier and more intense the ionic interaction between DNA and QAS will be, therefore,
QAS molecules that have hydrocarbon substitutes with smaller volume and/or size will
adsorb a greater amount of DNA on the membrane surface, on the other hand, molecules
with long and/or bulky hydrocarbons have a larger electronic cloud that shields the positive
charge of the nitrogen atom and consequently minimizes the ionic interaction with the
DNA, and maximizes interactions ion-dipole. This effect explains the fact that the
membrane modified with QASN+(CH2)3 adsorbs more DNA than the membrane QAS-
(CH2)18 (fig. 5). The lack of charge of the membrane QASNH?2 explains its low efficiency
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in removing DNA (fig. 5), as the only interaction it exerts electrostatic ion-dipole is that,
besides the solvation effect can not significantly increase the adsorption of DNA enough

(Flood et al., 2019; Lin et al., 2009; Tadrosand Tadros, 2013).

Interestingly, when the QASN+(CH2)3 membrane was added to the prototype and its
adsorption capacity of the SARS-CoV-2 N gene was evaluated over time (fig. 6), a gradual
increase in removal efficiency was observed in relation to the time, with a result at the end
of 30 min, corroborating the previously result, shown in fig. 5. Different methodologies and
different amounts of initial DNA, culminated in the same result, demonstrating the

robustness and efficiency of membrane removal.

When UVC light was associated with the system containing the QASN+(CH2)3 derivatized
membrane, the rate of removal of the SARS-CoV-2 N gene by the membrane continued to
increase up to 15 min, but with a rate of removal lower than that observed for the untreated
control membrane, at times of 5 and 10 min (Fig. 6B). After 30 min, contrary to what we
expected, a somatory effect of the retention of the SARSCoV- 2 N gene by the derivatized
membrane to the degradation action promoted by UVC light, an increase of genetic material
in the sample was observed. In a way, the SARSCoV- 2 N gene seems to detach from the
membrane and return to the synthetic effluent. UV C emits radiation in the range of 200 to
280nm and by the principle of photo equivalence the energy absorbed by 1mol of molecules
at 200nm is equal to 598 kJ / mol and at 280nm is equal to 427 kJ / mol, this energy is
enough to break the Si-O and CO covalent bond between QASN+(CH?2)3 and the cellulose
membrane, as these bonds have a formation energy equal to 368 kJ and 343 kJ respectively.
Therefore, exposure of the modified membrane to UV C for 30 min is sufficient to break
the bond between OH cellulose and QASN+(CH2)3 releasing this quaternary ammonium
salt into the aqueous medium and, consequently, decreasing the amount of retained DNA
on the membrane (Chiavari et al., 2015; Lin et al., 2009; Flood et al., 2019; Grigoras, 2021;
Xue et al., 2015).

Given the above, we propose the application of the low-cost attachable prototype for the
removal of negatively charged molecules, especially emerging pathogenic microorganisms
with potential risk for the population living in regions where basic sanitation is deficient or
non-existent. In addition, its application in hospitals effluents minimizes the risk of

contamination in times of epidemic outbreaks, ensuring the safety of the population.
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