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RESUMO

DESENVOLVIMENTO DE ESPONJAS DE LUFFA CYLINDRICA COM
QUITOSANA PARA ADSORCAO DO CORANTE VERMELHO 40

AUTORA: Rejiane da Rosa Schio
ORIENTADOR: Guilherme Luiz Dotto

O grande consumo de agua e a geragdo de efluentes coloridos nos processos industriais geram
preocupacdo no que diz respeito a poluicdo de corpos hidricos. A contencdo dessa poluicdo
ambiental é um dos grandes desafios da sociedade moderna. Dentre as tecnologias utilizadas
para o tratamento de efluentes coloridos, se destaca a adsorcdo, que somada a utilizacdo de
adsorventes desenvolvidos a partir de precursores naturais, se torna uma técnica ainda mais
atrativa. Nesse estudo, a Luffa cylindrica (LC), um material lignocelulésico cobicado por sua
versatilidade, foi investigada para imobilizar a quitosana reticulada e remover o corante
vermelho 40 de solucBes aquosas. Os bioadsorventes foram desenvolvidos com diferentes
concentragdes de quitosana (1%, 3% e 5% (m v'1)) e agentes de reticulacéo (0,5%, 1,0% e 1,5%
(v v1)). Os agentes de reticulagdo estudados foram o glutaraldeido e a epicloridrina por se
comportarem de formas distintas com a quitosana. E assim, resultou na LC com quitosana
reticulada com glutaraldeido (LCsG) e LC com quitosana reticulada com epicloridrina (LCSE).
Esses materiais foram caracterizados quanto as suas propriedades fisico-quimicas e em seguida
aplicados para os estudos de adsorcdo. As caracterizacbes demonstraram que a LCsG e LCsE
sdo materiais amorfos, com superficie fibrosa irregulares, muito favoraveis para o processo de
adsorcdo. Os espectros vibracionais mostraram que a quitosana aderiu com sucesso na
superficie da Luffa e indicaram que o processo de reticulagdo aconteceu para ambos 0s agentes
de reticulacdo. Os resultados referentes ao grau de intumescimento e grau de reticulacdo
corroboraram com a avalia¢do do potencial adsortivo da bioesponja. Os estudos de adsorcéo
para remocdo do vermelho 40 foram favorecidos em pH 2. Os modelos de pseudo-segunda
ordem e Sips representaram de forma satisfatoria os dados cinéticos e isotérmicos. Além disso,
0 processo de adsorcao indicou ser espontaneo e endotérmico. As capacidades maximas de
adsorcao foram de 77,66 mg g™ paraa LC/CS/GLUT e 43,01 mg g* paraa LC/CS/EPIC. Além
disso, quando reutilizados, os adsorventes permaneceram em cerca de 70% das suas
capacidades originais ap0s seis ciclos de adsor¢do. Em conclusdo, os materiais preparados a
partir de Luffa cylindrica com quitosana resultaram em promissores adsorventes naturais. A
Luffa cylindrica serviu como um excelente suporte para quitosana, resultando em um
adsorvente atrativo, com bom potencial de adsorcéo e de baixo custo.

Palavras-chave: Bucha vegetal; reticulacdo; remocao; corante.



ABSTRACT

DEVELOPMENT OF LUFFA CYLINDRICA SPONGES WITH CHITOSAN
FOR ADSORPTION OF RED DYE 40

AUTHOR: Rejiane da Rosa Schio
ADVISOR: Guilherme Luiz Dotto

The large consumption of water and the generation of colored effluents in industrial processes
raise concerns regarding the pollution of water bodies. Containing this environmental pollution
is one of the great challenges of modern society. Among the technologies used to treat colored
effluents, adsorption stands out, which, combined with the use of adsorbents developed from
natural sources, becomes an even more attractive technique. In this study, Luffa cylindrica (LC),
a lignocellulosic material coveted for its versatility, was investigated to immobilize cross-linked
chitosan and remove red dye 40 from aqueous solutions. The bioadsorbents were developed
with different concentrations of chitosan (1%, 3% and 5% (m v1)) and crosslinked agents
(0.5%, 1.0% and 1.5% (v v1))). The crosslinked agents studied were glutaraldehyde and
epichlorohydrin as they behave differently with chitosan. And so, it resulted in LC with chitosan
cross-linked with glutaraldehyde (LCsG) and LC with chitosan cross-linked with
epichlorohydrin (LCsE). These materials were characterized regarding their physicochemical
properties and then applied for adsorption studies. The characterizations demonstrated that
LCsG and LCsE are amorphous materials, with irregular fibrous surfaces, very favorable for
the adsorption process. The vibrational spectra showed that the chitosan successfully adhered
to the Luffa surface and indicated that the cross-linking process took place for both cross-
linking agents. The results regarding the degree of swelling and degree of crosslinking
corroborated the assessment of the biosponge's adsorptive potential. Adsorption studies for red
40 removal were favored at pH 2. The pseudo-second order and Sips models satisfactorily
represented the kinetic and isothermal data. Furthermore, the adsorption process was indicated
to be spontaneous and endothermic. The maximum adsorption capacities were 77.66 mg g™ for
LC/CS/GLUT and 43.01 mg g* for LC/CS/EPIC. Furthermore, when reused, the adsorbents
remained at about 70% of their original capacities after six adsorption cycles. In conclusion,
materials prepared from Luffa cylindrica with chitosan resulted in promising natural adsorbents.
Luffa cylindrica served as an excellent support for chitosan, resulting in an attractive adsorbent,
with good adsorption potential and low cost.

Keywords: Vegetable loofah; crosslinking; removal; dye.
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1 INTRODUCAO

A poluicdo dos corpos hidricos € um sério problema social e ambiental, que gera
preocupacéo devido ao crescimento industrial e ao desenvolvimento desenfreado das atividades
econdmicas. Existem evidéncias crescentes de que corpos d’agua sao poluidos por efluentes
coloridos gerados a partir das atividades industriais do ramo téxtil e de alimentos (MIEGE et
al., 2009; LV et al., 2018; NYANKSON e KUMAR, 2019). Os corantes sintéticos séo poluentes
duréveis em meio aquoso e mesmo em concentra¢cbes muito baixas, podem causar diversos
efeitos negativos em organismos aquaticos e a satude humana (VAKILI et al., 2016; JARIA et
al.,, 2018). Dessa forma, € de extrema importancia garantir a remocdo eficaz destes
contaminantes, assegurando um descarte seguro em meio aquoso.

Os tratamentos convencionais, como filtracdo e precipitacdo, séo largamente utilizados
na remocdo de corantes de efluentes aquosos. Porém, em baixas concentracdes, esses métodos
se tornam ineficientes devido ao alto custo e baixa eficacia do processo. Portanto, a adsor¢do
se destaca, devido sua alta eficiéncia em baixas concentra¢fes de contaminantes, simplicidade
e baixo custo de operacéo, principalmente quando aliada ao uso de adsorventes compostos por
matérias-primas naturais (CRINI e BADOT, 2008; LIU et al., 2011; MOURA et al., 2016;
DOTTO et al., 2017).

Ha anos se busca de forma incansavel por materiais adsorventes que conciliam
caracteristicas como alta eficiéncia e capacidade de adsorcdo, baixo custo e facilidade de
separacgdo ap0s o processo. A esponja de Luffa (Luffa cylindrica) € um material lignocelulésico,
biodegradavel, renovavel, de baixo custo e com excelentes propriedades mecanicas.
Recentemente, vem sendo estudada como material adsorvente, porém sua aplicacdo na forma
natural ndo tem alcancado bons resultados adsortivos. Portanto, com intuito de melhorar sua
aplicabilidade no campo da adsorcéo, a Luffa cylindrica pode ser combinada com outros
materiais adsorventes. Tendo em vista sua estrutura altamente fibrosa e porosa, pode servir
como matriz de imobilizacdo natural de diversos materiais (NADAROGLU et al., 2017; LI et
al., 2018; KHADIR et al., 2020).

O polissacarideo quitosana e considerado um adsorvente alternativo, com alto potencial
de adsorcdo por apresentar em sua estrutura os grupamentos hidroxila (-OH) e amina primaria
(-NH2) responsaveis por atuar como sitios ativo na adsor¢do. Em contrapartida, a quitosana

apresenta baixa estabilidade quimica e mecanica, além disso, possui uma baixa area superficial
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dificultando o processo de adsor¢cdo em meio aquoso (CRINI e BADOT, 2008; GUPTA e
SUHAS, 2009; DOTTO et al., 2017).

Visando aprimorar o potencial adsortivo dos dois materiais, a Luffa cylindrica foi
utilizada como matriz de imobilizacdo para quitosana. Essa imobilizacdo se torna possivel
através do processo de reticulacao da quitosana, na qual as cadeias séo interligadas por ligaces
covalentes, conhecidas como crosslinking ou ligagdes cruzadas. Neste processo, a quitosana
forma uma “rede” com o agente de reticulagdo, facilitando sua imobilizagdo. Esses agentes
promovem uma modificacdo quimica nos grupamentos ativos da quitosana e com isso auxiliam
no aprimoramento do processo de adsorcao solucionando suas desvantagens (GONCALVES et
al., 2017; ALVES et al., 2019).

Portanto, o estudo e desenvolvimento de adsorventes provenientes de recursos naturais
¢ muito relevante. O grande desafio é desenvolver um material que apresente uma boa
estabilidade quimica e mecéanica, de facil separacao sélido/liquido possibilitando uma possivel
reutilizacdo. Logo, 0 uso de suportes naturais, como a Luffa cylindrica, para a imobilizacéo da
quitosana reticulada € uma excelente alternativa e ainda pouco explorada na literatura. Neste
contexto, a Luffa cylindrica foi utilizada como suporte para imobilizacdo da quitosana
reticulada, visando melhorar a aplicabilidade de ambas como adsorvente do corante vermelho
40.
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2 OBJETIVOS

21 OBJETIVO GERAL

O trabalho tem como objetivo desenvolver e caracterizar esponjas de Luffa cylindrica
com quitosana reticulada, utilizando glutaraldeido e epicloridrina como agentes de reticulagdo.
E apds, avaliar sua capacidade na remogéo do corante vermelho 40.

2.2 OBJETIVOS ESPECIFICOS

o Desenvolver esponjas de Luffa cylindrica com quitosana reticulada utilizando
glutaraldeido e epicloridrina;

o Avaliar a influéncia da massa de quitosana e a porcentagem dos agentes reticulagao na
Luffa cylindrica;

o Caracterizar as esponjas de Luffa cylindrica com quitosana em relacdo ao grau de
intumescimento, grau de reticulacdo, morfologia, cristalinidade, comportamento térmico e
grupamentos funcionais;

o Aplicar as esponjas de Luffa cylindrica com quitosana na adsorcao do corante vermelho
40, considerando a avaliacdo do efeito do pH e da massa de adsorvente;

o Obter experimentalmente as curvas cinéticas, de equilibrio e estimar os parametros
termodindmicos;

o Verificar a capacidade de dessorcao e reuso dos adsorventes.
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3 REVISAO DA LITERATURA

3.1 CORANTES ALIMENTICIOS

Corantes sao aditivos alimentares definidos como toda substancia que confere,
intensifica ou restaura a cor de um alimento (ANVISA, 1997). Sdo utilizados em uma gama
enorme de alimentos, pois sdo responsaveis de gerar uma melhora na aparéncia do produto. A
escolha da coloracdo esta diretamente relacionada a aceitacdo do mesmo e tem o papel
importante de atrair o consumidor (GUPTA e SUHAS, 2009).

Existem trés categorias de corantes permitidos pela legislacdo para uso em alimentos:
corantes naturais, corante caramelo e corantes artificiais. Os corantes naturais sdo considerados
pigmentos extraidos de substancia vegetal ou mineral. O corante caramelo € obtido a partir do
aquecimento de acuUcares. Ja, os corantes artificiais ou sintéticos sdo obtidos pelo processo de
sintese (ANVISA, 1997). Em geral, a industria prefere o uso de corantes artificiais pois sdo
mais eficientes do ponto de vista tecnoldgico, uma vez que, apresentam um custo relativamente
baixo, maior estabilidade e sdo mais brilhantes que a maioria dos corantes naturais (QUEIROZ
e NABESHIMA, 2014).

Segundo a Agéncia Nacional de Vigilancia Sanitaria (Anvisa), alguns dos corantes
sintéticos permitidos no Brasil sdo 0 amarelo tartrazina, amarelo crepusculo, amaranto, ponceau
4R, vermelho 40 e o0 azul brilhante (BRASIL, 2023). No entanto, 0s azocorantes representam o
principal grupo de pigmentos sintéticos, sendo os mais produzidos e diversificados do mercado.
Esse tipo de corante é reconhecido por possuir a ligacdo dupla entre dois atomos de nitrogénio
(-N=N-) em sua estrutura. S&o substancias largamente utilizadas em condimentos como balas,
goma de mascar, gelatinas, entre outros (GARCIA-SEGURA, 2013; SINGH et al., 2015).

O corante alimenticio vermelho 40 (C.I. 16035), também conhecido como vermelho
allura, é um corante artificial da classe dos azocorantes, cujo a estrutura apresenta um sal
dissodico (E) -6-hidroxi-5-[(2-metoxi-5-metil-4-sulfonatofenil)azo])-2-naftaleno-sulfonato,
(C18H14N208S2Naz, massa molecular de 496,4 g mol™?), como pode ser observado na Figura 1.
E resistente ao calor e a luz, e a presenca de dois grupos sulfonados em sua estrutura o torna
bastante soltvel em &gua. E aplicado em alimentos e bebidas, como doces, chiclete, geléias,
sucos, refrigerantes, embutidos e condimentos (TSUDA et al., 2001; PRADO e GODQY, 2003;
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Figura 1 - Estrutura quimica do corante vermelho 40.
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Fonte: Sigma- Aldrich (2023)

A utilizacdo de corantes sintéticos em larga escala gera um alto volume de efluente que
podem trazer risco a saide humana e ao meio ambiente quando néo tratado corretamente. Esses
compostos interferem na fotossintese, alteram o0s processos metabolicos da fauna e flora
aquatica, causando toxicidade nos organismos aquaticos (GUPTA e SUHAS, 2009). Os riscos
a saude humana estdo relacionados ao modo e tempo de exposi¢éo, ingestdo, sensibilizacdo da
pele e das vias respiratérias (PRADO e GODOQY, 2003). Portanto, o descarte de efluentes
contendo corantes € um problema conhecido e que estad associado a industrias de diferentes
areas. Devido a sua estrutura complexa, os corantes sdo considerados uma das classes de
poluentes mais perigosos e dificil de serem tratados (WAN NGAH et al., 2011). A busca por
tecnologias adequadas para o tratamento de efluentes coloridos é sempre muito visada, devido

ao aumento da conscientizacdo e da fiscalizacdo ambiental (AMIN et al., 2010).

3.2 TRATAMENTO DE EFLUENTES COLORIDOS

Como descrito anteriormente, os efluentes coloridos representam uma grave ameaca
ambiental e a saude humana. Mesmo em pequenas concentracBes, 0s corantes se tornam
perceptiveis e causam impactos negativos, visto que certos corantes sdo altamente tdxicos,
mutagénicos, carcinogénicos e, sobretudo, dificeis de serem degradados. Portanto, é
indispensavel a utilizacdo de tratamentos adequados para esse tipo de efluente, uma vez que a
escassez dos recursos hidricos tem sido alvo de preocupagéo global (ALIPANAHPOUR DIL
etal., 2018; SUBRAMANIAM et al., 2015).

Os processos de tratamento de efluentes contendo corantes podem ser fisicos
(sedimentacéo, decantacdo, filtracdo, centrifugacgéo e flotacdo), quimicos (oxidagdo bioldgica e

quimica, filtragdo por membrana, troca idnica, radiacdo UV, precipitacdo, adsorcdo entre
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outros) e bioldgicos (lodo ativado, biodegradacdo, entre outros) (VERMA et al., 2012).
Algumas vantagens e desvantagens de alguns métodos de tratamento de efluentes sdo mostrados

na Tabela 1.

Tabela 1 - Vantagens e desvantagens de alguns processos de tratamento de efluentes.

Tecnologia

Vantagem

Desvantagens

Separacéo por
membrana

Troca ibnica

Remove a maioria dos

tipos de corantes; gera

um efluente tratado de
alta qualidade

Sem perda de
adsorvente na
regeneracdo; processo

Altas pressoes; alto
custo; dificuldade em
tratar grandes volumes

Alto custo; ndo é eficaz
para remocao de

eficiente corantes dispersos
Baixa producdo de
lodos; pouco ou nenhum

Alto custo; ocorre
consumo de produtos

Processos oxidativos o
formacéo de

avancgados quimicos; eficiente para
. subprodutos
corantes recalcitrantes
Excelente remocao de
cor; tecnologia simples;
< baixo custo para alguns <
Adsorcédo P g Regeneracdo cara

tipos de adsorventes;
remove uma grande
variedade de corantes

Fonte: Adaptado LIMA (2017).

Neste contexto, dentre os variados métodos citados, o processo de adsor¢do se sobressai
aos demais e é amplamente utilizado na remog&o de corantes, além de forte aplicabilidade para
diversos tipos de tratamentos de aguas residuais (BONILLA-PETRICIOLET et al., 2017). Isto
se deve as inUmeras vantagens desse processo como, a facilidade operacional, a sua alta
eficiéncia, a possibilidade do uso de residuos sélidos para obter adsorventes de forma
sustentavel, a regeneracéo e reuso de adsorventes por inumeras vezes, entre outras (SASMAL
etal., 2017; THUE et al., 2018).

Dessa forma, é observado um crescente nimero de estudos que reportam o uso do
processo de adsorc¢do para remocao de corantes (Figura 2). Isto pode ser evidenciado por meio
da busca na Base Web of Science utilizando as seguintes palavras-chave: adsorp* and remov*

(adsorcao e remocao) e dyes (corantes).
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Figura 2 — Evolucdo da publicacdo de artigos cientificos relacionados ao uso do processo de adsorcdo para a
remocao de corantes ao longo dos Gltimos 20 anos.
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*3428 registros de artigos publicados até outubro de 2023.
Fonte: Adaptado WEB OF SCIENCE (2023).

3.3 ADSORCAO
3.3.1 Aspectos gerais da adsor¢ao

A adsor¢do é uma operacdo unitaria na qual moléculas presentes em um fluido (liquido
0u gasoso) sdo retidas a uma superficie sdlida, espontaneamente. Ou seja, ocorre a transferéncia
de massa entre o fluido e o s6lido. As moléculas que sdo adsorvidas do fluido ndo se dissolvem
no solido, apenas permanecem na superficie ou nos poros. Nesse sistema, as moléculas
presentes no fluido sdo chamadas de adsorbato e a superficie sélida recebe o nome de
adsorvente (RUTHVEN, 1984).

A adsorcdo esta diretamente relacionada a area superficial total disponivel do
adsorvente, concentracdo do adsorbato, condi¢fes externas caracteristicas fisicas e quimicas
dos compostos, e forgas envolvidas na operacdo. Quando o fluido entra em contato com o
adsorvente, as moléculas presentes na fase fluida incidem nos pontos ativos localizados na
superficie do solido, assim, a energia de atracdo envolvida no fendbmeno varia com o tipo de
forca presente, podendo ser de natureza fisica (fisissor¢do) ou quimica (quimiossor¢édo) (CRINI
e BADOT, 2008).

A quimiossorcdo ocorre através da troca de elétrons na formacéo de liga¢fes quimicas
entre o solido e as moléculas da fase fluida. Nesse caso, o adsorbato € geralmente dissociado

em fragmentos independentes, formando radicais e atomos ligados ao adsorvente. Ja na
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fisissorcdo, ocorre a adesdo das moléculas do fluido na superficie do adsorvente, e um equilibrio
é estabelecido entre o adsorvido e a fase fluida restante (FOUST et al., 1982; RUTHVEN,

1984). Na Tabela 2 estdo apresentadas as principais diferencas entre a adsorcao quimica e fisica.

Tabela 2 - Principais diferencas entre adsorcdo quimica e adsorcéo fisica.

Adsorcéo quimica Adsorcéo fisica
Forgas eletrostaticas e ligacbes covalentes Forcas de Van der Waals
Ha transferéncia de elétrons Né&o ha transferéncia de elétrons
Formacao de monocamada Formacdo de multicamadas
Instantanea Lenta ou répida
Adsorvente modificado na superficie Adsorvente ndo ¢ afetado

Fonte: Adaptado Ruthven (1984).

A adsorcdo é considerada uma técnica de alta eficiéncia, baixo custo operacional,
facilidade de operacéo e implementac&o. E importante ressaltar que, em baixas concentragdes
de contaminantes a adsorcao se torna uma operacgao ainda mais viavel perante as outras técnicas.
Além disso, apresenta vantagens do ponto de vista ambiental, uma vez que, podem ser
utilizados adsorventes provenientes de fontes renovaveis, também ha a possibilidade da
recuperacdo tanto do adsorbato como do adsorvente apds a operacdo. Adsorventes de baixo
custo e renovaveis tornam a operacao de adsorcdo mais versatil e possibilita uma ampla faixa
de aplicacdo e rentabilidade (CRINI e BADOT, 2008; DOTTO e PINTO, 2011; DOTTO e
McKAY, 2020).

3.3.2 Cinética de adsorcéo

A cinética de adsorcdo controla a eficiéncia do processo, fornece informacdes sobre a
velocidade em que as reagOes acontecem e sobre as interagdes que ocorrem na interface
adsorbato/adsorvente (CRINI e BADOT, 2008). Os modelos cinéticos de Pseudoprimeira
ordem (PPO) e Pseudosegunda ordem (PSO) assumem que a adsor¢cdo € uma reacao

pseudoquimica e podem ser calculadas através das Equacdes 1 e 2 (SKODRAS et al., 2008).

q: = q1(1 — exp(—k4t)) (1)

t

-1 . t-.
(@) + (E)

qc = 2)
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Sendo, ki e k2 os coeficientes cinéticos de Pseudoprimeira ordem e Pseudosegunda
ordem (min) e (g mg min), g: corresponde a quantidade de adsorbato adsorvido por unidade
de massa de adsorvente no instante t, g e g2 s&o os valores tedricos da capacidade de adsor¢ao
(mg g?) obtidos através dos modelos de Pseudoprimeira ordem e Pseudosegunda ordem,

respectivamente.

3.3.3 Isotermas de adsorcao

As isotermas de equilibrio de adsor¢do estabelecem a relacéo entre as moléculas da fase
fluida que foram adsorvidas e a quantidade remanescente na solugdo em uma temperatura fixa.
Além disso, as isotermas desempenham um papel importante nos estudos da adsorcéo, pois
fornecem a capacidade maxima de adsorcao de um determinado adsorvente (CRINI e BADOT,
2008).

As curvas de equilibrio sdo distribuidas em quatro classes, divididas em varios
subgrupos. Essa classificacdo é baseada na inclinacdo da parte inicial da curva. Nas isotermas
do tipo S (Sigmoidal) existe uma competicdo das moléculas de adsorbato pelos sitios ativos do
adsorvente, e assim o0 processo de adsor¢do se torna mais facil com o aumento da concentracao
da solucdo. Nas isotermas do tipo L (Langmuir) a adsorcéo se torna dificultada com o aumento
da concentracdo da solucdo, pois ocorre a diminuicdo da disponibilidade de sitios ativos. As
isotermas do tipo H (high affinity) ocorrem quando o adsorvente possui alta afinidade pelo
soluto adsorvido. As isotermas do tipo C (particdo constante) ocorrem quando ha uma particédo
constante do soluto entre a solugéo e o adsorvente (GILES et al, 1974). A Figura 3 apresenta a
classificacéo das isotermas de adsorcao.
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Figura 3 - Classificacdo das isotermas de adsorcao.
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Fonte: Guiles et al. (1974).

As isotermas de adsorcdo podem ser representadas por modelos matematicos, alguns
deles séo: Langmuir, Freundlich, BET, Temkin, Sips e Redlich-Peterson (CRINI e BADOT,
2008). Estes modelos séo largamente utilizados para descrever sistemas aquosos simples, dessa
foram, os modelos de Langmuir, Freundlich e Sips foram propostos para descrever os dados de
equilibrio (BONILLA-PETRICIOLET et al., 2017). Os modelos de Langmuir, Freundlich e
Sips correspondem as Equacdes 3, 4 e 5, respectivamente.

_ qmkrCe
e — 1+k1Ce ( )

Onde e € a capacidade de adsorcéo no equilibrio (mg g™), gm € a capacidade maxima

de adsorcdo (mg g), k. € a constante de Langmuir (L mg™) e Cc é a concentragio do adsorbato

remanescente na fase liquida no equilibrio (mg L ™).

qa.=keC™" (4)
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Em que, ke é a constante de Freundlich ((mg gY)(mg L)) e 1/ne é o fator de

heterogeneidade.

_ Qm(kSCe)l/m
Qe = T4 (escoy/m )

Em que, ks é a constante Sips (L mg™) e m é o fator de heterogeneidade.
3.3.4 Termodinamica de adsorc¢ao

A termodindmica de adsorcao tem como finalidade verificar a intensidade energética da
adsorcdo, além de fornecer informacdes importantes sobre o sistema em relacdo a
espontaneidade do processo. Os parametros termodinamicos sdo determinados utilizando os
coeficientes de equilibrio que sdo obtidos em diferentes temperaturas e concentracfes. Os
parametros, variagdo da energia livre de Gibbs padréo (AGP), variacéo da entalpia padrao (AH®)
e variacdo da entropia padrdo (AS°) podem ser estimados pelas Equacdes de Gibbs e do grafico
de Van’t Hoff’s (In Ke versus 1/T), conforme as Equagdes 6, 7, 8 e 9, respectivamente (ATKINS
e PAULA, 2010; LIMA et al., 2019).

AG® = —RTIn(K,) (6)
AG® = AH®° — TAS® (7)

AS®  AHO®
n(K,) ==——-"- (8)

_ (1000.Kg.Peso molecular do adsorbato).[Adsorbato]°®
Y

K. (9)

Sendo, K, a constante de equilibrio termodindmico adimensional, y o coeficiente de
atividade (sem dimensio), [adsorbato]° a concentragdo padrdo do adsorbato (1 mol L), R a

constante universal dos gases (8,314x1073 kJ mol™* K1) e T a temperatura (K).
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3.4  LUFFA CYLINDRICA NA ADSORGAO

3.4.1 Luffacylindrica

A Luffa cylindrica é uma trepadeira herbdcea da familia Cucurbitaceae, mais
comumente conhecida como esponja natural ou bucha vegetal. E uma planta subtropical,
encontrada em diversas regides da China, Japdo e em outros paises da Asia, bem como em
paises da América Central e do Sul, como no Brasil. Essa trepadeira, possui frutos longos e
cilindricos, que apresentam sistema vascular fibroso do tipo rede que é composto,
principalmente, de celulose (60%), hemicelulose (30%) e lignina (10%), sendo denominada
como um material lignocelul6sico (D’ALMEIDA, 2005; ZAMPIERI et al., 2005; SHAHIDI et

al., 2013). Na Figura 4 é apresenta as caracteristicas fibrosas da Luffa cylindrica seca.

Figura 4 - Luffa cylindrica seca.

Fonte: a Autora.

A bucha vegetal apresenta baixa densidade, alta porosidade, estabilidade em uma ampla
faixa de pH e étima resisténcia mecanica (VICHIATO et al., 2008). O conjunto de fibras finas
lignocelul6sicas hidrofilicas apresenta varios grupos funcionais interessantes, como grupos
carboxilicos e hidroxilas em sua superficie (SHAHIDI et al., 2013). Dessa forma, por ser um
produto natural, de baixo custo, ndo-toxico, biodegradavel, abundante e com grupos funcionais
interessantes, a esponja tem sido estudada como adsorvente, principalmente combinada com

outros materiais adsorventes permitindo a ampliacéo de sua aplicacao.

3.4.2 Modificagdes da Luffa cylindrica para o tratamento de efluentes
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Devido a sua estrutura Unica, a Luffa cylindrica é considerada uma biomassa vidvel no
campo da adsorcdo e vem sendo utilizada como adsorvente para remocao de contaminantes em
sistemas aquosos. Khadir et al. (2020), realizaram um estudo sobre a utilizacdo da Luffa
cylindrica para processos de adsorcao e separacdo, e mostraram que ao longo dos anos, a bucha
vegetal vem ganhando atengéo dos pesquisadores.

Khadir et al. (2020) estudaram a modificagdo da Luffa cylindrica com polipirrol para
remocao de ibuprofeno de um sistema aquoso. Os autores verificaram que a remocao utilizando
a Luffa cylindrica modificada foi 7,72 vezes maior que com a Luffa cylindrica pura. Sriharsha
et al. (2017) verificaram a remocdo de chumbo de uma solugdo altamente concentrada.
Primeiramente, os autores realizaram um pré-tratamento com NaOH na Luffa cylindrica e apds,
imobilizaram os fungos Aspergillus niger e Aspergillus terréus na bucha. O biossorvente pré-
tratado mostrou um aumento significativo na adsorcdo de chumbo em 3 minutos de tempo de
contato.

Ye et al. (2013) estudaram a utilizacdo de Luffa cylindrica alcalinizada para a adsorg¢ao
de um surfactante cationico (brometo de cetilpiridinio). Os autores trataram a bucha vegetal
com solucdo de NaOH 3% para obter melhores resultados de adsorcdo. Pathania et al. (2017)
estudaram a copolimerizacdo de enxertos na superficie da Luffa cylindrica com acrilato de
metila e acido acrilico para remoc¢éo do corante vermelho do congo do sistema aquoso. Como
resultado, os autores observaram uma melhora na estabilidade e na resisténcia quimica da Luffa
cylindrica modificada.

Gupta et al. (2014) pesquisaram uma forma de modificacdo superficial realizando um
enxerto na Luffa cylindrica através copolimerizacdo de acrilato de metila/acrilamida via
radiacdo de microondas para remoc¢édo do corante vermelho do congo de sistema aquoso. Os
autores concluiram que a Luffa cylindrica enxertada melhoraram as propriedades térmicas,
estruturais, quimicas e morfoldgicas em relacdo a Luffa cylindrica sem modificacdo. Su et al.
(2018) desenvolveram um adsorvente a partir da Luffa cylindrica modificada com
polietilenoimina e empregaram na adsor¢do de urénio a partir de agua do mar. Os autores
obtiveram resultados positivos para adsor¢do em baixa concentracdo de uranio. Bera e Mohanty
(2020) elaboraram um adsorvente utilizando a Luffa cylindrica como suporte para imobilizacéo
bacteriana mista e seu uso no tratamento de aguas residuais fendlicas sintéticas. A cultura
bacteriana mista utilizada foi de Brevibacterium sp., Stenotrophomonas acidaminiphila e
Brucella sp. Os autores concluiram que a bucha natural possui potencial para ser usado com
eficiéncia como matrizes de imobilizacdo baratas para a biorremediacdo de poluentes

ambientais.
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Tendo em vista os estudos realizados com a Luffa cylindrica no campo da adsorc¢éo até
0 momento, é evidente a versatilidade deste biomaterial na adsor¢cdo de uma vasta gama de
poluentes. As pesquisas mostram a diversidade de modificacOes realizadas na fibra natural,
assim como Sseu Uso como suporte para outros materiais a fim de aprimorar suas propriedades

e consequentemente, impactar em seu potencial de adsorgé&o.

3.5 QUITOSANA

3.5.1 Aspectos gerais da quitosana

A quitosana é um polissacarideo que apresenta em sua estrutura dois tipos de
mondmero, o grupamento aceto amido (2-acetamido-2-desoxi-D-glucopiranose) e grupamento
amino (2-amino-2-desoxi-D-glucopiranose). O polissacarideo ndo é encontrado diretamente no
meio ambiente, normalmente, sua obtencéo é através de uma reacdo de desacetilacdo da quitina
(GUPTA e SUHAS, 2009; WESKA et al., 2007).

A quitina é o segundo biopolimero mais abundante do planeta e pode ser encontrada no
exoesqueleto de crustaceos, em invertebrados terrestres, em algas e nas paredes celulares de
fungos. Geralmente, a quitina é extraida a partir das sequéncias quimicas: desmineralizacdo,
desproteinizacgdo e desodorizacdo (WESKA et al., 2007; DOTTO e PINTO, 2011; MINCEA et
al., 2012).

A quitina e quitosana se diferenciam em relacdo a estrutura quimica, na qual apresentam
uma substituicdo do grupo acetamida na posicao 2. Essa caracteristica influencia diretamente
na solubilidade desses compostos, sendo a quitina insolGvel e inerte, e a quitosana solvel em
acidos fracos e reativa. Em meio 4cido, a quitosana é solubilizada em fun¢do da protonacdo do
grupo —NH2 na posicdo C-2 da unidade repetida de D-glucosamina (KUMAR, 2000;
RINAUDO et al., 2006; CRINI e BADOT, 2008). As estruturas quimicas da quitina e da

quitosana sdo apresentadas na Figura 5.
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Figura 5 - Estrutura quimica da (a) quitina e da (b) quitosana.
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Fonte: Adaptado Guibal (2004).

O grande numero de grupos hidroxilas e grupos aminos presentes na cadeia polimérica
da quitosana permite varias modificacbes quimicas, tais como imobilizacdo de agentes
quelantes e reticulagdo. A presenca desses grupos na quitosana também séo responsaveis pela
alta hidrofilicidade do biopolimero permitindo o uso do material na forma de micro e
nanoparticulas, géis injetaveis e membrana em diversas aplicacGes, como por exemplo, veiculo
de liberacdo de farmacos (WAN NGAH et al., 2011). Outras propriedades tornam a quitosana
um eficiente material adsorvente, como biocompatibilidade, aderéncia e seu carater
policatiénico em meio acido e capacidade de formar pontes de hidrogénio, interacfes de Van
der Walls e interacdes eletrostaticas (VAKILI et al., 2014).

No que se refere a area da adsorcdo, a quitosana possui vantagens por ser um recurso
renovavel/biodegradavel, atoxico, hidrofilico, de baixo custo, possuir alta seletividade e alta
versatilidade. Em contrapartida, possui baixa porosidade, sensibilidade ao pH, uso limitado em
colunas de adsorcdo, baixa resisténcia mecanica e dificil separacdo adsorbato/adsorvente
(CRINI e BADOT, 2008). Tendo em vista essas limitagdes, estudos séo realizados a fim de
superar essas desvantagens e melhorar o potencial adsorvente da quitosana.

Neste contexto, por ser considerado um material altamente versatil, estudos mostram o
uso de adsorventes derivados da quitosana em diferentes formas, como filmes (DOTTO et al.,
2014), nanofibras (DOTTO et al., 2017), grafting (LIU et al.,, 2017), membranas
(BONGGIONE et al., 2017), microesferas (ZHAI et al., 2018) ou ainda como hidrogeis
(GONCALVESetal., 2017) e espumas (SCHIO et al, 2019) atraveés da reticulacdo da quitosana.

As modificagdes na estrutura da quitosana, tanto fisica como quimica, usando diferentes
agentes reticulantes, possibilitam melhorar as propriedades e diversificar sua utilizacdo no
campo da adsorc¢do. A modificagdo fisica de um polimero é comumente realizada através da
mistura fisica de dois ou mais polimeros, sem que haja ligacdo quimica entre eles. J& na
modificacdo quimica, no caso da quitosana, ocorre a inser¢do de grupamentos oriundos dos

agentes reticulantes, que ocupardo os sitios ativos do polimero (BERGER, 2004; VAKILI et
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al., 2014). Esse método vem se destacando na literatura, sugerindo novos estudos na area de

materiais reticulados.

3.5.2 Agentes reticulantes

A reticulacdo das cadeias poliméricas, também conhecida como crosslinking ou ligacéo
cruzada, é um tipo de modificacdo quimica que visa unir cadeias poliméricas, ou ainda, ligar
essas cadeias a outros polimeros gerando redes. Essas modificacdes nas estruturas da quitosana,
usando diferentes tipos de agentes reticulantes, visam melhorar as propriedades e diversificar
sua utilizacdo no processo de adsor¢do. A reticulacdo ocorre por meio da reacdo entre sitios
ativos presentes nas unidades estruturais de polimeros e dos agentes reticulantes. No caso da
quitosana, os sitios reativos sao os grupos amina e hidroxila (BERGER et al., 2004; RINAUDO,
2006). Dentre alguns agentes reticulantes que sdo utilizados estd o glutaraldeido e a
epicloridrina.

O glutaraldeido é um dialdeido saturado, com massa molar de 100,11 g mol? e
densidade 1,06 g mL*. Como propriedades fisicas, o glutaraldeido é um liquido oleoso a
temperatura ambiente e miscivel em agua, alcool e benzeno (JAYAKRISHNAN e JAMEELA,
1996). Esse composto é largamente utilizado nos processos reticulagdo, pois € um método
simples de reticulacdo e de baixo custo. A reticulacdo, nesse caso, ocorre através da interacdo
dos grupos amino livres da quitosana com o grupo aldeido do glutaraldeido formando uma base
de Schiff (ligacdo imina C=N) (LIN et al., 2006; ROKHADE et al., 2007; CHEN e CHEN,
2009). A Figura 6 apresenta a reacédo de reticulacdo da quitosana com o glutaraldeido.
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Figura 6 - Representacdo esquematica da reacdo de reticulacdo da quitosana com o glutaraldeido.
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Fonte: Adapatado Mendes et al. (2011)

A epicloridrina € um composto organoclorado e um epoxido, que apresenta massa molar
igual a 92,53 g mol™ e densidade de 1,18 g mL™.. Este composto ¢ insol(ivel em agua e miscivel
em alcool, éter, cloroférmio e tricloroetileno. A reacdo da epicloridrina com a quitosana,
envolve a abertura do anel epdxido do agente reticulante, e reage apenas com 0S grupos
hidroxilas da quitosana (NGAH et al., 2005; GONCALVES et al., 2005). Dessa forma, a
utilizacdo desse agente de reticulacdo é muito vantajoso ja que o grupo amina fica livre para o
processo de adsorcdo. A Figura 7 apresenta a reacdo de reticulacdo da quitosana com a

eplicloridrina.

1n
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Figura 7 - Representacdo esquematica da reacdo de reticulacdo da quitosana com a eplicloridrina.
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3.6 ESTUDO DA LUFFA CYLINDRICA COM QUITOSANA NA ADSORCAO

Fonte: Adaptado Tirtom et al. (2012)

Estudos apresentados anteriormente propuseram a utilizacao das fibras naturais da Luffa
cylindrica na adsorcdo. Entretanto, na literatura poucos estudos relatam o uso de Luffa
cylindrica combinada com quitosana. O estudo realizado por Koseogle (2016) apresenta um
material adsorvente de Luffa cylindrica com quitosana para remocao de 6leo das aguas do mar
proveniente do derramamento petrolifero. A metodologia utilizada no artigo foi um tratamento
alcalino com NaOH 2% na Luffa cylindrica e posteriormente, o revestimento da bucha vegetal
com quitosana mergulhando a Luffa em uma solucdo de quitosana e acido acético.

Portanto, visto que diferentes modifica¢Oes da Luffa cylindrica s&o estudadas, mas que
ha poucos relatos na literatura que utilizam a combinagdo com quitosana, iSso sugere que ha
demanda de mais estudos na area com foco em outras formas de desenvolvimento da Luffa
cylindrica com quitosana, como por exemplo através da imobilizagdo da quitosana reticulada

que forma uma rede com a ligacéo cruzada, favorecendo o processo de imobilizagao.
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4 RESULTADOS

Neste topico sdo apresentados os resultados, na forma de dois artigos obtidos
durante a execucao do trabalho de tese. Esses artigos estdo descritos de acordo com as

normas das Revistas onde foram publicados, sendo eles:

e Artigo 1: Development of a Luffa cylindrica biosponge combined with crosslinked
chitosan for the adsorption of Allura red AC — Publicado na Revista International
Journal of Biological Macromolecules, ISSN: 0141-8130, Fator de impacto 8,2.
https://doi.org/10.1016/j.ijbiomac.2021.10.096

e Artigo 2: Adsorption performance of Food Red 17 dye using an eco-friendly material
based on Luffa cylindrica and chitosan — Publicado na Revista Journal of Molecular
Liquids, ISSN: 0167-7322, Fator de impacto 6.
https://doi.org/10.1016/j.mollig.2021.118144



https://doi.org/10.1016/j.ijbiomac.2021.10.096
https://doi.org/10.1016/j.molliq.2021.118144
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41 ARTIGO1

Development of a Luffa cylindrica biosponge combined with crosslinked

chitosan for the adsorption of Allura red AC

R. R. Schio?, J. O. Gongalves®, E. S. Mallmann?, D. Pinto®, G. L. Dotto®*

8Chemical Engineering Department, Federal University of Santa Maria, UFSM,
Roraima Avenue, 1000, 97105-900, Santa Maria, RS, Brazil.
bDepartment of Civil and Environmental Engineering, Universidad de la Costa,

Barranquilla, Colombia.

Abstract

A new bioadsorbent from Luffa cylindrica and cross-linked chitosan was proposed
in the present study. Luffa was used as a natural support medium for chitosan crosslinked
with glutaraldehyde (LCsG) and epichlorohydrin (LCsSE). Biosponges were applied to
remove Allura red AC from aqueous solutions. LCsG and LCsE were produced using
different concentrations of chitosan (1%, 3% and 5% (m v!)) and crosslinking agents
(0.5%, 1.0% and 1.5% (v v1))). Based on the FT-IR spectra, functional groups
characteristic of chitosan crosslinked with glutaraldehyde and epichlorohydrin confirmed
the crosslinking, in addition, the biosorbent revealed highly efficient functional groups
and a favorable morphology for adsorption. The results regarding the degree of swelling
and degree of crosslinking corroborated with the evaluation of the biosponge's adsorptive
potential. The Sips model predicted the equilibrium isotherms, with a maximum
adsorption capacity of 89.05 mg g* for LCsG and 60.91 mg g* for LCSE. The new
procedure was successful, Luffa was an excellent support for chitosan, resulting in an

attractive, low-cost adsorbent, preventing renewable sources.

Keywords: Luffa cylindrica, crosslinked, chitosan, adsorption.
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4.1.1 Introduction

Luffa is an extremely versatile natural fiber found in abundance in nature. In
addition, it is considered a non-toxic, biodegradable, low-cost, porous, and stable material
with high mechanical resistance and toughness [1, 2]. It has several names, depending on
the region it is in; they are a called vegetable sponge, loofah, and bath sponge [3]. Luffa
is a lignocellulosic material of the botanical genus belonging to the Cucurbitaceae family
and is divided by species. Among them, the best known is Luffa cylindrica (LC). This
variety is available in abundance in humid and hot climates (subtropical climate) and can
be grown in several regions [4, 5]. They are composed of approximately 60% cellulose,
30% hemicellulose, and 10% lignin [6].

Because it is a highly versatile material, Luffa cylindrica has also been studied as
an alternative adsorbent. However, studies show that in natura LC presents low adsorption
potential. In contrast, many kinds of research focus on minimizing or circumventing this
behavior, making Luffa a much more efficient material. Emene and Edyvean [7]
investigated the use of NaOH-treated LC to remove Pb (I1) and found that the treatment
increased the material adsorption capacity. Kong et al. [8] developed a type of activated
carbon from LC to remove cephalexin. Xiao et al. [9] developed a magnetic composite
combining chitosan, and LC magnetic biochar for removing heavy metals. Gedam and
Dongre [10] used LC activated carbon combined with chitosan to eliminate lead from
aqueous solutions. Based on studies found in the literature, we found that Luffa cylindrica
can be modified and used in different ways, even combined with chitosan.

Chitosan is a polysaccharide derived from chitin, being second most widely
available biopolymer in nature. Presents and its structure the primary amine (-NH>) and
hydroxyl (-OH) groups, which make it a promisor adsorbent [11, 12]. However, its low
chemical and mechanical stability limits its use in the adsorption process [13, 14]. To
date, no studies that used Luffa cylindrica, in their natural form as support for the
crosslinked chitosan. The crosslinking of polymer chains occurs through crosslinks,
increasing the mechanical strength, stability and swelling of the material [15]. This
process depends on the presence of crosslinking agents, such as epichlorohydrin,
glutaraldehyde, cyanoguanidine and tripolyphosphate [16, 17]. Thus, the work proposed
a new bioadsorbent from Luffa cylindrica combined with crosslinked chitosan.

This study aimed to develop and study a new biomaterial based on Luffa

cylindrica and chitosan crosslinked using Luffa as natural support. Crosslinking was
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performed using different crosslinking agents, glutaraldehyde (LCsG) and
epichlorohydrin (LCsE).

4.1.2 Material and Methods

4.1.2.1 Materials

Dry LC was obtained in local commerce (Santa Maria-Brazil). Chitosan with
degree deacetylation of 85+1% was obtained from shrimp (Penaeus brasiliensis) [18].
The crosslinking agents glutaraldenyde (25% in water) and epichlorohydrin and
ninhydrin were purchased from Aproquimica (Brazil). The dye Allurared AC (AR) (color
index 16035; purity of 95%; molecular weight of 496.4 g mol™; Amax = 500 nm) was
obtained from Plury Chemical Ltda (Brazil).

4.1.2.2 Biosponges preparation route

In the first stage of preparing the sponges, LC was subjected to an alkaline
treatment with an aqueous 2% NaOH solution (p v1) under constant agitation of 100 rpm,
at 298 K for 2 h [19]. Treated LC was washed with distilled water and dried in an oven at
303 K. In the second stage, chitosan solutions (different concentrations (Table 1)) were
prepared in acetic acid (1% v v1). After the complete dissolution of chitosan, a fixed mass
of the LC was added to the solution (solution A). The third step was the process of
crosslinking material with epichlorohydrin and glutaraldehyde (different amounts (Table
1)). Crosslinking with epichlorohydrin was preceded by adjusting the solution A’s pH to
10 [20], and then the crosslinking agent was added under constant agitation at 150 rpm
for 3 h. In crosslinking with glutaraldehyde, it was added directly [21] to solution A under
constant agitation of 150 rpm for 3 h. Finally, the biosponges were oven-dried at 303 K.
The adsorbents were named Luffa cylindrica biosponge and chitosan crosslinked with
epichlorohydrin (LCsE) and Luffa cylindrica biosponge and chitosan crosslinked with
glutaraldehyde (LCsG).

Table 1-Composition of LCsG and LCsE.

LC Chitosan Glutaraldehyde Epichlorohydrin

Adsorbents @) (%) %) (%)
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1-LCsG 1.0 1 0.5 -
2-LCsG 1.0 1 1 -
3-LCsG 1.0 1 1.5 -
4-LCsG 1.0 3 0.5 -
5-LCsG 1.0 3 1 -
6-LCsG 1.0 3 1.5 -
7-LCsG 1.0 5 0.5 -
8-LCsG 1.0 5 1 -
9-LCsG 1.0 5 1.5 -
1-LCsE 1.0 1 - 0.5
2-LCsE 1.0 1 - 1
3-LCsE 1.0 1 - 1.5
4-LCsE 1.0 3 - 0.5
5-LCsE 1.0 3 - 1
6-LCsE 1.0 3 - 1.5
7-LCsE 1.0 5 - 0.5
8-LCsE 1.0 5 - 1
9-LCsE 1.0 5 - 1.5

4.1.2.3 Biosponges characteristics evaluation

The functional groups present in LCsE and LCsG were identified by Fourier
transform infrared spectroscopy (FT-IR) in the frequency range from 4000 to 500 cm™
(Prestige, 21210045, Japan) [22]. SEM images of LCSE and LCsG were obtained by
scanning electron microscopy (Tescan, Mira 3, Czech Republic) using secondary electron
irradiation and 10 kV with magnification of 5000 x. The biosponges swelling degree was
verified by immersing 0.05 g of LCsE and LCsG in distilled water under constant
agitation at 150 rpm, at 298 K for 24 h [21]. The biosponges were weighed before and
after (excess surface water was removed) of tests. The swelling degree (SD) was

determined by Equation 1.

m. ... —m
SD = ( |n|t|a|m hydrated }LOO (1)

initial

where minitial (g) is the initial mass of the sponge and Mhydrated (g) is the mass of the
hydrated sponge.

The crosslinking degree of Luffa cylindrica with chitosan after the crosslinking
reaction with glutaraldehyde (LCsG) was determined by a test with ninhydrin (2,2-
dihydroxy-1,3-indanedione), according to Dash et al. [23], with small modifications. In a
test tube, 0.05 g of LCsG and 1.0 mL of ninhydrin solution (1.5% ethanol p v) were
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added at a constant temperature of 353 K for 25 min. Then, after cooling, the samples
were diluted with distilled water, and absorbance was measured by spectrophotometry at
570 nm (Biospectro SP - 22, Brazil). The crosslinking degree (CD) was determined by
Equation 2.

Abs,
CD=1- 100 2)
Ab

Su

where Absc (nm) is the absorbance of the cross-linked sponge and Absy (nm) is the
absorbance of the non-crosslinked chitosan.

The sponge characteristics were also evaluated in terms of adsorption potential for
the dye Allura red AC. The equilibrium curves were obtained with initial AR
concentrations of 0, 25, 50, 100, 200, and 300 mg L. The pH of each solution was
adjusted to 2. After, the sponge (0.1 g wet basis) was added to each flask and, all flasks
were stirred at 150 rpm using a thermostatic stirrer (Marconi, MA 093, Brazil) for 24 h at
298 K. After, the remaining concentration of dye in liquid phase was determined by
spectrophotometry, using a spectrophotometer (Biospectro SP - 22, Brazil). The tests
were performed in triplicate to ensure the experimental precision, reproducibility, and
reliability of the collected data. The adsorption capacity at equilibrium (ge) was calculated
by Equation 3:

g = GGy )

m

where Cq is the initial concentration of dye in the liquid phase (mg L™?), Ce is the
equilibrium dye concentration in the liquid phase (mg L), m is the mass of adsorbent
(9), and V is the volume of the dye solution (L).

The equilibrium isotherms were modeled using the models of Freundlich [24],
Langmuir [25] and Sips [26]. These models are presented, respectively, in Equations 4,
5, and 6:

1

q, =k.C." (4)
quLCe

— dm™L™e 5

% 1+k.C, ©)

q, = qs(kSCe) (6)
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where kg is the Freundlich constant (mg g ) (mg L )Y"F, 1/nk is the heterogeneity
factor gqm and gs are the maximum adsorption capacity of each model (mg g 1), k. is the
Langmuir constant (L mg™?), ks is the Sips constant (L mg™?) in the exponent of the Sips
model.

The statistical evaluation of the equilibrium models was performed with data
analysis software (Statistica 7.0, StatSoft, Inc.) using non-linear estimation to minimize
the least-squares function. The quality of the adjustment was assessed using the
determination coefficient (R?), adjusted determination coefficient (R?agjusted), and average

relative error (ARE).

4.1.3 Results and discussion

4.1.3.1 SEM images

SEM images of the structures of Luffa cylindrica, LCsG and LCsE (best
conditions, see item 3.4) are shown in Fig. 1(a), (b) and (c), respectively. The images
show a fibrous morphology with irregularities, typical of lignocellulosic material. Similar
features were shown by Khadir et al. [36] with the same type of material. Furthermore, it
is possible to observe that there was a significant change in the surface of Luffa after the
support of the crosslinked chitosan. These changes are positive for the adsorbent,
providing adequate properties for the adsorption process, as they favor the

accommodation of dye molecules.

Fig. 1. SEM images of the (a) Luffa cylindrica (b) LCsG and (c) LCsE.
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4132 FT-IR

LCsG and LCsE FT-IR vibrational spectra are shown in Fig. 2. In all spectra (Fig.
2 (a) to (), it is possible to see characteristic bands of Luffa cylindrica and chitosan,
indicating that chitosan adhered to the Luffa s surface. The crosslinking reaction between
chitosan and glutaraldehyde in LCsG can be observed from the formation of the Schiff
base, which can be confirmed in bands around 1675 cm™, relative to the imine group
(C=N) [27, 28]. For LCsE, the crosslinking reaction was confirmed from bands around
1075 cm?, attributed to the ~CO elongation formed at the opening of the epichlorohydrin
epoxy ring during the reaction with the OH chitosan group [29, 30].

In addition to the crosslinking bands, LCsG and LCsE showed bands characteristic
of chitosan, around 3455 cm™ associated with deformation of the groups -OH and —NH,
1600 cm™* axial deformation of C=0 typical of amide I. Still, other bands, around 1550
cm?, attributed to the -CN and —NH elongation related to amide 11 bonds [31-33, 28]. As
with chitosan, LC also has broadband in the region of 3400 cm™ (overlapping) which is
characteristic of the -OH group present in cellulose, hemicellulose, and lignin molecules.
The bands around 1600 cm™ are associated with the stretching of carboxyl groups (C=0),
and bands around 1050 cm™* refer to C-OR linking related to the cellulose anhydroglucose
ring [34-36].

Fig. 2. FT-IR vibrational spectra of (a) 1-LCsE, 2-LCsE, 3-LCsE; (b) 4-LCsE, 5-
LCsE, 6-LCsE; (c) 7-LCsE, 8-LCsE, 9-LCsE; (d) 1-LCsG, 2-LCsG, 3-LCsG; (e) 4-LCsG,
5-LCsG, 6-LCsG; (f) 7-LCsG, 8-LCsG, 9-LCsG and (g) Chitosan and Luffa cylindrica.
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4.1.3.3 Swelling degree and crosslinking degree of the biosponges
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The swelling degree (SD) for LCsG was assessed from Fig. 3 (a) and for LCsE
from Fig. 3 (b). The SD value found for the LC sample was lower than for all LCsE and
LCsG samples (SD <90). As for the LCsG and LCsE samples, it was found that the
increase in the percentage of glutaraldehyde and epichlorohydrin (0.5 to 1.5%) increased
the sample's swelling degree. This type of behavior is associated with increased
interactions caused by the crosslinking and the material hydrophilicity [37, 38]. Chitosan
and LC are considered highly hydrophilic due to the presence of hydroxyl groups in their
structures, which have a strong affinity with polar molecules. The SD values of the
glutaraldehyde crosslinked sponges (Fig. 3 (a)) were slightly higher than the SD values
of epichlorohydrin crosslinked sponges (Fig. 3 (b)). This difference is due to the groups
present in the crosslinking agents being more susceptible to react with the groups present
in the chitosan. As the crosslinking of chitosan with glutaraldehyde occurs through the
amino group, hydroxyl groups are more susceptible to interact with water molecules,
since the electrostatic forces are greater in this group because the dipole interactions are
stronger.

The crosslinking of degree was calculated only for LCsG (Table 2) since in the
cross-linking reaction of chitosan with epichlorohydrin, interactions preferably occur
with the hydroxyl groups of chitosan. This trend makes the amino groups free. The
crosslinking reaction of chitosan with glutaraldehyde occurs from the interaction of
primary amine groups of chitosan with the aldehyde group of crosslinking agent, forming
a Schiff base (imine bond) [28]. Through the ninhydrin test, it can be seen that the free
amino groups decreased with increasing glutaraldehyde concentration. In other words,
the degree of cross-linking was greater than 80% for all LCsG, increasing with the

glutaraldehyde concentration.

Fig. 3. Degree of swelling of (a) LCsG and (b) LCsE.
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5-LCsG 3 1 92.6
6-LCsG 1.5 94.0
7-LCsG 0.5 83.1
8-LCsG 5 1 89.4
9-LCsG 1.5 96.1

4.1.3.4 Adsorptive potential

The equilibrium curves of AR adsorption of LCsG and LCSE sponges were
obtained in initial dye concentrations from 0 to 300 mg L and were shown in Fig. 4.
According to the IUPAC classification, the isotherms (Fig. 4) was verified that adsorption
curves presented a characteristic behavior of type I isotherms, with an initial slope of the
curve followed by a slight plateau [39]. This effect shows the affinity between the AR
molecules and the surface of the sponges.

The experimental data were fitted to the Freundlich, Langmuir, and Sips models
to represent the equilibrium curves. Tables 3 and 4 show the parameters in the AR
adsorption of the LCsG and LCsE sponges, respectively. The models that proved to be
adequate were the Freundlich and Sips models; because they presented higher values of
determination coefficient (R? > 0.95) and lower values of average relative error (ARE
<14.0). However, the disadvantage of the Freundlich model is that it fails to predict the
maximum adsorption capacity. This model is possible to check the Freundlich parameter
(nf), which for all sponges were greater than 1, indicating that the AR adsorption in LCsG
and LCsE was a physical and favorable process [40]. The Sips isotherm model showed
that the maximum LCsG’s adsorption capacity was 89.05 mg g% and LCsE’s was 60.91
mg g1. These values corroborate the results found in swelling degree (Fig. 3). Thus, the
best conditions for the crosslinked sponge with glutaraldehyde were obtained by the use
of 5% (m v!) chitosan and 1.5% (v v!) glutaraldehyde (9-LCsG). For the crosslinked
sponge with epichlorohydrin, the best conditions were achieved by using 3% (m v?) of
chitosan and 1.5% (v v'!) of epichlorohydrin (6-LCSE).

Fig. 4. Isotherm curves of AR adsorption (a) 1-LCsG, 2-LCsG, 3-LCsG; (b) 4-
LCsG, 5-LCsG, 6-LCsG; (c) 7-LCsG, 8-LCsG, 9-LCsG; (d) 1-LCsE, 2-LCsE, 3-LCsE;
(e) 4-LCsE, 5-LCsE, 6-LCsE; (f) 7-LCsE, 8-LCsE, 9-LCsE.
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Table 3. Equilibrium parameters for the adsorption of AR on the LCsG.

Isotherm models Materials
1-LCsG 2-LCsG  3-LCsG 4-LCsG 5-LCsG 6-LCsG 7-LCsG 8-LCsG 9-LCsG
Freundlich
ke (mgg™) (Lmg 2.23 2.83 4,57 4.86 5.23 4.09 4.26 4.67 5.57
1)1/nf
N 251 2.74 341 4.31 4.24 3.24 3.18 3.12 3.31
R? 0.9951 0.9956 0.9991 0.9803 0.9856 0.9968 0.9661 0.9803 0.9949
R%adgjusted 0.9918 0.9927 0.9985 0.9672 0.9760 0.9947 0.9435 0.9672 0.9915
ARE (%) 4.3 3.1 1.3 7.6 7.1 3.6 12.3 10.8 5.6
Langmuir
gm (Mg g ) 22.21 22.13 21.98 17.46 19.32 22.23 26.91 29.14 28.69
ke (L mg™t) 0.021 0.029 0.061 0.058 0.056 0.045 0.024 0.029 0.048
R? 0.9683 0.9618 0.9421 0.8359 0.8597 0.9452 0.8809 0.9175 0.9336
RZadjusted 0.9207 0.9045 0.8552 0.5897 0.6492 0.8630 0.7022 0.7937 0.8340
ARE (%) 10.9 12.5 145 19.9 19.9 145 24.1 20.9 19.6
Sips
gs (mg gb) 59.09 60.12 62.89 32.82 35.86 39.02 83.84 88.32 89.05
ks (L mg™?) 0.0011 0.0010 0.00088 0.0044 0.0048 0.0062 0.00036 0.00047  0.00061
m 0.51 0.46 0.38 0.33 0.34 0.47 0.39 0.39 0.38
R? 0.9943 0.9948 0.9976 0.9629 0.9694 0.9914 0.9553 0.9727 0.9911
R%agjusted 0.9905 0.9913 0.9960 0.9382 0.9490 0.9857 0.9255 0.9545 0.98517
ARE (%) 5.3 4.2 2.8 9.9 9.9 6.1 13.9 12.4 7.3
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Isotherm models Materials
1-LCsE  2-LCsE 3-LCsE  4-LCse 5-LCse 6-LCsE 7-LCse  8-LCse 9-LCsE
Freundlich
ke(mggY) (L 1.71 2.06 2.13 2.20 2.42 2.16 1.25 1.98 2.29
mg-l)llnf
N 2.36 2.47 2.46 2.50 2.57 2.36 1.93 2.23 2.29
R? 0.9993 0.9941 0.9943 0.9922 0.9968 0.9928 0.9875 0.9871 0.9921
R%adjusted 0.9988 0.9902 0.9905 0.9870 0.9947 0.9880 0.9792 0.9785 0.9868
ARE (%) 1.4 3.4 3.6 5.6 2.3 4.8 7.8 6.8 5.9
Langmuir
am (Mg g2) 20.24 21.43 22.30 22.38 22.18 24.40 27.18 26.57 27.87
ke (L mg™) 0.018 0.021 0.021 0.021 0.024 0.022 0.012 0.018 0.020
R? 0.9784 0.9831 0.9814 0.9545 0.9783 0.9889 0.9982 0.9877 0.9910
R%adjusted 0.9460 0.9577 0.9535 0.8862 0.9457 0.9722 0.9955 0.9692 0.9775
ARE (%) 9.8 8.8 9.3 11.8 9.4 7.6 2.9 9.7 7.7
Sips
gs (mg gb) 51.67 41.36 46.04 37.99 52.21 60.91 28.74 37.44 40.98
ks (L mg™?) 0.0011 0.0029 0.0024 0.0060 0.0016 0.00091 0.010 0.0071 0.0069
m 0.54 0.57 0.55 0.65 0.51 0.50 0.94 0.72 0.69
R? 0.9987 0.9961 0.9959 0.9971 0.9977 0.9913 0.9983 0.9918 0.9965
R%agjusted 0.9978 0.9935 0.9932 0.9952 0.9962 0.9855 0.9972 0.9863 0.9942
ARE (%) 2.6 4.1 4.3 6.6 3.2 2.5 5.2 6.9 4.5
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The 9-LCsG and 6-LCsE sponges adsorption capacities were compared with other
Luffa cylindrica adsorbents and are shown in Table 5. Based on Table 5, it can be
concluded that the sponges developed in this study are attractive concerning the
adsorption capacities found in previous studies. This behavior indicates that the use of
Luffa cylindrica as support for crosslinked chitosan was successful, providing greater
chemical and mechanical stability to the material. In addition, sponge and chitosan were
obtained from renewable and low-cost raw materials, making the process even more

viable.

Table 5. Adsorption capacities of 9-LCsG, 6-LCsE and other adsorbents.

Adsorbent Pollutant q (mgg?l) Reference
9-LCsG AR 89.05 This work
6-LCsE AR 60.91 This work

Luffa biochar Norfloxacin 128.00 [41]
Chitosan/magnetic Luffa biochar Cu (1) 60.60 [9]
Reduced ghaphene oxide/Luffa 56.30 [42]
Methylene blue

Fe-Luffa activated carbon Cr (VI) 48.22 [43]

Modified Luffa sponge with zinc
) Trypan blue 47.30 [44]

nanoparticles

Luffa/polipirrol Ibuprofeno 19.16 [36]
Luffa cylindrica Cd (1) 6.71 [45]

4.1.4 Conclusion

The new bioadsorbents LCsG and LCsE, based on Luffa cylindrica with
crosslinked chitosan, were successfully developed and all the results obtained in the
performed analyzes corroborate. SEM images showed that there was a change in the
surface of Luffa. The FT-IR spectra showed the characteristic crosslinking bands
involving chitosan with glutaraldehyde and epichlorohydrin, confirming the existence of
crosslinking in the material. Increasing the concentration of the crosslinking agent caused
an increase in the degree of swelling as well as an increase in the degree of crosslinking
with glutaraldehyde. The Sips istom model was the most satisfactory to represent the

experimental data. The maximum adsorption capacities were 89.05 mg g for LCsG and
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60.91 mg g for LCsG. Therefore, it can be concluded that Luffa cylindrica was
satisfactory as a support for chitosan, thus improving its chemical and mechanical
properties. In addition, LCsG and LCsE are attractive and promising materials in the
adsorption area, as they were developed from renewable raw materials and proved to have

a good adsorption capacity.
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Abstract

Luffa cylindrica (LC), a lignocellulosic material coveted for its versatility, was
investigated to immobilize crosslinked chitosan and remove Food red 17 (FR17) dye from
aqueous solutions. LC/chitosan was crosslinked with epichlorohydrin (LC/CS/EPIC) and
glutaraldehyde (LC/CS/GLUT). LC/CS/GLUT and LC/CS/EPIC presented an adequate
morphology for mass transfer, relevant functional groups for adsorption. Furthermore,
FR17 dye adsorption was favored at pH 2. Pseudo-second-order and Sips models
represented the kinetic and isotherm data satisfactorily. As a result, adsorption was
spontaneous and endothermic. The maximum adsorption capacity for LC/CS/GLUT was
77.66 mg g™ and for LC/CS/EPIC was 43.01 mg g for dye FR17. Furthermore, when
reused, the adsorbents remain at around 70% of their original capacities after six
adsorption cycles. Thus, the materials prepared from Luffa cylindrica and chitosan

resulted in promising eco-friendly adsorbents.

Keywords: Luffa cylindrical; chitosan; adsorption; dye.
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4.2.1 Introduction

Luffa cylindrica (LC), also known as a vegetable loofah and natural sponge, is a
lignocellulosic material found in abundance in nature. Extremely versatile, Luffa is used
from personal hygiene to as a biotechnological tool, aiding in medical science [1, 2].
Moreover, Luffa has a very well-developed polymer matrix with a three-dimensional
fibrous structure that provides excellent mechanical properties to the material [3, 4].
Given these characteristics, Luffa cylindrica is a potential candidate as a natural and
inexpensive matrix for immobilization/support of other materials such as microbial cells
[5], plant cells [6], polypyrrole [7], and ZnO nanoparticles [8], being very efficient even
in the treatment of contaminated water.

Chitosan is a polysaccharide that can be obtained from the deacetylation of chitin
and presents as main characteristics biodegradability, nontoxicity, and biocompatibility
[9]. Therefore, chitosan is highly coveted in the field of adsorption. In addition to the
characteristics above, it has two potent active sites NH2 and OH, in its chemical structure,
responsible for adsorption [10, 11]. On the other hand, it loses its efficiency when used
in its most common form, powder. In this condition, chitosan has low chemical and
mechanical properties, easily dissolving in acidic pHs and difficult solid/liquid separation
after adsorption [12, 13]. A new alternative found in this study was to use Luffa cylindrica
as a natural matrix for the immobilization of chitosan. The chitosan crosslinking
technique was applied to produce a network between the polymeric chitosan chains and
the crosslinking agent.

Dye-contaminated effluents are of great concern when incorrectly disposed of in
nature as they can cause serious environmental problems and damage human health [14,
15]. Thus, many treatment techniques are studied to contain the damage caused. However,
adsorption remains the most efficient and adopted technique [16, 17]. Adsorption is
highly efficient and is a technique that combines low cost and ease of operation; there is
the possibility of using several types of adsorbents, including those from renewable
sources [18-20]. Luffa cylindrica and chitosan fit into this adsorption context, aiming at
affordable and sustainable adsorbents from natural sources.

Based on this situation, this work aimed to study the adsorption performance of a
new material developed from the immobilization of chitosan in the Luffa cylindrica
matrix. Adsorbents were applied to remove Food Red 17 (FR17) dye.
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4.2.2 Materials and Methods

4.2.2.1 Chitosan, Luffa cylindrica, reagents, and dye

Chitosan was synthesized from pink shrimp (Penaeus brasiliensis) with a degree
of deacetylation of 85 £+ 1% and a molecular weight of 148 + 3 kDa [21]. Luffa cylindrica
(LC) was acquired in its dry form from a local trade in Santa Maria — RS, Brazil.
Glutaraldehyde (25% in water) and epichlorohydrin were purchased from Aproquimica,
Brazil. Synthetic dye Food Red 17 (FR17) (color index 16035; 95% purity; molecular
weight 496.4 g mol™) was purchased from Plury Chemical Ltda, Brazil. The pH values
of the solutions were adjusted with NaOH and HCI. For all tests, blanks and triplicates

were performed.

4.2.2.2 Synthesis of LC/CS/GLUT and LC/CS/EPIC

The conditions referring to the mass of chitosan and the percentage of crosslinking
agents were evaluated in preliminary studies. First, Luffa cylindrica was treated with a
2% NaOH solution (w v1) according to Koseoglu [22]. Chitosan solutions (3% w w (A)
and 5% w w! (B)) were prepared with acetic acid (1% v v!). After total dissolution, the
same Luffa mass was added to solution A and solution B. The pH of solution A was
adjusted to 10.0 [23]. Solution A was crosslinked with epichlorohydrin (1.5% concerning
the mass of chitosan) and solution B with glutaraldehyde (1.5% concerning the mass of
chitosan), under stirring at 150 rpm for a period of 3 h. Finally, the material was dried in
an oven for 24 h. Luffa cylindrica supporting chitosan crosslinked with epichlorohydrin
and Luffa cylindrica supporting chitosan with glutaraldehyde were called LC/CS/EPIC
and LC/CS/GLUT, respectively.

4.2.2.3 Characterization of LC/CS/GLUT and LC/CS/EPIC

LC/CS/GLUT and LC/CS/EPIC were characterized by Fourier Transform
Infrared Spectroscopy (FTIR) techniques in the 4000 to 500 cm™ frequency range
(Shimadzu, IR Prestige 21, Japan). Scanning electron microscopy (SEM) using secondary
electron irradiation and 10 kV (Tescan, Mira 3, Czech Republic). X-ray diffraction (XRD)
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with Cu-Ka radiation and 30 kV and 10 mA power supply (Rigaku Miniflex 300, Japan).
Thermogravimetric analysis (TGA) was performed under a nitrogen atmosphere with a
flow rate of 50 mL min, applying a heating rate of 10 °C min™ (STA 449 F3 Jupiter,
Netzsch) and similarly, differential scanning calorimetry (DSC) (TA instruments, DSC-
60, USA). The point of zero charge (pHpzc) was determined through nine initial pH points
(1.0-9.0) following the method described by Silva et al. [24].

4.2.2.4 Adsorptive potential of LC/CS/GLUT and LC/CS/EPIC

The potential of LC/CS/GLUT and LC/CS/EPIC in removing FR17 dye from
aqueous solutions was evaluated employing batch adsorption tests using a thermostated
stirrer (Marconi, MA 093, Brazil) at 150 rpm. First, the effect of the initial pH was
investigated by varying the pH (NaOH and HCI (0.1 mol L)) from 2 to 5, using 0.1 g of
adsorbent. With the best pH condition, the effect of adsorbent mass was investigated,
ranging from 0.025 to 0.2 g. An initial dye concentration of 25 mg L™, solution volume
of 25 mL, contact time of 4 h, at 298 K was used. Finally, using the best pH and the best
mass amount, the kinetic curves were constructed with a contact time from 0 to 240 min,
with a solution volume of 25 mL and an initial concentration of 25 mg L%, at 298 K. The
equilibrium curves were obtained at temperatures of 298, 308, 318 and 328 K, with dye
concentration ranging from 0 to 500 mg L, 25 mL of solution, for 4 h. The remaining
concentration of FR17 dye in the liquid phase was determined by spectrophotometry at a
wavelength of 500 nm. The dye removal percentage (R, %) and the adsorption capacity

(de, mg gt) of the materials were determined by Equations 1 and 2, respectively.

(Co _Ce)

g, =& =C.) r;ce)v @)

%R = 100 (1)

Where m is the mass of LC/CS/GLUT and LC/CS/EPIC (g), V (L) is the volume
of the solution, Co and Ce are the initial and equilibrium concentrations of the adsorbate

solution (mg L™).
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4.2.2.5 Kinetics, isotherms, and thermodynamics in FR17 liquid phase adsorption

Kinetic and equilibrium adsorption data were analyzed using pseudo-first-order
(PFO) (Equation 3) and pseudo-second-order (PSO) (Equation 4) kinetic models; and
equilibrium, the Langmuir (Equation 5), Freundlich (Equation 6), and Sips (Equation 7).
Thermodynamic parameters were estimated according to the methodology proposed by
Lima et al. [25], represented by Equations 8, 9, 10, and 11.

g, =09, (l—E‘Xp(—kl t)) (3)
1
qt = 1—1: (4)
+
[kzqu (qu
quLCe
_ 5
% 1+k,C, ©)
1
9. = kFCenf (6)
k.C.)"
qe — qS( S e)m (7)
l+ (kSCe)
AG® =—RTIn(K,) (8)
AG°® = AH® —TAS? (9)
0 0
(k) =22 21 (10)
FR17
K, = ksM+ (11)

Where ki (mint) and k2 (g mg™ min!) are the rate constants of PFO and PSO
models, g: and g2 (mg g 1) are the theoretical values for the adsorption capacity. kr is the
Freundlich constant (mg g %) (mg L )Y"", 1/nk is the heterogeneity factor qm and gs are
the maximum adsorption capacity of each model (mg g2), kv is the Langmuir constant (L
mg 1), ks is the Sips constant (L mg™?), m is the exponent of the Sips model. T the
temperature (K), R the universal gas constant (8.314x10-3 kJ mol~! K1), My the molecular
weight of FR17 dye (mg mol), y TR the activity coefficient of FR17 dye in solution
(dimensionless) and y the unitary activity coefficient of FR17 (1 mol L™2). It was assumed
that the solution is sufficiently diluted to consider y ™*'=1,



56

4.2.2.6 Desorption assays

To verify the possible reuse of LC/CS/GLUT and LC/CS/EPIC, desorption tests
were performed on the materials. NaCl and NaOH solutions (0.1, 0.5, 1.0 mol L) were
tested as eluents. LC/CS/GLUT and LC/CS/EPIC loaded with dye FR17 (500 mg L),
adsorbed under the most suitable conditions, were added to the eluent solutions, stirred at
100 rpm, and 298 K for 60 min.

4.2.3 Results and discussion

4.2.3.1 Characteristics of LC/CS/GLUT and LC/CS/EPIC

The FTIR vibrational spectra for LC/CS/GLUT and LC/CS/EPIC are shown in
Fig. 1 (a) and (b), respectively. According to the spectra, the crosslinking of both
materials was successful, meaning that Luffa was excellent support for chitosan, as the
characteristic bands of the active groups of chitosan and the bands responsible for
crosslinking are present in the spectra. Both spectra show a broad signal at 3455 cm™
showing the superposition of the NH and OH elongation vibrations of chitosan and the
OH group of the cellulose present in Luffa cylindrica. Still, other characteristic bands of
chitosan, such as type | amide (CHCO) and type Il amide (NH), are found around 1600
cm™ and 1550 cm?, respectively [26-29]. The 1600 cm™ band can also be related to Luffa
through the C=0 stretch. In Fig. 1 (a), there is a band around 1675 cm™ attributed to the
Schiff base (imine group) that is formed between glutaraldehyde and chitosan [30-29];
and in Fig. 1 (b), the crosslinking of chitosan with epichlorohydrin was confirmed through
the elongation -CO band around 1075 cm™ referring to the opening of the epoxide ring in
the formation of the crosslink [31, 32].

Figure 1-FTIR vibrational spectra of (a) LC/CS/GLUT and (b) LC/CS/EPIC.
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The surface morphologies of Luffa cylindrica, LC/CS/GLUT, and LC/CS/EPIC
with x1000 approximation are shown in Figs. 2 (a), (b), and (c), respectively. An evident
change in the surface of Luffa cylindrica was observed after the insertion of the reticulated
chitosan. The support of chitosan increased irregularities and cavities of the fibers,
making the material more susceptible to contact with the dye molecules. This type of
modification is extremely favorable for the adsorption process. Similar morphological

features were recently reported by Martinez-Pavetti et al. [3].

Figure 2. SEM images (x1000): (a) Luffa cylindrica, (b) LC/CS/GLUT and (c)
LC/CS/EPIC.
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Fig. 3 (a-d) shows the XRD patterns for Luffa cylindrica, chitosan, LC/CS/GLUT,
and LC/CS/EPIC samples. All samples showed broad peaks characteristic of amorphous
material. These peaks are located at around 17 and 22° for Luffa cylindrica,
LC/CS/GLUT, and LC/CS/EPIC samples. For chitosan, this peak is located at around
20°. In the LC/CS/GLUT and LC/CS/EPIC samples, the peak referring to chitosan is
superimposed on the others. Khadir et al. [7] observed very similar peaks in their
Luffa/polypyrrole composite material. The disorganization of the amorphous material
arrangements can be considered positive in the adsorption process, as they present more

empty spaces [33].

Figure 3. XRD patterns: (a) Luffa cylindrica, (b) quitosana, (c¢) LC/CS/GLUT and
(d) LC/CS/EPIC.



59

| @
'S
G ()
3} o Lat .
‘?n
=
= M ‘,‘M ®)
=
- LTS TSR VO N
s @)
1 . B it 7 b —
20 40 60 80 100

Fig. 4 shows the TGA and DSC curves to analyze the decomposition and thermal
stability of Luffa cylindrica, LC/CS/GLUT, and LC/CS/EPIC samples. The TGA curves
of the samples show two stages of decomposition (Fig. 4 (a)). The first loss of mass is
observed up to 100 °C; this first stage corresponds to the loss of moisture in the material.
The second loss of mass occurred up to 400 °C; this second decomposition corresponds
to the degradation of chitosan and the cellulose and lignin that remained in Luffa after the
alkaline treatment. The DSC curves are shown in Fig. 4(b), in which they present an
endothermic peak in the range from 70 to 110 °C. A small displacement of the peak can
be observed after chitosan support. This behavior may be associated with the glass

transition, allowing mobility between amorphous polymers [34].
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The points of zero charge (pHpzc) obtained for the LC/CS/GLUT and LC/CS/EPIC
samples were 6.5 and 6.8 and are shown in Fig. 5 (a) and (b), respectively. Therefore, at
these pH values, the positive charges on the surface are equal to the negative ones,
resulting in zero charges. In this case, when the pH of the solution is greater than pHp.c,
the surface of the adsorbent is negatively charged and interacts with positive species.
Conversely, when the pH is lower than pHpz, the surface of the adsorbent is positively
charged and interacts with negative species [35].

Figure 5. The pHpzc for (a) LC/CS/GLUT and (b) LC/CS/EPIC.
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4.2.3.2 Evaluation of pH and adsorbent mass

The influences of pH and mass of LC/CS/GLUT and LC/CS/EPIC on FR17
adsorption are depicted in Fig. 6. The study of the mass of LC/CS/GLUT and
LC/CS/EPIC was evaluated by varying the mass of the adsorbent from 0.025to0 0.2 g. For
both materials, the percentage of removal increased with the adsorbent mass.
LC/CS/GLUT obtained a maximum removal of 96% of the FR17 dye and LC/CS/EPIC
a maximum of 89%. This trend is because the higher the adsorbent mass, the greater the
number of active sites for the adsorption process. Based on Fig. 6 (b), it can be seen that
adecrease in pH from 5 to 2 favored the removal of the FR17 dye. These pH values follow
PHpzc. At pH 2, LC/CS/GLUT reached 80% removal, while LC/CS/EPIC reached close
to 50%. This result is related to the NH> groups of chitosan, which are easily protonated.
Zazycki et al. [18] observed the same behavior for the FR17 dye. Subsequent adsorption

tests were carried out at pH 2, using 0.2 g of each adsorbent.
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Figure 6. Adsorbent mass effect and (b) effect of initial pH for LC/CS/GLUT and
LC/CS/EPIC on the adsorption of FR17.
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4.2.3.3 Kinetic results

The FR17 dye adsorption kinetic curves are shown in Figure 7 and relate the
adsorptive capacities at predetermined times of the material prepared with glutaraldehyde
and epichlorohydrin. The influence of time on adsorption processes is of great relevance
as it allows evaluating the applicability of a given adsorbate, equilibrium time and
adsorption rate, fundamental parameters in scale-up operations [36].

The experimental kinetic data fitted the two most commonly used reaction models,
the pseudo-first-order and the pseudo-second-order models [37]. As shown in Table 1, it
can be seen that for both adsorbent materials, the Pseudo-Second-Order model better
described the experimental data, taking into account the highest values of the R? and the
lowest values of ARE. The theoretical capacity values g2 (mg g*) were close to the
experimental capacity values, which were 3.1 mg g* and 2.8 mg g* for PU/CS/GLUT
and PU/CS/EPIC, respectively. They also indicate a good fit of the kinetic models. The
PSO model assumes that adsorption occurs through the participation of valence forces or
electron exchange between the adsorbate/adsorbent set, which is based on the strong
sensitivity of the removal efficiency associated with the pH variation of the medium [38].
The adsorption capacities increase with increasing time for both kinetic curves, more
accentuated at the beginning of the process, followed by a slower phase, tending to

stabilize after 240 min. This slower phase occurs due to the progressive deactivation of
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the adsorption sites available on the FR17 dye molecules' adsorbent until saturation is

reached. Similar behavior was obtained by Georgin et al. [39] and Amela et al. [40].

Figure 7. Kinetic curves for LC/CS/GLUT and LC/CS/EPIC on the adsorption of
FR17. (T=298 K, C0=25 mg L-1, 150 rpm, V=25 mL, pH=2.0 and m=0.2 g).
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Tab. 1-Kinetic parameters for LC/CS/GLUT and LC/CS/EPIC on the adsorption
of FR17.

Materials

Kinect models
PU/CS/GLUT PU/CS/EPIC

PFO model
01 (mg gt) 2.78 2.48
ki (min') 0.035 0.042
R? 0.9189 0.8839
ARE (%) 10.71 12.02

PSO model
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g2 (mg g-1) 3.15 2.79

k2 (g mg-1 min-1) 1.48 1.24
R2 0.9688 0.9531

ARE (%) 7.56 6.71

4.2.3.4 Equilibrium isotherms

The isothermal adsorption curves of the FR17 dye using LC/CS/GLUT and
LC/CS/EPI as adsorbents are shown in Fig. 8 (a) and (b), respectively. The isotherms
correlate the equilibrium concentration with the maximum adsorption capacity of the
adsorbent under the experimental conditions used, together with the temperature effect.
Such parameters are important to determine the adsorption mechanism, inform the
energetic character of the process, estimate the maximum adsorptive capacity of the
material, in addition to being possible to estimate the thermodynamic parameters [41, 42].
All isothermal curves are shown in Figs. 8 (a) and (b) have a favorable format [43]. As
the solute concentration increases, there is an increase in the adsorption capacity. The
curves have not attained a plateau at the concentration range used, indicating that more
available sites exist.

The adjustments of the experimental data to the theoretical models of Langmuir,
Freundlich, and Sips for FR17 dye adsorption using LC/CS/GLUT and LC/CS/EPI are
shown in Table 2. The data show that the fits are satisfactory for the Freundlich and Sips
models, but the Sips model was chosen for better discussion. The temperature increase
caused an improvement in the adsorption capacity of both materials. The effect supports
the fact that the increase in temperature adds strength to the dispersion rate of dye
molecules through the outer boundary layer and the inner pores of the adsorbent particles
as a result of the decrease in the viscosity of the medium [44, 10]. Also, the Sips constant
ks (L mg™) values increase with increasing temperature for the two adsorbents. This
parameter indicates the affinity of the adsorbate/adsorbent system, corroborating the
temperature effect [45]. Similar results were obtained by Marrakchi et al. [46] on the
adsorption of Acid Blue 29 using Mesoporous biohybrid epichlorohydrin crosslinked
chitosan/carbon—clay; Netto et al. [47] in the adsorption of the dye Acid Red 97 using a
geopolymer and Saha et al. [48] on the adsorption of Allura Red AC on natural Sawdust.
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Figure 8. Isotherm curves for LC/CS/GLUT and LC/CS/EPIC on the adsorption
of FR17 (V=25 mL, C0=0-500 mg L-1, pH=2.0, 150 rpm and m=0.2 g).
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Tab. 2. Equilibrium parameters for LC/CS/GLUT and LC/CS/EPIC on the

adsorption of FR17.

Isotherm models

Materials (;) Langmuir

qe (mg g™) ke (L mg™) R2 RZg ARE (%)

298 18.73 0.021 0.9321 0.8303 16.88

LCICSIEPIC 308 18.78 0.023 0.9071 0.7678  13.80
318 18.75 0.028 0.9152 0.7880 17.28

329 21.18 0.025 0.9386 0.8465 16.29

298 20.25 0.013 0.9679 0.9198 23.21
LC/CS/GLUT 308 21.65 0.015 0.9771 0.9428 25.76
318 22.58 0.017 0.9622 0.9055 26.80

329 2745 0.015 0.9732 0.9330 26.36

Freundlich

N ke (mg gb)(L mg )t R2 R  ARE (%)

298 2.53 1.58 0.9972 0.9953 6.86

LC/CS/EPIC 308 2.55 1.67 0.9917 0.9862  4.74
318 2.61 1.75 0.9959 0.9932 2.41
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329 2.46 1.81 0.9974 09957  2.22
298 2.85 2.48 0.9921 009868  4.31
308 2.99 2.94 0.9936 09893  6.98
LC/CS/IGLUT
318 3.05 3.35 0.9987 09978  3.55
329 2.92 3.71 0.9986 009977 541
Sips
gs (mg g™ ks (L mg™) m R?  R%g  ARE (%)
298 37.31 0.0012 052 0.9921 09868  7.71
308 40.51 0.0015 0.55 0.9964 0.9873  6.01
LC/CS/EPIC
318 41.11 0.0017 0.52 0.9907 0.9845  3.71
329 43.01 0.0018 0.55 0.9945 0.9908  3.16
298 58.25 0.00045 0.43 0.9919 0.9865  7.48
308 63.61 0.00048 0.41 0.9959 0.9932  7.02
LC/CSIGLUT
318 67.64 0.00053 0.40 0.9975 0.9958  6.64
329 77.66 0.00062 0.42 0.9984 0.9973  4.99

The adsorption capacities of LC/CS/GLUT and LC/CS/EPIC were compared with
the capacities of other adsorbents for the FR17 dye and are shown in Table 3. Based on
the materials found in the literature, LC/CS/GLUT and LC/CS/EPIC were satisfactory in
the FR17 dye adsorption process. Thus, the new support alternative for crosslinked
chitosan was successful, as confirmed by the characterizations carried out. In addition,
natural and renewable precursors were used, which improved the chemical and

mechanical stability of chitosan and resulted in an alternative adsorbent material of low

cost.
Tab. 3. Adsorption capacity of LC/CS/GLUT, LC/CS/EPIC and other materials
for FR17.
Initial Adsorption
Adsorbent pH T (K) concentration capacity References
(mg L) (mg g™
Bio—based
2 328 500 267.24 [49]

polyurethane/chitosan
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composite

Silver nanoparticles

deposition on silica

Activated carbons
prepared from

lignocellulosic wastes
Activated carbon
MDF char
Natural Sawdust
LC/CS/GLUT

LC/CS/EPIC

303

303

298

298

328

328

328

44

1400

450

300

25

500

500

67.8

107

72.8

210

26

77.66

43.01

[50]

[51]

[52]
[18]
[48]

This work

This work

4.2.3.5 Thermodynamic results

Table 4 brings the thermodynamic parameters of LC/CS/GLUT and LC/CS/EPIC
in the FR17 dye adsorption for all analyzed temperatures. Sips constants (ks) were used

to estimate the equilibrium parameters since the Sips model was considered the most

adequate to represent the experimental data. Based on the values presented in Table 4, it

can be concluded that the adsorption process was spontaneous and favorable, as the AG°

presented negative values and even more negative at higher temperatures, corroborating

the result of the isotherms. On the other hand, positive values for entropy and enthalpy

indicate that the process was endothermic, increasing system disorder during the

adsorption process. Benabid et al. [53] found similar magnitudes in the adsorption of

FR17 by activated charcoal-derived sludge.

Tab. 4. Thermodynamic parameters for LC/CS/GLUT and LC/CS/EPIC on the

adsorption of FR17.

Materials

T(K) AGY(kImol) AHO(kImolt) A S (kImolt K

LC/CS/GLUT

-13.34

8.37
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308 -14.07
318 -14.79
328 -15.52
298 -15.92
308 -16.81
LC/CS/EPIC 10.63 0.089
318 -17.71
328 -18.61

4.2.3.6 Recyclability of LC/CS/GLUT and LC/CS/EPIC

LC/CS/GLUT and LC/CS/EPIC reuses were tested from 6 adsorption/desorption
cycles for FR17 dye. NaOH and NaCl at different concentrations (0.1, 0.5, 1.0 mol L)
were investigated as eluents. It was verified that 0.1 mol Lt NaOH for both materials
obtained the best results. With this information, subsequent tests were carried out using
0.1 mol L NaOH as eluent. The adsorption capacities for LC/CS/GLUT and
LC/CS/EPIC over the 6 reuse cycles can be seen in Fig. 9. Both adsorbents showed a high
reuse capacity, maintaining around 70% of their initial adsorption capacity until the end
of the cycles. Thus, besides being considered low-cost adsorbents due to their renewable
raw materials, they also reduce operating costs as they can be reused in the adsorption
process.

Figure 9. Results of reuse cycles for LC/CS/GLUT and LC/CS/EPIC.
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4.2.4 Conclusion

Luffa cylindrica, a material widely exploited for its versatility, was successfully
used to support the immobilization of crosslinked chitosan and could even remove the
FR17 dye from aqueous solutions. The characterizations showed that LC/CS/GLUT and
LC/CS/EPIC presented an adequate morphology for mass transfer, relevant functional
groups for adsorption, and the crosslinking process was very successful. The FR17 dye
adsorption on LC/CS/GLUT and LC/CS/EPIC was favored at pH 2.0. The PSO and Sips
models were chosen to represent the kinetic and equilibrium adsorption data, respectively.
The maximum adsorption capacity for LC/CS/GLUT was 77.66 mg g and for
LC/CS/EPIC was 43.01 mg g for dye FR17. The adsorption process was favorable,
spontaneous, and endothermic. Furthermore, the adsorbents can be reused six times and
still retain around 70% of their initial adsorption capacity. Thus, the materials prepared
from Luffa cylindrica and chitosan resulted in excellent eco-friendly adsorbents.
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5 DISCUSSAO GERAL

Conforme foi apresentado na revisao da literatura, a busca por novos adsorventes
para o tratamento de efluente coloridos aumenta a cada ano. A grande maioria dos estudos
estdo focados em desenvolver/encontrar um adsorvente que consiga, principalmente, aliar
alta eficiéncia e capacidade de adsorc¢do, baixo custo e facilidade de separacdo apds o
processo. Frente a isso, o presente trabalho buscou desenvolver esponjas de Luffa
cylindrica com quitosana reticulada, e posteriormente, aplica-las na adsorcdo do corante
vermelho 40. Sendo assim, o trabalho envolveu uma sequéncia de dois artigos, que foram
planejados e implementados para atender esse proposito.

No primeiro artigo apresentado, foram desenvolvidas esponjas de Luffa com
quitosana reticulada utilizando dois agentes de reticulacdo, o glutaraldeido e a
epicloridrina. A massa da esponja foi fixada enquanto foram variadas as porcentagens
massicas de quitosana (1%, 3% e 5% (m v1)) e dos agentes reticulantes (0.5%, 1.0% e
1.5% (v v'1), resultando em dezoito materiais (nove esponjas de Luffa cylindrica com
quitosana reticulada com glutaraldeido e nove esponjas de Luffa cylindrica com quitosana
reticulada com epicloridrina). Esses materiais foram caracterizados com proposito de
escolher a melhor condicdo para cada adsorvente (a base de glutaraldeido e epicloridrina).
Os espectros vibracionais FT-IR mostraram que a reticulacdo da quitosana foi bem-
sucedida para ambos os agentes de reticulacdo. O grau de intumescimento indicou que o
aumento na porcentagem de reticulagdo, acarretou em um aumento no grau de
intumescimento das amostras. A porcentagem dos grupos amino livres para as amostras
onde a quitosana foi reticulada com glutaraldeido diminuiram com o aumento da
concentracdo de glutaraldeido, indicando que o grau de reticulacdo nessas amostras foram
superiores a 80%. O potencial adsortivo para remoc¢do do corante vermelho 40 foi
avaliado através das curvas de equilibrio onde a capacidade maxima de adsor¢do para
Luffa cylindrica com quitosana reticulada com glutaraldeido foi de 89,05 mg g* e para
Luffa cylindrica com quitosana reticulada com epicloridrina foi de 60,91 mg g

Por fim, os resultados obtidos no primeiro artigo corroboraram entre si e as
melhores condicOes para a esponja reticulada com glutaraldeido foi utilizando 5% (m v
1y de quitosana e 1.5% (v v!) de glutaraldeido (LC/CS/GLUT); e para a esponja reticulada
com epicloridrina foi utilizando 3% (m v!) de quitosana e 1.5% (v v'') de epicloridrina
(LC/CS/EPIC).
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Em sequéncia, o segundo artigo seguiu com os dois adsorventes escolhidos no
primeiro artigo e novas caracterizagdes foram realizadas, assim como um estudo mais
completo da adsorcdo do corante vermelho 40. Uma comparacdo entre a morfologia
superficial da Luffa cylindrica, LC/CS/GLUT e LC/CS/EPIC apresentou diferenca entre
as amostras, aumentando as irregularidades e cavidades da fibra apés o suporte da
quitosana, tornando a superficie extremamente favoravel no processo de adsor¢do. Os
padrGes do DRX indicaram que os adsorventes possuem caracteristicas amorfas. As
curvas de TGA apresentaram dois estagios de decomposicdo, o primeiro até 100°C
correspondente a perda de umidade do material e o segundo até os 400°C correspondente
a degradacdo da quitosana, celulose e lignina que restaram na Luffa apds o tratamento
alcalino. As curvas DSC apresentaram um pico endotérmico entre 70 e 110 °C. Os pontos
de carga zero foram de 6,5 para a LC/CS/GLUT e 6,8 para a LC/CS/EPIC. Maiores
valores de remocdo do corante vermelho 40 foram verificados em pH 2, utilizando 0.2 ¢
de cada adsorvente. Em relacdo a cinética de adsorcdo, o modelo de Pseudo-segunda
ordem foi o que melhor descreveu os dados experimentais e 0 modelo de Sips, foi 0 mais
adequado para discutir os dados de equilibrio. O processo de adsorcdo foi espontaneo e
favoravel, e de natureza endotérmica.

Ainda, a LC/CS/GLUT e LC/CS/EPIC foram testadas ao longo de seis ciclos de
reuso, e ambos os adsorventes apresentaram uma alta capacidade de reaproveitamento,
mantiveram até o final dos ciclos em torno de 70 % de suas capacidades de adsorcao
iniciais.

Portanto, o presente estudo demonstrou que a Luffa cylindrica combinada com
quitosana reticulada é uma alternativa potencial tanto para melhorar as capacidades
adsortivas da Luffa natural quanto para suprir/amenizar as desvantagens da quitosana na
adsorcdo. A alternativa proposta foi bem-sucedida e pode ser confirmada pelas
caracterizacdes realizadas. Além disso, 0os materiais adsortivos desenvolvidos mostraram
competitividade em relagdo aos estudos encontrados anteriormente, utilizando
precursores naturais, que melhoraram o potencial da Luffa e a estabilidade quimica e
mecanica da quitosana, resultando em um material bioadsorvente de baixo custo e

alternativo.
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RECOMENDACOES E SUGESTOES PARA 0S PROXIMOS
TRABALHOS

Como sugestdes para trabalhos futuros na area citam-se:

1) Testar os adsorventes para adsor¢do de outros corantes, até mesmo outros
contaminantes;

i) Aplicar os adsorventes para adsorcdo em leito fixo;

iii) Avaliar outros agentes reticulantes;

iv) Estudar a toxicidade do material;

V) Realizar analises mecénicas nos adsorventes;

vi) Testar suportar outros adsorventes na Luffa.
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