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RESUMO

FERREIRA, Danielle Cristine Mota, D.Sc., Universidade Federal de Vicosa, maio de 2023.
Complexos polieletrolitos quitosano-carboximetilcelulose: estudo fisico-quimico e
aplicabilidade como carreadores de vitaminas e adsorventes de poluentes. Orientador:
Eduardo Basilio de Oliveira. Coorientadores: Jane Sélia dos Reis Coimbra e Alvaro Vianna
Novaes de Carvalho Teixeira.

A érea de Ciéncia e Tecnologia de Alimentos e setores de pesquisa e desenvolvimento industrial
tém buscado estratégias que visam a diversificagdo de produtos e processos. Embora existam
estudos que-descrevem a importancia da interagdo entre polissacarideos e sua aplicabilidade
tecnologica, ainda sdo escassos nas bases de dados disponiveis, estudos amplos que
contemplem aspectos fisico-quimicos e técnico-funcionais sobre a interagdo entre quitosano
(CHS) e carboximetilcelulose (CMC). Nesse sentido, foram estudados o efeito da propor¢ao de
mistura de quitosano e carboximetilcelulose, da temperatura e do pH na formacgao de sistemas
macro e micro-estruturados. Os resultados de FT-IR revelaram que os complexos formados por
CHS e CMC foram promovidos pela interagdo eletrostatica e, possivelmente, por pontes de
hidrogénio. Na proporcao de 1:2 (CHS/CMC) e a 25 °C, o potencial { do sistema foi proximo
de zero e os macro-complexos polieletrolitos (macro-PECs) tiveram rendimento méximo,
apresentaram estrutura altamente porosa e visualmente estdveis em solucdo aquosa por
semanas. Macro-PECs foram, portanto, aplicados como adsorventes de corantes (Amarelo
Crepuisculo, Azul de Metileno, Vermelho Congo e Safranina) e metais pesados (Cd** e Pb*").
O modelo de adsor¢do de Langmuir sugeriu homogeneidade da superficie das particulas dos
macro-PECs. A cinética de adsor¢do mostrou que os processos podem seguir o modelo de
pseudo-primeira ou pseudo-segunda ordem. Ja os micro-PECs se apresentaram como particulas
coloidais dispersas, classificadas como amorfas e termicamente estaveis, eficazes no processo
de entrega controlada de niacinamida, alcangando 4,85% e 80,78% e capacidade maxima de
carga (LC) e a eficiéncia de encapsulamento (EE), respectivamente. O fator pH teve maior
influéncia nas respostas (EE e LC) estudadas, sendo o processo de produgdo de estruturas
carreadoras favorecido em valores de pH mais baixos (3,0). A utiliza¢dao de tempos de processo
mais curtos favoreceu a formacdo dos sistemas de carreamento em termos praticos e
econdmicos. O estudo de liberagcdo in vitro de micro-PECs CHS/CMC de niacinamida
realizado em diferentes condi¢cdes de pH, mimetizando a condi¢do do trato gastrointestinal,

indicou que a liberacdo maxima de niacinamida ocorreu apods cerca de 4,5 h e as constantes do



modelo de ordem zero (Ko) foram baixas e semelhantes para todos os sistemas estudados,
demonstrando uma baixa taxa de liberagdo e indicando que o processo de liberagdo de
niacinamida dos micro-PECs CHS/CMC ocorre principalmente por difusdo. O impacto
promissor dos sistemas macro e micro-estruturados de quitosano e carboximetilcelulose em
sistemas-modelo de adsor¢do de poluentes, em sistemas aquosos, € em sistemas-modelo de
liberagdo controlada de compostos bioativos hidrofilicos apontou ampla gama de técnico-
funcionalidades em diversos setores, como por exemplo industria alimenticia, quimica, té€xtil e

farmacéutica.

Palavras-chave: Estruturas supramoleculares. Interagdo CHS-CMC. Sistemas coloidais.

Tratamento de 4gua poluida. Controle e liberagdo controlada.



ABSTRACT

FERREIRA, Danielle Cristine Mota, D.Sc., Universidade Federal de Vigosa, May, 2023.
Chitosan-carboxymethylcellulose polyelectrolyte complexes: physical-chemical study and
applicability as carriers of vitamins and adsorbents of pollutants. Adviser: Eduardo Basilio
de Oliveira. Co-adviser: Jane Sélia dos Reis Coimbra and Alvaro Vianna Novaes de Carvalho
Teixeira.

The Food Science and Technology area and industrial research and development sectors have
sought strategies aimed at diversifying products and processes. Although there are studies that
describe the importance of the interaction between polysaccharides and their technological
applicability, the available databases are still scarce, broad studies that address physical-
chemical and technical-functional aspects of the interaction between chitosan and
carboxymethylcellulose. In this sense, the effect of the mixture proportion of chitosan and
carboxymethylcellulose, temperature and pH in the formation of macro and micro-structured
systems were studied. The FT-IR results revealed that the complexes formed by CHS and CMC
were promoted by electrostatic interaction and, possibly, hydrogen bonds. At the ratio of 1:2
and 25 °C, the ( potential of the system was close to zero and the macro-polyelectrolyte
complexes (macro-PECs) had maximum yield, had a highly porous structure, and were visually
stable in aqueous solution for weeks. Macro-PECs have therefore been effectively applied as
adsorbents for dyes (Sunset Yellow, Methylene Blue, Congo Red, and Safranin) and heavy
metals (Cd** and Pb*"). The Langmuir adsorption model suggested surface homogeneity of
macro-PEC particles. The adsorption kinetics showed that the processes can follow the pseudo-
first or pseudo-second-order model. The micro-PECs, on the other hand, appeared as dispersed
colloidal particles, classified as amorphous and thermally stable, effective in the process of
controlled delivery of niacinamide, reaching 4.85% and 80.78% of maximum load capacity
(LC) and efficiency encapsulation (EE), respectively. The pH factor had the greatest influence
on the responses (EE and LC) studied, with the production process of carrier structures being
favored at lower pH values (3.0). The use of shorter process times favored the formation of
carrier systems in practical and economic terms. The in vitro release study of CHS/CMC micro-
PECs of niacinamide performed under different pH conditions, mimicking the condition of the
gastrointestinal tract, indicated that the maximum release of niacinamide occurred after about
4.5 hours and the model constants of zero order (K0) were low and similar for all systems
studied, demonstrating a low release rate and indicating that the process of niacinamide release

from CHS/CMC micro-PECs occurs mainly by diffusion. The promising impact of macro and



micro-structured systems of chitosan and carboxymethylcellulose in model systems of
adsorption of pollutants in aqueous systems and in model systems of controlled release of
hydrophilic bioactive compounds pointed to a wide range of technical functionalities in several

sectors, such as example food, chemical, textile and pharmaceutical industries.

Keywords: Supramolecular Structures. CHS-CMC Interaction. Colloidal Systems. Polluted

Water Treatment. Controlled Release.
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1. INTRODUCAO

A busca por novos materiais € uma das estratégias que visam a diversificacdo e/ou
melhoria de produtos e processos. Embora existam estudos quem descrevem a importancia da
interagdo entre polissacarideos e sua aplicabilidade tecnoldgica, ainda sdo escassas nas bases
de dados disponiveis, estudos amplos que contemplem aspectos moleculares e técnico-
funcionais sobre a interagdo entre quitosano e carboximetilcelulose.

Quitosano ¢ um polissacarideo biodegradavel, biocompativel com tecidos humanos e
atoxico, obtido pela desacetilagdo parcial da quitina, sendo essa encontrada nas carapacgas de
camaroes, caranguejos e outros artropodes marinhos, ou na parede celular de alguns fungos.

Grupos amino (NH,) existentes nas cadeias do quitosano podem ser protonados em meios

aquosos acidos, o que favorece a sua dispersdo, possibilitando o aumento do espectro de
utilizagdo deste biopolimero em diversas aplicacdes industriais. O quitosano vem sendo
empregado principalmente como excipiente para liberagdo controlada de formacos e outras
substancias bioativas, € também como suporte para a fabricacao de proteses 0sseas e dérmicas.
No setor alimentar, o quitosano ¢ principalmente utilizado na producdo de coberturas
comestiveis para frutas e na fabricacdo de filmes para embalagens.

Carboximetilcelulose ¢ um polissacarideo hidrofilico, obtido a partir da modificagdo
quimica da celulose, por meio da insercdo parcial ou total de grupos carboximetil
(CH20CH2COO") que, em meio aquoso, encontram-se carregados negativamente. Por possuir
propriedades nao toxicas, bioadesivas e sensiveis ao pH, a CMC possui varias aplicagdes nas
industrias alimenticia, farmacéutica, de papel, téxtil e petrolifera. Como resultado, por meio
deste composto, pode-se obter gelificagdo in situ, materiais com sensibilidade a estimulos
externos, sistemas com liberag¢do controlada e com bioadesdo. Na industria alimenticia, a CMC
¢ usada como estabilizador alimentar em bebidas a base de cacau, sorvetes e produtos de
panificacdo. Em sorvetes, retarda o crescimento de cristais de gelo, e em xaropes e confeitos,
retarda o crescimento de cristais de agucar. Também provoca aumento da viscosidade podendo
ser utilizado como aglutinante e espessante. Além disso, ¢ um promissor agente de entrega de
compostos ativos, uma vez que € capaz de absorver grandes quantidades de agua ou outros
fluidos desejaveis e liberd-los sob condigdes controladas.

Embora alguns estudos descrevam a importancia da interagdo entre polissacarideos e
sua aplicabilidade tecnologica, ndo foram encontrados, nas bases de dados disponiveis, estudos
amplos que contemplem aspectos cinéticos, moleculares e técnico-funcionais sobre a interagao

entre quitosano e carboximetilcelulose, principalmente sem a utilizagdo de agentes reticulantes.
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O presente trabalho buscou, portanto, novas aplicabilidades a esses polissacarideos, além
daquelas que ja possui em outras areas, com potencial para remediar polui¢do de sistemas
aquosos, bem como para utilizagdo em formulagdes alimenticias capazes de carrear e liberar de
forma controlada compostos bioativos, tais como a niacinamida.

Tendo em vista o contexto apresentado, essa tese objetivou estudar a técnico-
funcionalidade de sistemas macro e micro-estruturados formados por quitosano e
carboximetilcelulose.

Dessa forma, o presente documento foi estruturado como segue:

1) Um capitulo intitulado “Revisdo de literatura” em que € feita uma apresentacao do
quitosano e da carboximetilcelulose, além de estudos que propuseram a utilizagdo
dessas macromoléculas em diferentes aplicagdes. Na sequéncia, sao apresentadas
definicdes sobre adsorcdo e carreamento de compostos. Este capitulo objetiva
fornecer bases teodricas para a compreensdo de como o trabalho experimental visa
responder a problematica apresentada. Além disso, espera-se demonstrar o carater
inovador da proposta e dos resultados de cada capitulo experimental.

i1) Em seguida, ¢ apresentado o artigo cientifico intitulado por “Polyelectrolyte
complexes (PECs) obtained from chitosan andcarboxymethylcellulose: A
physicochemical and microstructural study”
(https://doi.org/10.1016/j.carpta.2022.100197), publicado no periodico
Carbohydrate Polymer Technologies and Applications. Os efeitos da propor¢ao
de mistura de quitosano (CHS) para carboximetilcelulose (CMC) (1:0; 4:1; 3:1; 2:1;
1:1; 1:2; 1:3; 1:4; 0:1), da temperatura (25; 45; 65; 85 °C) e do pH (3,0; 3.,5; 4,0;
4,5) foram analisados quanto a obtencao de complexos macro e micropolieletrélitos
(PEC). Ambos, macro e micro-PECs (estruturas microscopicas dispersas), foram
estudados por SEM, FT-IR, XRD e TGA.

111) No terceiro capitulo ¢ apresentado o artigo cientifico intitulado
“Chitosan/carboxymethylcellulose polyelectrolyte complexes (PECs) are an
effective material for dye and heavy metal adsorption from water” (doi:
10.1016/j.carbpol.2023.120977), publicado no periddico Carbohydrate Polymers.
Nesse estudo, complexos polieletroliticos macroscopicos de
quitosano/carboximetilcelulose (CHS/CMC macro-PECs) foram produzidos e
testados como adsorventes de seis poluentes frequentemente presentes em aguas
residuais: amarelo crepusculo (YS), azul de metileno (MB), vermelho congo (CR)

e safranina (S), cddmio (Cd*") e chumbo (Pb*"). Foram realizados estudos sobre a
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influencia do pH nos processos de adsor¢do, estudos de cinética e de isotermas de
Langmuir, bem como capacidades de dessor¢ao.

1v) Por fim, no quarto capitulo, ¢ também apresentado um manuscrito de artigo
cientifico com titulo provisorio “Microstructured chitosan/carboxymethylcellulose
polyelectrolyte complexes as a novel and efficient material for carrying and
controlled release of niacinamide”, a ser submetido a um periodico de circulagdo
internacional. Nesse capitulo, microcomplexos de polieletrélitos (micro-PECs) a
base de quitosano e carboximetilcelulose, contendo niacinamida como componente
ativo modelo, foram preparados por processamento de coacervagdo complexa. O
desenho experimental Box-Behnken foi adotado para estudar os efeitos de trés
variaveis independentes — tempo de processamento, ou seja, Xi (60, 120 e 180 min),
pH, ou seja, X2 (3, 4 e 5) e concentracdao de niacinamida, ou seja, X3 (0,02, 0,04 e
0,06 g-L1), na eficiéncia de encapsulacio (Y1) e na capacidade de ligacdo (Y2) de
micro-PECs CMC/CHS a niacinamida. Em seguida, a digestibilidade in vitro dos
micro-PECs contendo niacinamida foi avaliada usando um modelo gastrointestinal
estatico. Quatro modelos cinéticos foram ajustados aos dados de cinética de
liberacdo de niacinamida: ordem zero, primeira ordem, Higuchi e Korsemeyer-
Peppas.

Espera-se que os resultados apresentados possam se juntar a mais relatos da literatura
da érea e contribuir para difundir as aplica¢des desses biopolimeros. Dessa forma, o objetivo
geral dessa tese foi caracterizar fisico-quimicamente e técnico-funcionalmente complexos
polieletrdlitos quitosano-carboximetilcelulose como carreadores para vitaminas e adsorventes

de substancias poluentes.
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CAPITULO 1

REVISAO DA LITERATURA
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1. ESTRUTURAS SUPRAMOLECULARES

Estruturas supramoleculares resultantes da associacdo de duas ou mais espécies
moleculares diferentes tém atraido a aten¢ao de pesquisadores académicos e industriais, ao
longo das duas ultimas décadas, devido especialmente as suas caracteristicas diferenciadas e,
geralmente, superiores as dessas espécies isoladamente, em termos de propriedades e
aplicagdes. A engenharia ¢ a formacao de moléculas complexas, que utilizam de estratégias
elaboradas visando a quebra e/ou formagao de novas ligagcdes moleculares, tém estimulado o
estudo de novas associagdes de biopolimeros e dos mecanismos de suas interagdes para
aplicacdes inovadoras.

O processo de formagdo de estruturas supramoleculares ¢ normalmente realizado em
solucdes aquosas, pois permite que ocorra a mobilidade dos diferentes componentes necessarios
para a formagdo dos complexos. Em solugdo, o0 movimento browniano, fendmeno pelo qual
particulas tendem a se mover em caminhos pseudoaleatdrios ou estocasticos através do liquido,
¢ o principal responsavel pelo direcionamento dos componentes e, portanto, ¢ a principal
contribuigao para colocar as moléculas em contato (Kashapov et al., 2022).

Trabalhos publicados nos tltimo anos relatam a quimica supramolecular de sistemas
contendo diferentes misturas de macromoléculas, incluindo polissacarideos (Alsakhawy et al.,
2022; Chen et al., 2023; Limpongsa et al., 2021; Martins et al., 2020; Quadrado & Fajardo,
2022; Rahman et al., 2021a, 2021b; Sinha et al., 2022; Tsai et al., 2014). Algumas dessas
misturas, devido a sua capacidade de formar géis fortes mesmo em baixas concentracdes, tém
sido usadas, por exemplo, no preparo de comprimidos farmacéuticos para liberagdo controlada
de farmacos (Quadrado & Fajardo, 2022), bem como para modificar as propriedades reoldgicas
de doces, pudins, fibras dietéticas, entre outros (Barclay et al., 2019; Lu et al., 2019). Porém, a
maioria dos recentes estudos encontrados nesse campo se restringem a apenas andlises
estruturais e reoldgicas do produto final, sem aprofundar no entendimento das interacdes entre
os biopolimeros. Sabe-se que essas interacdes afetam expressivamente a microestrutura, a
estabilidade, e as propriedades reologicas de sistemas compostos. O entendimento do
mecanismo dessas intera¢des € crucial no desafio de encarar sistemas de grande complexidade,
produzindo descobertas que concernem as aplicagdes reais em varios segmentos, além de ser
uma forma disponivel de controlar os fatores criticos para o desenvolvimento de novos produtos

multifuncionais.
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2. POLISSACARIDEOS

Os polissacarideos correspondem a uma classe de biopolimeros constituidos por
mondmeros de acucar, ligados entre si por ligacdes glicosidicas (Y. Xu et al., 2019). Para uso
comercial, sdo isolados de plantas e animais, ou de metabolitos exdgenos de algumas bactérias,
onde atuam principalmente como elementos estruturais e de sustentagdo nas paredes celulares
de plantas. Funcionalidades dos polissacarideos, tais como sua capacidade de gelificagao, tém
sido estudadas, ndao apenas do ponto de vista cientifico, mas também por sua importancia nas
industrias alimenticia, farmacéutica, biomédica, cosmética, de revestimento, pintura e afins
(Nie et al., 2019). Na area alimenticia, os polissacarideos (PS) geralmente modificam a matriz
alimentar por meio de alteragdes nas propriedades reoldgicas, o que aumenta a retencdo de
agua, leva ao espessamento da matriz e pode promover a formacao de gel. Outras aplicagdes
incluem a estabilizagdo cinética de espumas; de emulsdes e de materiais particulados suspensos
(Matsuyama et al., 2021; Xiao et al., 2021), melhorando a palatabilidade; prevenindo ou
reduzindo a formacao de cristais de gelo em alimentos congelados (X. Sun et al., 2022). Ja na
area farmacéutica, PS atuam na liberacao controlada, no aumento da biodisponibilidade de
substancias pouco soliveis em agua e na protecdo de compostos sensiveis a degradacao

(térmica, quimica e enzimatica) (Gopinath et al., 2018).

2.1 Quitosano

O quitosano ¢ um biopolimero de natureza catidnica classificado pela Food and Drug
Administration (FDA) como Generally Recognised As Safe (geralmente reconhecido como
seguro) (Yan et al., 2021). Possui elevada densidade de cargas positivas devido a protonagao
dos grupos amino de sua cadeia principal, em meio aquoso, quando em pH abaixo de seus
valores de pKa (6,2-7,0). Somada a essa caracteristica Unica entre os polimeros naturais,
apresenta outras propriedades intrinsecas, como nao-toxicidade, biocompatibilidade,
propriedades antibacterianas e biodegradaveis, que explicam sua vasta aplicagdo tecnoldgica
(Ali & Ahmed, 2018).

O quitosano ¢ obtido a partir da quitina (Figura 1), sendo essa um biopolimero estrutural,
que tem um papel analogo ao do colageno nos animais superiores € da celulose nas plantas
terrestres. Assim como as plantas produzem celulose em suas paredes celulares, insetos e
crustaceos produzem quitina em suas cascas e carapacas (el Knidri et al., 2018). Em geral, as

carapacas de crustaceos sdo compostas por 30 a 40% de proteinas, 30 a 50% de carbonato de
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calcio e fosfato e 20 a 30% de quitina, mas estas porcentagens variam dependendo da fonte, ou
mesmo da espécie, da qual a quitina ¢ isolada. Por exemplo, os residuos de camardo Crangon
sdo compostas por 10-38% de proteinas, 31-44% de minerais e 24-46% de quitina (Bajaj et al.,
2011; Kumirska et al., 2010).

O processo de obtencao do quitosano envolve trés etapas principais: desmineralizacao,

desproteinizagdo e desacetilacdo, como mostrado na Figura 1.

Figura 1 - Processo de obten¢ao do quitosano

Quitina _ Quitosana
LOH O_‘(CH! _OH
Desmineralizacio Desproteinacio N0 0ty Desacetilacio N g0ty
Tratamento &cido Tratamento &lcali ""A\A‘ﬁ: ~ Tratamento &lcali ”O\/‘?H;' 3
o=( H

CHy

Na quitina, o grau de acetilagdo € tipicamente 0,9, indicando a presenga de alguns grupos
amino (a quitina pode sofrer pequena quantidade de desacetilagcao durante o processo de sua
extracdo, podendo conter cerca de 5-15% de grupos amino) (el Knidri et al., 2018). Assim, o
grau de N-acetilacdo, isto €, a propor¢do de 2-acetamido-2-desoxi-D-glucopiranose para 2-
amino-2-desoxi-D-glucopiranose, ¢ basicamente empregado para diferenciar a quitina do
quitosano (Figura 2). Quando o grau de acetilacdo ¢ maior que 50%, o polimero ¢ chamado de
quitina, e quando o grau de acetilacdo ¢ menor que 50%, o polimero ¢ denominado quitosano

(Al-Rooqi et al., 2022).

Figura 2 - Diferenciacdo entre estruturas da quitina e quitosano

NH,
CH,OH NHCOCH,
o Desacetilacio
- T T T . .. + DH _____
..... OH —————
o OH Processos
e e n]
o enzimaticos ou
| quimicos rquz CH,OH
NHCOCH, CH,0H
Quitina 100% acetilada Quitosana 100% desacetilada

Como mencionado, quimicamente, o quitosano ¢ constituido por duas subunidades,

como a d-glucosamina e a N-acetil-d-glucosamina, ligadas linearmente entre si por meio de
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ligacdes 1,4-glicosidicas. Estruturalmente, trés grupos funcionais, isto ¢, grupos hidroxila
primarios e secunddrios e grupos amina, estdo presentes em cada molécula repetitiva de
quitosano. Esses grupos funcionais permitem que o quitosano seja mais propenso a sofrer
modificagdes quimicas. Além disso, esses grupos funcionais desempenham um importante
papel em algumas caracteristicas fisico-quimicas importantes do quitosano, incluindo a
dispersibilidade e os atributos mecanicos gerais, como mencionado anteriormente (Mujtaba et
al., 2019).

Apesar do quitosano ser insolivel em agua, pode-se dispersar em solugdes aquosas de
acidos organicos (como por exemplo o acido acético e férmico), podendo também usar-se
acidos inorganicos diluidos (tais como o acido cloridrico, nitrico e percldrico). O valor de pKa
situa-se normalmente entre 6,3 e 7, dependendo do grau de acetilagdo (el Knidri et al., 2018).
A quantidade de grupos amino protonados (-NH>") afeta a dispersibilidade do quitosano, sendo
que quanto maior for a quantidade, maior serd o nimero de interagdes eletrostaticas repulsivas
nas cadeias e, por consequéncia, maior sera a solvatacdo. Essa ¢ também a razdo por que os
polieletrolitos tem maior dispersibilidade em meio aquoso que os polimeros neutros. Além da
repulsdo eletroestatica, ha uma contribui¢do entropica resultante da liberagao dos contra-ions
para o meio (Rinaudo, 2006).

Além da nao-toxicidade e biocompatibilidade supracitadas, o quitosano pode ser
degradado in vivo por varias enzimas, incluindo a lisozima (uma protease inespecifica presente
em todos os tecidos de mamiferos) (Szymanska & Winnicka, 2015). Além disso, os produtos
da degradacdo sdo oligossacaridos, composots ndo téxicos, que podem ser excretados ou
incorporados em glicosaminoglicanos e glicoproteinas. Estas propriedades tornam o quitosano
adequada para uso alimenticio. Ademais, o quitosano pode aumentar a penetracao de compostos
bioativos, colaborando na abertura das jungdes entre as células epiteliais (Mohammed et al.,
2017). Essas propriedades fazem do quitosano um candidato ideal para uso na preparagdo de

novos materiais para aplicagdes alimenticias.

2.2 Carboximetilcelulose

A carboximetilcelulose (CMC) ¢ um polieletrélito anidnico produzido pela introducao

de grupos carboximetil na molécula de celulose, como mostrado na Figura 3.
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Figura 3 - Estruturas de oito possiveis unidades repetitivas presentes nas cadeias de

carboximetilcelulose com até trés grupos carboximetila por residuo de glicose.

HOH,C *OH,C HOH,C, HOH,C

O 8} 18} O
HO OH HO OH HO' OH H( OH
HO HO *o HC

OH OH OH *0O

*OHC HOH,C *OHC *OHC

0 0 0 0
HO OH HO OH HO' OH HC OH
o *O H( o {
*0 *0 *o

OH

* Indica posi¢des em que o grupo CH2COO-Na" (ou -CH,COOH) foi adicionado

A carboximetilcelulose ¢ sensivel a variacdo de pH e a forga idnica, sendo o Unico
polieletrolito derivado da celulose com essa caracteristica (Arinaitwe & Pawlik, 2014).
Industrialmente, ¢ obtido a partir da reagdo em suspensdo (slurry process) da celulose na
presenca de hidroxido de sodio e acido monocloroacético. A CMC ¢ usualmente comercializada
na forma sodica (CMCNa) que, uma vez dissolvida em agua, apresenta as caracteristicas tipicas
de polieletrolitos. Suas propriedades e aplicacdes dependem, essencialmente, da viscosidade de
suas solugdes aquosas, do grau de substituicao (DS) e da distribuicao dos grupos carboximetil
(da Silva et al., 2018).

A CMC pode ser obtida por meio de reagao homogénea ou heterogénea. De modo geral,
amostras de carboximetilcelulose obtidas por meio da reag@o heterogénea sdo constituidas por
cadeias que podem conter até oito unidades repetitivas diferentes (Figura 3) e a distribuicao dos
substituintes inseridos depende da acessibilidade dos reagentes aos sitios reativos da

macromolécula, sendo uma caracteristica de dificil controle (Pinto et al., 2022).
2.3 Estruturas supramoleculares de quitosano e carboximetilcelulose

Complexos poliméricos podem ser obtidos por meio da interacdo entre dois ou mais
polimeros, e a formagao de estruturas supramoleculares a partir desses, geralmente na forma de
sistemas coloidais ou suspensoes, sdo obtidos por polimerizagdo, agregacao e/ou complexacao,
produzindo promissores materiais. Essas dispersdes poliméricas constituem uma alternativa
para superar as limita¢cdes dos componentes quando utilizados separadamente, ampliando a sua

aplicacdo, tais como na preparagdo de filmes e materiais sintéticos, revestimentos, adesivos
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para papel e produtos téxteis, floculantes, modificadores reoldgicos e para liberacdo de
farmacos.

Considerando a necessidade de se entender a importancia da presente tese e os recentes
avangos relacionados ao uso de quitosano e carboximetilcelulose, torna-se essencial preparar
uma revisdo sobre o tema e sua possivel aplicabilidade na industria. A busca da literatura foi
realizada no Science Direct, Wiley, Pubmed, e Taylor e Francis Online. A estratégia de busca
envolveu os seguintes termos: “Chitosan”, ‘“Carboxymethylcellulose”, “Adsorption”,
“Encapsulation”, “Dye” e “Heavy Metal” presentes no titulo e/ou resumo e/ou palavras-chave,
bem como seus similares. Foram considerados artigos de pesquisa publicados a partir de 2015,
excluindo artigos repetidos e aqueles que ndo tiveram como objetivo a mistura entre quitosano
e carboximetilcelulose (Fig. 4).

A partir da Figura 4, construiu-se as Tabelas 1 e 2, onde sdo apresentados alguns
exemplos de estudos que propuseram a avaliagdo de estruturadas formadas a partir de CHS e
CMC para adsorcao (Tabela 1) e carreamento de compostos (Tabela 2), temas da presente tese,
bem como outras aplicabilidades (Tabela 3). Foi constatado que, apesar dos fatores de
caracteristicas dos biopolimeros (estruturas, sitios reativos e densidade de carga), concentracao,
razao de mistura e condi¢des de solvente (pH e forca idnica) afetarem as interagdes dentro dos
sistemas, causando diferencas significativas nos produtos finais, esses sao muitas vezes pouco
explorados. Além disso, como pode ser observado na Tabela 1, todos os recentes estudos
encontrados utilizaram outras macromoléculas e/ou agentes reticulantes capazes de mudar

radicalmente a fisico-quimica de interag@o entre as macromoléculas.



ARTIGOS ENCONTRADOS

Figura 4 — Artigos recentes (a partir de 2015) envolvendo os principais temas de pesquisa da presente tese.

“CHITOSAN"
and
“CARBOXYMETHYLCELLULOSE”

“CHITOSAN" and
“CARBOXYMETHYLCELLULOSE” and
“ADSORPTION”

Science Direct =0
Wiley* = 1
PubMed= 16
Taylor & Francis Online = 0

“CHITOSAN" and
“CARBOXYMETHYLCELLULOSE” and
“ENCAPSULATION”

Science Direct = 15
Wiley* = 345
PubMed= 39
Taylor & Francis Online = 199

“CHITOSAN" and
“CARBOXYMETHYLCELLULOSE” and
“‘DYE"

Science Direct = 0
Wiley* =1
PubMed = 0
Taylor & Francis Online = 0

“CHITOSAN" and
“CARBOXYMETHYLCELLULOSE" and
“HEAVY METAL”

Science Direct = 0
Wiley* = 521
PubMed = 12
Taylor & Francis Online = 0

“CHITOSAN" and
“CARBOXYMETHYLCELLULOSE” and
“NIACINAMIDE”

Science Direct= 0
Wiley* =0
PubMed= 0
Taylor & Francis Online =0

“CHITOSAN” and
“CARBOXYMETHYLCELLULOSE" and
(“YELLOW SUNSET” or “METHYLENE

BLUE” “SAFRANIN”" “CONGO RED")

Science Direct = 0
Wiley = 27
PubMed= 4

Taylor & Francis Online =0

“CHITOSAN" and
“CARBOXYMETHYLCELLULOSE" and
(“Pb” or “Cd”)

Science Direct = 0
Wiley = 126
PubMed = 2
Taylor & Francis Online =0

29



30

Tabela 1 - Descricao de estudos do quitosano (CHS) e carboximetilcelulose (CMC) atuando como carreadores de compostos ativos

Composto bioativo Reagentes adicionais Analises realizadas Resultados alcangados Referéncia
Espectroscopia no
infravermelho por
TiO: h,l d.rccl)fihco © Reticulador acido ferulico ‘ﬁz{m'sformada de Fourier (FT- Fator de prote¢do (FPS): 2,47; (Wor:fkom
|, adgo. CMC:CHS:FA em 1:2:4% em ) . . , . Classificacdo de estrelas: 3 a 2% de . .
fenilbenzimidazol Calorimetria Exploratdria Jimtaisong,
sulfonico (FA) peso Diferencial (DSC); composto. 2017)
Termogravimetria (TGA);
Difragao de raios-X (XRD);
Andlises de FT-IR e PL confirmaram
CHS-GQD dentro da matriz de CMC;
FT-IR; Aumento da concentracio de CMC
Fotoluminescéncia (PL); gerou maior protecao contra o ambiente
Salicilato de sédio ‘ Microscopia eletronica de e;tomacal; ' (Javanbakht
(GQD) Pontos quanticos de grafeno  varredura (SEM); Liberagao controlada nas condi¢des do & Shaabani,
Ponto de carga zero (pHpzc); trato gastrointestinal simulados; 2019)
Liberacdo in vitro, Estabilidade da dosagem por longo

Toxicidade (Ensaio MTT). periodo;
Baixa toxicidade contra células HT29
(ensaio MTT).
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Onicomicose

Nitrato de oxiconazol
/escleroglucana/montmorilonita
(MMT)

Propriedades mecanicas;

Temperatura de transigdo
vitrea;

Angulo de contato;

Valor de opacidade;
Liberagao oxiconazol em
funcdo do tempo e da

concentracao de MMT.

Presenga de MMT na matriz de hidrogel
aumentou a temperatura de transi¢do
vitrea (63,72 °C para 76,75 °C) e valor

da tensao de compressao
(126,45 + 8,83 kPa para
266,99 £ 6,60 kPa);
Aumento de MMT: 4 taxa de liberagio:
e 0% (p/p) de MMT:
70,33 +1,74%
o 1% (p/p) de MMT:

63,92+0,31%

e 3 %(p/p) de
58,78 +1,45%

e 5% (p/p) de MMT: 52,89 +0,21

MMT:

%.
Atividade antifingica contra
Trichophyton mentagrophytes e

Trichophyton rubrum dermatofitos

(Kanc1
Bozoglan et
al., 2021)
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Distribui¢ao de tamanho;
MEV;

T pH (3 a 10): 4 potencial zeta (+54 a -
50 mV);

Curcumina Poli (acido Iactico-co- Turbidez; Boa estabilidade coloidal; (Inphonlek
glicélico) (PLGA) Potencial zeta; d pH: liberagdo retardada et al., 2020)
Cinética de liberagdo; T pH neutro: liberagdo rapida
Citotoxicidade. EE: 98,8%
Eficiéncia de encapsulamento: superior
a 95%;
Rendimento das microparticulas
revestidas com quitosana/tripolifosfato
Eficiéncia de encapsulagdao de sddio: 55%;
(EE); Rendimento das  microparticulas
. Rendimento; revestidas com
Oleo de palma ¢ - Conteudo de carotendides; quitosana/carboximetilcelulose: 87%° (Rutz et al,
caroteno . : . e 2016)
Morfologia; Agua e fluido géstrico: comportamento
Comportamento térmico; de liberacao ideal;
Perfil de liber¢ao. Fluido intestinal: baixa liberagao;

Aplicagdo em sistemas alimentares:
maior liberacao de carotenoides e baixa
liberagdo de carotendides apos o
armazenamento.
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Vancomicina (VM) no

Acido laurico

Rendimento;

Eficiéncia de encapsulagio;
Morfologia e propriedades de
mucoadesio;

Proporcao CH/CMC  1:3: maior
capacidade de carga e EE (79.3 + 3.9)
pH 2.0: menor taxa de liberagdo e maior

capacidade de absorcdo de 4gua (Cerchiara et

colon Absor¢do de agua; pH 7.,4: maior tempo de permanencia no al., 2016)
Atividade antibacteriana colon.
contra Staphylococcus aureus
Viabilidade de’ Lactobacillus pH 7,4: maior inchamento
rhamnosus GG; .
] pH 2,4: menor estabilidade .
. o . FTIR; . ... (Singhetal.,
Bactérias probioticas Genipapo MEV. Boa contagem de células vidveis 2017)
. ) (Lactobacillus rhamnosus GG)
Potencial zeta; )
microencapsuladas

Grau de inchamento.
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UV-Vis;
FTIR; Tamanho de particula: 10-30 nm;
Cinamaldeido e o 2- Alginato de soédio e NMR,E) i do d ho- Est.ablhdaﬁle.: ate 40°C; (Lietal.,
aminobenzimidazole  octaaminftalocianina de ferro Distribuigdo de tamanho; EE: 48’77.4’ . 2021)
DSC; Taxa de liberagao cumulativa: 83% em
EE; 60 h.
Perfil de liberagao.
Tabela 2 - Descricao de estudos de quitosano e carboximetilcelulose como adsorventes
Adsorvato Reagente adicionais . pH qe (mg/g) .Modelo Modelo cinético Referéncia
otimo isoterma
Cd(I) e 5 470.0 Isoterma de Pseudo-segunda
Cr(VD ’ Freundlich ordem
Polietilenoimina (S.-S. Liet al., 2020)
Isoterma de Pseudo-segunda
Cd( 2 347,0 Freundlich ordem
R . . Isoterma de Pseudo-segunda (Andrade Neto et al.,
Cr(VD N,N'-diisopropilcarbodiimida 2,5 115,78 £0,17 Langmuir ordem 2020)
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Azul de Isoterma de Pseudo-primeira
metileno Montmorilonita 2 g/L Sips ordem e pseudo- (Wang et al., 2020)
segunda ordem
Azul de Oxido de grafeno, cloreto de
metileno g ) 655.98 Isoterma Fle Pseudo-segunda
(MB), dialildimetilaménio e 4cido 2- Langmuir ordem
acrilamido-2-metil-1- (Mittal et al., 2021)
Alaranjado de . 404.52 Isoterma de
metila (MO) propanossulfonico ) Langmuir
Am,a relo Modelo de Pseudo-segunda
crepusculo 212,83 )
(AC) Freundlich ordem
} (Zhao et al., 2020)
Azul de 167.35 Modelo de Pseudo-primeira

metileno (AM)

Langmuir

ordem




Tabela 3 - Descricao de estudos de quitosano e carboximetilcelulose com demais aplicabilidades

36

Aplicabiliade Reagentes adicionais Analises realizadas Principais resultados alcangados Referencial
T MMT: T temperatura de gelificagido, T
estabilidade térmica;

Hidrooéis Escleroelucana FTIR, MEV, EDX, TEM, 7 intumescimento: ambiente 4cido;
g .. giucar XRD, TGA e medi¢des de T intumescimento minimo: agua destilada; (Bozoglan et al., 2020)
termossensivels Montmorilonita . . ) ~
inchago Comportamento de intumescimento nao
Fickiano. T inchaco: T quantidade de
MMT.
pH 4,5: T forga e resistencia de até 0,071
N;
Esfer’as' Acido c1tr1§:0 como Concentragdo: influéncia na forma e (Altam et al., 2021)
macroscopicas agente reticulante tamanho;

Pés-aquecimento  suave  (35°C): T
estabilidade dos granulos
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Filmes

Curdlana

Propriedades mecanicas,

Permeabilidade ao
de agua;

Absor¢do de agua,
Estabilidade térmica

Em comparacgao ao filme de CHS:
vapor: 4 Propriedades mecanicas,

{ Permeabilidade

T Estabilidade térmica

(Wang et al., 2019)
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3. ADSORCAO

Com o rapido desenvolvimento da economia e da industria moderna, os metais pesados
e os poluentes organicos representam uma s€ria ameaga ao acesso sustentavel a agua potavel,
sendo o tratamento de 4guas residuais um dos principais focos de preocupagdo das industrias
alimenticia (Biswal et al., 2022; Schio et al., 2022; Sellaoui et al., 2021), téxtil (Luo et al.,
2023), de petroleo (Wang et al., 2022; Wu et al., 2022), da pesquisa ambiental e do poder
publico.

Viarias técnicas t€m sido utilizadas na purificagdo de efluentes, sendo a adsor¢do
considerada como um dos métodos mais eficientes e convenientes devido ao seu baixo consumo
de energia, facil operagdo e baixa poluicdo secundaria (Sahid et al., 2021). Outros métodos
usados para limpeza de 4dguas poluidas incluem coagulagdo e/ou floculagdo (Ihaddaden et al.,
2022; Nnaji et al., 2022; Sun et al., 2021), filtracdo através de membrana (Gao et al., 2022; Liu
et al., 2022), irradiagdo (Hmamouchi et al., 2022), processos de oxidacdo (Kumar & Gupta,
2022), tratamentos biologicos (Liu et al., 2023), entre outros.

A adsorcao pode ser definida como um fenomeno fisico-quimico no qual um
componente (adsorvato ou adsorbato) em wma fase gasosa ou liquida ¢ transferido para a
superficie de uma fase sélida ou liquida condensada (adsorvente ou adsorbente). O processo de
remogao das moléculas de adsorvato a partir da superficie do adsorvente ¢ chamado dessor¢ao
(Wang & Guo, 2020b)

Os processos de separagdo por adsor¢ao podem ser classificados em duas categorias
basicas, a depender da interagdo entre a superficie solida e a molécula. A adsor¢do quimica, ou
quimissorcao, resulta das interacoes mais especificas entre o adsorvente e a primeira camana
de soluto adsorvido, envolvendo a partilha de elétrons. Normalmente ¢ um processo
irreversivel, em que a dessorcdo da substincia original leva em geral a uma modifica¢do
quimica da mesma. Ja a fisissor¢@o, ou adsor¢ao fisica, ou ainda adsor¢ao de Van der Waals, ¢
prontamente reversivel, caracterizada pelas fracas forgas de atragcdo intermoleculares entre as
moléculas a serrem adsorvidas e a superficie do adsorvente. (Bushra et al., 2021)

A industria quimica e de alimentos vém fazendo uso da adsor¢do, por exemplo, na
separacao e purificagdo de produtos de alto valor agregado, na purificagdo de ar e gases e na
reciclagem de aguas residudrias contendo compostos indesejaveis, tais como corantes e metais
pesados.

O mecanismo de remog¢do de corantes, conforme explicitado pela Figura 5, ocorre

sequencialmente em quatro etapas (Bushra et al., 2021):
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(1) difusdo superficial das moléculas do corante (adsorvato) para a camada-limite de liquido
existente ao redor do adsorvente;

(2) transporte do adsorvato por difusdo através deste filme liquido até a entrada dos poros do
adsorvente;

(3) difusao superficial das moléculas de corante para o interior do material através dos poros
do adsorvente;

(4) adsorc¢do dos ions/moléculas dos corantes em um sitio disponivel do adsorvente por meio

dos processos de quimissor¢do e/ou fisissor¢ao (Figura 6).

Figura 5 - Etapas do processo de adsorcdo. (1) Difusdo superficial através da camada limite;
(2) transporte do adsorvato por difusdo até a entrada dos poros do adsorvente; (3) difusdo
superficial para o interior do material adsorvente através dos poros; (4) adsor¢do dos
ions/moléculas dos corantes em um dos sitios disponiveis do adsorvente por meio de

quimissor¢ao e/ou fisissor¢ao.

Fonte: Adaptado de Montanher et al., 2007.
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Figura 6 - Diferenca entre fisiossor¢ao e quimiossor¢ao

I
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LS o

|

Adsorvato

Diferentes tipos de adsorventes, tais como biossorventes, carvao ativado (Kwak et al.,
2022), argilas e minerais (Zhang et al., 2021), polimeros, nanoparticulas (Zhu et al., 2022) e
compdsitos (Duman et al., 2022) com alta capacidade de adsor¢do t€m sido empregados com
sucesso para remover poluentes de aguas residuais. Porém, além da capacidade de remogao, o
adsorvente deve ter alta disponibilidade, viabilidade econdmica, capacidade regenerativa, além
de responder as diretrizes ecologicas de tratamento de efluentes sem comprometer a qualidade

da agua.

3.1. Isotermas de adsor¢ao

De acordo com Anastopoulos e Kyzas (2014), o modelo isotérmico de adsor¢ao ¢ uma
ferramenta util que fornece informagdes sobre a capacidade tedrica maxima de adsor¢do e
possiveis intera¢des entre adsorventes e adsorbato. Tais informagdes podem ser representadas
por meio de modelos tedricos, empiricos ou pela combinagdo desses que, por meio de equacgdes,
relacionam a massa adsorvida com a concentragdo do adsorvato restante na fase fluida. Os

modelos de Langmuir e de Freundlich sao os mais utilizados para descrever o equilibrio de
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adsorc¢ao de poluentes presentes em agua, ainda existindo os de Dubinin-Radushkevich, Sip,
Temkin e Redlich-Peterson, Halsey, Flory-Huggins, Elovich, e os Modelos Isotérmicos de

Harkin-Jura.

3.1.1. Isoterma de Langmuir

O modelo de Langmuir ¢ considerado o mais simples das isotermas de adsorgao.
Considera que, o sistema ¢ ideal, e que as moléculas sdo adsorvidas e aderem a superficie do
adsorvente, de forma homogénea, em sitios definidos e localizados, com a adsor¢do em
monocamadas (Figura 7). Cada sitio pode acomodar somente uma molécula adsorvida e a
energia da molécula ¢ a mesma em todos os sitios da superficie (Chen et al., 2022; Langmuir,

1918).

Figura 7 — Esquematizagdo dos processos adsortivos monocamada (teoria de Langmuir) e

multicamadas (teoria de Freundlich).

_________

Adsorvato livre
L B L L LR B J

MODELO MONOCAMADA

_________

Adsorvato adsorvido
adicional

MODELO MULTICAMADA

A forma matematica da isoterma de Langmuir (Equagdo 1) resulta da suposi¢ao de que

quando uma solucdo estd em contato com um material adsorvente e alcanga o equilibrio, a taxa
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em que as espécies sdo adsorvidas na superficie ¢ igual a taxa em que as espécies saem da

superficie (Langmuir, 1918; Mozaffari Majd et al., 2022).

_ QméxKlCe
=1+ KcC,

Equacao 1

Em que ge ¢ a quantidade adsorvida da espécie no equilibrio por unidade de massa de
adsorvente (mg-g™!), Qmax representa a quantidade méaxima da espécie adsorvida (mg-g™), Kl
¢ a constante de adsor¢do de Langmuir relacionada ao equilibrio quimica adsorvato/adsorvente

(L- mg') e Ce é a concentragdo de equilibrio do adsorvato (mg-L!).
3.1.2. Isoterma de Freundlich

A isoterma de Freundlich ¢ um modelo exponencial empirico, ¢ foi uma das primeiras
equagoes propostas para estabelecer uma relagdo entre a quantidade de material adsorvido € a
concentragio do material na solugo. E aplicada em casos ndo ideais, pois considera superficies
heterogéneas e sorcao em multicamadas, sugerindo que os sitios ligantes sdao diferentes quanto
a capacidade de sor¢do. Sendo a superficie heterogénea, os sitios de adsor¢do possuem energias
de adsorcdo diferentes e, por isso, nem sempre estdo disponiveis. Esse modelo assume ainda
que a energia da adsor¢do do adsorvato em um determinado sitio ativo estd relacionada a
existéncia de sitios adjacentes ocupados ou disponiveis (H. Freundlich, 1906; Mozaffari Majd
et al., 2022).

O modelo de Freundlich assume que a medida que a concentra¢do de adsorvato na
solugdo aumenta, o0 mesmo acontece com a concentracdo de adsorvato na superficie do

adsorvente. A equagdo do modelo de Freundlich ¢ apresentada na Equagao 2:

q,= Kp-C,n Equagdo 2

Em que Kr (mg-g™!) e n sdo constantes caracteristicas do sistema, e estdo relacionadas
com a capacidade e a intensidade da adsor¢do, respectivamente. O indice F ¢ uma indicagdo de
que se trata de uma constante de Freundlich e Ce ¢ a concentracdo de equilibrio de soluto na
solucdo. Em geral Kr avalia o aumento da capacidade de adsorcdo do adsorvente para um

aumento na concentragao do corante.
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3.1.3. Isoterma de Redlich-Peterson R—P

O modelo de Redlich-Perterson corresponde ao modelo hibrido que integra trés
parametros em uma Unica equagao empirica (Equagdo 3). A equag¢ao do modelo de Redlich-
Perterson inclui relagdes de concentracao exponencial no denominador e linear no numerador
que mostram o equilibrio de adsor¢do em uma ampla faixa de concentragdes e podem ser usadas
em sistemas de adsor¢cdo homogéneos e heterogéneos (Chen et al., 2022; Redlich & Peterson,

1959).

KR'Ce
Qe = — %% Equacao 3
© 14 apCPF e

Em que Kpe agsao as constantes R—P; SR ¢é o expoente que pode estar entre 0 ¢ 1.
3.2. Cinética de adsorc¢ao

Cinética de adsor¢do € expressa como a taxa de remocao do adsorvato da fase fluida em
relagdo ao tempo, a uma pressdao ou concentracao constante, envolvendo a difusdo de um ou
mais adsorbatos através dos macro-poros até as regioes mais interiores do adsorvente (Wang &
Guo, 2020a).

O estudo da cinética ajuda a compreender o mecanismo de adsor¢do. Os dados obtidos
sdo tipicamente analisados matematicamente usando modelos de pseudo-primeira e pseudo-
segunda ordem para determinar o modelo cinético mais adequado para descrever um processo
de sor¢do. O modelo de pseudo-primeira ordem corresponde a um processo controlado por
difusdo, sendo a equacgdo de difusdo intraparticula (Equacao 4). J&4 o modelo de pseudo-segunda
ordem (Equagdo 5) assume que o processo ¢ controlado pela reagdo de adsor¢do na interface
liquido/solido no adsorvente. J4 modelo cinético de adsorcdo por difusdo intraparticula
(Equacao 6) assume que a difusdo do filme liquido que cerca o adsorvente ¢ desprezivel e que
a difusdo intraparticula ¢ a inica taxa que controla as etapas do processo de adsor¢ao (Simonin,

2016).

g = qo(1 — e~ F1t) Equagcio 4
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kyqe? ~
q: = #qut Equagdo 5
Q¢ = kqt®® +C Equagdo 6

Em que k é a constante da taxa de adsor¢io (h'!(g'mg™')n™!); n é a ordem da adsor¢do
com relagdo a concentracdo efetiva dos sitios de adsor¢do disponiveis na superficie do
adsorvente; ge é a quantidade adsorvida no equilibrio (mg-g™!) e qt é a quantidade adsorvida no
tempo t (mg-g™).

A adequagdo do processo cinético sugere que um mecanismo de adsor¢do quimica ¢
baseado nos valores do coeficiente de correlagao mais proximos da unidade obtida. Além disso,
a condi¢ao de equilibrio na sor¢ao ¢ alcancada quando a concentragao do adsorvente permanece
constante devido a transferéncia liquida zero do soluto adsorvido e dessorvido da superficie do

sorvente.

3.3 Principais contaminantes de aguas residuarias

A 4gua ¢ um recurso natural essencial a vida e desenvolvimento humano, bem como ao
equilibrio de qualquer ecossistema. Porém, com o rapido desenvolvimento da industria
moderna e da economia social, o descarte inadequado de poluentes representam uma séria
ameaca ao acesso sustentavel a agua potavel.

Os poluentes hidricos mais comuns incluem corantes (Hosny et al., 2023), metais
pesados (Jiang et al., 2023), fendis e fosfatos (Priya et al., 2022). Diferentes contaminantes
causam riscos potenciais a saide humana, bem como ao meio ambiente. O uso de metais
pesados para diversas aplicacdes e atividades antrdpicas (por exemplo, mineragdo, fundigdes,
queima de combustiveis liquidos, lixiviacdo de metais e fundi¢cdo) leva a sua liberacdo em
fontes de 4dgua, podendo causar diversos problemas de saude (Du e Li, 2023). Os corantes
sintéticos sdo outra categoria de poluentes da 4gua amplamente aplicados em diversos setores
da industria, tais como téxtil, grafica, de couro, farmacéutica, de papel e alimenticia. Os
corantes organicos sao toxicos, ndo degradaveis, bioacumulativos, recalcitrantes,
carcinogénicos e mutagénicos e, portanto, prejudiciais os organismos aqudaticos € a saude
humana (Hosny et al., 2023).

A seguir sdo descritas as principais caracteristicas dos agentes poluentes estudados na

presente tese.
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3.3.1 Corantes

Segundo Damodaran et al. (2010) um corante ¢ qualquer produto quimico, natural ou
sintético, capaz de conferir cor. A faixa de energia a qual o olho ¢ sensivel ¢ chamada de luz
visivel. Luz visivel, dependendo do individuo e sua sensibilidade, abrange comprimentos de
onda de aproximadamente 380-770 nm (Figura 8). Corantes, portanto, sdo compostos capazes
de absorver luz na regido do visivel, cuja finalidade ¢ conferir cor sob condi¢des pré-

estabelecidas.

Figura 8 - Espectro eletromagnético. Fonte: Adaptado de Damodaran et al. (2010)
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Os corantes consistem em compostos organicos insaturados e aromaticos formados por
grupos cromoforos, auxocromos e estruturas aromaticas conjugadas. Os cromodforos, grupos
quimicos insaturados, sdo responsaveis pela coloracdo intrinseca dos corantes. J4 os radicais
quimicos, auxocromos, sao responsaveis pela intensificacdo da cor e fixagdo do corante no
material (Berradi et al., 2019). Os radicais auxocromos possuem os grupos NH,, OH, COOH
ou SO3H, podendo ser acidos ou bésicos. A Tabela 4 retine os principais grupos cromoéforos e

auxocromicos.



Tabela 4 - Grupos cromoforicos e auxocrdmicos presentes em corantes.

Grupos croméforos

Gl'llpOS auxocromos

Azo

Nitroso

Carbonila

Etilénico

Nitro

Sulfureto

Cetona-imina

Polimetina

Antraquinona

Ftalocianina

Trifenilmetano

(-N=N-) Amino

(-NO or -N-OH) Metilamino
Dimetilamino

(>C=0)

(>C=C<) Hidroxila

(-NOz ou alcoxila

=NO-OH)

(>C=S) Grupos doadores de

(>C=NH) elétrons

(=HC-HC = CH-CH =

N—CuH,

JC

(-NH>)

(-NHCH;)

(-N(CHj3)2)

(-OH)

(-OR)

(-NO»)

(-CO,H)

(-SOsH)

(-OCH3) C, Br, 1, At

Fonte: Adaptado de Berradi et al., 2019
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A classificagdo dos corantes pode ser feita de acordo com sua constitui¢do quimica ou
de acordo com sua aplicabilidade (Figura 9). A classificacdo por estrutura quimica concentra-
se na natureza do agrupamento cromoéforo; essas classes incluem: trifenilmetano, ftaleina,
trifenilmetil, nitrarado, atraquinona, azo, indigo, azina, xateno, nitro, oxazina, ftalocianina e
triarilenetano, azo, antraquinona, indigo, xanteno, ftalocianina, nitrado e nitrosado,
difenilmetano, trifenilmetano, azina, xateno, nitro, oxazina, diarilmetano e corantes poliméticos

(Berradi et al., 2019).

Figura 9 - Classificacdo de corantes sintéticos. Fonte: Adaptado de Berradi et al, 2019.
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1.Azul de metileno

O azul de metileno (AM) ¢ caracterizado por ser um corante catidnico, ou seja, em
solucdes aquosas, dissocia-se em anions cloreto e cations. Sua nomenclatura em quimica ¢
definida por cloridrato de metiltiamina (ou cloreto de 3,7-bisdimetilaminofenotiazin-5-a),
possui composi¢do quimica C16HisSN3CL.3H>0 e massa molecular de 319,85 g-mol ! (Oladoye
et al., 2022).

No que se refere ao seu grupo cromoéforo, possui um anel contendo um atomo de enxofre
e de nitrogénio e dois anéis aromaticos, cada um ligado a um atomo de nitrogénio que interage

com dois grupos metila. Essa composicdo de sua estrutura, proporciona ao corante boa
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resisténcia a processos de biodegradacao (Hu, 2018). Sua forma de comercializacdo mais

comum ¢ a tri-hidratada, de acordo com a Figura 10.

Figura 10 - Formula estrutural do AM em sua forma tri-hidratada
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Apesar da ampla aplicabilidade, o corante azul de metileno, quando em excesso,
apresenta comprovados efeitos nocivos em humanos e animais, tais como confusdo mental,
respiragdo ndo sistematica, sensacdo de queimacdo, necrose tecidual, quadriplegia, nausea,
ictericia, entre outros (Vitskits et al., 2008). Considerando essa perigosa ameaca, faz-se
crescente a necessidade de tratamentos eficazes nos residuos industriais aquosos antes que esses

sejam despejados diretamento no meio ambiente.

ii. Amarelo crepusculo

Amarelo creptsculo, também conhecido por outras nomeagdes como, amarelo
crepusculo FCF, amarelo alaranjado S, amarelo alimentar CI; e amarelo sol ¢ um corante azo
anionico amplamente aplicado na industria alimenticia para melhorar a aparéncia de alguns
alimentos e bebidas, tais como queijo, bolos, doces, bebidas carbonatadas e suco de laranja. E
ainda utilizado na industria cosmética e de produtos farmacéuticos devido a 6étima disposi¢ao
de cor e baixo custo quando comparado com corantes naturais (Algarni et al., 2018).
Quimicamente ¢ denominado como dissddico 6-hidroxi-5-[(4-sulfofenil) azo] 2-
naftalenossulfononato (Figura 11) (Tajik e Beitollahi, 2022), sendo responsavel por gerar
coloragao marrom avermelhada quando dissolvido em solucdo alcalina e coloragdo amarelo-

alaranjada em agua e solugdes acidas (Balram et al., 2022).
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Figura 11 - Estrutura quimica amarelo crepusculo.
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Apesar da comprovada eficiéncia de coloragcdo em diversas matrizes, estudos tem
demonstrado a possivel associagcdo do corante amarelo creptisculo com varios efeitos adversos
a saude, tais como alergias, déficit de aten¢do, hiperatividade (Amchova et al., 2015), o que
reforca a necessidade de se projetar um método conveniente, confidvel e econdmico para a

remocao do mesmo de aguas residuais antes que sejam langadas no meio ambiente.

iii. Vermelho do Congo

O vermelho Congo (CR) é um corante azo anidnico, solivel em dgua cuja cor e
toxicidade estdo relacionadas ao pH. A solucdo de CR adquire cor vermelha em pH neutro e
alcalino e tende ao azul em pH mais baixo (Licona-Juarez et al., 2023). Este composto
heterociclico aromdtico induz alteracdes morfoldgicas e enfraquece a parede celular em
concentragdes subletais em fungos (Vuong et al., 2023).

Conforme mostra a Figura 12, a estrutura deste corante contém duas ligagdes azo como
cromoforos submetidos a protonacao sob condi¢gdes acidas. Presumivelmente, a forma anionica
(azoica) ¢ mais toxica que a forma protonada (Ahmad e Ansari, 2021).

E relatado que o CR é metabolizado em benzidina tendo, portanto, potencial para
bioacumulagao e sendo sua remog¢ao da dgua dificultada. A toxicidade do CR pode causar danos
ao sistema nervoso, irritagdo respiratdria, diarréia, vomito, tontura, danos as mucosas € as

membranas, sendo sua remocao de dguas residuarias ¢ muito importante (Cruz et al., 2023).
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Figura 12 - Estrutura quimica do Vermelho do Congo.

iv. Safranina

Safranina (S) (cloreto de 3, 7-diamino-2, 8-dimetil-5-fenilfenazina-5-io) (Figural3) ¢ o
corante sintético soluvel em 4dgua mais antigo conhecido. De coloracdo avermelhada,
geralmente ¢ usada para tingir algodao, fibras, couro, papel, seda, tanino e 13, sendo amplamente

utilizado como corante nas industrias alimenticia e téxtil (Cetinkaya et al., 2023).

Figura 13 - Estrutura quimica da Safranina.
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E documentado que a Safranina pode causar diversos efeitos agudos a saude, como
irritacdo e dor nas articulagdes, nos ldbios e no estdmago, podendo causar ainda vomito e
diarréia (Bensalah et al., 2022). O estabelecimento de processos para eliminagdo deste corante

em efluentes ¢ de grande interesse do setor publico e privado.
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3.3.2 Metais pesados

Metais pesados sdo definidos como elementos metalicos de alta densidade (densidade
superior a 4 g/cm?) e massa atdmica superior a 20. Constituem um grupo de aproximadamente
40 elementos, sendo extremamente toxicos mesmo em magnitude muito baixa. Exemplos
incluem chumbo (Pb), cadmium (Cd), cobre (Cu), zinco (Zn), cromo (Cr), chumbo (Pb), ferro
(Fe), cobalto (Co), niquel (Ni) e manganés (Mn) (Mitra et al., 2022).

Embora alguns desses metais sejam essenciais para funcdes biologicas, como a geragao
e o funcionamento adequado de hormonios, enzimas, células e metabolismo; eles s6 sdo
necessarios para humanos em pequenas quantidades. Se os seus niveis no sistema circulatorio
aumentarem, isso podera induzir efeitos negativos na sailde humana (Ahmadian et al., 2023).

Os metais pesados podem ser encontrados em seu estado elementar, o que indica que
nao sofreram modificagdes, ou em forma de complexos. Estes ultimos sdo espécies quimicas
ndo degradaveis, por isso, uma vez colocados no meio ambiente, somente podem distribuir-se
no ar, dgua, ou solo, as vezes mudando seu estado de oxidagdo, ou incorporando-se aos seres
vivos. As atividades antropogénicas, tais como os processos de mineracdo, exercem um efeito
consideravel na concentra¢dao e mobilidade dos metais pesados no meio ambiente.

A seguir sdao apresentadas algumas caracteristicas das espécies metalicas objeto desta

tese.

i. Chumbo

O chumbo frequentemente se acumula no sangue, ossos, figado, rins e cérebro humanos.
Este metal pode perturbar a capacidade dos sistemas reprodutivo, hepatico, endocrino,
imunologico e digestivo. A exposi¢cdo ao chumbo geralmente vem de tintas a base de chumbo,
esgoto industrial e tubulacdes a base de chumbo. A exposi¢do a tinta pode ocorrer através da
ingestao direta de lascas de tinta ou, mais comumente, através da ingestdo acidental de pd de
chumbo (Huda et al., 2023).

O chumbo inorgéanico (Pb) ¢ o metal pesado mais extensivamente estudado. Hoje,
ocorrem exposi¢oes elevadas em muitas profissdes, mas também através, por exemplo, de dgua
potavel contaminada, medicamentos tradicionais, tinta com chumbo e solo e poeira em “pontos
criticos” em torno de minas e fundi¢gdes. O chumbo, frequentement,e se acumula no sangue,
ossos, figado, rins e cérebro humanos, podendo prejudicar a capacidade dos sistemas

reprodutivo, hepatico, endocrino, imunoldgico e digestivo (Bergdahl, et al., 2022).
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ii. Cadmio

O cadmio ¢ um elemento quimico relativamente raro, de simbolo Cd, nimero atdmico
48 e peso atomico 112. O cadmio ndo se encontra em estado livre na natureza, sendo encontrado
unicamente na greenockita (CdS, sulfeto de cadmio). Geralmente, o cddmio se apresenta como
mineral combinado com outros elementos, como o oxigénio, cloro e enxofre. Ele ¢ geralmente
obtido durante a producdo de outros metais (zinco, cobre e chumbo) e oxida-se com facilidade
(Wang et al., 2023).

Naturalmente, ele ¢ absorvido pelos seres humanos através de certos alimentos ricos
neste elemento, como paté, cogumelos, mariscos, cacau e algas secas. Entre os usos comerciais
do cadmio podem ser citados 0 emprego como cobertura para prevenir a corrosao, em baterias
niquel-cadmio, como reagente quimico e pigmento (Souza-Arroyo et al., 2022).

Parte do cadmio encontrado no meio ambiente € liberado de forma natural nos rios pela
decomposicdo das rochas e no ar através de incéndios florestais ou atividades vulcanicas. O
restante € procedente das industrias de producgdo de zinco, minérios de fosfato e producao de
fertilizantes  fosfatados artificiais, terminando geralmente nas 4guas residuais
(Nordberg et al., 2018).

A ingestdo prolongada de altas doses de Cd pode causar sérios danos a Orgdos
importantes, incluindo os pulmodes e o figado, e também levar ao cancer e outras doengas de

saude fatais (Galvez-Fernandez et al., 2021).

4. Carreamento de compostos

O carreamento de compostos ¢ um método utilizado para aprisionar temporariamente
uma substincia ativa junto a um material carreador de modo a garantir a manutencdo de suas
principais caracteristicas inalteradas por um determinado periodo de tempo (Mohammadian et
al., 2020).

Muitos componentes naturais presentes em alimentos, tais como enzimas, carotendides,
vitaminas, polifendis e 6leos essenciais volateis podem ser aprisionados em sistemas com
diferentes diametros e distintas escalas, bem como nanoescala (Onm<d<1000 nm), microescala
(d<1 cm) e macroescala (d> 1 cm), podendo esses existirem no estados solido, liquido ou
mesmo gasoso (Alu’datt et al., 2022).

Diversas sdo as razOes para utilizacdo do carreamento de compostos ativos em
aplicagdes de alimentos e bebidas, dentre as quais podemos citar: (i) protecao do agente ativo

aprisionado contra perdas de valor nutricional e/ou da bioatividade por interagdo com fatores
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ambientais prejudiciais (por exemplo, calor, luz, ar e umidade); (ii) diminui¢do da evaporacao
e da taxa de transferéncia do agente central para o exterior; (ii1) modificagcdo das propriedades
fisicas das substancias originais como por exemplo pela incorpora¢ao de substancias liquidas
em um sistema so6lido seco para facil manuseio; (iv) liberacao controlada do material carreado;
(v) mascaramento das propriedades organolépticas desagradaveis, como odor e sabor de alguns
compostos; (vi) prevencao da incompatibilidade entre os componentes da mistura matriz
(Alu’datt et al., 2022; Marcillo-Parra et al., 2021).

As tecnologias de encapsulamento podem ser classificadas de acordo com as técnicas
utilizadas, tais como spray drying (Balci-Torun & Ozdemir, 2021), revestimento de leito
fluidizado (Bellumori et al., 2021), lipossomas (Pavaloiu et al., 2021), complexacdo por
inclusdo, gelificacdo ionotrépica (Kairam et al., 2020) e coacervagdo complexa (Rosales et al.,
2021). A ultima técnica citada foi utilizada no presente trabalho e ¢ descrita na subsessdo a

seguir.

4.1. Coacervaciao complexa

O termo coacervacao € utilizado na quimica coloidal que trata do processo de separagao
de fases liquidas induzida pela modificagdo do meio, como pH, temperatura, solubilidade, entre
outros. A fase mais concentrada do componente coloidal ¢ denominada coacervado e a outra
fase, com poucas quantidades de coloides, ¢ conhecida como fase de equilibrio. No processo
de coacervagdo simples, um unico polimero estd envolvido e os coacervados sdo formados
devido a um mecanismo de desidratacdo causado pela adicdo de um sal ou liquido de
dessolvatacdo no meio de reacdo. Quando a separagdo de fases associativa de dois ou mais
polimeros em 4gua ocorre pela interagdo eletrostatica entre dois coloides de carga oposta diz-
se que se trata de um processo de “coacervacdo complexa”. Em muitos casos, os complexos
formados sao do tipo sélido (precipitado) (Eghbal & Choudhary, 2018).

A coacervacao complexa pode ser usada para encapsulamento, formacao de filmes de
embalagem e producdo de emulsdes ou géis alimentares. Os coacervados formados também sdo
usados como encapsulantes, aditivos, emulsificantes e modificadores de viscosidade na
industria alimenticia (Sing, 2017).

A coacervacdo tem sido cada vez mais utilizada para o carreamento de compostos de
interesse industrial, bem como no desenvolvimento de materiais inovadores e funcionais pela

interagcdo de biopolimeros.
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4.2. Cinética de liberacio in vitro
4.3.

A cinética de liberagdo de um composto bioativo carreado ¢ uma propriedade
importante, uma vez que esta diretamente relacionada a taxa e extensdo da disponibilidade de
absorc¢ao do agente ativo em seu alvo.

Modelos matematicos sdo uma ferramenta importante para projetar formulagdes e
avaliar processos de liberagdo de in vitro e in vivo, bem como permitir a interpretagao

quantitativa dos valores obtidos a partir de um ensaio de liberagao.

4.2.1. Cinética de ordem zero

A dissolugdo de agentes ativos contidos em formas farmacéuticas ndo desintegrantes,
que leva a sua liberagao lenta, seguindo a cinética de liberagdo de ordem zero, pode ser expressa

pela equagdo 6:

D¢+ Dy + Kot Equacdo 6

Em que Dy ¢ a quantidade do composto ativo dissolvido no tempo t, Do € a quantidade
inicial do composto na solugdo e Ko € a constante de liberagdao de ordem zero (Bruschi, 2015).
Para cinética de ordem zero, a liberagdo de um agente ativo € apenas em fun¢do do
tempo e o processo ocorre a uma taxa constante independente da concentragdo do agente ativo.
O padrao de liberacdo de ordem zero sdo adequados para administragdo lenta e prolongada de
compostos tais como, antibidticos e antidepressivos, fairmacos para manutengdo da pressiao

arterial, para controle da dor e como terapia do cancer (Doadrio et al., 2015).
4.2.2 Cinética de primeira-ordem
De maneira geral, o modelo cinético de primeira-ordem (equacdo 7) descreve a taxa de

liberacao do composto ativo de um sistema em funcao da concentracao e do tempo, podendo

descrever a dissolugdo de moléculas soluveis em uma matriz porosa.
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4.2.3 Modelo de Higuchi

O modelo desenvolvido por Higuchi descreve a taxa de liberagao de compostos a partir
de sistemas matriciais homogéneos submetidos a um meio difusor.
A Equacao 8 descreve o modelo simplificado de Higuchi, que relaciona a concentragao

do agente ativo com a raiz quadrada do tempo, representando uma fungao linear.
Q, =kyt Equagio 8

Além disso, o modelo de Higuchi assume que: (i) a matriz contém uma concentracao
inicial de bioativo muito maior do que a solubilidade do mesmo; (ii) a difusdo ¢ unidirecional,
pois os efeitos de borda sdo despreziveis; (iii) a espessura da forma de dosagem ¢ muito maior
do que o tamanho das moléculas do farmaco, (iv) a difusividade do ativo ¢ constante (Bruschi,

2015).
4.2.4 Modelo Hixson—Crowell

Hixson e Crowell (1931) descobriram que a area regular de um grupo de particulas ¢
proporcional a raiz cubica de seu volume. Usando essa relacdo, eles propuseram uma equagao

9:

1 1 3
Q3 = Q3(®) — Ko Fauagio ?

Em que Wy ¢ a quantidade inicial do farmaco no sistema; Wi € o valor restante do
farmaco no sistema no tempo t; € Kuc € a constante de incorporagdo, que relaciona superficie e
volume.

Esta equacdo se aplica aos carreadores na forma de comprimidos, em que a dissolucao
ocorre em planos paralelos a superficie da forma farmacéutica; esta superficie diminui

proporcionalmente ao longo do tempo e a forma geométrica mantém-se constante.
4.2.5 Modelo Korsmeyer—Peppas

O modelo de Korsmeyer—Peppas ¢ geralmente usado para analisar a liberacdo de

compostos ativos de microcapsulas poliméricas, quando o mecanismo de liberagcdo ndo ¢ bem
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conhecido ou quando possa estar envolvido mais de um tipo de mecanismo de liberacdao. A

equacdo 10, que descreve esse modelo, encontra-se a seguir:

Q =Kg_p(t") Equagao 10

Em que KX¥P ¢ a constante de Korsmeyer—Peppas, n é o expoente de liberagdo, que
indica 0 mecanismo de taxa de liberagao.

Diante das informagdes contidas nessa revisao de literatura, esta tese buscou estudar
fisico-quimicamente complexos eletrdlitos quitosano-carboximetilcelulose, bem como

demonstrar sua aplicabilidade como carreadores de vitaminas e adsorvente de poluentes.
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Highlights
Chitosan forms macro and micro-PECs with carboxymethylcellulose;
Interaction is due to a combination of electrostatic interactions and hydrogen bonds.
Temperature of 25°C and mixing ratio of 1:2 favors macro-PECs

Amorphous characteristics and thermal stability indicate can be suitable for

encapsulating, controlled release of bioactives and adsorption.

Graphical abstract:
. POLYELECTROLYTE COMPLEXES

LS

Mixing ratio - 1:0;4:1; 3:1; 2:1; 1:1; 1:2; 1:3; 1:4; 0:1

1
]
]
1
1
1
’l
i 3
]
]
]
]
]
]

‘& pH 4.5; 25°C; 1:2
[ A MICRO-PECs
FTIR DRX TGA
az/ B e
S| t

FTIR DRX A TGA

3+ -COO- CARBOXYMETHYLCELLULOSE

-f\—.d

D

 — [: MACRO-PECs



71

Carbohydrate Polymer Technologies and Applications 3 (2022) 100197

Contents lists avaflable at ScienceDirect

Carbohydrate Polymer Technologies and Applications

e

Il SEVIER

journal homepage: www sciencedirect.comfjournal!
carbohydrate-polymer-technologies-and-applications.

Polyelectrolyte complexes (PECs) obtained from chitosan and
carboxymethylcellulose: A physicochemical and microstructural study

Danielle Cristine Mota Ferreira®, Sukarno Olavo Ferreira”, Elson Santiago de Alvarenga®,
Nilda de Fatima Ferreira Soares”, Jane Sélia dos Reis Coimbra “, Eduardo Basilio de Oliveira™"

* Equipe de Estudo de Materiais Al (DTA), Universidade de Vigosa (UFV), CEP 36570-900, Vigosa, MG,
Brazil

* Departamento de Fisica (DPF), Universidade Federal de Vigosa (UFV), CEP 36570-900, Vigasa, MG, Brazil

© Departamento de Quimica (DEQ), Universidade Federal de Vigesa (UFV), CEP 36570-900, Vigosa, MG, Brazil

v (E°MAJ, Depa de Tecnologia de Al

ARTICLE INFO ABSTRACT

Effects of chitosan (CHS) to carboxymethyleellulose (CMC) mixing ratio (1:0; 4:1; 3:1; 2:1; 1:1; 1:2; 1:3; 1:4; 0:1),
temperature (25; 45; 65; 85 “C), and pH (3.0; 3.5; 4.0; 4,5) on obtaining of macro- and micro-polyelectrolyte
complexes (PEC) were investigated. Mixing ratio 1:2 and 25 “C maximized the biopolymers’ interactions &nd
the formation of macro-PECs (macroscopic structures), independent of the pH. Both macro- and micro-PECs
(dispersed microscopic structures) were studied by SEM, FT-IR, XRD and TGA. Micro-PECs had a more homo-
genecous appearance, whereas macro-PECs presented porous network structures interspersed with heterogencous-
sized vacuoles, Attractive el i tions and hydrogen bonds were involved in PECs formation. Macro-
PECs were amorphous, which is desirable for encapsulating technologically relevant compounds. Finally, macro-
PECs had low thermal degradation rates, and micro-PECs were thermally more stable than the forming bio-
molecules separately. Therefore, both macro- and micro-PECs formed by CHS and CMC appeared as green
materials for different techno-functionalities, some of which are currently being studied by our team,

CHS-CMC interaction

Macro-and Micro-PECS formation
Supramolecular structures

Food Hydrocollolds

materials, and room temperature synthesis make the polyelectrolytic
complexation technique highly applicable in the food, agrochemical and
related industries (Marciel, Chung, Brettmann & Lorraine, 2016; Shah &
Leon, 2021).

PECs can be formed in different ways. Primary PECs are those formed
immediately after mixing dispersions containing macromolecules with
opposite charges. In primary complexation, very fine particles (micro-
PECs) are quickly formed, increasing the turbidity in the reagent
dispersion. If the complexation process is continued, the microparticles
agglutinate so that larger particles, or intracomplexes, are formed.
During this process, new electrostatic interactions can be formed and/or
changes in polymer chains conformation can occur. When these inter-

1. Introduction

Supramolecular structures resulting from the association of two or
more different molecular species have drawn attention from academic
and industrial researchers over the last two decades, especially due to
their differentiated physicochemical characteristics and techno-
functionality, which are generally superior to those of species alone,
Such characteristics have stimulated the study of new associations of
biopolymers and the mechanisms of their interactions for innovative
applications (Zhang, Wang, Zhu & Zacharia, 2016.). Among the types of
supramolecular structures, the polyelectrolyte complexes (PECs) stand

out, resulting from the association between two highly charged poly-
electrolytes (one positive and another negative) (Kulkarni et al., 2016;
Meka et al., 2017). The formation of PECs, many times knowed like
“self-assembly”, is influenced both by the chemistry of the mixed
cationic and anionic colloids, as well as by external conditions such as
pH, ionic strength and temperature conditions (Hubbe, 2021; Y Zhang
et al,, 2015, 2018). Features such as high encapsulation efficiency,
relatively lower processing cost, possibility of using food-grade coating

* Corresponding authors.

mediate complexes aggregate, intercomplexes are formed, and macro-
scopic structures obtained as compact precipitates (macro-PECs) (Meka
et al., 2017). Among technologically relevant polysaccharides with po-
tential to form strategic polyelectrolyte complexes, chitosan and some
cellulose derivatives deserve attention.

Chitosan [poly-p(1-+4)-2-amino-p-glucopyranose], whose amino
group is a weak base in acidic aqueous media, is a non-branched,
cationic polysaccharide, obtained by the deacetylation of chitin,
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List of symbols and abbreviations

AGU Anhydroglucose unit

He Electrophoretic mobility
() Average intrinsic viscosity
CHS Chitosan

CMC Carboxymethylcellulose

crl Crystallinity index

DA Degree of acetylation
DD Degree of deacetylation
dy Hydrodynamic diameter

DLS Dynamic light scattering

FT-IR  Fourier-Transformed Infrared spectroscopy
NaCMC Sodium Carboxymethylcellulose

PDI Polydispersity index

PEC Polyelectrolyte complex

SEM Scanning electron microscopy
TGA Thermogravimetric analysis
My Viscometric-avarage molar mass

XRD X-ray diffractometry
(-potential Zeta potential
T Turbidity

extracted from arthropods exoskeletons, extensively studied as a con-
stituent of several technologically relevant complexes with natural or
synthetic anionic polyelectrolytes (Ibrahim & Basma, 2017; Ibrahim,
Nada & Eid, 2018; Islam, Bhuiyan & Islam, 2017), such as carboxy-
methylcellulose (Cerchiara et al., 20164), dextran sulfate (Yucel Falco,
Falkman, Risbo, Cardenas & Medronho, 2017), hyaluronic acid
(Valverde et al.,, 2019), collagen (M Li et al., 2019.), and xanthan gum
(Aguiar, de, Silva, Rodas & Bertran, 2019).

Modified celluloses are another class of polysaccharides that stands
out for their technological characteristics (Ibrahim et al., 2018).
Chemically, natural cellulose [poly-p(1—4)-p-glucopyranose] is a
non-branched homopolymer, electrically neutral, and also widespread
in nature, since it is the major cell walls constituents of vegetal cells
(Klemm, Heublein, Fink & Bohn, 2005). As cellulose is not water soluble,
chemical modifications are usually made to introduce functional groups
in its structure (by reaction with the cellulose hydroxyl groups), forming
derivatives such as esters, ethers, and alcoholates. These derivatives are
useful due to their greater microbiological stability, thermal and me-
chanical resistance, improved solubility, physical stability, and ion ex-
change efficiency (Klemm et al., 2005; Mischnick & Momeilovic, 2010).
Carboxymethyleellulose (CMC) is one of the most commonly used cel-
lulose ethers in the food, pharmaceutical and medical industry (Du et al.,
2009; Duhoranimana et al., 2017). CMC is an anionic polyelectrolyte
produced by introducing carboxymethyl groups into the cellulose
molecule. It is sensitive to pH and ionic strength variation, being the
only cellulose-derived polyelectrolyte with this characteristic (Ari-
naitwe & Pawlik, 2014). Industrially, CMC is obtained from the sus-
pension reaction (slurry process) of cellulose, sodium hydroxide and
monochloroacetic acid. CMC is commonly used as its sodium salt
(CMC—Na) which, once dissolved in water, presents the typical char-
acteristics of polyelectrolytes. Its properties and applications essentially
depend on the viscosity of its aqueous solutions, the degree of substi-
tution (DS) and the distribution of the carboxymethyl groups (da Silva
etal., 2018).

The first report on the formation of complex polyelectrolytes is from
Fuluda and Kikuchi (1979). In their first work, a short communication,
the authors reported how a new chemical reaction of dilute aqueous
solutions of sodium carboxymethylcellulose and chitosan led to a
water-insoluble precipitate. The authors reported that the yield of the
precipitate formed was influenced by pH, the ratio between biopolymers

Carbohydrate Polymer Technologies and Applications 3 (2022) 100197

and the order of mixing, and that this precipitate was insoluble, even
when subjected to high temperatures, in most organic products. In the
following work (Fulcuda, 1980), IR spectroscopic studies, elementary
analyses, color reaction with toluidine blue, solubility assessment, and
blood clotting tests in vitro were performed to better elucidate the for-
mation of macro-PEC. More recent studies on the application of
chitosan-carboxymethylcellulose complexes may be found in scientifie
databases. Cerchiara et al. (2016) prepared polyelectrolyte complexes
based on chitosan and carboxymethylcellulose for colon delivery of
vancomyein. The authors studied three different CHS/CMC weight ra-
tios (3:1, 1:1 and 1:3) and prepared the microparticles by spray drying.
Microparticles with a 1:3 ratio showed the best yield, encapsulation
efficiency and drug loading. At pH 7.4, the release of vancomycin was
prolonged, increasing the permanence of the drug in the colon. Roy,
Ferri, Giraud, Jinping and Salaiin (2018) prepared microcapsules from a
CHS-based oil-in-water single emulsion, followed by the addition of a
NaCMC dispersion. The microcapsules formed were added to glutaral-
dehyde, which, in addition to act as a crosslinking agent, hardened the
wall and increased the encapsulation efficiency and yield. The optimal
process conditions were identified in aqueous solution pH (5.5) and
CH/NaCMC mass ratio (1:1). These studies remained restricted to only
the final encapsulation products, without exploring the interactions
underlying the biopolymer complexation or probing an understanding
of formation of the macro- and micro-PECs. Furthermore, these few
studies explored strategies and experimental protocols to select the best
operational conditions, often based on purely empirical choices. A
deeper physicochemical and microstructural knowledge of such PECs
would be of pivotal importance, as this is intimately linked to the sta-
bility and technological properties of these composite systems. This is a
challenging task, facing highly complex systems, but with a great po-
tential of yielding discoveries that concern real applications across
multiple segments in life sciences, e.g, design of drug delivery systems
(Xue et al.,, 2021) and tissue engineering (Mallick, Singh, Rastogi &
Srivastava, 2018).

Therefore, this work aimed to investigate the influence of pH, tem-
perature, and mixing ratio on the PECs formed between chitosan and
carboxymethylcellulose, searching how the combinations of the factors
lead to the formation of macro- and/or micro-PECs. Firstly, visual and
Tyndall effect analyses were applied to identify the complex formation.
Next, turbidity and { potential measurements were used to classify the
system according to the inferred attractive interaction between the
biopolymers in forming complexes. Dynamic light scattering (DLS),
Fourier transform infrared spectroscopy (FT-IR) and X-ray diffraction
(XRD) were used to assess the microstructure and the nature of the in-
teractions between CHS and CMC. SEM was used to assess macro- and
micro-PECs morphology. Their thermal stability was investigated based
on TGA measurements.

2. Material and methods
2.1. Materials

Chitosan (low molecular weight, Sigma-Aldrich Corporation, USA;
Product ID = 448,877) from fresh shrimp shells of Pandalus boralis and
carboxymethylcellulose (Sigma-Aldrich Corporation, USA; Product ID
= 419,311) were bought from Sigma-Aldrich Corporation (USA). Other
analytical-grade chemicals were used without any purification: hydro-
chloric acid (Sigma-Aldrich, Brazil, 37 wt.% in H20) and sodium hy-
droxide (Sigma-Aldrich, Brazil. Deionized water was obtained from a
Milli-Q system (18.2 MQ.cm ™!, 25 °C; Reference A+, Millipore, Italy)
was used in all experiments.

2.2. Polysaccharides preliminary characterization

2.2.1. Chitosan (CHS)
Before use, chitosan was washed three times with deionized water, to
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reduce the water-soluble chitooligosaccharides content and salts resi-
dues. Washed chitosan was recovered using a vacuum filtration system,
with qualitative paper (Cat No 1004 125, Whatman) (Leite Miliao et al.,
2022; Soares et al, 2019). Then, the remaining solid chitosan was
frozen, lyophilized (Terroni, LS 3000, Brazil), and stored at 7 + 2 °C
(Consul, Pratice 410, Brazil).

Chitosan powder was analyzed using an FT-IR spectrophotometer
(600-IR, Varian, USA) equipped with an attenuated reflectance acces-
sory (GladiATR, PIKE Technologies, USA). Next, the degree of acetyla-
tion (DA) was estimated from the empirical relationship between
normalized absorbances of the peaks at wavenumbers 1320 and 1420
em ! (Brugnerotto et al., 2001; Kasaai, 2008). The degree of deacety-
lation (DD) was obtained by simple difference [DD(%) = 100% — DA
(%)]. The DD value of the chitosan used in the present study was esti-
mated as 76.7% (for details, see Supplementary Material; Figure SM1).

Chitosan was dispersed in acetate buffer solution (0.2 M acetic acid
+ 0.1 M sodium acetate; pH 4.41; ionic strength 0.1 M) at varying
concentrations [0.0, 0.05,0.10, 0.15, 0.20, and 0.25 g+(100 mL1)], and
flow times for each of the resulting dispersions were measured in a
Cannon-Fenske viscometer (model 513 20, Schott, Germany). Acetate
buffer solution was used to ensure the dispersion of all chitosan present
in aqueous media. Then, the average intrinsic viscosity ([;]) was calcu-
lated as described in detail elsewhere (Amorim et al., 2016; Soares et al.,
2019). From these experimental data, the viscometric-average molar
mass (My) was estimated to be 364 + 10 kDa (for details, see Supple-
mentary Material; Figure SM2).

2.2.2. Carboxymethylcellulose (CMC)

For the CMC degree of substitution (DS), the average number of
hydroxyl groups substituted with carboxymethyl groups per anhy-
droglucose unit (AGU) was calculated. One gram of dry CMC—Na was
dispersed in 500 mL of distilled water and stirred until a clear dispersion
was obtained. For a reliable quantitative DS determination, all the
carboxyl groups must be converted into their protonated form before the
titration is started. Hence, the dispersion of CMC—Na was acidified to
pH 3.2 by adding a solution of HCl 0.01 M. Then, a conductimetric
titration with NaOH 0.025 M was performed at 25 °C. During the
analysis the dispersion conductivity was continuously measured. A
typical plot reporting the change in conductivity registered during the
conductimetric titration is shown in the Supplementary Material;
Figure SM4. From the plateau length, the amount of carboxylic groups
per gram of CMC—Na, and thus the biopolymer DS, have been calcu-
lated (Capitani, Porro & Segre, 2000). The DS measured following this
protocol was 0.59 + 0.03.

For the My, assessment, CMC dispersions at different concentrations
[0.0; 0.05, 0.1, 0.15, 0.2, and 0.25 ge(100 gL ~ )] were prepared in
sodium chloride 0.1 M, and the subsequent procedure was the same
applied when characterizing chitosan (Section 2.2.1). From these
experimental data, the viscometric-average molar mass (My) was esti-
mated to be 794 + 8 kDa (for details, see Supplementary Material;
Figure SM3).

2.3. Preparation of CHS and CMC acidic dispersions

First, a hydrochloric acid solution (1.0 mM; pH 3.0) was prepared.
Then, chitosan (0.1 ge100 mL ') was added to this solution in order to
obtain a chitosan stock dispersion (CSD). The resulting system was
stirred for12 h using a magnetic stirrer (MA-039, Marconi, Brazil) at
25.0 -+ 2 °C. After this, the pH was measured, checked, and readjusted to
the targeted values (3.0, 3.5, 4.0, and 4.5; details are given in Section
2.4). An identical procedure was performed for the preparation of CMC
dispersions. All eight dispersions were placed in closed flasks and stored
in a refrigerator (Consul, PRATICE 410, Brazil) at 7 °C, until use in the
subsequent experiments.
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2.4. CHS/CMC polyelectrolyte complex obtaining

Complex formation between the CHS and CMC (CHS/CMC) was
studied at different pHs (3.0, 3.5, 4.0 or 4.5), temperatures (25, 45, 65 or
85 °C), and mixing ratio of 4:1 (CHS4-CMC), 3:1 (CHS3-CMC), 2:1
(CHS2-CMC), 1:1 (CHS-CMC), 1:2 (CHS-CMC2), 1:3 (CHS-CMC3) and
1:4 (CHS-CMC4), in a factorial design, totaling 144 experimental con-
ditions, including control treatments (CHS-0 and CMC-0). For the tem-
perature of 25 °C, appropriate volumes of CMC dispersions were added
drop-wise with adapted burette-magnetic stirrer into the previously
prepared CHS dispersion. The mixtures were stirred for 10 min. For the
other mixtures, appropriate volumes of CHS and CMC dispersions were
blended, stirred for 10 min, and immersed in a thermostatic bath
(Schott, CT 53, Germany) at 45, 65 or 85 °C for 2 h. After this processes,
all 144 experimental systems were investigated using visual analysis,
Tyndall scattering effect analysis. Systems classified as cloudy dispersion
with macro-PECs were analyzed for turbidity. Those with higher in-
cidences of turbidity and, consequently, higher amounts of micro-PECs,
were analyzed for size (DLS) and FT-IR.

2.5. Experimental verification of chitosan CHS/CMC polyelectrolyte
complex formation

2.5.1. Visual and Tyndall effect analyses

The formation of micro and macro-PECS obtained from CHS/CMC
was preliminarily investigated using visual analysis and Tyndall scat-
tering effect analysis, respectively. In this last one, the aqueous disper-
sion was illuminated with a laser beam (% = 650 nm =+ 10) (Laser & Led
Light, China). Samples were evaluated and classified by visual obser-
vations as: (i) clear dispersion - no light scattering, (ii) clear dispersion
with macro-PEGs - little or no light scattering or (iii) cloudy dispersion
with macro-PECs - with an intense scattering of light. These observations
allowed the construction of a state diagram of the mixtures as a function
of CHS/CMC mass mixing ratio, pH and temperature was constructed.
Only the cloudy dispersions with macro-PECs were taken for turbidity
measurements.

2.5.2. Macro-PECs yield assessment

For yield calculation, the dispersions obtained as described in Sec-
tion 2.4 were centrifuged at 3000 g for 15 min (5430, Eppendorf, Ger-
many). The micro and macro-PECs were collected and lyophilized
(Terroni, LS 3000, Brazil) for subsequent characterizations. The freeze-
dried macro-PECs were weighed (AUY220, Shimadzu, Japan) and the
macro-PECs yield was then calculated using the Eq. (1):

CYey (%) = % (€))]

in which, CY¢y is the macro-PEC yield, my is the total biopolymer mass

in the dispersion mixtures and m; is the mass of the freeze-dried macro-
PEC phase.

2.5.3. Turbidimetry

The cloudy dispersions cited in Section 2.5.1 were immediately
poured into quartz cuvettes and the turbidity at 600 nm was rapidly
measured in a spectrophotometer (Varian, Cary 50 Probe, EUA)
(Weinbreck et al., 2003. Yang et al. 2012, You et al., 2018). Turbidity
was defined as seen in Eq. (2):

! I,
= (Z) in (7> 2
where L is the optical path length (1 em), I is the intensity of light

transmitted through the dispersion in the cuvette, and I, is the incident
light intensity.
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2.5.4. {-potential

The {-potential was estimated against pH and mixing ratio change of
individual biopolymer dispersions CHS, CMC and their mixture formu-
lations. For this analysis, samples of 1 mL of the dispersions and mix-
tures were placed in a cuvette placed within the equipment and exposed
to a constant electric field, at 25.0 + 0.1 °C (Zsizer Nano-ZS, Malvermn
Instruments, United Kingdom). The speed and the direction of the par-
ticle movement due to the electric field allowed the calculation of the
electrophoretic mobility (Eq. (3)). Then, the Smoluchowski model (Eq.
(4)) for the double electrical layer was considered to calculate the {
potential values.
M= ‘: 3)
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In Eqs. (3) and (4), p, is the electrophoretic mobility, v is the speed of

particles, E is the electric field, ¢, is the dielectric constant of the me-
dium, & is the permittivity of free space, { is the zeta potential and n is
the viscosity of the medium.

2.5.5. Particle size distribution

The hydrodynamic average diameter (d) and particle distribution
index (PDI) were evaluated by dynamic light scattering (DLS) (Zsizer
Nano-ZS, Malvern Instruments, United Kingdom). For this analysis,
colloidal dispersions were diluted (1:10) with a single channel micro-
pipette (K1-1000B, Kasvi, Brazil), using as diluent the same acid solu-
tion employed to prepare each original dispersions. Then, each system to
be analyzed was placed in a cuvette and analyses were all carried out at
25.0 + 0.1 °C.

Hydrodynamic diameter distributions were obtained by means of the
amplitude of the decay rate A(I"), obtained by fitting the normalized
temporal intensity correlation functions, g? (), through a NNLS (Non-
Negative Least Square) algorithm, according to Eq. (5) Galvan et al,
2018). Then, I' distribution was turned to dj, using sequentially Eqs. (6)
and ((7):

)

(1) =1 +/3[/’A(F)e*“dt] i )
0

4rn; . 0 2
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In Egs. (5)=(7), A and f are constants that depends on the number of
coherence areas in the detector, I' is the decay rate, n; is the index of
refraction of the dispersion, 4 is the wavelength of the laser, @ is the angle
of detection, D is the mass diffusivity of the dispersed particles, kg is the
Boltzmann constant, T is the absolute temperature, 5 is the viscosity of
the medium, and dj is the average hydrodynamic diameter of dispersed
particles. Polydispersity index (PDI) was calculated for each size dis-
tribution estimated according to Eq. (8) (Soares et al., 2019):

SD\ >
PDI = (d—') 8)

In Eq. (8), SD is the standard deviation corresponding to each dj, value.

2.6. Physicochemical characterization of CHS/CMC polyeletrolyte
complexes

For the following analyses, the colloidal dispersions obtained as
described in Section 2.4 were centrifuged at 3000 g for 15 min (5430,
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Eppendorf, Germany), and the aqueous phase containing micro-PECs
was collected and stored. Macro-PECs remaining within the centrifuge
tubes slid easily to Petri plates, without any detectable mechanical
deformation, and then lyophilized (Terroni, LS 3000, Brazil). After that,

the dried material was stored for further characterization.

2.6.1. Fourier-transformed infrared (FT-IR) spectroscopy analyses

FT-IR spectroscopy was used to examine the molecular interactions
between CHS and CMC in the macro and micro-PECs, such as electro-
static interactions and hydrogen bonding. CHS, CMC and their freeze-
dried mixtures (macro and micro-PECs) were carried out using a spec-
trophotometer (660-IR, Varian, USA) equipped with an attenuated
reflectance accessory (GladiATR, PIKE Technologies, USA) over the re-
gion of 400-4000 cm !, with 16 scans and 4 em ! of spectral resolution.
This analysis was conducted to observe changes of the functional groups
before and after interactions between polymer matrixes as an indication
of complex formation.

2.6.2. X-ray diffractometry (XRD) analyses

The XRD patterns of CHS, CMC and their freeze-dried mixtures
(macro and micro-PECs) were determined by an X-ray diffractometer
(D8 Advance, Bruker, Karlsruhe, Germany) equipped with Cu-Ka radi-
ation (A = 0.1542 nm) at 40 kV and 40 mA. The scan data were recorded
from angles from 10° to 80° at a scanning rate of 0.1 degree per second.
XRD was used to analyze the degree of crystallinity and examine the
presence of amorphous characteristics. The diffractograms obtained
were compared under the proposed experimental conditions and the
observed differences were used as an indication of complex formation.
The crystallinity index (Crl) for chitosan was obtained as proposed by
Osorio-Madrazo et al. (2010)) as seen in Eq. (9):

Crl =Ac — A, 9)

In Eq. (9), Ac is the arystalline contribution area and A; is the total
diffractogram area.

2.6.3. Thermal gravimetric analyses

Thermal gravimetric analysis was performed using a thermal gravi-
metric analyzer (SHIMADZU, model 60H, Japan). Freeze-dried samples
(macro- and micro-PECs) (3-5 mg) were weighed in the TGA micro-
balance and heated at 20 °C/min from 25 to 500 °C. Nitrogen gas was
used as heating medium with a 20 mL/min flow rate. CHS, CMC and
complexes powders were analyzed for their thermal behavior.

2.6.4. Microstructure - Scanning electron microscopy (SEM) analyses

Scanning electron microscopy (SEM) was used to obtain the
morphology of macro- and micro-PECs. Samples were fixed in a sample
holder, covered with gold (15 nm thick) (Quorum, Q150RS, United
Kingdom) (Freitas-Silva, Diniz & da Silva, 2021), and analyzed using a
LEO 1430VP scanning electron microscope (Carl Zeiss, United Kingdom)
at 15 kv.

2.7. Data andlyses

Minitab® 19.1 software was used to develop the experimental plan
based on a multilevel factorial experiment. Visual, Tyndall Effect and
FT-IR and X-ray diffraction analyses were evaluated qualitatively.
Variance (ANOVA) followed by Tukey's test at a significance level of 5%
was used to compare the influence of pH and temperature variables on
the turbidity of the systems.

3. Results and discussion
3.1. Visual and Tyndall effect analyses results

The appearance of the dispersions of CHS and CMC was checked just
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before and after they were used for preparation of mixtures. The effects
of pH, temperature and mixing ratio CHS/CMC on the phase behavior of
CHS-CMC mixed dispersions are depicted in Fig. 1.

From these results, it is clear that the analyzed parameters were
critical in the complexation process, as also reported by other authors
(Carvalhoetal., 2021; H Zhang et al., 2016.). Pure CHS and CMC (CHS-0
and 0-CMC) dispersions presented clear dispersions at all pH and tem-
peratures. The interaction between CHS and CMC is fast, triggering the

C \C A
A | s® c“‘»“wo‘s?wcoasim (,‘sﬂ'“c“sma 0‘90‘%‘?"“ C
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formation of macro and micro-PECs upon mixing at all pHs and tem-
peratures. According to Webster et al. (1997), there are three different
types of PECs: (1) water-soluble complexes formed by macroscopically
homogeneous systems containing smaller PEC aggregates; (2) cloudy
colloidal systems with suspended PEC particles and (3) biphasic systems
of supernatant liquid and precipitated complexes. Based on this classi-
fication, the systems resulting from the CHS and CMC mixtures were
evaluated by visual observation and grouped in a phase diagram
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Fig. 1. — Appearance and Tyndall effect of CHS, CMC and their mixtures in different ratios and pHs at (A) 25 °C, (B) 45 °C, (C) 65 °C and (D) 85 °C. (E) is a state
diagram summarizing schematically what is seen in (A)-(D): [J: clear dispersion, @: macro-PECs and cloudy colloidal dispersion and W macro-PECs and



D.C.M. Ferreira et al.

(Fig. 1E).

Thermodynamically favorable interactions between macromolecules
in dispersion lead to a decrease in the Gibbs free energy of the whole
system. The decrease in Gibbs free energy and the consequent formation
of PECs come from the balance between enthalpic and entropic contri-
butions; this last reflects the release of water and counter-ions as well as
the changes in mobility and flexibility of biopolymers chains. It should
be considered that in the spontaneous complexation observed between
CHS and CMC, there is a competition between attractive electrostatic
forces (which tend to bring oppositely charged macromolecules close to
each other) and entropy effects (which tend to keep them in a more
dispersed configuration within the system). Theoretically, charged
polyelectrolytes would aggregate primarily due to electrostatic in-
teractions to form electrically neutral (or close to neutral), lower-
entropy micro-PECs, but this would go against the Second Law of
Thermodynamics. Thus, one may claim that the formation of PECs
should be enthalpically driven. Nonetheless, this simplified explanation
(which was largely generalized until a few decades ago) is currently
taken with caution (Fu & Schlenoff, 2016).

It is now well-known that the formation of PECs is also greatly fav-
oured by the release of counterions and solvation water molecules
interacting with each polyelectrolyte chain before the complexation.
During complexation, in order to increase the system's configurational
entropy, thereby decreasing the Gibbs free energy, these counterions
and water molecules are released. Soon after, they are replaced by the
oppositely charged polyelectrolyte’s groups, making the complexation
spontaneous (Rathee, Sidky, Sikora & Whitmer, 2018). These aspects
will be further discussed in Section 3.3. On the other hand, one must
keep in mind that characteristics of polymer chains, such as rigidity and
hydrophobicity, can change mechanical and dynamic properties of
PEGs, and should be taken into account when calculating the thermo-
dynamic equilibrium. In summary, each biopolymers duo would re-
quires specific, quantitative thermodynamic investigations (commonly
through nano- or microcalorimetry assays) to determine if their
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complexation is entropically- or enthalpically-driven.

Some CHS-CMC3 mixtures (pH 3.0 at 25 °C; pH 3.0 and 3.5 at 45 °C;
pH 3.0 at 65 °C; pH 3.0 and 4.5 at 85 °C) showed, in addition to the
macro-PECs, the formation of a clear dispersion, indicating, probably
indicating the maximum intensity of interaction between the existing
chitosan and CMC structural charges. The same behavior was observed
for some CHS-CMC2 systems (pH 4.0 at 45 °C; pH 3.5, 4.0 and 4.5 at
65 °C and 85 °C). Overall, dispersions with higher concentrations of
CMC, i.e., CHS-CMC2 and CHS-CMC3, had a greater tendency to form
less cloudy dispersions, evidencing the lesser formation of micro-PECs
and greater formation of macroscopic complexes, a fact confirmed by
the tubidimetry analysis (presented and discussed in Section 3.2). This
result strongly suggests that, for the other CHS-CMC ratios, CHS prob-
ably has a larger average linear charge density compared to CMC.

When complexation is carried out in nonstoichiometric mixing ratios
and under dilute conditions, the reaction mixture develops a scattering
effect when interacting with visible light, known as Tyndall effect. This
behavior can be ascribed to the micro-PECs, which is believed to consist
of a neutral core surrounded by the polyelectrolyte in excess, which acts
as a stabilizer and prevents the PECs from aggregating (Kabanov &
Zezin, 1984). This phenomenon, shown in Figs. | (A, B, C and D), was
more evident in systems with higher proportions of CMC than CHS (ie.,
CHS-CMC4, CHS-CMC3, CHS-CMC2) and at room temperature, corrob-
orating inferences from visual analysis and state diagrams.

3.2. Turbidity and macro-PECs yield results

Turbidity measurement is a simple and direct indicator for poly-
electrolyte complex formation, as this phenomenon is accompanied by
drastic changes of the system’s turbidity Fig. 2. shows the changes in
turbidity and macro-PECs yield of CHS-CMC mixtures at different pHs,
temperatures and CHS-CMC ratios. The turbidity of the mixtures was
much higher than pure either CHS or CMC dispersions, indicating that
CHS and CMC formed colloidal PECs. This is in line with Fukuda and
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Kikuchi (1979), who studied interactions between CHS and CMC at pH
2.5 and 5.0, and showed that at pH < 2.0, there was no formation of
precipitates after mixing CHS and CMC dispersions, and that at pH >
5.3, precipitate/gels were generated.

In terms of composition, turbidity was lower in systems containing
less CHS than CMC, whatever the pHs and temperatures. At a given CHS-
CMC ratio, turbidity was lower at higher temperatures, meaning that
colloidal particles formation was more favoured at 25 °C and 45 °C than
at 65 °C and 85 °C, which suggests an exothermic process. These find-
ings corroborate the visual analysis depicted in Fig. 1. On the other
hand, no clear trend could be inferred from Fig. 2 concerning the effects
of pH

In the CHS-0 absorption spectrum, bands at 1648 cm ! were previ-
ously related to the the amide group of acetylated chitosan units. A band
at 1580 ecm ! corresponds to the NH curvature of amine and amide IL
(Kasaai, 2008; Soares et al., 2019). Other relevant peaks highlighted in
the Fig. 6A are: 1418 cm !, attributed mainly to the -CH2 bending; 1150
em !, attributed to the antisymmetric stretch C—O-C and C—N stretch;
1024 cm !, attributed to the skeletal vibration of C—O stretching
(Lawrie et al., 2007). Also, a strong peak attributable to the deproto-
nated -COO~ group was observed at 1589 em ™ (Duhoranimana et al.,
2017). The existence of a band at 1627 cm ' confirms the presence of
the ~COO~ group. The bands around 1412 em ! and 1319 em ! corre-
spond to the shear vibrations of ~-CH, and bending of —~OH, respectively.
The band at 1014 em ! is due to elongation of ~-CH—O-CH, (Wongvit-
vichot, Pithakratanayothin, Wongkasemjit & Chaisuwan, 2021),

To verify more quantitatively whether these observed trends were
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significant, interaction plots were built, considering the three indepen-
dent variables and the effects of their interactions on the turbidity of the
systems. The main effects plots (Fig. 3A) shows the adjusted means for
each level of each categorical variable. As the lines are not horizontal,
the main effects are present on all these variables. The factorial exper-
iment analysis results confirmed that the main effects are all statistically
significant, with those related to the pH factor being the least pro-
nounced. However, as the interaction effects were statistically signifi-
cant, these main effects graph can be misleading. The interaction plots
(Fig. 3B) shows the adjusted mean turbidity value versus the pH, tem-
perature and mixing ratio combinations. These results indicate apparent
interaction effects because the lines are not parallel, implying that the
relationship between the turbidity value and each factor depends on the
definition of another factor. The factorial experiment analysis results
indicated that the interaction effects for Temperature*Mixing ratio, Mix-
ing ratio*pH, and pH*Temperature were statistically significant.

The Tukey test (Table SM1) applied to the general averages of
turbidity comparing systems at different pH values indicated that sys-
tems at pH 3 have significantly lower average turbidity, suggesting a
smaller formation of micro-PECs. At this pH, the chitosan amino groups
(pK, = 6.3-7.2) are predominantly protonated/charged (-NH;"), but
more than 50% of the CMC carboxyl groups (pKq = 3.5-3.65) (Dogsa
et al., 2014; Xiong, Deng, Li, Li & Zhong, 2020) are protonated/un-
charged (-COOH), so some repulsive forces between polysaccharides
may exist. At pH 3.5, deprotonated, negatively charged carboxyl groups
start to predominate over their protonated/uncharged counterparts,
whereas the majority of the chitosan amino groups are still protonated
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and therefore positively charged. This also occurs at pH values of 4.0 and
4.5. Mixtures that presented a clear liquid phase and an evident
macroscopic precipitate (and, therefore, did not have their turbidity
evaluated) also presented a higher macro-PEC yield (Fig. 2), since the
macroscopic separation of phases occurred when the endpoint of ionic
complexation was reached. Thus, one can infer that the ratio corre-
sponding to the maximum yield was found at the electrical equivalence
point (EEP), at which the total net charge is practically zero. Indeed, the
highest macro-PEC yields were observed for mixtures with a higher CMC
mass ratio, in accordance with the visual and Tyndall effect results
previously presented. Greater CMC mass ratios were associated with
stronger heteropolymer interactions.

When the Tukey test was applied to compare systems at the tem-
peratures studied (25, 45, 65 and 85 °C) (Table SM2), it indicated that
the turbidity was higher in the systems at 25 °C. According to Vuillemin,
Michaux, Muniglia, Linder and Jasniewski (2019), higher temperatures
favor the compacting of the CHS structure, making the loads less
available for interactions, and inducing less complex formation, which is
consistent with the results of our present study. Besides, in general, at
higher temperatures, a prevalence of hydrophobic interactions is more
likely (Xiao, Wang, Xu & Huang, 2019a), which seems to contradict the
hypothesis initially raised, according to which electrostatic interactions
prevail in the complexation between CHS and CMC.

3.3. { potential of CHS/CMC polyeletrolyte complexes

As the results presented and discussed so far indicated that the in-
crease in temperature does not positively affect the formation of micro
and macro-PECs, only systems at room temperature were analyzed for
the { potential.

In aqueous media, pH is a key factor affecting the { potential of su-
pramolecular structures formed between polyelectrolyte, since the pH of
the environing solvent influences the proportion of amino and carboxyl
groups charged on biopolymers’ chains. Moreover, the mixing ratio
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directly affects the electric charge balance between the polyelectrolytes
and, consequently, the intensity of interaction and complexation (Xiao,
Wang, Xu & Huang, 2019b). Results of { potentials of the CHS, CMC, and
their mixtures as a function of medium pH are depicted in Fig. 4, along
with the complex yield.

CHS-0 carried positive charges since the pK; of amino groups is at pH
6.3-7.2, depending on its degree of acetylation (Q. Z Wang et al., 2006.).
Its charge density declined with pH increase ({ potential from +62.43 to
+44.77 mV, at pH 3 and 4.5 respectively), similarly to what was re-
ported by Vuillemin et al. (2019) for CHS 0.02% w/v in acetic acid.
0-CMC was negatively charged, since the pK, of carboxyl groups is at pH
3.5-4.0) (Xiong et al., 2020)(Q. Z Wang et al., 2006.), and its charge
densities (moduli) increased with pH increase ({ potential from —6.65 to
—39.97 mV, at pH 3 and 4.5 respectively). In other words, at higher pH
values, the anionic character of CMC is enlarged due to dissociation of
the carboxylic groups.

According to Fig. 4, the { potential values of the dispersed CHS (in
CHS-0) were +62.43 mV, +56.33 mV, +23.70 mV and +44.77 mV, for
pHs 3.0, 3.5, 4.0 and 4.5 respectively, whereas for dispersed CMC (in 0-
CMC) the values were —6.65 mV, —7.10 mV, —20.57 and —39.97 mV for
pHs 3.0, 3.5, 4.0 and 4.5. On the assumption that PECs formation would
be favoured by the complete charge neutralization, their compositions
of electrical equivalence point (EPP) can be denoted by ae[CHS]= be
[CMC], where [CHS] and [CMC] are respectively the mean molar con-
centrations of chitosan (polycation) and carboxymethylcellulose (poly-
anion), ais the density of protonated of chitosan’s amino groups, andb is
the density of dissociated CMC carboxyl groups (density = average
number of amino or carboxyl groups per biopolymer chain). If the active
number of loading sites available for interaction was directly related to
the mass concentration of biopolymers, the theoretical CMC to CHS mix
ratio for complete charge neutralization should be 1:9.4, 1:7.9, 1:1.2and
1:1.1 for pHs 3.0, 3.5, 4.0 and 4.5, respectively. These calculations were
compatible only for mixtures at pH 4.0 and 4.5. The { potential values
were positive until the ratio CHS-CMC2 in media with pH 3.0, 3.50r 4.0,
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indicating that CHS was in excess at these pH values, and this could be
ascribed to its absolute charge density higher than that of CMC. When
excessive CMC was added to CHS dispersion, for instance, CHS-CMC3 at
pH 4.5, the { potential decreased to —12 mV because of excess CMC
molecules, triggering electrostatic repulsions between similarly charged
complexes and decreasing the turbidity (Fig. 2). It should be emphasized
that, in addition to the total charge density, steric factors, local charge
distribution on the polysaccharide chains, the positions of charged
groups in the chains, and chain flexibility also affect the complexation
stoichiometry (Picone & Cunha, 2013).

The secondary structure of polysaccharides is generally limited by
the degree of rotational freedom of the glycosidic bond, specified by two
dihedral angles, ® and ¥ (Berglund et al., 2016). This rotational freedom
is often limited by steric hindrances and, for charged polysaccharides
such as CHS and CMC, also by electrostatic forces (Fu & Schlenoff,
2016). Keeping this in mind, it can be hypothesized that the assemblage
of CHS and CMC chains during the formation of PECs can be considered
as the net effect of three processes:

(i) entropic effects during the release of water and counter-ions
bound on the biopolymer chains’ surfaces;

(i) an approaching of two oppositely charged biopolymer chains’,
forming a supramolecular PEC through cooperative effects,
including conformational changes favorable for oppositely
charged binding, in a somewhat ordered way;

additional assemblage of PECs mentioned in (ii), mainly due to
the attraction between local clusters of either negative or positive
charges in such supramolecular structures, but less orderly than
in the first stages, due to progressive increase of steric hindrances,
caused by voluminous groups and lateral chains (specially in
CMC);

<

(i
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Our experimental results are in agreement with these hypotheses. In
fact, at pH 4.5, the { potentials were positive until the CHS-CMC ratio
was 1:1. At pH values of 3.0, 3.5 and 4.0, in addition to the 0-CMC
control, the CHS-CMC3 and CHS-CMC4 mixtures showed negative {
potentials. At pH 4.5, the mixtures CHS-CMC2, CHS-CMC3 and CHS-
CMC4 showed negative { potentials, meaning that the CMC became
excessive. Complete charge neutralization, ie., the electrical equiva-
lence point (EPP) occurred in biopolymer ratios between 1:2 and 1:3 at
pH 3.0, 3.5 and 4.0, and between 1:1 and 1:2 at pH 4.5. These results
were also consistent with the turbidity and macro-PECs yield differences
among the systems, even indicating that electrostatic interactions sta-
bilized the complexes formed between CHS and CMC, and the most
intensive interaction occurred at the point where the electrical charge of
the complexes was close to the neutrality (zero). In addition, the CHS-
CMC, CHS-CMC2, CHS-CMC3 and CHS-CMC4 systems were closer to
electrical neutrality and significantly different from the others and,
therefore, were further analyzed and compared in terms of dispersed
particle size distributions.

3.4. Size distributions of CHS/CMC micro-polyeletrolyte complexes

The CHS:CMC ratio affected the particle size distribution (Fig. 5).

All studied mixtures showed a monomodal size distribution, with a
peak under 2000 nm. The increase in the amount of CMC in the pro-
portion of 1: 1 (CHS-CMC) to 1: 2 (CHS-CMC2) caused a decrease in the
average diameter of the particles, corroborating the { potential results,
as in this proportion, interactions between CHS positive charges and
CMC negative charges were favored. Thus, the nonpredominance of
repulsive interactions in such system resulted in the aggregation of
polyelectrolytic complexes. The increase in the ratio from 1:2 (CHS-
CMC?2) to 1:3 (CHS-CMC3) caused an excess in the negative charges of
the systems. In this last system, some of the CMC molecules interacted
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with the CHS, precipitating and forming the macro-PECs. The other
molecules with excess of negative charges acted in such a way as to
prevail the repulsive interactions, thus increasing the average diameter
of the micro-PECs. This observation is in accordance with the { potential
results, for which the CHS-CMC2 system was closer zero. This result is
also in line with the remaining previous results, since the system CHS-
CMC2 showed a higher yield value for macro-PECs.

3.5. FT-IR spectroscopy features of CHS/CMC polyelectrolyte complexes

Intermolecular interactions between chitosan and carbox-
ymethycellulose were also studied through FT-IR. Since the CHS-CMC,
CHS-CMC2, CHS-CMC3 and CHS-CMC4 systems, at 25 °C, had a
higher concentration of complexes, only the systems at room tempera-
ture were submitted to such analyses. The FT-IR spectra of CHS, CMC
and physical mixture are shown in Fig. 6A. In general, the spectra profile
was similar at all pH values, for the same mixtures, but a difference in
the intensity of the observed bands was observed.

We intended to apply FT-IR to study CHS /CMC interactions, since a
change in NH; vibration can be expected when groups -NH3" interact
electrostatically with the negatively charged locations of the CMC. The
changes observed in the spectra obtained for the products of interactions
between the two studied biopolymers, especially in the characteristic
regions of the possible complexing sites of biopolymers, can be associ-
ated with the formation of links between them. However, because they
have highly similar backbones, the FT-IR spectra of the prepared
chitosan-carboxymethyl cellulose mixtures were very similar to those of
the biopolymers separately, presenting bands degenerated by the over-
lapping of chemically similar groups. This caused broad and intense
bands, despite the varying degree of interaction between the functional
groups in the two polyelectrolytes. Then, the spectra of the mixtures of
biopolymers, both from the macro-PECs phase and from the micro-PECs
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phase, showed the most characteristic peaks of CHS and CMC. As the
concentration of the two biopolymers separately in the mixture is
reduced (the total polysaccharide concentration remains constant), this
may be the probable cause of the decrease in the intensity of intensity of
the mixtures’ spectra. In addition, the degree of mixing must be taken
into account. If two components are mixed micro-homogeneously, then
the absorbances of the individual components are approximately addi-
tive. If the sample is micro-heterogeneous, i.e., there is demixing at the
microscopic scale, then the intensities are additive, leading to dramatic
flattening of the band (Mayerhofer, 2004). According to our results, the
dispersed phase showed a greater decline in absorbance amplitudes,
suggesting the formation of more microstructured complexes. In the
liquid phase, there was ashift in the absorbance band from 1266 cm ™! to
1235 cm !, in the 1589 cm ™! band (previously attributed to the -COO
group), and a change of shape of the band with a peak at 1739 ecm !,
suggesting a strong electrostatic interaction between the -NH; " groups
of chitosan and the —COO groups of CMC, compatible with the
complexation between these biopolymers. Finally, the spectra of the
macro-PECs and micro-PECs formed showed a broad band at approxi-
mately 3000-3500 cm !, indicating enhanced hydrogen bonding
compared to CHS and CMC separately. Such findings indicate that
hydrogen bond interactions were also involved in the interaction be-
tween CHS and CMC.

3.6. X-Ray diffractometry features of CHS/CMC polyelectrolyte
complexes

Fig. 6A illustrates the diffractograms of the CHS-CMC PECs (macro-
and micro-) and their individual components.

Materials with crystalline and amorphous structures present, in the
X-ray diffractogram, sharp and wide scattering peaks, respectively
(Khoshakhlagh, Koocheki, Mohebbi & Allafchian, 2017). CHS exhibited
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Fig. 6. — (A) FT-IR spectra, (B) X-ray diffraction patterns, (c) TG and (d) DTG thermograms of chitosan, carboxymethylcellulose, macro-PEC and micro-PECs.
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two peaks, at 10.32° and 19.95°, and a shoulder at 21,66°, which
correspond to the (110), (020) and (120) planes, respectively, showing
the semicrystalline structure of the polymer, as already reported in the
literature (Antonino et al., 2017; Jampafuang, Tongta & Waiprib, 2019;
Phung Hai & Sugimoto, 2018). The degree of crystallinity of chitosan
was 0,3558. This value also agrees with the degree of deacetylation of
the chitosan employed in our experiments (DD = 76.7%). Indeed, even
though the non-acetylated chitin is highly uniform and crystalline, the
increase in DD causes the chitosan molecular chain to become more
homogenized, increasing its crystallinity (Cheng et al., 2020).

For CMC, on the other hand, a broad diffused hump was observed
centered at approximately 20 = 22,18, indicating that its structure was
amorphous. These peaks disappeared upon the CHS-CMC complexation,
and a new peak was generated at 21.86°. These variations indicated that
the original structures of both CHS and CMC were not conserved when
they formed supramolecular complexes, and a new structuration
appeared through their interaction. After the complex formation be-
tween CHS and CMC, the crystalline regions observed in the pure
polyelectrolytes were disrupted. The absence of new, well-defined
diffraction signals is indicative of the non-formation of organized re-
gions within the PEC structure. As demonstrated by Ramalrishnan,
Adzahan, Yusof and Muhammad (2018), this characteristic is desirable
when the complexes are destined to the encapsulation of both
water-soluble and fat-soluble compounds. Materials in the crystalline
state have highly organized molecular structure, difficulting to intro-
duce other molecules within their arrangement. The opposite is true for
materials in the amorphous state (Lim & Roos, 2018). Furthermore,
amorphous structures, such as those presented by the carbohydrates in
the present study, after removing water, can pass through the glass
transition and enter the metastable rubber state, easening the controlled
release of entrapped compounds through diffusion phenomena (Fer-
nandes et al., 2017; Li, Roos & Miao, 2016).

3.7. Thermogravimetric features of CHS/CMC polyelectrolyte complexes

Thermogravimetric analysis (TGA) was performed for samples of
chitosan, carboxymethylcellulose, for the macro-PECs formed in a 1:2
ratio obtained after centrifugation, and for the micro-PECs (Fig. 6C and
6D). All samples were degraded in two stages.

For CHS, an endothermic event occurred between 25 and 92 °C with
a related mass loss of about 10%, attributed to water loss (See Supple-
mentary Material; Figure SM5). The second event, observed between
257 and 321 °C (peak at 289 °C), promoted a higher rate of weight loss,
corresponding to a total mass loss of 60.36%, and attributed to the
depolymerization and decomposition of the acetyl and amine groups
producing volatile compounds, also known as combustion products (CO,
CO,, and other low molecular weight derivatives). Similar thermal
behavior was previously reported for CHS (Acosta-Ferreira et al., 2020;
Corazzari et al., 2015). It is also possible to identify through the DTG
curve a maximum thermal decomposition rate of 0.003 mg/ °C. The
presence of mass at the end of the process indicates that CHS, as well as
CMC and the studied complexes), contain a fraction of non-volatile
components.

For CMC, the first event occurred between 27 and 122 °C, corre-
sponding to the melting temperature, with a related mass loss of 11.85%
due to the evaporation of free adsorbed and bound water in the cellu-
losie structure (Biswal & Singh, 2004). The second thermal event was
observed between 255 and 300 °C (peak at 280 °C), corresponding to the
decarboxylation of CMC—Na and pyrolysis of the cellulosic structure
(Pettignano, Charlot & Fleury, 2019). At the end of the process, the CMC
showed a total loss of 60.65% and a maximum thermal decomposition
rate of 0.004 mg/ °C.

The thermograms for the macro and micro-PECs kept some similar-
ities with those of the separate biopolymers, with two thermal events.
For the macro-PECs, the first event was observed in the temperature
range of 26-86 °C (peak at 44.8 °C), with 16% mass loss. As in the
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previous cases, the loss of mass at this stage may be related to the
cleavage of some saccharide rings, the disintegration of macromolecular
chains, and the volatilization of some degradation products (Xiao et al.,
2019b). The second event was observed between 198 and 366 °C (peak
at 283 °C) with a mass loss of 80.64%. The maximum thermal decom-
position rate was 0.001 mg/ °C. For the micro-PEGs, the first event was
observed in the temperature range of 26-76.80 °C (peak at 33 °C), with
5.74% mass loss, and the second event was observed between 149 and
344 °C (peak at 295 °C), with 35.1% mass loss. The maximum thermal
decomposition rate was 0.0006 mg/ °C.

Furthermore, it can be observed that at the end of the degradation
study at 500 °C, the residual masses of 39.64%, 39.35%, 64.9% and
19.36% were left for chitosan, carboxymethylcellulose, micro-PECs and
macro-PECs, respectively. The results, therefore, show that when
compared to the macro-PECs, micro-PECs obtained from the CHS/CMC
complexation showed greater thermal stability and less mass loss with
time/temperature, which may be related to the structural changes
indicated already discussed.

Presumably, the thermal stability of both macro- and micro-PEC
systems depends on their network specificities. In particular, the total
surface area in micro-PECs is much larger than that of macro-PECs.
Therefore, in micro-PECs, biopolymer chains recovering them can be
considered stabilizers for the those located in the core. These superficial
chains absorb a great part of the thermal energy arriving and attenuate
its diffusion through the core of the complexes. As a consequence, the
core chains remain with low motility, and greater structural
thermostability.

The freeze-dried macro-PECs showed greater weight loss than the
biopolymers separately. This observation may be related to the attrac-
tion between the -NH;" and -COO ™ groups. CHS in acidic solution has a
semicrystalline structure, whose chains may adopt an extended double
helix conformation, forming astructure of stacked sheets with accessible
charges (R. Y Zhang, Zaslavski, Vasilyev, Boas & Zussman, 2018.). On
the other hand, in aqueous media, CMC polymer chains tend to be in a
stretched helical shape, and the ~OH groups tend to come out of the
helix, also being available for self-assembly (J Wang & Somasundaran,
2005.). When in their native state, macromolecules are in a lower energy
conformation, requiring more energy for thermal decomposition (Xiao
etal., 2019b). After complexation, the original conformation of CHS and
CMC were modified, thus requiring less energy to decompose them.
Even so, they showed a more moderate slope compared to the mass
decreases of CHS and CMC, and moderate heat resistance, suggesting
adequate thermal stability of the complexes for application in encap-
sulation, films and other practical uses.

3.8. Microstructural features of CHS/CMC polyeletrolyte complexes

As shown in Fig. 7, the SEM morphology of dispersed phases the
CHS-CMC2 system at pH 4.5, after centrifugation, exhibited aggregate
forms.

As verified by the size distribution analysis, CHS-CMC2 micro-PECs
appeared as larger aggregates, which is proven here by the display on
the images of associations of particles with irregular shapes. On the
other hand, when compared to the micro-PECs, the macro-PECs pre-
sented a denser network structure. Moreover, the macro-PECs showed a
highly porous, interconnected, and three-dimensional network, inter-
spaced by heterogeneously sized vacuoles. It is worth mentioning that
the freeze-drying process contributes to the formation of such pores in
the structures due to sublimation of ice crystals. This last feature is
especially relevant, as such vacuoles may provide location for the
entrapment of bioactive compounds, intending either to protect them or
to enable their controlled release.

4. Conclusions

This research investigated the formation and behavior of



D.C.M. Ferreira et al.

82

Carbohydrate Polymer Technologies and Applications 3 (2022) 100197

Fig. 7. —SEM images of (A, B) micro-PECs and (C, D) macro-PECs. Original images are shown separately in the Supplementary Material to better visualize the scales

and magnification.

supramolecular structures obtained from the mixture between CHS
(cationic polyelectrolyte) and CMC (anionic polyelectrolyte). The com-
bination of the aforementioned biopolymer dispersions, at all pH values,
mixing ratios and temperatures studied led to the formation of macro-
and microstructured polyelectrolytes complexes, namely respectively
macro- and micro-PECs. Macro-PECs were macroscopically visible and
visually stable structures in aqueous solution for weeks, suggesting that
they have potential application in areas such as adsorption of contam-
inants, as for instance dyes and heavy metals, and in tissue engineering
as platforms for tissue repair. On the other hand, micro-PECs presented
themselves as dispersed colloidal particles, identified as amorphous and
thermally stable, with potential applicabilities in areas such as encap-
sulation and controlled release of thermosensitive bioactives, such as
vitamins, antioxidants, phytosterols, and probiotics. Some of these pu-
tative techno-functionalities are currently under study by our team.
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ABBREVIATIONS AND SYMBOLS

CHS Chitosan
CMC Carboxyethylcellulose
DTA Differential thermal analysis
FT-IR Fourier-Transformed Infrared spectroscopy
TG Thermogravimetric analysis
Kums Constant of Mark-Houwink-Sakurada relationship (dL-g™)
MV Viscometric-average molar mass (kDa)
o Scattering angle (°)
A Wave-length (nm)
Nsp Specific viscosities (dimensionless)
nr Relative viscosity (dimensionless)
] Huggins intrinsic viscosity (dL-g™)
[n]x Kraemer intrinsic viscosity (dL-g™)

Average intrinsic viscosity (dL-g™)
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I. The degree of deacetylation (DD) of chitosan

The degree of deacetylation of chitosan was obtained by analyzing the FTIR spectrum
(Figure SM1) of chitosan, from the peaks between 1320 and 1420 cm™! obtained in the FTIR
spectrum, which show the conversion of N-acetylglycosamine units into amino groups, and

using if equation SM1.

Figure SM1 — FT-IR spectra from chitosan to 450 - 4000 cm!.
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Aq320 and Aq4;( correspond to the absorbance of glucosamine.
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II. Chitosan viscometric-avarage molar mass

From the flow times of chitosan dispersions [0.1, 0.2, 0.3, 0.4, and 0.5g-(100 mL)™! in
acetate buffer [0,5 g-(100 mL)!'], measured in a Cannon-Fenske viscometer (model 513 20,
Schott, Germany), specific (nsp) (Equation SM2) and relative viscosities (nr) (Equation SM2)

were calculated.
Mep = 7 Equation SM1

M =M +1 Equation SM2

Where, ¢ is the flow time of the chitosan dispersions and #0 is the flow time of acetate
buffer solution, in Equations SM1 and SM2.

Then, the average intrinsic viscosity ([n]) was calculated as the average between the
Huggins ([n]n) and Kraemer ([n]k) intrinsic viscosities (Figure SM2), which were obtained by
extrapolating Equations SM3 and SM4.

77% = [nly + ky[n]%c Equation SM3
In (Cnr) = [nlx + ki[n)%c Equation SM4

Figure SM2 — Adjustment of Huggins and Kraemer empirical models adjusted to viscometric-

average experimental data from chitosan aqueous dispersions. (@) 77% = k,[13.43)%-c +

[5.329]: R2 = 0.982, (0) 7% = k', [~3.435]? - ¢ + [5.459]; R* = 0.934.
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Applying Kasaai (2007) (equations SM5 and SM6), the values of the constants a (0.93)
and k (3.63 x 10° dL-g"'), from the MHS equation were calculated and obtained as

viscosimetric average molar mass for the chitosan used in this work, the value of 364 + 10 kDa.

a= (0.6202 + Oi;g:’jx) + [0.003(T = 20)] + 0.06 * Cypoiq Equation SM5
log K * 107> = —5.7676a + 5.9232 Equation SM6

x = DA/(pH - ), T tempetature in °C e C,,;, the concentration of urea in mol + L™1.
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ITI. Carboxymethylcellulose viscometric-avarage molar mass
Iv.
From the flow times of carboxymethylcellulose dispersions [0.05, 0.10, 0.15, 0.2, and

0.25] g:(100 mL)! in sodium chloride 0.1 M, measured in a Cannon-Fenske viscometer (model

513 20, Schott, Germany), the average specific viscosities (nsp) was measured.

Based on these data, a graph C = f(C) and In (7-752, + 1)/C = f(C). In Figure SM3,

the regression adjustments for the constructed graph data are shown, using Huggins and

Kraemer equations, as proposed by Kasaai (2007), for the calculation of intrinsic viscosity, [1].

Mean molecular weight was then estimated from intrinsic viscosity [n] by the Mark-
Houwink equation;

[n] = kM*? Equation SM6

where M is mean molecular weight and k and a are constants assigned values of 0.91

and 1.23 x 107 for NaCMC (Alvarez-Lorenzo et al., 2001; Vazquez et al., 1995)

Figure SM3 - Adjustment of Huggins and Kraemer equations to experimental data on

carboxymethylcellulose
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The Mark-Huggins-Sakurada constants used were those obtained by Kurata et al., 1975,
for 0.1 M NaCl solvente (a = 0.91, K = 1.23*107°). From MHS equation were calculated and
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obtained as viscosimetric average molar mass for the chitosan used in this work, the value of

794 + 8 kDa.

V. Carboxymethylcellulose degree of substitution (DS)

Figure SM4 - Conductimetric titration.
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The degrees of substitution of the carboxymethylchitosan were calculated with the

equation SM7.
1624

S§=—

W — 584
where: DS is the degree of substitution; 162 is the molecular weight of the anhydrous
glucose unit (AGU); A is the value obtained by subtracting Vi and V2 (L), where vi is the
volume of base added to reach the first inflexion point; v> is the volume of base added to reach
the second inflexion point, 58 is the increase in mass of the carboxymethyl groups added by

AGU and and W (g) is the mass of sample used.
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Figure SM5 - TG and DTG thermograms of of chitosan (A, B), carboxymethylcellulose (C, D),
micro-PECs and (E, F) and for the macro-PECs (G,H).
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Figure SM6 - Figure 7A — Original image
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Figure SM7 - Figure 7B — Original image
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Figure SMS - Figure 7C — Original image
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CAPITULO 3
CHITOSAN/CARBOXYMETHYLCELLULOS
E POLYELECTROLYTE COMPLEXES
(PECS) ARE AN EFFECTIVE MATERIAL
FOR DYE AND HEAVY METAL
ADSORPTION FROM WATER
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Ferreira, D. C. M.; Ferreira, dos Santos, T. C..; Coimbra, J. S. R.; Oliveira, E. B.
Chitosan/carboxymethylcellulose polyelectrolyte complexes (PECs) are an effective material
for dye and heavy metal adsorption from water. Carbohydrate Polymers, 315, (2023).
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ARTICLE INFO ABSTRACT

Keywords:

Anionic dyes

Cationic dyes

Charged polysaccharides
Pollutants

Transition metal cations
Wastewater treatment

Granular macroscopic chitosan/carboxymethylcellulose polyelectrolytic complexes (CHS/CMC macro-PECs)
were produced and tested as adsorbents for six pollutants often present in wastewaters: sunset yellow (YS),
methylene blue (MB), Congo red (CR) and safranin (S), cadmium ((Idz') and lead (Pb2'). The optimum
adsorption pH values at 25 °C were 3.0, 11.0, 2.0, 9.0, 10.0, and 9.0 for YS, MB, CR, S, Cd*", and Pb?",
respectively. Kinetic studies indicated that the pseudos-econd order model best represented the adsorption ki-
netics of YS, MB, CR, and Cd?*, whereas the pseudo-first order model was the most suitable for § and Pb?*
adsorption. The Langmuir, Freundlich, and Redlich-Peterson isotherms were fitted to experimental adsorption
data, with the Langmuir model providing the best fit. The maximum adsorption capacity (quax) of CHS/CMC
macro-PECs for the removal of YS, MB, CR, S, Cd”", and Pb?* was 37.81, 36.44, 70.86, 72.50, 75.43, and 74.42
mg/g, respectively (corresponding to 98.91 %, 94.71 %, 85.73 %, 94.66 %, 98.46 %, and 97.14 %). Desorption
assays showed that CHS/CMC macro-PECs can be regenerated after adsorbing any of the six pollutants studied,
with possibility of reuse. These results provide an accurate quantitative characterization of the adsorption of
organic and inorganic pollutants on CHS/CMC macro-PECs, indicating a novel technological applicability of
these two inexpensive, easy-to-obtain polysaccharides for water decontamination.

1. Introduction

In times when nature began to charge the bill for humanity's care-
lessness with the environment, the rational use of water resources in
industrial processes has become one of the main concerns of industries,
environmental research, and public authorities. Many of these activities
generate a large volume of effluents, which often do not receive proper
treatment, contaminating reservoirs and water stations, thus harming
the environment (Chowdhury et al., 2022). Among the contaminants,
dyes and heavy metals stand out since they are pollutants with relevant
applications in the textile, leather, food, or pharmaceutical industries

(Sultana et al., 2022). Considering their chronic toxicity and low
biodegradability, improper disposal of dyes and heavy metals represents
a critical threat to the environment and ecosystems, requiring the
development of effective and economically viable technologies to
adequately treat effluents containing such compounds.

In recent years, different methods have been proposed for the elim-
ination or at least the reduction of dyes and heavy metals from waste-
water, including coagulation/flocculation (Gadekar & Ahammed,
2016), ion exchange (Lahiri et al., 2022), membrane separation (For-
tunato et al., 2021; Qu et al., 2022), adsorption (Alves et al., 2020; Xu
et al, 2022), advanced oxidation (Bravo-Yumi et al., 2022),

Abbreviations: qeo, Adsorption capacity of fresh macro-PEC; CMC, Carboxymethylcellulose; CHS, Chitosan; CR, Congo red; Co, Dye initial concentration in so-
lution; %R, Dye removal percentage; Cg4, Equilibrium concentration after desorption; qp, Equilibrium desorption capacity; Ky, Freundlich constant (represents the
adsorption capacity); C, Intercept of intraparticle diffusion plot; kg, Intraparticle diffusion rate constant; Pb”", Lead; LQ, Limit of Quantification; LD, Limits of
Detection; n, Freundlich constant (intensity of adsorption); Qy,, Maximum capacity; MB, Methylene blue; PEC, Polyelectrolyte complex; k;, Pseudo first order rate
constant; ky, Psendo-second order rate constant; Kg, a, p, Redlich-Peterson constants; S, Safranin; SEM, Scanning electron microscopy; YS, Yellow sunset; pHzpc, pH

corresponding to zero-point charge.
* Corresponding authors.

E-mail addresses: danielle.mota@ufv.br (D.C.M. Ferreira), eduardo.basilio@ufv.br (E.B. de Oliveira).
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photocatalytic degradation (Elemike et al., 2017) and bioremoval
(Elgarahy et al., 2021). Among these methods, adsorption continues to
attract great attention due to its high efficiency, economic viability, and
relative ease of operation. Conceptually speaking, adsorption is a surface
phenomenon that removes chemical species from the fluid phase, with a
consequent concentration on the surface of a given substrate, usually a
solid (Amran & Zaini, 2021). Adsorbent materials should be economi-
cally viable, easily accessible, environmentally harmless, and highly
removable and reusable. In addition, it is essential to use materials with
minimum environmental impact, coming from abundant natural sources
and being biodegradable and nontoxic. Furthermore, the complexity of
wastewater (pH, temperature, and presence of mixed pollutants) can
reduce treatment efficiency and negatively affect the regeneration of
adsorbents, which should also be considered when choosing appropriate
adsorbents for wastewater treatment (Aragaw & Bogale, 2021). Among
the various materials used to fabricate adsorbents, polysaccharides, a
broad class of carbohydrate polymers originating from natural sources,
are promising candidates for such applications. They present diverse
functional groups on their chains, allowing high adsorptive perfor-
mance, high porosity, renewability, biodegradability, biocompatibility,
and possible combination (Qi et al., 2021).

Sodium carboxymethyl cellulose (CMC) is a cellulose derivative
soluble in water. Due to the deprotonation of carboxyl groups, it be-
comes negatively charged when dissolved in water (Ren et al., 2016).
CMC has been explored for different purposes, such as food thickeners
(Kowalska & Krzton-Maziopa, 2015), bioengineering (Capanema et al.,
2018), dressings (Das et al., 2015), adsorption (Kono et al., 2013), and
drug carriers (He et al, 2021). Chitosan (CHS), a polysaccharide
composed mainly of glucosamine and N-acetylglucosamine units, is the
only natural polysaccharide that is positively charged in aqueous media
and has been applied in the removal of pollutants due to its availability,
low cost, and high biodegradability (Sadiq et al., 2021). However, due to
thermal stability and mechanical property limitations, this poly-
saccharide is often mixed with other polymers or crosslinking agents to
form composites with improved physicochemical and techno-functional
properties (Ferreira et al., 2022).

Ferreira et al. (2022) studied the combination of CHS and CMC
dispersions and found that all pH values (3.0, 3.5, 4.0, or 4.5), mixing
ratios (4:1, 3:1, 2:1, 1:1, 1:2, 1:3, and 1:4) and temperatures (25, 45, 65,
or 85 °C) studied led to the formation of either macro- or micro-
structured polyelectrolyte complexes (PECs), namely, macro-PECs and
micro-PECs, respectively. Macro-PECs appeared as granular, macro-
scopically visible structures, stable for weeks in an aqueous solution,
suggesting that they have potential applications in the adsorption of
contaminants, such as dyes and heavy metals. Indeed, Tang et al. (2020)
studied modified magnetic Fe304/alkaline Ca-bentonite (MACB-CC)
manufactured by modifying magnetic Fe;04/alkaline Ca-bentonite
(MACB) with both CMC and CHS via the Schiff base reaction for
pollutant removal. The adsorbent exhibited stable magnetic separation
ability and excellent adsorption for doxycycline (96 %). Additionally,
Zhao et al. (2020) studied CHS and CMC hydrogels prepared by semi-
dissolution/acidification/sol-gel transition (SD-A-SGT). The hydrogels
formed showed good adsorption capacity for both cationic and anionic
dyes. These reports illustrate the potential of CMC-CHS complexes for
adsorption processes, opening doors for more systematic and quantita-
tive investigations on this subject. On the other hand, to the best of our
knowledge, complexes formed between CMC and CHS, without adding
other reagents, complexing agents, or chemical modifications, have not
been studied for adsorptive processes.

Therefore, the novelty brought by the present study is the demon-
stration of the applicability of supramolecular structures based on CHS
and CMC, formed by a simple and direct method, as inexpensive and
ecologically harmless adsorbents for the removal of dyes and heavy
metals from water. Four organic dyes — sunset yellow (YS), methylene
blue (MB), Congo red (CR), and safranin (S) - with azo- and/or
condensed rings (see their molecular structures in Supplementary
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Materials) were studied here due to their ubiquity in many industrial
wastewaters. In addition, similar to these dyes, many heavy metals are
often present in industrial effluents, are nondegradable and highly toxic,
and can accumulate within organisms along the food chain. Lead (Pb%")
and cadmium (Cd*") are toxic heavy metals that frequently exist as
cationic inorganic ions in industrial wastewater, so they were also taken
as adsorbates in the present study. Due to the nonstopping growing need
for natural, alternative, and low-cost materials (such as the
carbohydrate-based supramolecular complexes studied here) to reduce
or eliminate contaminants and, consequently, to improve the living
conditions of populations through environmental protection and pollu-
tion control, we strongly believe that this report is of strategic techno-
logical potential. Furthermore, the results reported may contribute to
the techno-economical value of two readily available polysaccharides
also possessing recognized safety.

2. Materials and methods
2.1. Materials

Chitosan (low molecular weight, Sigma-Aldrich Corporation, USA;
Product ID = 448877) from fresh shrimp shells Pandalus boralis and
carboxymethylcellulose (Sigma-Aldrich Corporation, USA; Product ID
= 419311) were purchased from Sigma-Aldrich Corporation (USA).
Chitosan powder was washed three times with deionized water to
remove water-soluble chitooligosaccharides and salt residues before
being used in the experiments. Chitosan was characterized by the degree
of deacetylation (76.7 %) and viscometric average molar mass (364 +
10 kDa). Carboxymethylcellulose was characterized in terms of the de-
gree of substitution (0.59 + 0.03) and viscometric average molar mass
(794 + 8 kDa) (Ferreira et al., 2022).

Methylene blue (Product ID = M9140), yellow sunset (Product ID =
465224), Congo red (Product ID = C6767), and safranin (Product ID =
§2255) were also supplied by Sigma-Aldrich. As models of pollutant
heavy metals, the salts PbCly and CdCly with purity >99 %, were
studied. They were both kindly furnished by the Department of Chem-
istry (UFV). Hydrochloric acid (Sigma-Aldrich, Brazil, 37 wt% in H20)
and sodium hydroxide (Sigma-Aldrich, Brazil) were of analytical grade
and used without any purification process. The deionized water used in
all experiments was obtained from a Milli-Q system (18.2 MQ.cm !,
25 °C; Reference A+, Millipore, Italy).

2.2. Validation of analytical methods for determination of dye
concentrations in aqueous solutions

The maximum absorption wavelengths of the dyes were determined
by using the spectral scan performed from 200 to 1100 nm. In all studied
pH values, the same A,y for the dyes was obtained. Therefore, the
respective peaks at the wavelengths mentioned in Supplementary Ma-
terial (Table SM1) were adopted for all adsorptive tests. The adjusted
coefficients, line equations for each dye, limits of detection, limit of
quantification, and precision are also presented in the Supplementary
Material.

For the analysis of the residual concentrations in aqueous solutions
of the dyes after the adsorption onto CHS/CMC macro-PECs, standard
curves were built by UV-visible spectroscopy (Kafle, 2020), monitoring
the absorbance at the maximum absorption wavelengths for each dye
according to Beer-Lambert law at their corresponding maximal ab-
sorption wavelengths. The calibration curves of the standard dye solu-
tions were developed for concentrations ranging from 0.125 mg-L ! to
50 mg-L_l using a UV-Vis spectrophotometer (UV 1800, Shimadzu,
Japan). Quartz cuvettes with an optical path equal to 1 cm were used.
Absorbance analyses were performed in triplicate.

The detection limit (DL), corresponding to the lowest concentration
of each substance in the sample that can be detected by this method, and
the quantification limit (QL), which is equivalent to the lowest con-
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centration in the sample that can be quantified, were estimated from the
calibration curve resulting from the parameter linearity (Kotani et al.,
2020), as represented in Egs. (1) and (2):

DL = % a
or_ (105D) )

m

In these two equations, SD is the standard deviation of the intercept for
the Y axis, and m is the slope value of the analytical curve.

The accuracy of an assay is characterized by its ability to produce the
correct value if an infinite number of repetitions are performed (Sahu,
Rai, Rai, Banjare, et al., 2020b). The accuracy (A) was calculated
through Eq. (3), which relates the concentration calculated in triplicate
for a standard solution (C.) of methylene blue and sunset yellow dyes
and the expected concentration (C,).

C.
A(%) = 5

3

3)

Accuracy corresponds to the variability of the results around the mean
value (coefficient of variation) (Sahu, Rai, Rai, Banjare, et al., 2020a).

2.3. Determination of Pb”>" and Cd®" concentrations in aqueous solutions

For Pb®* and Cd?* residual concentrations in aqueous solutions after
the adsorption processes, a Perkin Elmer Model Optima 8300 DV atomic
absorption spectrometer equipped with a hollow cathode lamp for co-
balt as well as a deuterium lamp for background correction was used.
Wavelengths of 226.506 nm for Cd** and 220.351 nm for Pb®* and
different standard solutions were used to construct the analytical curve
for subsequent concentration calculation.

2.4. CHS/CMC macro-PEC production

Macro-PECs were prepared as described in detail by Ferreira et al.
(2022), under the conditions where the highest yield of macro-PECs was
observed. Briefly, at room temperature (25.0 = 1.0 “C), appropriate
volumes of CMC dispersions (pH 3.0) were added dropwise with a

Peristaltic
pump

pH adjustment
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magnetic burette stirrer adapted to the dispersion of previously pre-
pared CHS (pH 3.0). The mixing ratio was 1:3 (CHS:CMC). After for-
mation, the macro-PECs were frozen, lyophilized, and ground, as
schematically shown in Fig. 1.

2.5. CHS/CMC macro-PEC characterization

2.5.1. Zero-point charge (pHzpc) determination

The pH values at which the net amounts of positive and negative
charges are equal on the surface of the adsorbents were estimated by
direct measurements of the pH of standard solutions (pH between 1.0
and 12.0; HCI/KCI and NaOH/KCI; constant and ionic strength equal to
1 mol-L ') before and after contact with solids. The analyses were car-
ried out as follows: 25 mL of 0.1 mol-L ™! KCI solution was placed in a
series of Erlenmeyer flasks, and then the pH value of each container was
adjusted to 1.0, 2.0, ..., 11.0, or 12.0 using 0.1 mol-L ! solutions of HCl
or NaOH. The initial pH of the solution (pH;) was measured and noted.
One hundred milligrams of freeze-dried micro-PEC was added to each
Erlenmeyer flask and stirred for 24 h. The supernatant material was
filtered, and the final pH values (pH;) of the solutions were measured.
The difference between the initial and final pH values was calculated

[ApH = pHy—pH;|, and then the plot of ApH = f(pH;) was built. The pH
value where ApH = 0 is called the zero-charge point, the pH,, of the
material.

2.5.2. Scanning electron microscopy analysis

The morphology of crushed macro-PECs was obtained by scanning
electron microscopy (SEM). Samples were fixed in a sample holder,
covered with gold (15 nm thick) (Quorum, Q150RS, United Kingdom)
(Freitas-Silva et al., 2021), and then analyzed using an LEO 1430VP
scanning electron microscope (Carl Zeiss, United Kingdom) at 15 kV.

2.6. Adsorption of pollutants on CHS/CMC macro-PECs

2.6.1. Adsorption efficiency at different pH values

First, adsorption experiments were performed by varying the initial
pH of the solutions of each dye or heavy metal (namely, “pollutants™) to
investigate the pH effect on adsorption. The dye solutions were prepared
at different pH values. For this purpose, the powder dye was added

Fig. 1. Schematic representation of the methodology applied to macro-PEC preparation.

3
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directly to the water at the target pH. Initial tests were carried out so that
the intended final pH was reached when adding the dyes without the
need to add any other amounts of acidic or basic solutions so that there
was no interference in the final concentration of the solutions. In other
words, 10 mg of the adsorbents were added to 10 mL of solution with a
concentration pollutant equal to 50 mg-L ! and with pH varying from
2.0 to 12.0, kept under constant agitation for 24 h and monitored
periodically by UV-Vis spectroscopy for dye solutions (Section 2.2) or by
atomic absorption spectrometry for heavy metal solutions (Section 2.3).
Solution pH adjustments were performed with the dropwise addition of
0.1 mol-L ! solutions of HCl and/or NaOH. The amounts of dye or heavy
metal adsorbed (mg) per mass of material (g) (q.) in each solution were
obtained from the difference between their initial (Cy;) and final or
equilibrium (Cy) concentrations in solution, by the mass of adsorbent
(m) used and by the volume (V) of the solution, according to Eq. (4).
Additionally, the dye removal percentage (%R) was estimated by Eq.
(5).

Co— G
4 ('"3) =0 fv (4)
g m

_ GG

%R
Co

(5)

2.6.2. Adsorption kinetics

An adsorption kinetics study was carried out to analyze the influence
of the contact time of the pollutants and the adsorbate in aqueous media
on the adsorbed amount of the former. Once the best adsorption pH was
known (i.e., the pH at which adsorption is more favorable for each
pollutant), the same procedure was used for the kinetic study, varying
the contact time to determine the equilibrium time. Briefly, 10 mg
samples of the adsorbents were added to 10 mL of aqueous solutions
containing dyes or heavy metals at 25 mg-L™' and 50 mg-L™! (the
concentration was varied to check for equilibrium time changes and
fitted models). Next, they were kept for continuous stirring and moni-
tored periodically (5, 10, 20, 30, 45, 60, 90, 120, 180, 240, 300, 360,
420, 480, 540, and 600 min) using UV-Vis spectroscopy for dye solu-
tions or atomic absorption spectrometry for heavy metal solutions. The
absorbance readings were taken in three replicates, and the average was
used to calculate the dye concentration.

The amount of pollutant adsorbed at each time (Q,) was calculated
using Eq. (4). The experimental kinetics data were modeled using
pseudo-first order, pseudo-second order, and intraparticle diffusion
models as expressed in Egs. (6), (7), and (8) (McCabe et al., 2004; Sahoo,
Prelot, 2020b).

0, =Qe(1—e™") (6)
 kQM

2= 1+ kOt @

Q =kt +C (8)

In these three equations, Q; (mg/g) is the amount adsorbed at time t,
Q. (mg/g) is the amount adsorbed at equilibrium, k, (min'l) is the
pseudo-first order rate constant, k, (g/mg-min) is the pseudo-second
order rate constant, ks (mg/g.h) is the intraparticle diffusion rate con-
stant, t (min) is the contact time, and C is the vertical axis intercept of the
intraparticle diffusion plot. The values of C provide information about
the thickness of the boundary layer. A larger C implies a greater effect of
the boundary layer (Sahoo, Prelot, 2020a, 2020b).

2.6.3. Adsorption isotherms

The optimal pH and the equilibrium time for the adsorption of dyes
and heavy metals under study were used according to data obtained in
the pH study (Section 2.6.1) and the kinetic study (Section 2.6.2). The
tests to obtain the adsorption isotherms were carried out similarly to
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those previously described but with dye concentrations varying from 1
to 100 mg-L™. For each pollutant, batch isotherms were obtained by
placing 15 mL of solution in contact with 0.1 g of adsorbent, maintaining
the mass of the adsorbent and varying the solution concentration (1, 5,
10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mg-L“). The systems formed
were placed under mechanical agitation at 300 rpm until equilibrium
was reached to obtain the amount of pollutant adsorbed and the con-
centration that remained in the solution. With these experimental data,
the isotherms were modeled according to the Langmuir, Freundlich, and
Redlich-Peterson models, represented in Egs. (9), (10), and (11),
respectively.

_ QukiC,

Qr - m (9)
Qe =k C; 10)
krC.

In these three equations, Q, is the amount adsorbed per gram of the
adsorbent (mg.g"), Qn (L~mg'1) is a constant related to the adsorption
energy, k; (L-g~') is the Langmuir constant that gives the theoretical
adsorption capacity in the monolayer, C, (mg.g 1) is the concentration
at equilibrium, ks and n are the Freundlich constants (dimensionless)
that represent the adsorption capacity and the intensity of adsorption,
respectively, and ki (L/g), a (L’ g") and f (dimensionless) are the
Redlich-Peterson constants.

2.6.4. Desorption assays

The recovery capacity of the adsorbed dyes was determined by
saturating 10 mg of the adsorbents with 10 mL of an aqueous solution of
50 mg-l..’l of each dye. The dye-loaded macro-PECs were regenerated
using 10 mL of 0.01 M HCI solution for methylene blue and safranin
desorption and 0.01 M NaOH for yellow sunset and congo red desorp-
tion, corresponding to pH values of 2 and 10, respectively. Regeneration
was carried out at room temperature for 2 h. Residual concentrations
were measured, and dye desorption was calculated using Eq. (12).
g ={2=ClV a2)

m

In Eq. (12), qp (mg-g’l) is the desorption capacity, CD(mg-L’l) is the
equilibrium concentration after desorption, C, (mg/L) is the initial dye
concentration in solution (Cg = 0), V (L) is the solution volume, and m
(g) is the macro-PEC mass.

3. Results and discussion
3.1. CHS/CMC macro-PEC characterization

3.1.1. Zero-point charge (pH,,,)

The zero-point charge (pH,,) is a critical factor that allows pre-
dicting the net charge on the surface of the adsorbent as a function of pH
and, consequently, the ease with which an adsorbent material can
potentially adsorb ions. It is the value at which the net charge of the
polyelectrolyte complex (PEC) is zero, that is, ApH = pH;-pH; = 0. The
pH of the solution is one of the factors that most strongly affects the
adsorption capacity of the dye in the adsorbent. It controls the magni-
tude of the electrostatic charge of ionized dye molecules. Adsorbents at
PH < pH,, have a positive surface charge (favoring the adsorption of
anions), whereas at pH > pH,,,, they have a negative surface charge
(favoring the adsorption of cations). According to our results, the pH,,,
of the macro-PEC under study was approximately at pH 3.3, as shown in
Fig. 2.
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Fig. 2. Identification of the zero-point charge (pH,_,) of the CHS/CMC macro-PECs.

3.1.2. Scanning Electron Microscopy (SEM)

The results of scanning electron microscopy (SEM) analysis of the
CHS/CMC macro-PEC are illustrated in Fig. 3. The surface of the CHS/
CMC macro-PEC particles presented a heterogeneous topology, with the
presence of indentations and cavities, responsible for expanding its
specific surface area (area per mass unit), thus increasing the number of
potential sites for adsorption. Pores may exist on the surface of the
particles but with size magnitudes smaller than the resolution limit of
the available microscope.

3.2. Adsorption of pollutants on CHS/CMC macro-PECs

3.2.1. Adsorption efficiency at different pH values

Fig. 4 shows the relationship between the initial pH of the solutions
and the adsorption capacity of dyes and heavy metals by macro-PEC,
removing them from the aqueous media. According to these results,
the YS removal capacity increased from 2.72 + 0.03 to 60,77 + 0.05
mg-g ' when the pH changed from 10.0 to 3.0; the MB removal capacity
increased from 4.52 + 0.01 to 45.49 + 0.03 mg-g — 1 when the pH
changed from 2.0 to 11.0; the CR removal capacity increased from 2.11
+ 0.01 to 41.16 + 0.06 mg-g ! when the pH changed from 11.0 to 2.0;
the S removal capacity increased from 29.16 + 0.29 to 59.98 + 0.09
mg-g~! when the pH changed from 3.0 to 9.0; the Cd?* removal capacity
increased from 30.67 + 0.10 to 68.99 + 0.05 mg~g’1 when the pH
changed from 2.0 to 10.0; and the Pb?* removal capacity increased from

(a)

pez

0.17 £ 0.01 to 61.65 + 0.03 mg~g’1 when the pH changed from 2.0 to
9.0. These results reveal the strong impact of electrostatic effects on
adsorbate-adsorbent binding. As the macro-PEC surface became more
negative, the adsorption of anionic dyes was unfavored at higher pH
values, whereas the cationic species had their adsorption favored.

During the formation of the macro-PEC and when these are
immersed in aqueous solutions at lower pH, the electrostatic in-
teractions between the groups of both polyelectrolytes are considered
long-range; the CHS and CMC chains do not necessarily need to be
relatively close for interaction between oppositely charged groups.
Under these conditions, interactions only occur between the chains of
the same polyelectrolyte, and the structure formed and/or maintained
tends to a coiled state with a low degree of expansion. For solutions with
higher pH values, the macro-PEC presents an expansion in its network
due to the anion-anion repulsion between the CHS chains. There is, in
these conditions, prevalence of hydrogen bonds. Interactions are no
longer exclusively intrachain, so interactions between the chains of the
same polyelectrolyte are also formed. The rearrangement of the chains
causes most ordered regions to be formed. Samples immersed in solu-
tions at pH 10 showed greater ordering of the chains and a consequent
increase in their stability. It is also worth mentioning that the behavior
of the lyophilized macro-PECs also depends on the time during which
they remained immersed in each solution with different pH values.

In fact, as the pH increases, the degree of deprotonation of amino and
carboxyl groups on the surface of the adsorbent becomes progressively

Fig. 3. (a) Visnalization of micro-PECs after milling and SEM photomicrographs of PECs magnified by (b) 50x and (c) 1000x.
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Fig. 4. Amounts of Yellow Sunset (a), Methylene Blue (b), Congo Red (c¢), Safranin (d), cd?* (e) or Pb** (f) adsorbed in mg per gram CHS/CMC macro-PECs (left
vertical axis — bars) and their respective percentage of removal (right vertical axis - lines) at different pH values ranging from 2.0 to 12.0 and a temperature of 25 °C.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

higher, and a greater negative charge density is generated in PECs
(predominance of -COO~ and -NH, over -COOH and -NH3). This
behavior increases the attractive electrostatic interactions between
macro-PEC and cationic dyes. The opposite occured with anionic dyes,
whose adsorption is favored at lower pH values, at which in PECs -COOH
and -NH3 groups are predominant over -COO  and -NHy (Moham-
madzadeh Pakdel et al., 2022). This trend is in agreement with data
depitcted in Fig. 4a-d. On the other hand it is worthy emphasizsing that,
since all four dyes studied are polyaromatic species (for dyes' molecular
structures, please, see Suplementary Material), attractive aromatic

interactions involving the aromatic rings (AR) interactions, namely
anion-n and cation-n interactions — more specifically -COO "...AR and
-NH3...AR - also play a non-negligeable role in these dyes adsorption
onto CHS/CMS PECs' surface. This explains why there is some adsorp-
tion of all four studied dyes even when the pH of the medium lead to the
predominance of charges of same sign in both PECs and dyes. Further-
more, dye molecules already adsorbed onto PECs form n-r interactions
with other dye molecules coming from the solution, presumably
constituting more than one layer of adsorbed molecules.

As depicted in Fig. 4e-f, the adsorption capacity of cadmium and lead
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Fig. 5. Adsorption kinetics: (a) yellow sunset 25 mg/L; (b) yellow sunset 50 mg/L; (¢) methylene blue 25 mg/L; (d) methylene blue 50 mg/L; (e) Congo red 25 mg/L;
() Congo red 50 mg/L; (g) safranin 25 mg/L; (h) safranin 50 mg/L; (i) Cd>* 50 mg/L; (j) Pb?* 50 mg/L. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Table 1

Comparison of ., max (mg/g) for some dyes (MB, YS, and CR) and heavy metal
cations (Pb** and Cd?") in adsorption on different adsorbents produced with
CMC or CHS, as reported in literature.

Absorbent Pollutant g, max Reference
(mg/g)
CMC/ZIF-8 beads MB 13.06 Marsiezade &
Javanbakht, 2020
Chitosan/CMC hollow capsule 64.6 Kong et al., 2020
Chitosan grafted sodium acrylate YS 17.97 Nagarpita et al.,
co-acrylamide 2017
Chitosan grafted sodium acrylate 73.41
co-acrylamide/Nanoclay
CMC grafted sodium acrylate-co- 29.14
acrylamide
CMC/Nanoclay grafted sodium 54.8
acrylate-co-acrylamide
Carboxymethyl chitosan hybrid CR 74.01 Zhang et al., 2020
montmorillonite
Chitosan 78.90 Wang & Wang,
2008
Carboxymethy! chitosan hybrid Pb* 82.4 Zhang et al., 2020
montmorillonite
Carboxymethyl cellulose/sugarcane 27.4 Furtado et al.,
bagasse/polydopamine 2022
Carboxymethylcellulose-chitosan- cd*! 123 Wang et al., 2021
alkaline Ca-bentonite
Carboxymethyl cellulose 126.58 Ayouch et al.,
hydroxyethyl cellulose hydrogel 2021
films

Although there are already investigations using natural materials to
remove dyes from aqueous systems, sometimes the adsorption capacities
of most of the reported adsorbents are limited, and sometimes the dif-
ficulty in obtaining or discarding them due to the use of crosslinking
materials that contaminate hinders the use of these materials.

3.2.3. Adsorption isotherms

The experimental data and fitted isotherms are shown in Fig. 6. The
calculated constants, k;, R; (Langmuir constant), ks, n (Freundlich
constants), kg, a and p§ (Redlich-Peterson constants) — expressed in Eqs.
(9), (10), and (11); Section 2.6.3 - for adsorption are shown in Table 3.
As shown in Table 3, all models presented high fitting quality, as indi-
cated by R% > 0.95 and R? adj > 0.952. In particular, the linear fit of the
Langmuir isotherm model for the data showed that the adsorption of S,
CR, Cd** and Pb*" on CHS/CMC macro-PEC particles followed the
Langmuir mechanism. The Langmuir isotherm assumes one-molecule-
thick monolayer adsorption, with adsorption occurring at a finite
number of localized specific sites, which are identical and equivalent,
with no lateral interaction or steric hindrance between the adsorbed

Table 2
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molecules, even at adjacent sites (Lopez-Luna et al., 2019). Indeed, since
Ry is the dimensionless equilibrium parameter that represents the
equilibrium adsorption behavior, the adsorption phenomena are irre-
versible (Ry, = 0), favorable (0 < Ry, < 1), linear (R, = 1), or unfavorable
(Ry, > 1) (Sahoo, Prelot, 2020a; Shin et al., 2021). The experimental Ry,
values also showed that the Langmuir model was fitted to the data and
that the process was favorable for adsorption.

Chitosan-Vermiculite composite bead materials were used to effi-
ciently remove sunset yellow FCF and brilliant blue FCF food dyes from
the aqueous solution. The experimental data was better fitted the
Langmuir model for YS, and the maximum adsorption capacity was
0.387 mol kg'l (Senol et al., 2020). On the other hand, methylene blue
was removed by adsorption using naturally available chitin components,
and the Freundlich isotherm was the model that best fitted the data
(Karthi et al., 2022). The Langmuir isotherm model also showed ade-
quacy in describing the removal of Safranin from an aqueous solution
using as biosorbent a magnetic derivative of the tropical marine green
calcareous algae Cymopolia barbata (Mullerova et al., 2019), as well as in
the adsorption of Congo Red using Boehmite Microspheres (y-AIOOH)
(Wang et al.,, 2022). Basu et al. (2017) used cucumber peel as a bio-
adsorbent to remove Pb%*. Satisfactory adsorption conditions were
conducted at pH 5, the equilibrium time was reached in 1 h, and the
kinetic model that best fitted the data were pseudo-second order. The
Langmuir isotherm model was considered ideal for adsorption, with a
maximum adsorption capacity of 133.60 mg/g. IKhan Rao and Khatoon
(2017) conducted a study to treat the bioadsorbent (leaves of Casuarina
equisetifolia) using a 2 % solution of NaAlO: to remove Cu?*, Pb?‘ and
Ni%* in aqueous solution. The maximum adsorption capacity of Pb%*
was 28 mg/g, following a Langmuir mechanism.

Considering that the Langmuir model is best suited to our experi-
mental data, we can hypothesize that i) the adsorption consists mostly of
monolayers of adsorbates on the CHS/CMC macro-PECs surface; ii) there
is only negligible interaction between molecules adsorbed at different
sites, iii) each site can contain only one adsorbed molecule; and iv) the
heat of adsorption does not depend on the number of sites and is the
same for all sites (Swenson & Stadie, 2019). Therefore, one can infer that
the two biopolymers forming the adsorbent (CHS and CMC) were mixed
in a microhomogeneous way, with no demixing on the microscopic scale
and, consequently, producing an adsorbent material with a molecularly
homogeneous surface. This behavior corroborates previous statements
by Ferreira et al. (2022).

3.2.4. Desorption assays

Finally, this study included desorption tests for the dyes (Fig. 7a) and
heavy metals (Fig. 7b). From Fig. 7a, it was noted that the maximum
adsorption and desorption times for all dyes were approximately 120
min (Ci = 50 mg/L). Approximately 90 % of the YS dye was desorbed,

Kinetic parameters obtained for the adsorption of yellow sunset, methylene blue, Congo red, safranin, Cd**, and Pb?* on CHS/CMC macro-PECs at 25 °C.

Adsorbate Concentration  pH Qe.exp/ Psendo-first order Pseudo-second order Intraparticle
(mgL™") 107! Qr = Qe(1 - ekr) k2Q.2t Q = kt®S + C
(mgg™") @ =11 ko
q /107" k2100 R? q /10 k, /10 R? k /107" (mg-g “min*%) C R?
(mgg')  (min") (mgg™") (gmg ' min")
Yellow sunset 25 3.0 3.82 3.70 1.32 0.871 3.83 0.74 0959 341 30.3  0.422
50 7.52 7.27 0.06 0.997 7.59 0.01 0.997 9.64 523  0.431
Methylene blue 25 11.0  3.84 3.70 1.31 0.870 3.84 0.06 0.997 3.43 30.3  0.428
50 7.52 7.25 0.74 0.959 7.59 0.02 0995 9.64 52.3  0.431
Safranin 25 20 3.58 3.60 1.86 0.991  3.68 0.11 0.834 154 326  0.098
50 7.74 7.51 0.77 0.953 7.89 0.02 0.889 9.97 53.9  0.306
Congo red 25 9.0 3.33 3.23 4.38 0.517 3.28 0.41 0.915 1.86 30.2  0.619
50 7.10 7.00 3.03 0.938 7.15 0.11 0.939 5.22 63.4 0.357
cq¥ 50 10.0  7.56 7.48 4.42 0.995 7.57 0.20 0.999 7.79 60.2  0.072
Pb** 50 9.0 7.40 7.43 1.59 0.988 7.69 0.04 0,927 4.43 65.1 0.126

ky: pseudo-first order rate constant, ky: psendo second order rate constant, kg: intraparticle diffusion rate constant, t: contact time, C: intercept of intraparticle diffusion

plot.
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Table 3
Kinetic parameters obtained for (a) Yellow Sunset; (b) Methylene Blue; (¢) Congo Red; (d) Safranin; (e) Cdz‘; () Pb?" removal using macro-PECs.
Yellow sunset Methylene blue Safranin Congo red Cadmium Lead
Langmuir k; /10~ (dimensionless) 3.85 24.0 20.00 5.00 —20.00 —70.00
_ QukiC. Qu /10 ' (mg-g ) 2.84 9,99 3.83 4.43 3.78 5.16
Q= 1+ QumCe R? 0.992 0.989 0.953 0.979 0.997 0.992
Rajus 0.990 0.989 0.952 0.977 0.997 0.990
Freundlich kemg-g ') (Lmg )" 1.39 1.39 1.39 1.39 118 0.47
1 1/n (dimensionless) 0.99 0.91 1.00 0.94 1.05 1.29
Qe = kyClt R? 0.989 0.979 0.952 0.978 0.997 0.988
Rajus 0.989 0.978 0.950 0.978 0.996 0.986
Redlich Peterson kg (dimensionless) 1.32 1.28 1.140 1.20 1.42 1.31
_ keCe « /10* (dimensionless) 7.35 0.571 ~1.18 ~0.41 -1.18 -4.59
E= ac? f (dimensionless) 21.61 ~3.30 -21.32 ~18.00 ~21.32 ~26.91
R? 0.989 0.982 0.951 0.951 0.995 0.967
Rajus 0.988 0.981 0.950 0.949 0.995 0.966

70 % of the MB and S dyes, and 55 % of the CR dye. Cd?** and Pb** were
desorbed by 70 %. For the heavy metals studied, Cd** and Pb*", the
adsorption took 30 min, and the desorption process took 90 min, indi-
cating a slower desorption rate than adsorption.

Lower desorption may elucidate that adsorption is not fully revers-
ible and that there are strong bonds between heavy metal molecules and
the macro-PEC surface due to chemisorption. Therefore, the desorption
mechanisms confirm that the adsorption of the studied pollutants gov-
erns both physical and chemical adsorption. In addition, these results
corroborate that electrostatic interactions governed the binding of the
dyes onto the surface of CHS/CMC macro-PEC particles since these
substances were desorbed with NaOH or HCI solution. Reuse was
possible for two cycles while maintaining the same adsorption capacity.

In addition, the desorption time was longer than the adsorption time
of heavy metals by the macro-PECs, suggesting that adsorption was
dominant and its environmental risk was low; that is, the adsorbed
heavy metals would be released into the environment with less ease,
representing a lower environmental risk. This also suggests that macro-
PEC has a higher specific surface area and rich lattice structures,
contributing to its high adsorption and low desorption performance.
This significant retention capacity for heavy metal ions indicates the
remarkable efficiency of macro-PECs as adsorbents.

The most widely used prevalent regeneration techniques for different
adsorbentsare chemical and thermal regeneration. In chemical regen-
eration, different solvents (acid, base, or salt) mixed with used adsor-
bents are used to extract adsorbate. The regeneration efficiency of
depleted adsorbents in the chemically modified regeneration technique
depends on the adsorbate's solubility in solvents and can change the
structure of the adsorbent. In our study, in acidic or basic aqueous so-
lutions, pollutant desorption may have occurred due to the electrostatic

400
(a) Yellow Sunset
—e— Methylene Blue
—&— Congo Red
3004 ~—w— Safranin
ﬁ 200 4
E
.
o
100
o adsorption - desorption
0 50 100 150 200 250
Time (min)

repulsion of cations or anions (depending on the pollutant) from the
adsorbent surface. Cationic pollutant molecules were attracted to
negatively charged particles on the surface of the adsorbent, and anionic
pollutant molecules were attracted to positively charged particles on the
surface of the macro-PEC. The desorption process revealed that macro-
PECs could be easily renewed and used repeatedly as recyclable and
efficient adsorbents for practical use in treating effluents containing
dyes and heavy metals.

Sponge-like Ti'* cross-linked chitosan was synthesized for removing
Orange II from wastewater. The maximum adsorption capacity was
1120 mg/g, and the adsorption and desorption times were approxi-
mately 120 min and 20 min, respectively (Co = 300 mg/L). The
adsorption time was similar to that found in the present work, while the
desorption time was shorter due to differences between the dyes, con-
centration, and adsorbent structures used. In the research by Allouss
et al. (2019), approximately 83 % of the MB dye was desorbed, and the
removal efficiency was maintained higher (76.07 %) even after four
successive batches of adsorption-desorption cycles.

Continuous accumulation of pollutants in adsorbents gradually re-
duces their overall adsorption efficiency. It is a severe problem because
the used adsorbent contains toxic substances that can be leached into the
environment after disposal. To make adsorption a cyclical process, it is
necessary, in addition to the adsorptive step, to desorb the components
retained on the surface of the adsorbent, with the main objectives of
restoring the adsorptive capacity of the adsorbent material and recov-
ering the adsorbed compounds. Furthermore, the regeneration of
depleted adsorbents improves the overall treatment cost and alleviates
the adsorbent disposal problem. The most widely used prevalent
regeneration techniques for different adsorbents are chemical and
thermal regeneration. In chemical regeneration, different solvents (acid,

(b) '® o

—e—Pb*

40
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Fig. 7. Adsorption and desorption process for (a) yellow sunset, methylene blue, Congo red, and safranin dyes and (b) Cd®>* and Pb?*. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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base, or salt) mixed with used adsorbents are used to extract adsorbate.
The regeneration efficiency of depleted adsorbents in the chemically
modified regeneration technique depends on the adsorbate's solubility
in solvents and can change the structure of the adsorbent. In our study,
in acidic or basic aqueous solutions, pollutant desorption may have
occurred due to the electrostatic repulsion of cations or anions
(depending on the pollutant) from the adsorbent surface. Cationic
pollutant molecules were attracted to negatively charged particles on
the surface of the adsorbent, and anionic pollutant molecules were
attracted to positively charged particles on the surface of the macro-PEC.
The desorption process revealed that macro-PECs could be easily
renewed and used repeatedly as recyclable and efficient adsorbents for
practical use in treating effluents containing dyes and heavy metals.

4. Conclusions

New applicability as adsorbents was successfully obtained for gran-
ular structures formed by the interaction between chitosan (CHS) and
carboxymethylcellulose (CMC), namely CHS/CMC macro-PECs. This
adsorbent demonstrated an excellent adsorption capacity for removing
from aqueous medium the yellow sunset, methylene blue, Congo red,
and safranin dyes, as well as the heavy metals cations Cd** and Pb®". In
addition to high adsorption capacities, CHS/CMC macro-PECs showed
rapid adsorption equilibrium, around 120 and 30 min for dyes and
heavy metals, respectively. The Langmuir adsorption model fitted well
the experimental data. The adsorption kinetics showed that the pro-
cesses, depending on the type of adsorbate, followed the pseudo-first
order or pseudo-second order models. Desorption assays indicated the
plausibility of reuse of the CHS/CMC macro-PECs in batch processes. All
the findings provide a new method for designing effective and recyclable
adsorbents to improve the removal of anionic and cationic organic dyes
and heavy metals. In other words, the obtained CHS/CMC macro-PECs
are a promising adsorbent for the adsorption and separation of pollut-
ants from larger volumes of industrial wastewaters. Adsortion assays in
systems containing more than one pollutant are one of the next steps of
this research.
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complexes are an effective material for dye and heavy metal adsorption from water”
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Table SM1 - Maximum absorption wavelengths for dyes
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Figure SM1 — Calibration curve for (a) sunset yellow, (b) methylene blue, (c¢) congo red and (d)

safranin.
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Table SM2 - Equations of straight lines, coefficient of determination (R:), limits of detection (LD), limit
of quantification (LQ) and precision (P) for Sunset Yellow (A..= 228 nm), methylene blue (A..= 284
nm), congo red (A..= 277 nm) and safranin (A...= 277 nm) .
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CAPITULO 4

MICROSTRUCTURED CHITOSAN/
CARBOXYMETHYLCELLULOSE
POLYELECTROLYTE COMPLEXES AS A
NOVEL AND EFFICIENT MATERIAL FOR
CARRYING AND CONTROLLED RELEASE
OF NIACINAMIDE
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Abstract

In this study, polyelectrolyte micro-complexes (micro-PECs) based on chitosan and
carboxymethylcellulose, carrying niacinamide as the active component, were prepared by
complex coacervation processing. The Box-Behnken experimental design was adopted to study
the effects of three independent variables — processing time, namely X; (60, 120, and 180 min);
pH, namely X (3, 4, and 5); and niacinamide concentration, namely X3 (0.02, 0.04, and 0.06
g-L-1), on the encapsulation efficiency (Y1) and binding capacity (Y2) of CMC/CHS micro-
PECs to niacinamide. The encapsulation efficiency (Y1) and loading capacity (Y2) varied
between 0.86 and 80.78%, and 0.03 and 3.89%, respectively. It was found that both responses
studied (Y1 and Y?) had effects mainly from the pH of the medium. The in vitro digestibility of
CMC/CHS micro-PECs containing niacinamide was evaluated using a static gastrointestinal
model. Four kinetic models were fitted to the niacinamide release kinetics data: Zero Order,
First Order, Higuchi, and Korsemeyer-Peppas. The zero-order model showed the best fit at all
points (gastric and enteric digestion) with low zero-order constants (Ko =0.002 - 0.003) and

similar for all systems studied, demonstrating a low release rate.

Keywords

Supramolecular structures. Vitamin B3. Carrier systems. Controlled release. Release kinetics.
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List of symbols and abbreviations

A Accuracy
Ky Higuchi constant
Ky Zero ordem constant
K, First-ordem constant
CHS Chitosan
CMC Carboxymethylcellulose
EE Efficiency encapsulation
Kk-p Korsemeyer-Peppas constant
LC Loading capacity
LD Limits of Detection
LQ Limit of Quantification
m Macro-PEC mass

Micro-PEC  Polyelectrolyte complex macroscopic

n Diffusion or release exponent
PEC Polyelectrolyte complex
Q Cumulative percentage of liberated released material niacinamide
Qo Initial cumulative percentage of niacinamide
t Processing time
Uuv Ultraviolet
X1 Processing time
X2 pH
X3 Niacinamide concentration
Y Efficiency encapsulation

Y Loading capacity
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1. INTRODUCTION

Supramolecular structures resulting from the association of two or more different
molecular species have attracted the attention of academic and industrial researchers, especially
due to their differentiated properties which are generally superior to those of the forming
species alone, in terms of both structural complexity and functionality scope (Hernandez et al.,
2020; Monteiro et al., 2016). Their formation usually occurs through the coordinated self-
assembly of several macromolecular components and can be either enthalpically or entropically
driven (Croguennec et al., 2017; Edwardson et al., 2020; Sing & Perry, 2020; Zhou et al., 2020).
Supramolecular structures have been investigated over the last two decades as biomaterials, due
to their low cytotoxicity and controllable sizes and architecture, having great relevance in the
intersection of biological, chemical, and physical sciences (Hernandez et al., 2020; Monteiro et
al., 2016; Zhang et al., 2021).

Interactions between bioactive compounds and supramolecular structures, used as
carrier systems, represent a key aspect in current scientific research in the medical-
pharmaceutical, cosmetic, and food areas since the inclusion of such biologically active
compounds in different carriers (or excipients) can impact their stability or even their
bioavailability. Bioactive compounds, administered through a supramolecular carrier, often
exhibit improved release kinetics and/or biological profiles, different from those observed when
they are administered in readily bioavailable forms (Baek et al., 2021; Mejias et al., 2019; Miao
& Janaswamy, 2021; Patterson & Smith, 2020). Therefore, carrier systems for bioactive
compounds have been used to increase their bioavailability (Goto et al., 2015), enhance their
thermal and oxidative stability (Belingheri et al., 2015; Shahparast et al., 2019), to overcome
volatility limitations (Belingheri et al., 2015; Mamusa et al., 2021), te improve their stability in
biological media (Peng et al., 2019), maintain and te control release rates (Wilson et al., 2021),
and even te target them to specific sites in the biological environment (Rebougas et al., 2023).
In view of this, efforts have been focused on improving the carrying materials and processes,
including the use of new combinations of carrier systems/bioactive compounds, as recently
summarized in a review paper by Premyjit et al., 2022.

The inclusion of bioactive compounds in microcapsules or microparticles formed by
biopolymers has been gaining ground in order to improve the carrying efficiency, controlled
release accuracy, and response of these bioactives to handling conditions (Alu’datt et al., 2022).
Complex coacervation, which consists of the formation of supramolecular structures from two

oppositely charged polyelectrolytes, is a highly applicable technique for obtaining safe,
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biocompatible, and effective carrier systems for bioactive compounds (Sing & Perry, 2020;
Zhou et al., 2020). The resulting supramolecular complexes are a strategic alternative for the
food industry ue to the use of food-grade proteins and/or polysaccharides to fabricate them, as
well as their high encapsulation efficiency (Chen et al., 2020), production process repeatability,
low processing costs, and synthesis at room temperature in aqueous media without organic
solvents (Timilsena et al., 2019). Indeed, in a few words, their obtaining process involves
essentially the mixing of aqueous dispersions of the negatively and the positively charged
biopolymers at controlled pH, temperature, and mixing rate, to achieve an optimal biopolymers’
ratio, forming polyelectrolytes complexes (micro-PECs) in dispersion.
Carboxymethylcellulose (CMC) and chitosan (CHS) are two biopolymers with
outstanding biodegradability, biocompatibility, non-toxicity, low cost, and legally allowed for
use in food (Agrisexport, n.d.; BRASIL, 1999). Ferreira et al. (2022) investigated the effects
of the mixing ratio of chitosan (CHS) to carboxymethylcellulose (CMC) (1:0; 4:1; 3:1; 2:1; 1:1;
1:2; 1:3; 1:4; 0:1), temperature (25; 45; 65; 85 °C) and pH (3.0; 3.5; 4.0; 4.5) in obtaining
complex macro and micropolyelectrolytes (PEC). The micro-PECs presented themselves as
dispersed colloidal particles, classified as amorphous and thermally stable, more stable than the
biomolecules that form separately, with potential applicability in areas such as encapsulation
and controlled release of bioactives. However, to the best of our knowledge, the related
literature lacks reports on the application of CMC/CHS micro-PECs, without the presence of
cross-linking and possibly toxic agents, as vehicles for bioactive compounds, such as vitamins.
Vitamins are essential micronutrients for the proper functioning of living organisms,
acting mainly as catalysts in a plethora of physiological reactions (Maiorova et al., 2019). B
vitamins play a crucial role in neurochemical pathways, including those mediated by serotonin,
noradrenalin, dopamine, acetylcholine, gamma-aminobutyric acid (GABA), and glutamate
(Massey et al., 2022; Rathee et al., 2022). Among B vitamins, “vitamin B3”, naturally found in
foods like wheat, corn, barley, rye, soybean oil meal, linseed, cowpeas, alfalfa, among others
encompasses two substances: nicotinamide (or niacinamide) and nicotinic acid (or niacin)
(Belitz et al., 2009; Kreetl et al., n.d.). Niacinamide is a water-soluble compound that
contributes to catalyzing redox reactions involving electron and hydrogen acceptance and/or
donation, essential for crucial metabolic processes (Suo et al., 2022). Furthermore, it has been
suggested that niacinamide can prevent type 1 diabetes mellitus and that—+t has anti-
inflammatory properties (Refat et al., 2017; Yan & Wang, 2021; Yanez et al., 2019; Yu & Zhao,
2007). Considering these biofunctionalities and health benefits of regular niacinamide

consumption, either ingested or topically applied, but also its instability at processing
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temperatures and usual storage conditions (Campbell et al., 2019; Fan et al., 2018), the search
for improved ways to incorporate it into food and pharmaceutical formulations appears
nowadays as a relevant and challenging task.

Given the scenario described so far, the novelty brought by the present study is the
evaluation, for the first time, of the performance of CMC/CHS micro-PECs for carrying and
controlled release of niacinamide, thus assessing the applicability of such micro-PECs as a
carrier for a hydrophilic vitamin to be used in food formulations. More specifically, we
investigated the influence of pH, initial niacinamide concentration within the medium, and
reaction time on niacinamide-loaded CMC/CHS micro-PECs production. These micro-PECs
had their performance examined in terms of encapsulation efficiency, loading capacity, and

release rates of niacinamide throughout the time in an in vitro digestion model.

2. MATERIALS AND METHODS

2.1. Materials

Chitosan (Low Molecular Weight, Sigma-Aldrich Corporation, USA; Product ID =
448877; Batch Number = #L.BG4282 V) obtained from fresh Pandalus boralis shrimp shell
was washed three times with deionized water to reduce water-soluble chito-oligosaccharides
and salt residues, before use in the experiments. Chitosan was characterized in terms of degree
of deacetylation (76.7%), and viscometric average molar mass (364 = 10 kDa).
Carboxymethylcellulose was characterized in terms of degree of substitution (0.59 £ 0.03), and
viscometric average molar mass (794 + 8 kDa) (Ferreira et al., 2022). (Sigma-Aldrich
Corporation, USA; Product ID=419311). The other chemical reagents used are analytical grade
and used without any purification process: hydrochloric acid (Sigma-Aldrich, Brazil, 37% by
weight in H20) and sodium hydroxide (Sigma-Aldrich, Brazil). Deionized water was obtained
at from a Milli-Q system (18.2 MQcm'!, 25 °C; Reference A+, Millipore, Italy) and it was used
in all experiments. Niacinamide was supplied by Sigma-Aldrich, with higher purity at 98%
(Product ID=N3376).

2.2 Determination of niacinamide concentration and validation of analytical methods
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For the analysis of the niacinamide after the adsorption processes, standard curves were
determined by Ultraviolet—visible spectroscopy, monitoring the absorbance at the maximum
absorption wavelengths according to Lambert's Law- Beer (Kafle, 2020).

The calibration curve of the niacinamide standard solution was developed from 0.5
g-dL"!. Absorption spectra were obtained in the wavelength range of 228 nm using a UV-Vis
spectrophotometer (UV 1800, Shimadzu, Japan). Quartz cuvettes, with an optical path equal to
1 cm, were used in the spectrophotometer for the analyzes. Absorbance analyzes were
performed in triplicate.

The detection limit (DL), corresponding to the lowest concentration in the sample that
can be detected, and the quantification limit (QL), which is equivalent to the lowest
concentration in the sample that can be quantified, were estimated from the calibration curve
resulting from the parameter linearity (Administration), 2014).

The calculation to determine the values corresponding to the LD and LQ was based on
the standard deviation of the residual of the regression line and its relationship with the slope

of the line (angular coefficient) in the analytical curve, following the Equation 1 and 2:

(3-5D)

DL = “m Equation 1
(10 -SD)

QL = o Equation 2

In which SD is the standard deviation of the intercept with respect to the Y axis, and m
is the slope value of the analytical curve.

The accuracy of an assay is characterized by its ability to produce the correct value if
an infinite number of repetitions are performed (Sahu et al., 2020). In this work, the accuracy
(A) was obtained through Equation 3, which relates the concentration calculated by the
calibration curve and the absorbance values read, in triplicate, for a standard solution (Cc) of

vitmamin B3 and the expected concentration (Ce).

A(%) =

(C)
C

e

Equation 3
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Accuracy, which corresponds to the variability of the results around the mean value
(coefficient of variation) (Sahu et al., 2020), was expressed as the relative standard deviation
of three concentrations, calculated using the absorbance values obtained at the same

concentration of a standard solution and the calibration curve.

2.3. CMC/CHS micro-PECs production

2.3.1 Experimental design

The Box-Behnken experimental design was used adopted to study the effects of three
independent variables — processing time, namely X; (60, 120, and 180 min), pH, Xz (3, 4, and
5) and niacinamide concentration, X3 (0.02, 0.04, and 0.06, g-L!), as well as the possible
interaction between these independent variables among them, on encapsulation efficiency and
binding capacity of CMC/CHS micro-PECs towards niacinamide. All 15 experimental series
treatments are presented in Table 1. Treatment 13 represents the central point, which was
performed with three repetitions, and control systems (without niacinamide) were also studied.
RSM (Response Surface Methodology) was applied to experimental data to optimize the
processing parameters of the carrier system and to examine the effect and/or correlation of
independent variables on dependent responses. Statistica (Version 10, Stat-Soft Inc, Tulsa,

EUA) was used to perform these experimental design procedures.
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Table 1 - Coded and uncoded values of the three independent variables ef studied following a

Box-Behnken experimental planning were used to assess niacinamide encapsulation process

performance.
Coded variables Uncoded variables
System® Time pH Niacinami‘de Time Niacinamide
X1) (X2) concentration (min) pH concentration (g-L™")
(X3)

10 0 1 -1 120 5.00 0.02
8 1 0 1 180 4.00 0.06
4 1 1 0 180 5.00 0.04
1 -1 -1 0 60  3.00 0.04
14 0 0 0 120 4.00 0.04
7 -1 0 1 60 4.00 0.06
12 0 1 1 120  5.00 0.06
15 0 0 0 120 4.00 0.04
5 -1 0 -1 60 4.00 0.02
9 0 -1 -1 120 3.00 0.02
2 1 -1 0 180  3.00 0.04
11 0 -1 1 120  3.00 0.06
3 -1 1 0 60  5.00 0.04
6 1 0 -1 180 4.00 0.02
13 0 0 0 120  4.00 0.04

The systems' numbering was generated randomly by the software (Statistica, Version 10, Stat-

Soft Inc, Tulsa, EUA).
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2.3.2 Preparation of chitosan (CHS) and carboxymethylcellulose (CMC) acidic
dispersions

233

Firstly, a hydrochloric acid solution (1.0 mM) was prepared. Then, chitosan (0.5 g-dL"
1) was added to this solution in order to obtain a chitosan stock dispersion (CSD). The resulting
system was stirred at 25.0 + 2 °C for 12 h using a magnetic stirrer (MA-039, Marconi, Brazil).
A similar procedure was performed for the preparation of CMC dispersions; distilled water with
a pH adjusted to 3.0 was used The CMC dispersion, once prepared, was added with niacinamide
to the desired final concentration values (0.02, 0.04, and 0.06 g-L!). Pure CMC dispersions
were also maintained for the preparation of controls. All dispersions were placed in closed
flasks and stored in a refrigerator (Consul, PRACTICE 410, Brazil) at 7 + 2 °C, until use in the

subsequent experiments.

2.3.3 Production of CMC/CHS micro-PECs carrying niacinamide

Micro-PECs were prepared as described in detail elsewhere by Ferreira et al. (2022).
Micro-PECs were synthesized from the simultaneous drop-by-drop addition of the biopolymer
dispersions (0.5 g-dL") under agitation. Briefly, CMC dispersion containing niacinamide was
allowed to stir for 30 minutes. Soon after, this dispersion was added, with the help of a
pneumatic pump, to the CHS dispersion in a 1:1 ratio. After total addition, the final resulting
mixtures had their pH corrected to the target pH (3, 4, or 5) using a solution of NaOH 0.01M,
and were kept under the studied stirring times (magnetically stirred for 60, 120, or 180 minutes).

The micro-PECs were lyophilized (Terroni, LS 3000, Brazil) for subsequent analyses.

2.4 Assessment of CMC/CHS micro-PECs for carrying and controlled release of

niacinamide

2.4.1 Encapsulation efficiency — EE (%)

1500 pL aliquots were taken from each sample and placed in Eppendorf tubes
(AUY220, Shimadzu, Japan), previously weighed empty. Then, the tubes loaded were
centrifuged at 10,000 g at 4 £ 2 °C for 1 h under refrigeration (centrifuge 4K15 Sigma,
Germany). After centrifugation, 30 puL of the supernatant of each sample was pipetted and
added to 270 pL of Ultra pure MiliQ water in quartz cuvettes for UV-Vis spectrophotometric

analyses (UV 1800, Shimadzu, Japan). The control micro-PEC treatment (without niacinamide)
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was used as a reference. Total niacinamide content was quantified from an average of three
standard curves built as for the concentration range ef from 5— to 100 mg-L' (See
Supplementary material). The coefficients, the respective equations of the line for each
repetition, as well as the Limits of Detection (LD), the Limit of Quantification (LQ), and the
precision values are presented in Supplementary Material. Spectrophotometric analyzes were
performed in triplicates at 228 nm. From the absorbance values read from each sample, the
concentration of niacinamide in the supernatant and the encapsulation efficiency EE (%) were

calculated using equation (4), according to Venkachalam et al. (2011) and Li et al. al. (2009).

W, .
EE(%) = ( Equation 4

In Equation 4, EE (%) is the encapsulation efficiency, Wiotal (g) was the total of niacinamide
added in the micro-PECs and Wiee (g) was the total of free niacinamide found in the

supernatant.
2.4.2 Loading capacity — LC (%)

The supernatant present in the Eppendorf tube was carefully removed with the aid of a
micropipette and the decanted present remaining solid was lyophilized. Subtracting the final
weight from the initial weight of the Eppendorf tube, we obtain the value of Wy, for equation

(5). Then the value of the loading capacity (LC) of niacinamide was calculated by equation (5).

W,

W, - W,
LC(%) = < total free) Equation 5
np

In Equation 5, LC (%) corresponds to binding capacity and loading, Wit (g) is the total
niacinamide added to the micro-PECs, Wsee (g) is the total free niacinamide found in the
supernatant, and Wy, (g) is the value of bound niacinamide to micro-PECs.

Due to analytical issues (low yield of some systems after the lyophilization process),
only systems with encapsulation efficiency greater than 10% were taken to the loading capacity

analysis.
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2.4.3-Niacinamide release kinetics during an in vitro simulated digestion

The in vitro digestibility of niacinamide-carrying loaded in CMC/CHS micro-PECs was
evaluated according to the methodology reported by e Oliveira et al. (2020), using a
gastrointestinal model static. Briefly, dispersions of CMC/CHS micro-PECs containing
niacinamide [3.0 g-dL! (w/v)] were prepared in deionized water. Upon reaching 37 = 2 °C, in
a controlled environment, the simulated gastric digestion stage began. At this stage, the pH was
adjusted to 2 with HCI (2 mol-L™!) and then pepsin (2.0 g-dL'% w/w, protein base) was added.
The solution resulted was incubated at 37 &+ 2 °C, for 1 h, in a thermostatic bath with agitation
(Dubnoff TE-053, Tecnal, Brazil). Then, the material was submitted to the step of simulated
enteric digestion. The pH was adjusted to 7 with NaOH (2 mol-L™!), and pancreatin (2 g-dL"!
w/w; protein base) was added. The dispersion was incubated at 37 = 2 °C for 2 h, and then
submerged in a boiling water bath for 5 min to stop the activity of the digestive enzymes,
inactivating it by thermal denaturation. Aliquots of 3 mL were taken for UV-VI spectroscopy
analysis before starting the first step of the digestion (gastric digestion), with 30 min after
beginning the gastric phase step, and in the eminence of the end of the gastric phase, (30, 60,
and 180 min). These aliquots were centrifuged at 10,000g for 10 min at 25 + 2 °C (Centrifuge
5430, Eppendorf, Germany), and the supernatants were collected and analyzed by UV-Vis
spectroscopy.

To provide the release kinetics, the experimental data of average curves for niacinamide
concentration in the supernatants liberation, based on the experimentally determined release
profile sat the times above mentioned, were modeled to according to four mathematical models:
Zero Order, First Order, Higuchi, Hixson-Crowell, and Korsemeyer-Peppas, as expressed in
Egs. (6), (7), (8), (9) and (10), respectively (Abbasnezhad et al., 2021; Anwar et al., 2022;
Bruschi, 2015; Yang et al., 2022).

Q =Ky() + Qo Equation 6
InQ = K,(t) + InQ, Equation 7
Q = Ky(t°>*) + Q, Equation 8
Q% = QO%(t) — Ky, Equation 9

Q = Kg_p(t") Equation 10
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In Equations 6 to 10: Q (%) is the cumulative percentage of liberated released material
niacinamide # at the time t; Qo (%) is the initial cumulative percentage of niacinamide; K is
the zero-order constant (dimensionless), K is the first-ordem constant (dimensionless), K is
the Higuchi constant (dimensionless), Ky is the Hixson-Crowell constant (dimensionless) and,
Kx.-p is the Korsemeyer-Peppas constant (dimensionless) and n: diffusion or release exponent

(dimensionless).

2.5. Data analysis

Regression models were developed to analyze the encapsulation efficiency (Y1) and
loading capacity (Y2) responses as a function of processing time (X; - 60, 120, and 180 min),
pH (X2 - 3, 4, and 5), and niacinamide concentration (X3 - 0.02, 0.04, and 0.06, g-L!). The
adequacy of the models was evaluated in terms of significance (p-value < 0.05), coefficient of
determination (R?), and coefficient adjusted R2. Scatter plots were observed, and the best-fit
models of response surface were evaluated. The standardized effects of the independent
variables and their interactions on the response were analyzed using Pareto charts. It was
decided to build models with simple linear and quadratic complexity. The most suitable model
was chosen considering the highest-order polynomial, in which the additional terms are
significant. Analysis of variance (ANOVA) were performed to examine the statistical
significance of terms in the regression equations for each dependent variable. After establishing
the best model, contour plots were generated using Statistica (Version 10, Stat-Soft Inc, Tulsa,
EUA). Each response came from at least one triplicate, and the center point was expressed as a

mean =+ standard deviation of 3 replicates.
3. RESULTS AND DISCUSSION
3.1 Encapsulation efficiency — EE (%)
As mentioned in item 2.4.2, only systems with encapsulation efficiency greater than
10% were taken to a deeper analysis and discussion: 1, 2, 7, 8,9, and 11 (Table 1). In fact, in

developing delivery systems for bioactive compounds, considering the encapsulation efficiency

(EE) is crucial to ensure that ar enough compound amount is delivered at the target location.
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This parameter measures the percentage of carrier systems that effectively encapsulate the
bioactive compound (either on the surface or inside the particle’s core), and is, therefore, a
critical analysis in the design of systems for delivery systems and compound release studies
carrying a compound of interest (Sharma et al., 2021). Encapsulation efficiency can be
influenced by the carrier’s properties and the encapsulated compounds themselves, in addition
to as well as by the parameters of the encapsulation process, such as pH, contact time,
concentrations used, and mechanical stress (Piacentini, 2016).

In the system considered in the present analysis, encapsulation efficiencies of
niacinamide in CMC/CHS micro-PECs ranged from 0.86% (S11) to 80.78% (S-6) (Table
SM1). A Pareto chart (Figure la) was constructed to assess which factors significantly
influenced EE values. As shown, all studied variables — stirring time, pH. and niacinamide
concentration — had significant effects on EE, at a 95% confidence level. The mathematic model

obtained for the effect of these factors on EE is presented in Eq. 11:

Y, = 0.297 — 0.064X; — 0.65X,_ — 0.264X2 + 0.223X5 — 0.079X2

Equation 11
+ 0.159X1X2 + 0.133X1X22 + 0.111X1X3 - 0.082X%X3

It is worth remembering that, in this adjusted model, Y;is encapsulation efficiency (%),
X,1s processing time (60, 120, or 180 min), X, is pH (3, 4, or 5), and X3 is niacinamide
concentration (0.02, 0.04, or 0.06, g-L™!). Furthermore, both R? (0.999) and adjusted R? (0.998)
were also close to unity 1, whereas (adjusted R? minus adjusted R?)/R? is equal to 0.0011. This
indicates that when the model is applied to a new dataset, it can shrink by a small factor of 0.01.
A positive or negative value coefficient is related to a positive augmenting or negative
diminishing effect on the studied response, respectively. However, the effect of quadratic terms
on the response can be inferred according to their sign, while for the main effect and interaction
terms, their contribution to increasing or decreasing the response cannot be simply determined
because at different levels of each variable, encoded values can be negative or positive.
Therefore, a single pattern for increase or decrease in response by these model components
could not be defined.

Agitation time exhibited a negative linear effect on EE. During the first hour of the
interaction reaction, the complexation process was presumably sufficient for the maximum
interaction between chitosan, carboxymethylcellulose, and niacinamide to occur. From that

moment on, all active micro-PECs’ binding sites would already be filled by niacinamide.
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Seemingly, a further increase in stirring time caused an increase in excessive collisions between
molecules and the formed vitamin-loaded micro-PECs, modifying the interactions and allowing
some niacinamide desorption and thus decreasing the encapsulation efficiency (EE) response.
Another reliable hypothesis to explain these findings would be that increasing the stirring time

favors the solubilization of niacinamide in water, as it is a well-known hydrophilic vitamin.
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Figure 1 - Pareto chart of the normalized effects from the independent variables analyzed on
encapsulation efficiency (A) and loading capacity (B).
* (Q) quadratic effect and (L) linear effect.
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The pH exhibited a negative linear effect on EE. It is well-known that CHS amino
groups are a weak base with pK, at pH ~ 6.5, being this biopolymer insoluble in neutral and
alkaline pH media (Dogsa et al., 2014). In an acidic media, these biopolymer's primary amino
groups are progressively protonated by hydrogen ions as the pH drops, thus acquiring a high
crescent positive charge density. At the lowest pH value studied (3.0), the CHS polymer chains
can more easily extend after dissolution in water; however, when the pH was adjusted to 5.0,
partial deprotonation of NH3" groups was favored, leading to a decrease of the positive charges
density and, hence, the favoring the folding of the CHS chains (Xiong et al., 2020). Indeed, as
less protonated NH3" groups were available to interact with CMC anionic chains, which in turn
resulted in weaker electrostatic attractive interactions, less compact micro-PECs’ structures
and, eventually, the observed lower encapsulation efficiency. Furthermore, at higher pH values,
micro-PECs are more likely to form aggregates, which precipitate forming macro-PECs
(Ferreira et al., 2022b).

The niacinamide concentration had a positive effect on EE. This is consistent with the
fact that the interaction rates are dependent on the concentration of niacinamide. Therefore,
interactions between the micro-PECs and this bioactive compound must occur faster at higher
concentrations of this last. When the niacinamide:micro-PEC ratio is low, the bioactive amount
1s insufficient to load the micro-PEC particles, which will eventually release the bioactive
compound. As the niacinamide:micro-PEC ratio increases, more niacinamide molecules are
available to interact with the surface and/or pores of the micro-PECs.

The interactive effects of independent variables on the encapsulation efficiency
response (Y1) were further investigated by constructing three-dimensional response surface
plots (Figure 2) and two-dimensional contour plots (Figure 4). The graphs in Figure 2 are
derived from Equation 7 keeping a constant variable at its central level for each plot. As
observed in Figure 4, pH had the greatest influence on encapsulation efficiency, being greater
at lower pH values, which is in line with the previously explained results. Also, at lower pHs,
a greater influence of the agitation time was observed, with shorter times being favorable to the
niacinamide encapsulation process.

From these results, it can be inferred that pH 3.0, 1 hour of agitation, and a concentration

of 0.06 mg/g niacinamide are the conditions that will lead to greater encapsulation efficiencies.
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Figure 2 - Response surface plots showing effect of time, pH, and niacinamide concentration on

encapsulation efficiency.
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3.2. Loading capacity — LC (%)

Loading capacity is another important parameter to be quantified when studying the
inclusion of a given compound into a carrier system since it refers to the total amount of trapped
compound divided by the total weight of the carrier systems. In carrying systems, the LC, given
as a percentage, is the amount of drug delivered per encapsulated amount (Rankin-Turner et

al., 2021).
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Loading capacity ranged from 0.02% (S-15) to 4.85% (S-11) (Table SM1). Only pH
had a significant effect on LC. The corresponding mathematic model to predict the effect of

factors on LC as a function of the independent variables is presented in Eq. 12:

Y, = 0.1433 — 2.67X, Equation 12

In this adjusted model, Yis loading capacity (%), X1is processing time (60, 120, or 180
min), X, is pH (3, 4, or 5), and X3 is niacinamide concentration (0.02, 0.04, or 0.06, g-L!). The
predicted R? (0.931) and adjusted R%;us (0.961) values obtained from the ANOVA (Tabel SM3)
test suggested that this model provides excellent representation of LC experimental values as a
function of the independent variables.

This can be credited to the impact of the pH value on the behavior of niacinamide and
the dominant charges on the surface of the micro-PECs. Acidic conditions induce niacinamide
ionization into structures with more stable properties and cause an increase in ionic interactions
with micro-PEC and increase its loading capacity.

Response surface analysis, combined with experimental data and the developed model,
allowed a better understanding of the individual and combined effects of independent variables
on the loading capacity response. As depicted in Figure 3, when the agitation time values were
kept constant, the increase in molar concentration and the decrease in pH caused an increase in
loading capacity. Elevated pH at any concentration negatively affected the LC. Keeping the pH
constant, in any agitation times studied, the LC was higher in higher concentrations of
encapsulated bioactive. When the niacinamide concentration was kept constant, the pH of up
to approximately 3.4 favored LC. In general, pH is the preponderant in the LC, such predicted
results is in accordance with the experimental results.

Figure 3 - Response surface plots showing the effect of time, pH, and niacinamide

concentration on loading capacity.
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Figure 3 - Response surface plots showing the effect of time, pH, and niacinamide

concentration on loading capacity.
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3.3 Niacinamide release kinetics during an in vitro simulated digestion

The objectives of carrier systems are to maintain the concentration of the carried
bioactive compound in a target location at a desired value for as long as possible, exerting
control over the rate and duration of the compound's release. Normally, the controlled release
systems promote the release of an amount of the compound in order to reach the desired
concentration, and, then, the modulated release rates are responsible for keeping the effective

level of concentration close to this reached value (Bruschi, 2015).
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The release behavior of niacinamide from the micro-PECs (observed and predicted)
with EE above 10% is shown in Figure 4. During the first hour, systems 12 and 1 (Table 1)
showed respectively the lowest and highest niacinamide release, which were 43.7% and 33.8%.
For the loaded micro-PECs, maximum release occurred after about 4.5 h (270 min) in all
systems studied. The percentages of niacinamide released at t =270 min were 89.3, 87.7, 96.8,
89.6, 91.6, 88.0, and 97.8% for systems 1, 2, 7, 8, 9, 10, and 11, respectively. The different
release rates may be associated with the strength of the different interactions, either between
the biopolymers that form the carrier systems (CMC and CHS) or between niacinamide and the
carrier systems.

In the beginning, it is assumed that the niacinamide desorption process takes place from
the surface of the carrier system; it occurs quickly (rapid release phenomenon) causing the
profile curves shown in Figure 4 to present a steep initial slope. However, with the changes in
the microcarrier structure during the digestion, the release rate — and the consequent release
curves’ slopes — remain high, even though smaller than the initial ones. As discussed by Bhagya
Raj & Dash (2022), one can hypothesize that niacinamide molecules encapsulated in
CHS/CMC micro-PECs are released by three sequential mechanisms: 1) desorption of
niacinamide from the particles’ surface; 2) diffusion and resorption of niacinamide through the
pores of the polymeric network or the intermediate layer of the micro-PEC and; 3) degradation

and erosion of the polymeric network.
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Figure 4 - In vitro niacinamide release observed and predicted from CMC/CHS micro-PECs during a simulated digestion encompassing a gastric

phase (0 to 90 min) followed by an enteric phase (90 to 270 minutes); Systems (a) 1, (b) 2, (c) 7, (d) 8, (e) 9, (f) 12.

(a) 120] Gastric digestion Enteric digestion (b) 120] Gastric digestion Enteric digestion (c) 120] Gastric digestion Enteric digestion
[ ]
10 1104 110 Py
[ ] . u
100 . 100 o 100 . !{
9% 90+ & 90 I
'.-'. l N L 3 ’ ¥
~ 80 A s  ~ 804 ;, * o 804 :
g * S — - .
S 7 N s | T 7l s 1 £ 7l | S
g ¢ 1 : : g :
g 3 g %07 -2 $ g % $
o B o 1 0 i
o ¥ é @ 504 $ o 501 :
4 i i 'y 14 .
40 - 40 : 40 i
* ]
30 e 0 ¥ ] ¢
20 ! 20{ g o] ¥
A
04 * 0] * 10
v T T T T T 1 T T T T T T 1 T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250
Time (min) Time (min) Time (min)
( d) 10] Gastric digestion Enteric digestion {e) 120] Gastric digestion Enteric digestion m 120 Gastric digestion Enteric digestion
110 110 3 110 .
100+ . 100+ P 100 "
4 J A ] J
% i % N ! . % .
= 80 A " ~ B804 A B ! =~ 80 - i' -
o &)
€ 7] R ;: * ¥ gl ii ] E 1] g%
o .- P ‘ o -
& o s g & o 3 2 o g ¥
o o * 0 -
o 90 ‘! © 50 A - ° 90 ’l' 3
lid i - 14 ¥ 4 5
40 . 40 i : 40- 2
x §,- &
04 __.8--u= | *® 30 ‘,’
H ¥ $-
0l * bl 0i .,
0] 4 w] * 10 '
- T - T T : ) ; - - T T T , T T T T T r
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250
Time (min) Time (min) Time (min)

[ ] Observed

B Zero order model

@ First order model

A Higuchi model

¢ Hixon-Crowell model

* Korsmeyer-Peppas model



136

The overall rate of niacinamide release tends to become superior in systems with higher
niacinamide initial concentrations (7, 8, and 11). It was initially thought that larger amounts of
niacinamide would disfavor the formation of CHS and CMC carriers, because the amino group
of niacinamide also interacts with the carboxyl groups of carboxymethylcellulose, competing
with chitosan’s amino groups in such interactions, leading to a faster niacinamide release from
micro-PECs. However, the initial concentration of niacinamide used did not affect the final
release. On the other hand, carriers produced at lower pH values had lower release rates
compared to those fabricated at higher pH values. This may be due to the more intense attractive
interactions between the two biopolymers molecules, as explained in section 3.1.

Aiming for a better understanding of the release behavior of niacinamide from
CMC/CHS micro-PECs, five different empirical models were fitted from the experimental data
(Figure 6 and Table 2). The five models used to mathematically describe the niacinamide
release from the micro-PEC particles provided an adequate correspondence to the experimental
data, presenting a high value of R? (except for the Korsmeyer-Peppas model adjusted from data
of system 11; Table 1). These kinetic models allow inferences on whether the niacinamide
release is dissolution-dependent or diffusion dependent. It can seem contradictory that more
than one empirical model fits the experimental data; however, as explained by Gouda et al.
(2017), the release kinetics does not perfectly follow one/the model used, although one or few
of them can be approached. This observation suggests that the niacinamide was released due to
a combination of different microscopic phenomena. Hereafter, we reported the main findings
and discussions considering each tested model. However, observing Figure 6, it is noted that
the best model that fitted # the highest number of points was the zero-order model for all

systems studied.
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Table 2 - Fitted kinetic models for niacinamide release from CMC/CHS micro-PECs during the
in vitro simulated digestion, separately for the gastric phase and the enteric phase parameters

of drug release models of niacinamide micro-PEC complexes

Systems
Release model Parameters 1 9 2 8 7 12
Zero order Ko 0.002 0.003 0.002 0.002 0.003 0.003
Q = Ko(t) + Qo R2 0979 0.956 0981 0970 0.984 0978
First order K; 0.005 0.005 0.005 0.004 0.007 0.004
nQ
2
— Ky(D) + InQ, R 0.896 0.885 0956 0.907 0.906 0.953
Higuchi K 0.056 0500 0.500 0.500 0.043 0.069
Q
R2 . . . . . .
— K, (t95) + 0 0.957 0.889 0.867 0.855 0.950 0.737
Hixson-Crowell Kie 0.134 0.127 0.125 0.121 0.165 0.115
1
03
1 R2 0933 0914 0968 0933 0.945 0.963
=Q,3(t) — Kpe
Kx 0.091 0.129 0.125 0.135 0.047 0.185
Korsmeyer-Peppas
. n 0392 0353 0317 0332 0414 0281
Q = Kx_p(t")
R2 0967 0.962 0791 0955 0.723 0.861
Zero order Ko 0.003 0.003 0.002 0.002 0.003 0.003
Q = K, (t) + Qo R2 0979 0.956 0980 0970 0.984 0978
First order K, 0.005 0.005 0.005 0.004 0.007 0.004
nQ
R2 0.896 0.885 0956 0.907 0.906 0.953

= K1(t) + nQ,

Higuchi Ku 0.909 0.067 0.055 0.065 0.065 0.069



Q
R? 0.967 0.889 0.867 0.855 0.945 0.737
= Ku(t*°) + Qo
Hixson-Crowell Khe 0.134 0.128 0.126 0.121 0.165 0.115
1
Q3
1 R? 0.933 0914 0.968 0.933 0.945 0.963
= Qy3(0) — Kpc
Kk 0.909 0.129 0.125 0.135 0.043 0.184
Korsmeyer-Peppas
n 0.392 0.352 0.317 0.332 0414 0.281
Q = Kx_p(t")
R? 0.766 0.962 0.791 0.955 0.950 0.861
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Ky: zero ordem constant (dimensionless), K : first-ordem constant (dimensionless), Ky :

Higuchi constant, Ky.: Hixson-Crowell constant (dimensionless), Kk.p: Korsemeyer-Peppas

constant (dimensionless), n: diffusion or release exponent (dimensionless), R?: correlation

coefficient.

® The zero-order model fitted the highest number of points (gastric and enteric
digestion), besides presenting the highest correlation coefficients and lowest error
parameters. The zero-order constants (Ko) were low (0.002 - 0.003) and similar for
all studied systems, suggesting low release rates. Observing the zero-order model,
we can assume that the release of niacinamide is independent of its concentration,
which is in agreement with the results discussed so far and happens by diffusion.
This model has generally used adequately when the carrier system does not break
down and releases the compost compound slowly (Wdjcik-Pastuszka et al., 2019).
This type of behavior occurs mainly typical of formulations in the form of tablets
with poorly soluble compounds and coated forms, it can hypothesize that a part of
the niacinamide was initially found inside of micro-PECs (Bruschi, 2015; Paarakh et
al., 2019). Similar results were obtained for K; values (0.004 — 0.007), which were

similar for all systems and remained constant from the astric to enteric phase.

The Higuchi dissolution constant Ky corresponds to the slope of the graph
(cumulative percentage of drug release versus square root of time). It is noted,

therefore, that systems 2, 8, and 9 showed more inclination in the gastric phase (Kx


https://www.sciencedirect.com/topics/physics-and-astronomy/correlation-coefficient
https://www.sciencedirect.com/topics/physics-and-astronomy/correlation-coefficient
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=0.500), decreasing this value in the enteric phase (Ku = 0.055, 0.065, and 0.067 for
2,8, and 9, respectively). System 1 had an increase in slope (Ku) from 0.056 to 0.909.
The system had an insignificant increase in the Kh value (0.043 to 0.65), while
system 12 presented the Ku parameter unchanged (0.069). In general, for the systems
under study, the constants of the Higuchi model were higher in the enteric digestion
step. The value of Ky (Higuchi constant) is directly proportional to the release of the
active component from the carrier system. In other words, the higher the Ky value,
the faster was will be the release of niacinamide. This fact, according to the release
profile, in which, after initial desorption of niacinamide from CHS/CMC micro-
PECs, initiates the degradation and erosion of the polymeric network, promoting
rapid release (Bhagya Raj & Dash, 2022). The equation described in the Higuchi
model assumes that the initial concentration of the carried compound in the studied
system is greater than its solubility in the surrounding medium. Furthermore, it
considers that the compound spreads only in one dimension and that the swelling and
dissolution of the system carrier particles and their dissolution are negligible

(Higuchi, 1963).

Release data were also plotted according to the Hixon-Crowell model. The Hixson-
Crowell dissolution rates (Knc) had values between 0.121 (System 8) and 0.165
(System 7) in the gastric phase, maintaining the same maximums and minimums for
the enteric phase. There were no changes in these values considering the same
system, indicating similar dissolution rates at the different pHs (2 and 7) studied. The
possibility of describing the release of niacinamide from CHS/CMC micro-PECs
using the Hixon-Crowell model may indicate that the change in surface area and
mean particle diameter during the dissolution process affects the release of the

compound (Bruschi, 2015).

According to the Korsmeyer-Peppas model, when the diffusional release exponent
(n) 1s < 0.5, Fickian diffusion is considered, whereas if 0.5 <n < 1.0, anomalous non-
Fickian transport is considered (Korsmeyer et al., 1983). It was observed, therefore,
that for the release of niacinamide both under acidic (gastric digestion) and basic
(enteric digestion) conditions n < 0.5, indicating that the release of niacinamide from
CHS/CMC micros-PECs occurs through the Fickian diffusion transport route
(Korsmeyer et al., 1983).
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Juhész et al. (2021) presented a method of simple encapsulation of vitamin Bl in
asolectin-based liposomes at pH = 7.4 and in acidic conditions. The authors also evaluated the
effects of the amount of lipid carrier, vitamin B1, and sonication time. It was observed that EE
decreased with increasing lipid carrier concentration, with the best EE % (63.5 £ 1.8% and 65.8
+ 2.1%, in PBS and acid medium, respectively) being achieved with the use of 0. 50 mg/mL of
the carrier. Higher amounts of vitamin Bl led to higher EE (74.6 + 2.4%) at pH = 3.00.
However, under physiological conditions, increasing the amount of vitamin B1 resulted in a
decrease in EE (62.1 = 1.9%). The best sonication time found was 60 min to reach EE% #s of
62.0 = 1.31%. Similar to what was found in the present work, no significant difference was
observed in the profile of the dissolution curves. After 100 min, 92% of the control non-
formulated vitamin molecules diffused, whereas the vitamin B1 nanocarriers showed better
drug retention, achieving up to 4.5 times greater release time compared to non-encapsulated
vitamin B1. The kinetic model with the best fit was the second-order kinetic model.

Jan et al. (2022) developed a low-temperature-aided sonication method to incorporate
vitamin D3 into the oil-in-water emulsion. Response Surface Methodology revealed that a
sonication time of 30 s, agitation rate of 1500 rpm, and mixing time of 10 min produced the
optimal nanoemulsion with an encapsulation efficiency of 91%. Furthermore, it was found from
the release study that 26.30% and 78.15% of the vitamin D3 were released, in simulated gastric
solution and simulated intestinal solution, respectively. The Korsmeyer-Peppas was the most
suitable model to define the release of vitamin D3 from the nanoemulsion. Microcapsules were
prepared by the spray-drying technique by the coacervation method, using a mixture of chitosan
and sodium lauryl ether sulfate to transport vitamin E. High encapsulation efficiency values
were found for formulations without cross-linking reagent (73.17 +0.64) and in the presence
of when crosslinking agents (100.00+3.55). The initial release of vitamin E from the
microcapsules followed the Korsmeyer-Peppas model, which was based on a complex process
that, in addition to simple diffusion, involved the direct release of the active substance from the
surface of the microcapsules (Budinci¢ et al., 2021). In their research, Mohammed et al. (2021)
examined the release of vitamin B9 (folic acid - FA) from sporopollenin microcapsules. The
loading capacity and the encapsulation efficiency of the FA were 8.63% and 21.6%,
respectively. The in vitro release study was carried out under different pH conditions,
mimicking the gastrointestinal tract. The slow release was achieved in the simulated gastric
fluid, while it was faster in the simulated intestinal fluid, meaning that the release was pH
dependent. The Higuchi model exhibited a higher R? for vitamin B9 release in both simulated
gastric fluid (SGF) and simulated intestinal fluids (SIF) media, indicating that the release
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kinetics followed the diffusion mechanism. From the Korsmeyer-Peppas model and the
exponent of diffusional release (n), it was discovered the release of vitamin B9 in acidic
conditions of simulated gastric fluid, n < 0.5, indicated the release eeeurs through the Fickian
diffusion transport route. However, the vitamin release from simulated intestinal fluid,-0.5 <n
< 1.0 suggests anomalous non-Fickian transport. This behavior can be attributed to the
difference in media solubility.

To the best of our knowledge, no similar studies were found regarding es niacinamide
carrying and controlled release using CMC/CHS excipients. However, some studies described
above obtained varied results about the carrying and controlled release of different other
vitamins in different carrier systems, demonstrating the importance and specificity of this type

of study. Each release system is unique and needs to be studied in depth.

4. Conclusion

The use of micro-PECs produced from chitosan and carboxymethylcellulose have has
been shown to be effective in niacinamide delivery systems. It can be concluded that only the
pH factor had a greater influence on the encapsulation efficiency and loading capacity, with the
production process of carrier structures being favored at lower pH values (3.0). Therefore, the
use of shorter process times would favor practical and economic terms. The zero-order
constants, the model that best fitted the in vitro release data under conditions of the
gastrointestinal tract, were low and similar for all studied systems, demonstrating a low release
rate, indicating that the process of niacinamide release from the micro-PECs CHS/CMC occurs
mainly by diffusion. Indeed, the present work shows that a relatively simple process can be
used to carry niacinamide. However, before being able to carry out the process on an industrial
level it would be necessary to evaluate the microcapsules’ stability over time as well as the

bioavailability and applicability of the encapsulated compounds in different food matrices.
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Supplementary Material (SM) 111 - “Microstructured chitosan/carboxymethylcellulose

polyelectrolyte complexes for carrying and controlled release of niacinamide”

I. Validation of analytical methods

Figure SM1. Standard curves straight equations, coefficient of determination (R2), limits of
detection (LD), the limit of quantification (LQ), and precision (P) for niacinamide (Amax = 228

nm).
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I1. Box Behnken results
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Table SM1. Box—Behnken design matrix and corresponding results for the dependent

variables.
Niacinamide
System (S) {ime(min pH concentration EE (%) LC (%)
) (g/L)
10 120 5.00 0.02 0.86 0.20
8 180 4.00 0.06 39.89 3.89
4 180 5.00 0.04 1.98 0.02
1 60 3.00 0.04 80.65 3.23
14 120 4.00 0.04 7.90 0.04
7 60 4.00 0.06 17.60 1.06
12¢ 120 5.00 0.06 72.45 3.75
15 120 4.00 0.04 5.63 0.02
5 60 4.00 0.02 0.92 0.03
9 120 3.00 0.02 69.68 1.39
2 180 3.00 0.04 49.52 1.98
11c 120 3.00 0.06 80.78 4.85
3 60 5.00 0.04 1.38 0.05
6 180 4.00 0.02 1.09 0.20
13¢c 120 4.00 0.04 76.20 3.89

Note: “c” indicates the replicates at design center point.

III. ANOVA
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Table SM2. Analyses of variance for regression models to Eficience Encapsulation (Y1).

SS F P R? R%4us
(1) Time — L+Q 0.007505 26.682  0.036125 0.99979 0.9985
(2) pH - L+Q 1.0211539 3631.912 0.000275

3) Niacinamide
0.112545 400.137  0.002493
concentration — L+Q

1*2 0.061627  146.069  0.006807
1*3 0.025679  91.298 0.010836
2*3 0.000006  0.043 0.854373
Error 0.000281

Total SS 1.308285




Table SM3. Analyses of variance for regression models to Loading Capacity (Y2).

SS F P R?  RZajus
Time — L 0.23463  0.23463  0.113801 0,961 0,931
Time - Q 14.25780 14.25780 6.915349
pH-L 0.24562  0.24562  0.119129
pH-Q 10.39680 10.39680 5.042678
Niacinamide concentration - L~ 0.14463  0.14463  0.070149
Niacinamide concentration - Q  16.49409 2.06176
Error 42.13457
Total SS 0.23463  0.23463  0.113801
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CONCLUSOES GERAIS
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Face aos resultados obtidos no presente trabalho ¢ possivel concluir que:

Foi possivel confirmar a constru¢do de sistemas macro e micro-estruturados a partir da
mistura entre CHS (polieletrolito catidnico) e CMC (polieletrolito anionico). Macro-PECs se
apresentaram como estruturas macroscopicamente visiveis e visualmente estaveis em solugao
aquosa por semanas, o que sugeriu a aplicagdo potencial em areas como adsor¢do de
contaminantes, como por exemplo corantes e metais pesados, e na engenharia de tecidos, como
plataformas para reparo de tecidos. Por outro lado, os micro-PECs se apresentaram como
particulas coloidais dispersas, classificadas como amorfas e termicamente estaveis, com
potencial aplicabilidade em areas como encapsulamento e liberagdo controlada de bioativos

termossensiveis, como vitaminas, antioxidantes, fitoesterdis, probidticos, entre outros.

Foi possivel confirmar a técnico-funcionalidade dos macro-PECs de CHS-CMC por sua
acdo como adsorventes rapidos, eficazes e reciclaveis de corantes organicos aniOnicos e
cationicos, bem como de metais pesados. Macro-PECs de CHS ¢ CMC demonstrou excelente
capacidade de adsor¢do para a remocao dos corantes Amarelo Crepusculo, Azul de Metileno,
Vermelho Congo e Safranina, bem como para os metais pesados Cd** e Pb**. O modelo de
adsor¢ao de Langmuir sugeriu homogeneidade da superficie das particulas do macro-PEC. A
cinética de adsor¢ao mostrou que os processos podem seguir o modelo de pseudo-primeira ou
pseudo-segunda ordem. Acredita-se que os macro-PECs obtidos podem ser usados como um
bom adsorvente promissor para adsorcao e separacao de poluentes de grandes volumes de dguas

residuais de corantes industriais.

Foi possivel confirmar a formagao do sistema de carreamento de micro-PECS formados
por CHS e CMC em solugdo, bem como a eficacia do processo de entrega controlada e
sustentada de niacinamida. A capacidade maxima de carga (LC) e a eficiéncia de
encapsulamento (EE) alcangaram 4,85% e 80,78%, respectivamente. O fator pH teve maior
influéncia nas respostas (EE e LC) estudadas, sendo o processo de producdo de estruturas
carreadoras favorecido em valores de pH mais baixos (3,0). A utilizagdao de tempos de processo
mais curtos favoreceu a formacdo dos sistemas de carreamento em termos praticos e
econdmicos. O estudo de liberagao in vitro de micro-PECs de CHS/CMC de ¢ niacinamida foi
realizado em diferentes condi¢cdes de pH, mimetizando a condic¢do do trato gastrointestinal. O
estudo indicou que a liberacdo maxima de niacinamida ocorreu apos cerca de 4,5 horas (270
min). As porcentagens maximas de niacinamida liberadas foram 89,29%, 87,68%, 96,76%,

89,57%, 91,58%, 88,02% e 97,78% para os sistemas 1, 2, 7, 8,9, 10 e 11, respectivamente. As
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constantes do modelo de ordem zero (Ko) foram baixas e semelhantes para todos os sistemas
estudados, demonstrando uma baixa taxa de liberagdo, indicando que o processo de liberagdo

de niacinamida dos micro-PECs de CHS/CMC ocorre principalmente por difusao.

O impacto promissor dos sistemas macro e micro-estruturados de quitosano e
carboximetilcelulose em sistemas-modelo de adsor¢do de poluentes em meio aquoso € em
sistemas-modelo de liberagdo controlada de compostos bioativos hidrofilicos foi demonstrado
apontando, por conseguinte, ampla gama de técnico-funcionalidades em diversos setores, como

por exemplo industria alimenticia, quimica, té€xtil e farmacéutica.

Diante do exposto, conclui-se que a presente tese comtemplou a importincia da
produgdo e aplicacdo de novas estruturas supramoleculares. Os resultados aqui obtidos abrem
perspectiva para a otimizacao dos sistemas aqui propostos, com adi¢do de novos compostos
e/ou modificacdes estruturais nos ja existentes. Além disso, podem ser realizados, por exemplo,
estudos desses sistemas como agentes estabilizantes de emulsdo pickering, a fim de se verificar

o potencial dos macro e micro-PECs como alternativa a agentes emulsionantes ou tensioactivos.
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