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RESUMO

O bagaco de malte (BM) ¢ o principal subproduto da fabricagdo de cerveja, composto
principalmente por restos de grios de cevada. E um subproduto lignocelulésico que possui uma
rica composi¢cdo de compostos bioativos e representa uma fonte potencial de ingredientes
funcionais. Ha evidéncias da valorizacdo do BM usando técnicas de fermentacdo em estado
solido (FES), e novas técnicas para recuperacdo desses compostos de interesse tém sido
buscadas, tais como as extragdes nao-convencionais, como liquido pressurizado (PLE) e
extracdo assistida por micro-ondas (MAE) que sdo consideradas mais sustentdveis. A
nanoencapsulagdo ¢ uma tecnologia promissora utilizada para incorporar os extratos obtidos
em alimentos e proteger por meio de uma barreira fisica os compostos bioativos encapsulados.
Este estudo teve como objetivo aplicar FES em BM, extrair e encapsular compostos fenolicos
do bagago fermentado, por meio de técnicas de extragdo ndo-convencionais, e avaliar a
aplicagdo do material remanescente como material adsorvente para tratamento de agua. BM do
tipo Pilsen foi fermentado com Aspergillus oryzae (NRRL 32657) por 7 dias. Técnicas de PLE
e MAE foram usadas para obter extratos ricos em compostos fenélicos de BM fermentado ou
ndo, que foram quantificados por analise dirigida por UHPLC-PDA-MS. Os extratos foram
entdo encapsulados com cera de carnatba por simples e dupla nanoemulsdo através da técnica
de fusdo/emulsificacdo. A FES por 2 dias foi suficiente para promover a liberagdo de compostos
antioxidantes. As extragdes por PLE e MAE foram eficientes, principalmente em altas
temperaturas (130 °C e 150 °C). A FES promoveu o aumento do teor de acido fertilico e acido
p-cumadrico em 4 vezes com relacdo ao controle ndo fermentado, enquanto a PLE a 150 °C
aumentou em cerca de 12 vezes. As emulsdes, tanto simples quanto dupla, apresentaram uma
eficiéncia maxima de encapsulacdo de 35% e os ensaios demonstraram boa estabilidade. O
tamanho médio da particula foi de 250 nm e a média do indice de polidispersdo foi de 0,15 ao
longo de pelo menos 50 semanas. O residuo pds extracdo do BM néo fermentado apresentou
uma remocao de azul de metileno de 79%, demonstraram um potencial para adsorcdo de
contaminantes, podendo ser aplicados em tratamento de efluentes industriais. Os resultados
obtidos nesse trabalho sdo importantes pois contribuem para a valorizagdo do BM no contexto
da economia circular, principalmente devido ao seu potencial de uso como ingrediente
funcional, fonte de compostos bioativos, podendo ser utilizados na induastria alimenticia,

nutracéutica e farmacéutica.

Palavras-chave: =~ Compostos  bioativos;  liquidos  pressurizados;  micro-ondas;

nanoencapsulagdo; adsorvente.



ABSTRACT

Brewers spent grain (BSG) is the main byproduct of beer production, composed mainly of
barley grain residues. It is a lignocellulosic byproduct that has a rich composition of bioactive
compounds and represents a potential source of functional ingredients. There is evidence of the
valorization of BSG using solid-state fermentation (SSF) techniques, and new techniques for
the recovery of these compounds of interest have been sought, such as unconventional
extractions, pressurized liquid extraction (PLE) and microwave-assisted extraction (MAE),
which are considered more sustainable. Nanoencapsulation is a promising technology used to
incorporate the obtained extracts into foods and protect the encapsulated bioactive compounds
through a physical barrier. This study aimed to apply SSF to BSG, to extract and to encapsulate
phenolic compounds from fermented BSG, through unconventional extraction techniques, and
to evaluate the application of the remaining material as an adsorbent material for water
treatment. Pilsen-type BSG was fermented with Aspergillus oryzae (NRRL 32657) for 7 days.
PLE and MAE techniques were used to obtain extracts rich in phenolic compounds from
fermented or unfermented BSG, which were quantified by UHPLC-PDA-MS-directed analysis.
The extracts were then encapsulated with carnauba wax by single and double nanoemulsion
through the melt dispersion technique. SSF for 2 days was sufficient to promote the release of
antioxidant compounds. PLE and MAE extractions were efficient, mainly at high temperatures
(130 °C and 150 °C). SSF promoted an increase in the content of ferulic acid and p-coumaric
acid by 4 times compared to the unfermented control, while PLE at 150 °C increased it by
approximately 12 times. The emulsions, both single and double, showed a maximum
encapsulation efficiency of 35% and the tests demonstrated good stability. The average particle
size was 250 nm and the average polydispersity index was 0.15 over at least 50 weeks. The
post-extraction residue of the unfermented BSG showed a methylene blue removal of 79%,
demonstrated potential for adsorption of contaminants, and can be applied in the treatment of
industrial effluents. The results obtained in this work are important because they contribute to
the valorization of BSG in the context of the circular economy, mainly due to its potential use
as a functional ingredient, a source of bioactive compounds, which can be used in the food,

nutraceutical and pharmaceutical industries.

Keywords: Bioactive compounds; pressurized liquids; microwave; nanoencapsulation;

adsorbent.
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Introducdo

INTRODUCAO

Um dos principais objetivos globais, conforme estabelecido pelos Objetivos de
Desenvolvimento Sustentavel (ODS) de n® 12 - Consumo ¢ Producdo Sustentaveis da
ONU (2015), ¢ reduzir pela metade o desperdicio de alimentos per capita mundial até
2030 e reduzir as perdas de alimentos ao longo das cadeias de producdo e abastecimento,
incluindo as perdas pos-colheita. Estima-se que cerca de 1,3 bilhdo de toneladas de
alimentos sao desperdicados no mundo anualmente. No Brasil, a Politica Nacional de
Residuos Soélidos — PNRS, Lei n° 12.305 de 2 de agosto de 2010 (Brasil, 2010),
regulamentada pelo Decreto n°® 10.936, de 12 de janeiro de 2022, foi implementada com
o objetivo de reduzir a geragdo de residuos. Essa politica promove habitos de consumo
sustentavel e estabelece instrumentos para aumentar a reciclagem e a reutilizagdo de
residuos solidos, além de garantir a destinagdo ambientalmente adequada dos rejeitos que
ndo podem ser reciclados ou reutilizados. Tanto essa medida brasileira quanto os diversos
planos de acdo adotados globalmente trazem uma abordagem estratégica baseada na
reutilizagdo de subprodutos agroindustriais, que podem dar origem a novos produtos

contendo compostos funcionais, que beneficia tanto a industria quanto os consumidores.

A cerveja € uma das bebidas alcoolicas mais antigas e consumidas no mundo,
sendo a terceira bebida mais popular depois da dgua e do cha (Mitri et al., 2022). Sua
producdo envolve apenas quatro ingredientes principais: cevada, lipulo, fermento e dgua.
Naturalmente rica em compostos bioativos, a cerveja se beneficia desses compostos ndo
so pelas suas contribuigdes sensoriais, mas também pela sua atividade antioxidante,
auxiliando a manutencao da estabilidade oxidativa da bebida (Ambra et al., 2021; da Silva
et al., 2021). Nos ultimos anos, a produgdo de cerveja tem apresentado um crescimento
significativo, e, em 2023, o mercado brasileiro se consolidou com 1.847 cervejarias
legalmente registradas e uma produgao superior a 15 bilhdes de litros de cerveja (MAPA,
2024). No entanto, a industria cervejeira também ¢é responsavel pela geragdo de grandes

volumes de subprodutos.

O bagaco de malte (BM) é o subproduto mais abundante da industria cervejeira,
representando cerca de 85% dos residuos totais gerados (Lynch et al., 2016). Embora seu
uso seja comum na formulagdo de ragdo animal, uma parte significativa ainda acaba sendo
descartada em aterros sanitarios, que ndo sdo capazes de absorver a imensa quantidade
gerada anualmente (Stefanello et al., 2018). O BM é composto principalmente por fibras

e proteinas, nutrientes de grande valor nutricional, tornando-o um material promissor para
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o enriquecimento de alimentos (Mussatto, 2014). Além disso, sua composi¢do € rica em
compostos fenolicos (CF), substincias associadas a bioatividades antitumorais, anti-
inflamatorias e antioxidantes (Connolly et al., 2021), despertando um interesse crescente
da industria alimenticia, farmacéutica e dos consumidores no aproveitamento desse

subproduto.

A valorizacdo dos CF presentes no BM depende diretamente do tipo de pré-
tratamento e das técnicas de extracdo aplicadas a esse subproduto (Bonifacio-Lopes et al.,
2020). O pré-tratamento do BM contribui para a quebra da matriz lignocelulosica,
aumentando a eficiéncia da extragdo ao facilitar o acesso do solvente aos vacuolos ¢
outras estruturas de armazenamento presentes no BM (Mitri et al., 2022). Métodos
bioloégicos, como a fermentagdo em estado so6lido (FES), combinados com extracdo
convencional de CF, tém se mostrado promissores para aumentar os rendimentos de
recuperagdo fenolica neste caso (Costa et al., 2021). No entanto, € essencial incorporar
novas técnicas de extracdo que possibilitem a recuperacdo maxima dos CF de forma
sustentavel. Além disso, o material remanescente apos a extragdo, rico em fibras e com
elevado potencial ecologico e economico, deve ser mais bem aproveitado, garantindo seu

uso como um recurso renovavel e sustentavel.

Diante do apresentado, este manuscrito teve como objetivo valorizar o BM
cervejeiro por meio de duas abordagens: (i) otimizar a extragdo sustentavel de CF
presentes no BM, utilizando a FES e técnicas de extracdo ndo-convencionais; (ii)
nanoencapsular o extrato obtido para viabilizar uma aplicacdo do BM, e (iii) avaliar a
aplicacdo do residuo resultante da extracdo fenolica como material adsorvente para

tratamento de efluentes industriais. Este trabalho ¢ guiado por quatro perguntas centrais:

1. Qual a contribuicdo da fermentagdo em estado solido para a recuperagdo de compostos

fenolicos do bagaco de malte?

2. Qual a contribui¢do dos métodos alternativos de extragdo para a recuperacdo de

compostos fendlicos?

3. Qual técnica de encapsulagdo por nanoemulsdo foi mais efetiva no aprisionamento dos

compostos fenolicos?

4. Qual material derivado do bagago de malte possui melhor potencial adsorvente para

azul de metileno?
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Esta tese de doutorado foi desenvolvida no Programa de Pds-Graduagdo em
Alimentos e Nutricgdo (PPGAN) da UNIRIO no ambito da linha de pesquisa
“Processamento, qualidade, valorizagdo de alimentos, coprodutos e residuos” e do projeto
de pesquisa “Metabolomica e protedmica dos alimentos”. Este trabalho faz parte do grupo
de pesquisa do CNPq “Protedmica e metabolomica de compostos bioativos - Ciéncias
Omicas aplicadas a organismos de interesse econdmico e biotecnoldgico” e foi realizado
no Laboratorio de Bioativos da UNIRIO. Este trabalho ¢ resultado de um projeto
interinstitucional entre 0o PPGAN da UNIRIO e o POSENQ (Programa de P6s-Graduagdo
em Engenharia Quimica) da Universidade Federal de Santa Catarina (UFSC) apoiado
pelo CNPq — Edital 01/2019 - Apoio a Formagéo de Doutores em Areas Estratégicas e da
colaboragdo entre UNIRIO, UFSC e Universidade Federal do Rio de Janeiro (UFRJ).

As amostras foram cedidas por uma cervejaria na cidade de Petropolis-RJ
(Brewpoint) e a fermentagao foi realizada com parceria do Laboratério de Biotecnologia
Microbiana — LaBiM, do Instituto de Quimica (IQ) da UFRJ. As extracdes nao-
convencionais foram realizadas no Laboratério de Termodindmica e Tecnologia
Supercritica — LATESC; as nanoemulsdes foram desenvolvidas no Laboratério de
Controle e Processos de Polimerizagdo — LCP; e a avaliagdo do potencial adsorvente dos
bagagos foram realizadas no Laboratorio de Materiais ¢ Computagdo Cientifica —
LabMAC; todas realizadas pelo Departamento de Engenharia Quimica e Engenharia de
Alimentos (EQA), na UFSC.

Os resultados obtidos ao longo desta tese foram organizados e apresentados em
dois artigos cientificos originais, sendo um deles submetido em uma revista de alto
impacto cientifico na area de Ciéncia de Alimentos; enquanto o outro esta em fase de
preparacdo para submissdo. Além disso, a tese inclui uma revisdo bibliografica no
capitulo 1 e, no ultimo capitulo sdo discutidos os principais achados da pesquisa, bem
como as conclusdes centrais e as perspectivas para futuras investigagdes. Este manuscrito

esta estruturado em trés grandes partes, abrangendo quatro capitulos (Figura 1):

e Parte I desta tese, intitulada "O potencial do bagaco de malte de cervejarias na
bioeconomia circular: situacio atual e perspectivas futuras", ¢ composta pelo
Capitulo 1 que apresenta uma revisao abrangente da literatura sobre o bagaco de
malte no contexto da economia circular, destacando aplicagdes biologicas, como
a fermentacdo em estado sélido, e métodos de extracdo ndo convencionais como

estratégias para obtencdo de compostos bioativos deste subproduto agroindustrial.
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A revisdo também explora possiveis aplicacdes funcionais dos extratos obtidos,
como nanoemulsdes encapsuladas com potencial uso em alimentos e no emprego
dos residuos de extragdo como adsorventes para o tratamento de efluentes

industriais.

e Parte II, intitulada "Valorizacdo do bagaco de malte cervejeiro:
transformando residuos em recursos para a bioeconomia circular"”, explora
técnicas inovadoras e sustentaveis para a incorporagdo desse subproduto no
cotidiano. Esta parte da tese ¢ composta por dois capitulos. O Capitulo 2 ¢ um
artigo cientifico original submetido a revista Journal of Agricultural and Food
Chemistry (Fator de Impacto: 5,7; Qualis CAPES: Al), no qual técnicas de
encapsulacdo sdo aplicadas como estratégia para proteger os compostos fenolicos
extraidos do bagaco de malte. O Capitulo 3, em fase de submissdo ao periddico
Food Bioscience (Fator de Impacto: 4,8; Qualis CAPES: A2), investiga o uso de
extratos de bagago de malte como adsorventes potenciais de azul de metileno em

aguas residuais, dentro dos principios da economia circular.

e Parte III ¢ dedicada a uma discussao geral (Capitulo 4), na qual sdo abordados
os principais resultados desta tese, seguidos de consideragdes finais e propostas

de perspectivas para pesquisas futuras.

10



Introducdo

25 , ~ Bagaco de Malte Fermentagdo em
A ‘\ "~ estado-solido
=
JE— Aspergillus oryzae
( Parte 1 | Parte II | \
Revisdo Bibliografica | Artigo 1 Artigo 2 |
O potencial do bagaco de malte Valorization of fermented Brewers spent grain extraction
de cervejarias na bioeconomia brewers spent grain with residues as a potential adsorbent of
circular: situacdo atual e sustainable extraction and methylene blue in wastewater under
perspectivas futuras. encapsulation techniques. circular economy concepts.
Extragao Potencial Adsorvente
Fluidos Pressurizados
Micro-ondas Adsorc¢ao de AZUL DE METILENO
Solvente: Etanol 1. Bagago de malte
N 2. Bagago de malte fermentado
Encapsulagao 3. Residuo do bagaco
Nanoemulsio lipidica &) 4. Residuo do bagago fermentado
* Emulsdo simples 5. Biocarvio 1
Parte 111 | * Emulsdo simples com lecitina 6. Biocarvio 2
Discussdo geral, principais * Dupla Emulsio 7. Biocarvio 3
8. Biocarvio 4

conclusdes e perspectivas futuras . ”
it Quantificacdo de Compostos

ﬁ L’}_) w é UHPLC PDA-MS E@/\Jkoﬂ

Figura 1. Fluxograma da organizagdo da tese.
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PARTE |

"O potencial do bagac¢o de malte de cervejarias na
bioeconomia circular: situagao atual e perspectivas futuras"

Capitulo 1 — REVISAO BIBLIOGRAFICA

12



Parte I — Capitulo 1

1. Sustentabilidade e economia circular como estratégias para reducao do

desperdicio de alimentos

O crescimento populacional global e o aumento desenfreado do consumo tém
intensificado as preocupacdes com o meio ambiente e a sustentabilidade da vida humana
no futuro. Questdes como mudangas climaticas, uso inadequado dos recursos naturais,
geracdo excessiva de residuos e um padrio insustentavel de consumo representam sérias
ameacas a economia global (Sachs et al., 2022). Nesse contexto, a transicdo de um modelo
de desenvolvimento baseado na economia linear — caracterizada pela geracdo de
residuos e pelo esgotamento de recursos — para um modelo circular ¢ fundamental para
enfrentar esses desafios, uma vez que esse paradigma ja se provou insustentavel

(Jergensen & Pedersen, 2018).

Diante desse cenario, o interesse por politicas voltadas a sustentabilidade e a
economia circular tem crescido significativamente nos ultimos anos. O conceito de
economia circular envolve a utilizacdo eficiente de recursos finitos, o uso ampliado de
recursos renovaveis, a recuperagdo de materiais ao final de seu ciclo de vida ¢ a
regeneragdo de sistemas naturais (Moraga et al., 2019). A sustentabilidade, por sua vez,
refere-se a capacidade de um sistema se manter ao longo do tempo sem degradacdo ou
esgotamento dos recursos essenciais de que depende (Sachs et al., 2022). Quando
alinhadas, essas politicas contribuem diretamente para os Objetivos de Desenvolvimento
Sustentavel (ODS) (ONU, 2015), com destaque para o ODS 12, que visa promover

padrdes de produgdo e consumo sustentaveis (Figura 2).
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Figura 2. Objetivos de Desenvolvimento Sustentavel (ODS) segundo a Agenda da
Organizacao das Nagdes Unidas (ONU) para 2030.

Embora a transicdo para uma economia mais circular e sustentavel seja
incentivada, o mundo ainda enfrenta desperdicios significativos em diversos setores,
incluindo o agroindustrial. Segundo a ONU/FAOQ, as industrias de base agricola geram
anualmente cerca de 1,3 bilhdo de toneladas de residuos, o que equivale a cerca de 30%
da producao global de alimentos (FAO, 2013). Em contrapartida, 733 milhdes de pessoas
vivem em situagao de fome, o que representa 1 em cada 11 individuos no planeta (FAO,
2024). A principal causa do elevado desperdicio de alimentos ¢ a ma coordenagdo entre
os diversos setores ao longo da cadeia de suprimentos, resultando em perdas desde os
estagios iniciais de producdo até o consumo final (Govindan, 2018). A Figura 3 apresenta
possiveis estratégias em diferentes niveis de prioridade para reduzir o desperdicio de

alimentos, destacando a producdo ¢ a compra conscientes como as mais relevantes.
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Figura 3. Como reduzir o impacto do desperdicio de alimentos no meio ambiente,
adaptado de EPA (Wasted Food Scale US EPA - United States Environmental Protection
Agency).

Infelizmente, a principal estratégia de descarte desses residuos ainda envolve a
incineragdo ou destinacdo em aterros, o que acarreta desafios ambientais, econdmicos e
sociais significativos. Do ponto de vista ambiental, os residuos agroindustriais
contribuem para o acumulo anual de 3,3 bilhdes de toneladas de CO; na atmosfera,
degradando a qualidade do ar e provocando problemas respiratorios (Yaashikaa et al.,
2022). Os impactos econdmicos e sociais sao igualmente preocupantes. O desperdicio de
alimentos, por si s0, gera um custo de 1 bilhdo de dolares por ano, valor que poderia ser
utilizado para suprir as necessidades nutricionais de milhdes de pessoas (Capanoglu et
al.,2022). Essa abundancia de residuos agroindustriais afeta particularmente os paises em
desenvolvimento, onde as alternativas viaveis para recuperar ¢ reutilizar esses recursos

ainda sdo limitadas (Freitas et al., 2021).

Nesse contexto, a implementacdo de modelos de sustentabilidade e de economia
circular no setor agroindustrial pode aumentar a eficiéncia no uso de recursos, reduzir
impactos ambientais e promover sistemas mais socialmente responsaveis. Além disso, os
residuos agroindustriais, devido a sua rica composi¢do em nutrientes e substincias
bioativas , possuem um potencial inexplorado de valorizagdao multipla. Eles podem ser

aproveitados para a produg@o de uma ampla variedade de produtos de alto valor agregado,
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como biocombustiveis, biopolimeros, biofertilizantes, enzimas, nutrac€uticos, entre

outros (Sadh et al., 2018).

2. Bagaco de malte: composicio e usos

O bagago de malte (BM) ¢ um subproduto da produgdo de cerveja que € uma das
bebidas alcodlicas mais populares no mundo, sendo a terceira mais consumida
globalmente, atrds apenas da agua e do chd. Em 2023, o Brasil produziu mais de 15
bilhdes de litros de cerveja, e o setor cervejeiro do pais registrou um crescimento de 6,8%
no numero de cervejarias (Figura 4). Segundo o MAPA, a maior parte das cervejarias
brasileiras estd concentrada na regido Sudeste, que responde por aproximadamente 53%
da producdo total do pais (MAPA, 2024). Com o crescimento continuo do setor
cervejeiro, a geracao de residuos também aumenta. Durante o processo de fabricacdo da
cerveja, cerca de 85% dos residuos solidos provém da etapa de mosturagdo, também
conhecida como brassagem, maceragdo ou cozimento, sendo compostos principalmente

por graos residuais de malte (Mussatto, 2014), conhecidos entdo como BM.

9.000.000.000 8.207.172.226
8.000.000.000

7.000.000.000

6.000.000.000

5.000.000.000

4.000.000.000 3.369.542.456

3.000.000.000 2.329.801.402

2.000.000.000 4 518 473.288

1.000.000.000 236.354.740
0
Centro-Oeste Nordeste Norte Sudeste Sul
Volume (L)

Figura 4. Total da producao de cerveja declarada por regido (MAPA, 2024).

O BM ¢ composto principalmente por restos de grdos de cevada, incluindo o
pericarpo, o revestimento da semente, a casca ¢ a camada de aleurona do grao original

(Figura 5) (Mussatto, 2014). De acordo com Jay et al. (2008) o BM contém materiais que
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fazem parte da inflorescéncia que envolve o grdo durante o seu desenvolvimento (ex:
gluma floral, raquilha e lodiculas), além de partes do eixo embriondrio, camadas de farelo,
e fragmentos do endosperma. Em comparacdo com o farelo de trigo, isso torna a
composicdo do BM fisicamente mais heterogénea e quimicamente mais complexa.
Quando a mosturagdo envolve outros cereais, como arroz, trigo e milho, os residuos
desses graos também podem estar presentes. Dessa forma, a composi¢do quimica do BM
pode variar, ndo apenas em fung¢do da variedade dos graos utilizados, mas também devido
a fatores como o momento da colheita, 0 método de processamento e as condi¢des de

fermentacdo a que os graos sdao submetidos (Mussatto, 2014).

O BM possui um teor de agua entre 70% e 90% e é composto principalmente por
material lignoceluldsico fibroso (70% em base seca), com um alto teor de proteina (20%
em base seca). A fibra presente no BM ¢ predominantemente hemicelulose (28-35% em
base seca), seguida por celulose (16-25% em base seca) e lignina (7-27% em base seca)
(Mussatto & Roberto, 2006; Steiner et al., 2015). Entre os monossacarideos mais
abundantes estdo glicose, xilose e arabinose (Mussatto et al., 2006). Apesar do teor de
amido ser reportado como insignificante, devido a degradacdo durante o processo de
maceragdo do grdo, hé relatos na literatura de que este teor pode chegar proximo de 10%
(Jay et al., 2008). Além disso, minerais também estdo presentes na estrutura do BM
(Muthusamy, 2014).

Figura 5. Bagaco de malte seco do tipo Pilsen. Fonte: autoria propria.
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Atualmente, cerca de 70% do BM ¢ utilizado como ragdo animal, 10% sdo destinados
a producdo de biogas, enquanto os 20% restantes sdo descartados em aterros sanitarios
(Bolwig et al., 2019). O descarte em aterros ¢ particularmente preocupante, pois o BM,
devido ao seu elevado teor de umidade, compostos orgénicos ¢ presenca de agucares
fermentaveis, ¢ altamente suscetivel a rapida deterioracdo microbiana, o que pode
aumentar a carga microbiana nos aterros e representar um risco ambiental (Wang et al.,
2014). Além disso, cada tonelada de BM descartada em aterros libera aproximadamente
513 kg de CO; equivalente em gases de efeito estufa (Nigam, 2017). Diante desses
impactos, cresce a preocupacao com a necessidade de valorizar melhor esse residuo e/ou
implementar rotas alternativas de descarte. Lu e Gibb (2008) sugeriram, por exemplo, o
uso do BM como biossorventes, ou seja, adsorventes de baixo custo provenientes de
subprodutos ou residuos da industria e agricultura. Além disso, o BM pode ser
aproveitado para a fabricagdo de produtos de valor agregado, devido a sua rica

composi¢ao em compostos fenolicos (McCarthy et al., 2013).

3. Compostos fendlicos no bagaco de malte

Nas ultimas décadas, os estudos sobre compostos bioativos tém avancado
significativamente, impulsionados principalmente pela crescente preocupacdo dos
consumidores com a saude. Pesquisas envolvendo compostos bioativos tais como
fenolicos, carotenoides, betalainas e vitaminas demonstraram que seu consumo didrio
pode trazer diversos beneficios a saude, incluindo a redu¢do dos niveis plasmaticos de
colesterol, a diminui¢do de fatores de risco cardiovascular, a prevencao da agregacdo
plaquetaria e a mitigagdo dos danos causados pela lesdo de reperfusdo isquémica, dentre

outros efeitos (Sant' Anna et al., 2013).

Compostos fendlicos (CF) sdo metabolitos especializados que desempenham um
papel essencial na protecdo das plantas durante o cultivo. Eles apresentam uma ampla
diversidade estrutural, que inclui moléculas simples, como vanilina, acido galico e acido
cafeico, bem como polifenois mais complexos, como estilbenos, flavonoides e polimeros
derivados desses grupos (Andersen & Markham, 2005). Os CF sio sintetizados pela via
metabolica dos fenilpropanoides ¢ possuem uma estrutura basica composta por um ou

mais anéis fenolicos e grupos hidroxila (Quideau et al., 2011). Esses compostos atuam
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como potentes antioxidantes devido a sua capacidade de neutralizar ou reduzir radicais
livres de alta energia, como as espécies reativas de oxigénio (Quideau et al., 2011). Por
isso, estdo associados a redugdo do risco de doengas cronicas, como cancer, € & promogao

da saude por meio da protecdo contra o estresse oxidativo intracelular (Surh, 2003).

Os CF séo classificados em cinco grandes grupos: flavonoides, acidos fendlicos,
lignanas, estilbenos e outros polifenodis. A forma em que os CF estdo presentes na matriz
alimentar pode variar de acordo com a classe fendlica. Por exemplo, os flavonoides sdo
geralmente compostos de facil extragdo, pois podem estar livres nos vacuolos celulares
das plantas (fenolicos livres) ou glicosilados a uma ou mais unidades de agticar por meio
de grupos hidroxila (O-glicosideos) ou por ligagdes carbono-carbono (C-glicosideos),
formando os chamados fendlicos conjugados. Por outro lado, os 4acidos fenodlicos
costumam estar covalentemente ligados (fendlicos ligados) a componentes insoltiveis da
parede celular, como celulose, hemicelulose, lignina, pectina e proteinas estruturais,
formando complexos estaveis (Acosta-Estrada et al., 2014; Wang et al., 2019) (Figura 6).
Esses fenolicos ligados sdo resistentes a hidrolise enzimatica gastrointestinal e a absor¢ao
no trato digestivo superior, chegando ao c6lon, onde podem atuar como prebioticos (Attri

etal., 2018).

Figura 6. Representagdes da estrutura da parede celular priméria do material vegetal e
ligacdo cruzada entre componentes estruturais e compostos fenolicos. (A) celulose. (B)
Hemicelulose. (C) proteinas estruturais. (D) pectina. (E) Acidos fenélicos. (F) ) (Acosta-
Estrada et al., 2014).

Como ocorre com a maioria dos cereais, os graos de cevada contém quantidades
significativas de CF (Figura 7), concentrados principalmente nas camadas externas. Dessa

forma, o BM pode ser considerado uma fonte potencialmente valiosa de bioativos,
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especialmente de acidos fenodlicos hidroxicindmicos. Entre esses, os acidos fertilico e p-
cumarico sdo os mais abundantes no BM, com concentra¢des variando entre 1,86 ¢ 1,95
mg/g e entre 0,56 e 0,79 mg/g, respectivamente. Outros acidos hidroxicinamicos, como
os acidos sinapico, cafeico e siringico, também foram encontrados em altos niveis nesse
subproduto. Esses compostos possuem diversas propriedades fisioldgicas, incluindo
atividades  antioxidante, antimicrobiana, anti-inflamatoria, antitrombdtica e
anticancerigena (Hernanz et al., 2001). Extratos fendlicos ricos nesses compostos, obtidos
a partir do BM, demonstraram eficacia no tratamento da hipertensdo em modelos in vitro
e in vivo (Connolly et al., 2021). Em um estudo com diferentes tipos de BM, foram
apresentados os dez compostos mais abundantes presentes em amostras do tipo pilsen,
IPA e witbier (Tabela 1), sendo estes das classes dos acidos fenolicos e flavonoides; estas
classes corresponderam a 44,8% e 49,4%, respectivamente, da abundancia total na fragdo

de compostos livres (Maia et al., 2020).
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Figura 7. Estrutura quimica de compostos fendlicos presentes nos gridos de cevada

(Phenol Explorer).
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Tabela 1. Compostos fendlicos mais abundantes no bagago de malte (Maia et al., 2020).

Formula Abundéincia
Nome Classe
molecular total
Acido transfertlico Ci10H1004 Acido fendlicos 4.17x107
Acido p-cumarico CoHsz0s Acido fendlicos 3.88x10’
Acido ferulico Ci10H1004 Acido fendlicos 1.37x107
Acido caféico CoHsO4 Acido fendlicos 1.12x107
Acido protocatecuico C7HO4 Acido fendlicos 6.35x10°
3,7-dimetilquercetina C17H1407 Flavonoides 4.51x10°
Isbmero 3 da
C19H130s Flavonoides 2.27x10°
tetrametilscutelareina
Acido gentisico C7HO4 Acido fendlicos 1.78x10°
Florizina C21H24010 Flavonoides 1.30x10°
Naringenina 7-O- )
C21H2,010 Flavonoides 1.25x10°

glicosideo

Apesar da abundancia de CF no BM, ¢ importante destacar que parte dos CF da
cevada ¢ solubilizada durante a mosturacdo no processo de fabricagdo da cerveja, ficando
retida no produto. No BM, permanecem principalmente compostos ligados a biomassa
lignocelulodsica. Assim, € essencial aplicar técnicas de pré-tratamento ao BM para quebrar
a estrutura lignocelulésica, melhorando a eficacia do processo de extracdo e facilitando o
acesso do solvente as estruturas celulares. Além disso, o planejamento da extracao de CF
deve ser cuidadosamente elaborado, com a selegdo de solventes e técnicas que sejam de
facil replicagdo, de baixo custo e sustentaveis, a0 mesmo tempo garantindo maxima

eficiéncia de extracdo e valorizagdo desse subproduto.

4. Fermentacao em estado solido como técnica de pré-tratamento do bagaco

de malte

Um processo de pré-tratamento bioldgico amplamente aplicado ao BM e com

resultados promissores ¢ a fermentagdo em estado soélido (FES). Como mencionado
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anteriormente, a rica composicdo do BM pode conferir valor agregado a produtos e
extratos. No entanto, devido a complexa estrutura da parede celular vegetal, a utilizacdo
desses materiais lignoceluldsicos requer um pré-tratamento que rompa essa estrutura. Um
tipo de pré-tratamento eficiente € o bioldgico, que utiliza microrganismos, principalmente
fungos ou bactérias, para degradar a hemicelulose, lignina e, em alguns casos, celulose,
dependendo do microrganismo empregado (Aftab et al., 2019). O pré-tratamento
bioldgico destaca-se por ser ecologicamente correto, consumir menos energia, operar sob

condi¢des brandas e ter baixo custo.

A FES ¢ um processo de fermentagdo controlado no qual microrganismos crescem
na auséncia de agua ou com uma quantidade minima de umidade. Esse método tem grande
potencial como bioprocesso para a geracdo de metabolitos secundarios a partir de residuos
agricolas e industriais. Tem sido amplamente utilizado com sucesso em residuos como
bagacos, farelos, cascas e outros subprodutos anteriormente subutilizados ou descartados.
De maneira geral, a FES ¢ capaz de melhorar o perfil nutricional desses materiais e

produzir enzimas valiosas, especialmente aquelas envolvidas na degradagao de biomassa.

Os microrganismos mais utilizados em sistemas de FES sdo fungos filamentosos,
que incluem diversas espécies empregadas industrialmente, para produgdo de enzimas
(como glicoamilases, celulases e tanases) e acidos organicos (como acido lactico e acido
fumarico). Fungos filamentosos sdo empregados industrialmente por sua capacidade de
utilizar uma ampla variedade de fontes de carbono. A penetracdo de suas hifas no interior
das particulas do substrato melhora a acessibilidade aos nutrientes, superando o
desempenho de microrganismos unicelulares nesse aspecto (Londofio-Hernandez et al.,
2017). Entre os fungos filamentosos amplamente estudados em processos de FES,
destaca-se o Aspergillus oryzae, que tem se mostrado um microrganismo versatil na
valorizagdo de subprodutos agroindustriais (Acosta-Estrada (Acosta-Estrada et al., 2019;
Maia et al., 2020; Shin et al., 2019). E importante destacar que os microrganismos
utilizados na industria de alimentos precisam ser reconhecidos como GRAS (Generally
Recognized as Safe) pelo FDA (Food and Drug Administration), assegurando que néo

produzam toxinas nem representem riscos a saude.

Um estudo conduzido por Ogunjobi et al. (2011) investigou a FES de 35 dias com
A. oryzae, utilizando o BM como substrato. Os resultados mostraram um aumento de 55%
na concentracao de proteina, enquanto o teor de fibra bruta diminuiu ao longo do processo

de fermentagdo. Esses dados confirmam a capacidade do 4. oryzae de degradar fibras, o

22



Parte I — Capitulo 1

que resultou no aumento relativo da concentracdo de proteinas. Além disso, estudos
demonstraram a superioridade do 4. oryzae no impacto sobre compostos fenolicos
durante a FES, em comparacdo com outras quatro cepas de fungos filamentosos (Maia et
al., 2020). O microrganismo aumentou em 7 vezes o conteudo total de compostos
fenodlicos e em 5 vezes a atividade antioxidante, em relacdo ao BM nao fermentado. Um
estudo de Goh e Ken (2021), que utilizou oito diferentes linhagens de fungos filamentosos
na fermentacdo do BM, também relatou uma melhoria significativa no conteudo total de
fenolicos em todos os BM fermentados. No entanto, A. oryzae destacou-se, sendo
responsavel por elevar o conteudo fenolico de 1,4 mg GAE/g (ndo fermentado) para 9,5

mg GAE/g (fermentado).

5. Técnicas de extracdo de compostos fenolicos do bagaco de malte

A escolha da técnica de extragdo adequada ¢ um dos passos mais criticos na
recuperagdo e isolamento de CF de materiais vegetais. Diversos fatores influenciam esse
processo, incluindo o tipo de composto a ser extraido, o método de extragdo, o solvente
utilizado, o tamanho das particulas da amostra, além da presenca de substincias
interferentes. Tradicionalmente, os CF tém sido extraidos de fontes naturais utilizando
solventes organicos em extra¢des solido-liquido, devido a sua simplicidade, eficiéncia e
ampla aplicabilidade. No entanto, nos ultimos anos, diversas pesquisas tém explorado
técnicas alternativas de extragdo para a recuperacdo de CF, como a extragdo liquida
pressurizada e a extracgdo assistida por micro-ondas (Gonzalez-Garcia et al., 2021; Herbst
etal.,2021). Essas abordagens, conhecidas como técnicas de extracdo ndo convencionais,
sdo cada vez mais valorizadas por seus impactos principalmente atribuidos a maior

sustentabilidade (Figura 8).
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Maiores rendimentos e seletividade
Menor impacto ambiental
Solventes verdes GRAS
Reprodutibilidade e automacao
Escalabilidade melhorada

Economia de tempo e energia

Maior acessibilidade

Figura 8. Algumas das implicagdes mais importantes alcancadas por técnicas ndo-

convencionais de extragdo (Gil-Martin et al., 2022).

5.1 Extracéo sélido-liquido

A extragdo soélido-liquido, também conhecida como método de extracdo
convencional, utiliza diversos solventes, como metanol, etanol, acetona, ou suas misturas
com agua. Esse método envolve o uso de grandes volumes de solventes, o que ndo é
sustentavel, e procedimentos manuais, o que torna o processo dependente do operador e
intensivo em mao de obra, resultando em uma menor consisténcia nos resultados. Embora
muitos estudos apliquem essa técnica para a extragdo de compostos no BM (Almeida et
al., 2017; Maia et al., 2020; Meneses et al., 2013), métodos de extra¢dao ndo convencionais
vém ganhando destaque, com o objetivo de superar as limitagdes dos métodos

convencionais (Alara et al., 2021; Herbst et al., 2021).

5.2 Extracéo por liquidos pressurizados

Na extracdo com liquidos pressurizados (PLE) (Figura 9), aplica-se pressao entre
3,3 ¢ 20,3 MPa, o que permite o uso de temperaturas acima do ponto de ebulicdo dos
solventes. A extracdo em temperaturas elevadas, entre 40 e 200 °C, oferece vantagens ao
facilitar a dessor¢ao e solubilidade das moléculas nos solventes (Zhang et al., 2018). Esse
método é considerado uma técnica automatizada de extracdo verde, sendo uma alternativa
econdmica e eficiente em termos de tempo comparada as técnicas convencionais,

resultando em teores iguais ou superiores de CF em diversos extratos vegetais.
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Figura 9: Equipamento desenvolvido para extragdo por liquidos pressurizados

(LATESC/UFSC). Fonte: autoria propria.

A PLE ¢ amplamente utilizada para obter biocompostos de fontes naturais e no
fracionamento termoquimico de biomassa lignocelulosica. Em temperaturas elevadas, os
solventes usados nessa extracdo exibem propriedades unicas devido a modificacdo da
constante dielétrica, densidade, viscosidade e difusividade, causadas pela ruptura de
forcas intermoleculares, como interagdes de van der Waals, ligagdes de hidrogénio e

interacdes dipolo (Herbst et al., 2021).

Alguns estudos tém demonstrado os impactos da PLE na obten¢do de compostos
fenolicos no BM. Um estudo com BM demonstrou que a PLE obteve um rendimento de
extracao de até 20% em peso de BM, apresentando uma atividade antioxidante de 4096
mmol ET/100 g de extrato. Milagros Delgado-Zamarrefio (2009) identificaram condi¢des
otimizadas para a técnica, recomendando a aplicacdo de alta pressio (~11 MPa)
combinada com temperaturas mais baixas, como 50 °C. Embora essa técnica de extragdo
ndo convencional tenha mostrado resultados promissores, at¢é o momento nao foram

encontrados relatorios sobre seu uso especifico para a extragao de CF de BM fermentado.
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5.3 Extracio assistida por micro-ondas

A extragdo assistida por micro-ondas (MAE) utiliza energia de radiagdo de micro-
ondas para aquecer rapidamente a mistura soluto-solvente, resultando em um tempo de
extragdo mais curto ¢ na obtengdo de extratos de alta qualidade, com melhor recuperagdo
do composto-alvo. O calor gerado pelo processo aumenta a difusividade do solvente na
amostra, facilitando a liberagdo dos compostos-alvo. Esse aumento na difusdo rompe as
ligagdes de hidrogénio que prendem os compostos a matriz, permitindo que eles se
dissolvam no fluido de extracdo (Alara et al., 2021). Diferentes substancias quimicas
absorvem a energia das micro-ondas em diferentes intensidades, o que torna a extragdo
assistida por micro-ondas um método eficiente para extragdes seletivas, sendo
particularmente vantajoso na separagdo de compostos-alvo de matrizes alimentares
complexas (Setyaningsih et al., 2015). Quando a irradiacdo de micro-ondas penetra num
material e interage com compostos polares, ¢ gerado calor devido a rotacao do dipolo,

garantindo assim um elevado rendimento (Sirohi et al., 2020).

Virias classes de CF podem ser eficientemente extraidas por micro-ondas. Ao
contrario da extragcdo com liquidos pressurizados, a MAE ja tem aplicagdo comprovada
no BM. No entanto, o rendimento e o perfil fendlico extraido variam significativamente
de acordo com pardmetros operacionais como tempo de extragdo, temperatura, volume
de solvente e velocidade de agitagdo (Guido & Moreira, 2017). Moreira et al. (2012)
demonstrou que a aplicacdo de micro-ondas por 15 min a 100 °C resultou em um
rendimento de compostos fenodlicos extraido do BM cinco vezes maior do que com
técnicas convencionais. Além disso, a MAE proporcionou um aumento significativo na
capacidade redutora total e na atividade antioxidante do BM proveniente de cervejas
claras e vermelhas, quando comparado ao BM ndo tratado, por conta da liberagdo de
compostos (Zago et al., 2022). Um estudo recente também confirmou a eficacia dessa
técnica na obtencdo de acidos ferulico e p-cumarico, compostos hidroxicinamicos

relevantes presentes no BM (Lopez-Linares et al., 2021).

6. Cromatografia liquida de alta eficiéncia como estratégia para quantificacio

dos compostos fenolicos

Apos a fermentacdo e extracdo dos CF, é essencial aplicar técnicas sensiveis e

confiaveis para a quantificacdo desses metabolitos. Entre as principais técnicas
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cromatograficas, destaca-se a cromatografia liquida de alta eficiéncia (CLAE). Essa
técnica ¢ amplamente utilizada devido a sua precisdo, modernidade e versatilidade, sendo
ideal para a separagdo, identificacdo e quantificagio de componentes em misturas
complexas, além de permitir a obtengdo de perfis quimicos detalhados de diferentes fontes

(Nahar et al., 2020).

Na CLAE, a fase mdvel, composta por um solvente ou uma mistura de solventes,
¢ bombeada através de uma coluna cromatografica (fase estaciondria), essencial para a
separacdo dos compostos. A coluna de fase reversa ¢ a mais utilizada, na qual a fase
estacionaria ¢ apolar, enquanto a fase mével ¢ uma mistura polar de solventes organicos
e agua (Jandera, 2011; Scott, 2020). Apds a separacdo, os compostos eluidos sdo
detectados e analisados (Rodriguez-Pérez et al., 2016). A CLAE ¢ frequentemente
combinada com detectores como ultravioleta-visivel (UV) e matriz de fotodiodos (PDA),
permitindo a caracterizagdo de uma ampla variedade de compostos fenolicos e seus
derivados, o que tem sido fundamental para a identificacdo de classes fendlicas em plantas

(Shi et al., 2022).

Esta técnica tem se mostrado eficaz na identificagdo e quantificacio de CF e outros
metabolitos secundarios em matrizes alimentares complexas, tornando-se uma ferramenta
essencial para a investigacdo de compostos de interesse biotecnoldgico, especialmente
para as industrias alimenticia e de produtos naturais (Santos et al., 2019). No caso do BM,
diversos estudos tém aplicado a CLAE para identificar compostos predominantes e
avaliar as biotransformagdes que ocorrem durante tratamentos aplicados a esse
subproduto. Maia et al. (2020) analisaram compostos fenolicos diferenciais no BM apos
a fermentacdo em estado soélido como pré-tratamento, observando um aumento
significativo nos niveis de fenolicos em comparagdo ao controle (ndo tratado). A técnica
também revelou que o acido clorogénico, um éster do acido cafeico e quinico, foi o acido
fendlico mais abundante em BM submetido a pré-tratamentos térmicos (Rahman et al.,
2021). Becker et al. (2023), por sua vez, relatou que os principais compostos fenodlicos do

BM sdo acidos hidroxicindmicos, como os acidos fertilico, cafeico e p-cumarico.

7. Nanoencapsulacio de compostos bioativos

Uma vez extraidos, os CF presentes no BM podem ser amplamente utilizados no

setor de alimentos como aditivos em industrias de carnes, frutas, vegetais, bebidas,
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especiarias, gorduras e 6leo; promovendo melhorias na aparéncia, sabor e cor dos
produtos, além de prolongar sua vida util (Loganathan & Mohan, 2023). Entretanto,
muitos ingredientes bioativos naturais sdo instaveis e suscetiveis a oxidagdo, processo
acelerado pela exposicdo a luz, calor, pH e teor de umidade (Corréa-Filho et al., 2019).
Ademais, a adi¢do direta de extratos ricos em CF pode causar adstringéncia no produto
final (Comunian et al., 2021). Nesse contexto, a nanoencapsulacdo tem sido proposta
como uma estratégia eficaz para contornar esses desafios, facilitando o aproveitamento

dos CF e protegendo os nutrientes de condi¢des adversas (Abdul Rahim et al., 2019) .

A nanoencapsulag@o ¢ uma tecnologia que oferece alta eficiéncia de encapsulamento
e capacidade de carga, além de aprimorar a biodisponibilidade, estabilidade, o perfil de
liberagdo controlada e mascarar sabores indesejaveis (Luo et al., 2020). A aplicagdo desta
nanotecnologia em alimentos geralmente requer dois fatores essenciais: 1) a selegdo de
materiais encapsulantes adequados para o desenvolvimento do sistema; e 2) a escolha da
técnica de encapsulagdo. Os materiais encapsulantes devem ser GRAS para uso em
alimentos. Além disso, ¢ importante considerar a funcionalidade, a concentragdo do
encapsulamento, o perfil de liberacdo desejado e os requisitos de estabilidade. A maioria
dos materiais usados no setor de alimentos inclui polimeros de carboidratos, proteinas,
lipidios e outros materiais organicos e inorganicos. Entre as técnicas de encapsulamento
mais populares para compostos bioativos estdo a emulsificacdo, secagem por spray,

liofilizagdo, extrusdo, eletrofiacdo e coacervacao (Shishir et al., 2018).

Na selecdo de materiais encapsulantes, os lipidios possuem véarias vantagens,
incluindo a capacidade de capturar compostos bioativos com diferentes solubilidades. Em
particular, moléculas instaveis e altamente hidrofobicas podem ser protegidas contra a
degradacdo, o que contribui para uma maior estabilidade durante o armazenamento (de
Souza Simdes et al., 2017). Nanoparticulas lipidicas sdo geralmente produzidas a partir
de um lipidio so6lido, como cera de carnauba (de origem vegetal), comum em alimentos
(Jafari, 2017). Em produtos alimenticios, nanocapsulas feitas a partir de lipidios
promovem uma maior solubilidade, alta biodisponibilidade e liberagdo controlada dos
ingredientes ativos nanoencapsulados. Isso ocorre porque essas nanocapsulas aderem a
parede gastrointestinal, permitindo a liberacdo dos bioativos precisamente onde sdo
absorvidos. Além disso, os lipidios também sdo conhecidos por aumentar a absor¢ao oral

de diversos bioativos, potencializando sua biodisponibilidade (Souto & Severino, 2013).
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Quanto a técnica de encapsulagdo, destaca-se a nanoemulsdo que consiste em dois
liquidos imisciveis, com gotas de fase dispersa entre 50 e 1000 nm (Weiss et al., 2006).
Esses sistemas coloidais encapsulam eficazmente compostos bioativos, como compostos
lipofilicos em emulsdes simples (6leo em agua) e hidrofilicos em emulsdes simples (agua
em 6leo) ou dupla (dgua em 6leo em agua). Para melhorar sua estabilidade, utilizam-se
surfactantes de baixo peso molecular, fosfolipidios, proteinas e polissacarideos (Pisoschi
et al., 2018). Catequina (antioxidante hidrofilico) e curcumina (hidrofobica) foram co-
encapsuladas em uma emulsdo agua-em-o6leo-em-agua, alcangando alta eficiéncia de
encapsulamento, entre 88% e 97% (Aditya et al., 2015). Este estudo revelou um aumento
de quatro vezes na bioacessibilidade em comparagdo as formas livres de catequina e
curcumina, indicando que essa técnica ¢ eficaz na preservacdo e na melhoria da

bioacessibilidade de CF.

Embora a nanoencapsulacdo ja tenha sido aplicada para produzir nanoparticulas de
acido ferulico extraido de BM para uso dermatologico (Bucci et al., 2020) et al., 2020),

novos estudos sdo necessarios para explorar seu uso em nutracéuticos de ingestao.

8. Material adsorvente para tratamento de efluentes industriais

Dentro do contexto da economia circular, ainda que ocorra extracdo maxima dos
CF presentes do BM, permanece um residuo lignocelulésico que precisa ser
adequadamente destinado. Paralelamente, a polui¢do hidrica tornou-se um problema
critico para a humanidade e o ecossistema, agravando o risco de escassez de agua doce e
limpa no futuro préoximo. Muito se discute sobre economizar e reutilizar d4gua nos
sistemas produtivos, e diversas técnicas de tratamento para despolui¢do foram propostas
¢ aplicadas durante as ultimas décadas (Chen et al., 2021; Fetanat & Tayebi, 2022;
Mannina et al., 2022).

A adsorc¢do ainda ¢ o método mais favoravel para a remocao de poluentes de aguas
residuais devido ao seu baixo custo, facilidade de operacgdo e tecnologia simples (Mo et
al., 2018). Os materiais adsorventes sdo produzidos principalmente a partir de materiais
poliméricos, que ndo sdo sustentaveis, e subprodutos industriais. Fibras naturais com alta
porosidade, baixa gravidade especifica e capacidade de adsor¢do removem metais e

corantes de dguas residuais industriais (SAFAK & CIFCI, 2023).
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Nas estagodes de tratamento de esgoto, os processos de adsorc¢do sdo utilizados para
remover poluentes dissolvidos que persistem apos as fases biologicas ou tratamentos de
oxidacdo quimica. Diversos materiais, naturais ou sintéticos, sao utilizados como solidos
adsorventes, sendo o carvdo ativado o mais comumente empregado, devido a sua
eficiéncia na remocao de diversos poluentes da agua. No entanto, seu uso generalizado
no tratamento de esgoto pode ser limitado devido ao seu custo elevado, além de desafios

relacionados ao seu impacto sustentavel (De Gisi et al., 2016).

Nesse contexto, a busca por adsorventes de baixo custo, provenientes de residuos
agroindustriais, tem sido uma alternativa promissora para a remoc¢do de poluentes.
Residuos agricolas como agentes adsorventes oferecem vantagens no tratamento de aguas
residuais: sdo abundantes, quimicamente estaveis, de baixo custo, renovaveis, possuem
ciclo de regeneracgdo curto e sdo ambientalmente amigaveis. Além disso, sua estrutura ¢
altamente porosa e possui grande area superficial, o que facilita a adsor¢do fisica de
poluentes, como metais pesados (Anastopoulos et al., 2017). O BM, por exemplo, tem
sido utilizado com sucesso para remover diferentes poluentes por adsor¢do (Bachmann et
al., 2022), e ja demonstrou que ser um excelente material precursor para a produgdo de

adsorventes altamente eficientes para ions metalicos (Cechinel et al., 2022).

O BM gerado na fabricagdo de cerveja ndo apenas se destaca como uma fonte
potencial de compostos bioativos, mas também apresenta grande capacidade para
adsorver contaminantes da agua, devido a sua composi¢ao rica em celulose, hemicelulose
e lignina (Sganzerla et al., 2023). Isso o torna um candidato promissor para a
descontaminacdo de aguas residuais, podendo ser integrado em um modelo de economia
circular (Bachmann et al., 2023; Cechinel et al., 2022; Lee et al., 2023). A 4gua purificada
pode, entdo, ser reutilizada na propria industria cervejeira para lavar, limpar e esterilizar

diversas unidades apos a produ¢do de cada lote (Olajire, 2020).
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e Two days of solid-state fermentation were enough to release antioxidant
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e Pressurized liquid and microwave applied at high temperatures increased
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e The ferulic acid content increased with fermentation and non-conventional
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ABSTRACT

Brewer's spent grain (BSG), the main by-product of the beer industry, represents a source
of bioactive compounds bound to the lignocellulosic matrix. Solid-state fermentation
(SSF) is a promising technique to recover compounds from agro-industrial waste. This
work explored pressurized liquid (PLE) and microwave-assisted extraction (MAE) to
recover phenolic compounds from fermented BSG. Extracts were encapsulated by
nanoemulsion techniques using carnauba wax. SSF and unconventional extractions
enhanced the recovery of compounds, especially at 130-150 °C. However, MAE at 150°C
after fermentation leads to partial degradation of free-form compounds. Ferulic acid and
p-coumaric contents (UHPLC-PDA-MS) were enhanced after SSF especially in PLE at
150 °C. Encapsulation efficiency reached 35%, with nanoparticles remaining stable for
50 weeks. SSF significantly increased antioxidant activity compared to unfermented
BSG, and the extraction methods successfully liberated bioactive compounds,

highlighting the potential of BSG as a renewable source for high-value applications.

Keywords: Aspergillus oryzae, Craft beer; Bioactive compounds; Antioxidant activity;

Ferulic acid; UHPLC; nanostructured lipid carriers.
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1. INTRODUCTION

Beer production has been growing worldwide in recent years and the Brazilian market
has undergone significant consolidation, with 1,847 legally installed breweries and production
of over 15 billion liters of beer in 2023 (MAPA, 2024). However, this growth comes with the
challenge of managing large quantities of brewing by-products, mainly brewer’s spent grain
(BSG), which constitutes 85% of the waste generated in beer manufacturing (Lynch et al.,
2016). For every 100 liters of beer brewed, around 20 kg of wet BSG are generated, which is
generally incorporated into animal feed or disposed of in landfills — solutions insufficient to
manage the vast annual production (Stefanello et al., 2018). As sustainability, renewable
resource use, and the circular economy gain global importance, the valorization of this by-
product for the agri-food, cosmetic and pharmaceutical industries present a strategic

opportunity.

Comprising the hull, pericarp layers and the seed coat (testa) of the mature barley grains,
BSG is rich in lignocellulosic fiber and has a relatively high protein content (Mussatto &
Roberto, 2006). In addition to these components, BSG is also a valuable source of phenolic
compounds (PC), which contribute to its potential as a functional ingredient (Almeida et al.,
2017; Maia et al., 2020; Stefanello et al., 2018). PC are plant-specialized metabolites with well-
reported antioxidant potential and health benefits, related to the inhibition or reduction of
inflammatory, mutagenic, and carcinogenic processes (Lutz et al., 2019). As the insoluble
fraction of brewer's wort, BSG contains mainly PC covalently bound to the components of the
plant cell wall, such as the fibrous matrix (Aliyu & Bala, 2011). Therefore, the application of
bioprocesses to BSG can be a valuable strategy to enhance the PC bioaccessibility within this

fiber-rich matrix.

Solid-state fermentation (SSF) is a promising technique for the valorization of BSG,
offering a water-efficient, low-cost, and low-waste method for concentrated metabolite
production and extraction. Several studies have investigated the application of SSF on BSG
compounds, demonstrating a mutually beneficial relationship between the microorganism and
the substrate: BSG serves as an economical source of carbon and nitrogen for microbial growth,
while filamentous fungi can enhance the phenolic content of BSG by up to sevenfold (Barrios-
Gonzalez, 2012; Cooray & Chen, 2018; Maia et al., 2020). This occurs because, during SSF,
filamentous fungi produce enzymes, e.g., B-xylosidase, B-galactosidase, a-amylases, cellulases
and feruloyl esterases (Costa et al., 2021; Mitri et al., 2022). These enzymes can weaken the

covalent bonds between PC and BSG structural components through extracellular enzymes
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produced by microorganisms, making them more soluble in the substrate (Cooray & Chen,

2018).

Another crucial point for the effective recovery of these valuable PC present in BSG is
the selection of an appropriate extraction technique. We have previously demonstrated the
successful extraction of phenolic compounds from BSG using conventional solid—liquid
extraction methods(Maia et al., 2020), but recent efforts have focused on exploring
unconventional extraction methodologies based on green chemistry principles with minimal
solvent. Microwave-assisted (MAE) and pressurized liquid extraction (PLE) have been
highlighted as a sustainable method for valorizing compounds in BSG(Andres et al., 2020;
Carciochi et al., 2018; Zago et al., 2022). Since both techniques involve the application of high
temperatures, their effect on PC can be paradoxical: thermally unstable PC may be degraded,
while those strongly bound to the matrix can be released through thermal hydrolysis (Chipurura

etal., 2010).

Once extracted, the application of these PC is limited due to their high instability under
certain environmental conditions, such as temperature, pH, and polarity compatibility. Owing
to their capacity to mitigate degradation, nanoencapsulation has emerged as a versatile solution
for enriched extracts in bioactive compounds (Albuquerque et al., 2021). Carnauba wax,
derived from Copernicia prunifera (the carnauba palm tree), is a particularly attractive wall
material for encapsulating BSG compounds, widely accepted across industries, capable of
forming a protective barrier against environmental and chemical interactions(Islam et al.,
2024). Furthermore, it enables the controlled release of functional compounds to specific target

sites, enhancing their bioavailability, water solubility, and stability (Freitas et al., 2016).

Despite their potential, the effects of carnauba wax nanoparticles loaded with BSG
compounds remain unexplored. This innovative approach aims to valorize the use of BSG, a
by-product of the beer industry, while contributing to sustainability efforts. In this context, the
aim of this study was: (1) to recover phenolic compounds from BSG using eco-friendly non-
conventional extraction techniques, combined with SSF, and (2) to produce nanostructured lipid
carriers (NLC) containing these compounds through melt dispersion technique, using carnauba

wax as a carrier.
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2. MATERIAL AND METHODS
2.1 Materials

A Pilsen-type brewer’s spent grain (BSG) sample was kindly provided from a craft beer
factory (Brewpoint Brewery, Petropolis, RJ, Brazil). Solid lipid carnauba wax T4 (CW) was
kindly donated by GM Ceras (Sao Paulo, Brazil). Liquid lipid crodamol GTCC (saturated
triglyceride from coconut oil) (Frederikssund, Denmark) and soy lecithin (90%) were
purchased by Alpha Quimica and Alfa Aesar (Massachusetts, USA), respectively. Deionized
water was used in all encapsulation experiments as the aqueous phase. Polysorbate 80 (Tween
80) and analytical standards, such as ferulic acid (CAS 537-98-4), caffeic acid (CAS 331-39-
5), and p-coumaric acid (CAS 501-98-4) were obtained from Sigma Aldrich (St. Louis, MO,
USA).

2.2 Brewers spent grain preparation and solid-state fermentation

Pilsen-type BSG samples were previously dried in a forced air-ventilation oven (MA
035, Marconi, Brazil) at 65 °C for 8 h, resulting in a final moisture content of 70%. Based on a
previous study (Maia et al., 2020), the filamentous fungus Aspergillus oryzae (NRRL 32657),
sourced from the Microbial Biotechnology Laboratory's microorganism collection (UFRJ,
Brazil), was selected for SSF. The samples were inoculated with 107 A. oryzae spores/g of BSG
and incubated at 30 °C(Lira et al., 2020). A kinetics of SSF was performed and the flasks were
collected at determined fermentation intervals (0, 1, 2, 4, 7 days), the remaining fermented
solids were dried in a ventilated oven at 65 °C for 6 h and were stored at 4 °C until analysis.
Autoclaved BSG was also analyzed. The total reducing capacity (TRC) determined by using
the Folin-Ciocalteu method and the antioxidant capacity determined using the DPPH method
(both described in Section 2.3) were performed in triplicate to select the fermentation time,

which was named “BSG-F” (brewers spent grain fermented).
2.3 Phenolic compounds extraction by non-conventional techniques

To extract phenolic compounds from both fermented (BSG-F) and non-fermented
(BSG) samples, three extraction methods were tested: 1) microwave-assisted extraction (MAE),
2) pressurized liquid extraction (PLE), and 3) conventional extraction, applied as control.
Ethanol (100%) was selected as solvent as it is generally recognized as safe, following the
principles of green chemistry (Grassi et al.). The non-conventional extractions (MAE and PLE)
were conducted at six different temperatures - 50, 70, 90, 110, 130, and 150 °C - using

independent samples for each condition. The antioxidant capacity determined by the DPPH
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method (described in Section 2.3) was performed in triplicate to select the extraction

temperature.

Non-conventional extractions — MAE and PLE extractions were performed in
duplicate according to Rudke ez al. (2022) (Rudke et al., 2022), with minor modifications.
Briefly, MAE was performed using a microwave (Monowave TM 200, Anton Paar, Graz,
Austria), with 1 g of sample and a constant solute:solvent ratio of 1:20 w/v for 20 min. For PLE
extraction, 5 g of the sample was inserted into the 90 mL extraction vessel, and its empty
fraction was filled with layers of cotton and glass beads. Solvent was received into the system
via an HPLC pump (Waters, Model 515, Milford, MA, USA), passed through a preheat vessel
to reach the target temperature, and flowed downstream through the extraction vessel. After
100 bar was reached, the regulator valve was opened, and the extraction began in continuous
mode at 5 mL/min. During the extraction process, 100 mL of ethanol was used, maintaining the

same solute:solvent ratio of 1:20 w/v.

Conventional extraction — conventional extraction was performed as a control with the
same solute:solvent ratio of 1:20 w/v, according to Santos et al. (2019)(Santos et al., 2019) with
modifications. Shortly, 200 mg of sample were manually macerated with 10 mg of celite and 4
mL of ethanol (100%). Samples were agitated (25 °C for 20 min) (Multi Bio RS-24, Biosan,
Brazil) and centrifuged (5000 xg, 10 min, 25 °C). The supernatants were reserved, and the
extraction was repeated. The extraction was repeated twice, and the collected supernatants were

combined.

Finally, all extracts were evaporated (Fisatom, Model 801, SP, Brazil), weighed and
stored in amber tubes at -18 °C. For Folin-Ciocalteu and DPPH antioxidant activity, extracts
were resuspended in 100% ethanol (final concentration of 5 mg/mL for samples), filtered using

a nylon filter of 0.22 pm and stored in amber tubes at -18 °C.

2.4 Total reducing capacity and antioxidant activity

The total reducing capacity (TRC) was estimated by the Folin-Ciocalteu(Singleton et
al., 1999) method adapted for microplates (Flex Station III, Molecular Devices) at 750 nm. TRC
was expressed in milligrams of gallic acid equivalent per gram of extract (mg GAE/g extract)
or per gram of BSG on a dry basis (mg GAE/100 g BSG). The antioxidant activity against the
DPPH radical (2,2-diphenyl-1-picrilhidrazil) was determined in triplicate(Brand-Williams et

al., 1995) at 517 nm with modifications in a microplate reader. The results were expressed in
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pumol of Trolox equivalent per gram of extract (umol TE/g extract) or per 100 g of BSG on a
dry basis (umol TE/100 g BSG).

2.5 Targeted UHPLC-PDA-MS analysis

Samples of BSG extracts obtained by conventional and non-conventional methods were
injected into an ultra-performance liquid chromatography coupled with photodiode array
detection and mass spectrometry (UHPLC-PDA-MS, Acquity, Waters Co., Milford, MA, USA)
following the methodology described by Arruda et al.(2018), with minor modifications. Three
analytical standards of phenolic compounds (caffeic, ferulic and p-coumaric acid) were
prepared (0.005 - 100 ppm) and separately injected in triplicate to confirm the phenolic

identification and to quantify their content in the analyzed samples.

The separation system was carried out in a Kinetex® 2.6 um C18 100 A LC Column
100 x 4.6 mm (Phenomenex, Torrance, CA, USA), and the mobile phases consisted of 0.1%
formic acid in water (eluent A) and methanol (eluent B). The gradient elution conditions were
as follows: 0-1 min (5% B); 1-4 min (5-60% B); 4-7 min (60-70% B); 7-10 min (70-100% B);
10-10.5 min (100% B); 10.5-11 min (100-5% B); 11-15 min (5% B). The chromatography
conditions were: 0.4 mL/min flow rate, and injection volume of 10 pL. UV spectra were
recorded from 210 to 400 nm at a Amax of 350 nm, and MS analysis was conducted in negative
ionization mode (100 - 1000 Da) with a voltage of 15V, capillary voltage of 0.8 kV, and probe
temperature of 600 °C.

All results were expressed as the mean value + standard deviation of duplicate assays.

Empower 3 software (Waters, Alliance, Milford, MA, USA) was used for data processing.

2.6 Nanoencapsulation with lipid carriers by melt dispersion technique
Simple emulsion

NLC containing the BSG extracts were prepared by the melt dispersion technique(de
Meneses et al., 2019), with some modifications. The surfactant Tween 80 (3% in relation to the
water, w/w) was dissolved in deionized water (10 g). Lipid phase (1g) was prepared by
combining carnauba wax (CW) and crodamol in six different conditions varying time and
ultrasonic amplitude (Table S1). To increase the extract encapsulation in the simple emulsion
(SE), the addition of 0.01 g of soy lecithin (1% in relation to the lipid phase, w/w) in the lipidic
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phase was evaluated (SE+L). The aqueous and lipid phases were magnetically stirred at 95 °C,
~10 °C above the melting point of the CW (82.40 °C, Figure S1, Table S2) until complete
melting. The alcoholic BSG extract solution (5 mL, 10 mg/mL) was previously heated to 75 °C
to avoid quick ethanol evaporation, and then was mixed with the lipid phase. Both phases were
pre-emulsified under vigorous magnetic stirring for 3 min. The coarse emulsion formed was
sonicated under heat for 1 min (30 s on/ 10 s off) at 70 % amplitude (VC 505 Vibra-Cell
Ultrasonic Processor, Sonics & Materials, tip probe size of %2 in, Newtown, USA). Finally, the
miniemulsion obtained was poured into cold water (90 mL at 4 °C) to promote the rapid
solidification of wax nanoparticles. An emulsion with half the concentration of extract (5 mL,

5 mg/ml) was also evaluated (SE-E).
Double emulsion

Double emulsion (DE) was prepared with the lipid phase (1 g) containing the CW or a
mixture of CW and crodamol melted in the same conditions as SE. Soy lecithin was added (1%
in relation to the lipid phase, w/w) as a stabilizer. The internal aqueous phase (0.5 mL of
deionized water, W1) was heated at the same temperature. The BSG extract (5 mL, 10 mg/mL)
was heated to 75 °C and then, was mixed with the lipid phase at 95 °C. The W1 aqueous phase
was added under magnetic stirring (15 min) to form a coarse emulsion that was sonicated for
30 s at 70 % amplitude. Immediately after obtaining the W1/O emulsion, an external aqueous
phase (10 g of deionized water and 3% of Tween 80 to water, W2) pre-heated at the same
temperature was added and ultrasonically emulsified (30 s on/10 s off) at 70 % amplitude to
obtain the DE (W1/0/W2).

Then, the double miniemulsion was poured over 90 mL of cold deionized water (4 °C),
which allowed the nanoparticles solidification, avoiding possible aggregation or coalescence

during the process.
2.7 Characterization of nanostructured lipid carriers

Intensity average diameters of the NLC (Dp) and the polydispersity indexes (PDI) were
measured by Dynamic Light Scattering — DLS (Zetasizer Nano S, Malvern Instruments,
Malvern, England) at 25 °C using a glass cuvette. The samples were diluted with deionized
water before analysis. Results are expressed as the average of 2 experiments. The stability of

the nanoparticles over time was assessed by size measurements, for a period of up to 50 weeks.

The morphology of the NLC was examined using Transmission Electron Microscopy

(TEM) instrument operating at 80 kV (JEM-101, Tokyo, Japan). Each sample was diluted to
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0.1% in deionized water (w/w), and a droplet was then deposited onto a carbon-coated 400-

mesh copper grid and allowed to dry at ~25 °C.

2.8 Encapsulation efficiency

The BSG extract encapsulation efficiency (EE) was determined by measuring the total
reducing capacity (TRC) by Folin-Ciocalteu(Singleton et al., 1999) (please refer to 2.3 section)
of the unencapsulated extract in the aqueous phase of the NLC dispersion. The NLC were
separated from the aqueous phase by centrifugation using an Amicon® Ultra filter (0.5 mL,
100 kDa, Merck) at 13,400 rpm for 30 min (Centrifuge MiniSpin, Eppendorf). Then, an aliquot
of the filtrate was analyzed, and the encapsulation efficiency (EE) was quantified by Equation
l:

EE (% 1 TRC2 100 (1)
= —— ] *
(%) ( TRCl)
Where TRC?2 is the TRC found in the aqueous phase after centrifugation and TRC1 is the initial

TRC in the extract at the same dilution as the nanocarrier system(Niknam et al., 2020).
2.9 Statistical analysis

Statistical analysis was carried out to compare the data obtained using GraphPad Prism
software (5.0), considering a statistical significance level of 5% (p<0.05) for tests comparing

means between groups using ANOVA, with the post-Tukey test.

3. RESULTS AND DISCUSSION
3.1 Selection of fermentation time in phenolic compounds release

For preliminary analyses, fermentation kinetics were carried out to follow the
antioxidant activity, based on the conventional extraction. SSF promoted a sharply release of
phenolic compounds during the first two days of fermentation, resulting in a 5-fold increase in
reducing capacity and a 7-fold increase in antioxidant activity compared to control unfermented
BSG (Figure. 1). This result is due to the catalytic enzymes produced from the filamentous
fungus that break down the bonds between antioxidant compounds and the lignocellulosic
matrix(Maia et al., 2020). The autoclaved BSG, even before fermentation, also showed an

interesting result, the intense temperature applied (i.e. 110 °C for 30 min) starts to promote the
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release of the antioxidant compounds. Beyond 48 h (days 3 to 7), these levels stabilized,
demonstrating that two days of fermentation were sufficient for phenolic release. These findings
corroborate previous research, where SSF of agro-industrial waste increased antioxidant
activity by 2.3 times, and with the peak activity occurring within the first 2 days of fermentation
(Leite et al., 2021). Based on these results, a fermentation period of 2 days was selected for

BSG in subsequent analyses.
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Figure. 1. Fermentation kinetics. (A) Reducing compounds (Folin-Ciocalteu) and (B) antioxidant
capacity (DPPH). Values are mean + standard deviation (n=3). Different letters mean a significant
difference (p < 0.05).

3.2.Effect of the extraction temperature of phenolic compounds using unconventional

techniques

After determining the fermentation time to maximize phenolic compound availability,
optimal extraction conditions were investigated. The control unfermented BSG and 2-day
fermented BSG (BSG-F) samples were subjected to unconventional extraction methods (MAE
and PLE) at different temperatures. Conventional extraction was used as a control. The obtained
extracts were weighed to calculated the yield in each sample and considered it in the results
(Figure S2). Antioxidant activity in each temperature, measured by the DPPH method, is
presented in Figure 2 and expressed per g of extract (A) and per 100 g of BSG sample (B).
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Overall, raising the extraction temperature had a positive effect on both BSG-F and
BSG samples across both techniques, resulting in a progressive increase in extract yield (Figure.
S2) and antioxidant activity (Figure. 2). At the lowest temperature (50 °C), BSG extracted by
PLE exhibited nearly 10 times higher antioxidant activity, and by MAE, 11 times higher,
compared to conventional extraction (Figure. 2A), underscoring the greater efficiency of

unconventional extractions.
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Figure 2. Antioxidant capacity (DPPH) expressed as umol Trolox equivalent (TE) in relation
to the extract (A) and in relation to BSG (B). Results are expressed as mean + SD (n=3). C:
control; PLE: pressurized liquid extraction; MAE: microwave-assisted extraction; F:
fermented. Different lowercase letters mean a statistically significance (p < 0.05) between PLE

extracts and capital letters between MAE extracts, and * compares C samples.
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As temperature increased, antioxidant activity in the extracts and extract yield continued
to rise, enhancing the antioxidant activity relative to BSG. The high temperatures applied in
both extraction techniques enhanced the action of the solvent, decreasing its viscosity and
surface tension, increasing the solvent transport to the matrix sample and accelerating the

extraction of compounds (Herbst et al., 2021).

In the 2-day fermented samples, SSF had a predominant effect on phenolic extraction
and the yield of the obtained extracts increased in average 25% for both extraction techniques
(Figure. S2). Compared to control (unfermented), the yield of BSG-F samples increased 1.5
and 2.0 folds with MAE-F and PLE-F, respectively (Figure S2). This result is expected, as SSF
generates enzymes that facilitate biomass degradation, enhancing solvent penetration into BSG
and thereby improving the accessibility and extractability of phenolic compounds(Londofio-
Hernandez et al., 2017). While this progressive increase was evident in both methods, in MAE-
F, the impact of fermentation on the extraction yield diminished at temperatures above 130 °C
(Figure S2). This change is marked by an inflection point at 130 °C, from which the yield of
MAE-F samples is lower than that of unfermented samples extracted by PLE.

The antioxidant potential of fermented samples exhibited a similar trend (Figure 2). SSF
significantly enhanced the BSG-F PLE antioxidant activity, showing higher activity at nearly
all temperatures when compared to unfermented BSG PLE (Figure 2B). No significant
difference (p > 0.05) was observed between fermented and unfermented BSG PLE at 150 °C
(Figure 2B). For MAE, SSF similarly increased antioxidant activity; although at extreme
temperatures (50 °C and 150 °C; p > 0.05), SSF showed minimal impact on BSG. This indicates
that SSF is an effective pretreatment for maximizing phenolic compound utilization in BSG,
with the greatest efficiency observed at intermediate temperatures (70—130 °C) across both
extraction methods. Based on the data discussed, two optimal temperatures - 130 °C and 150

°C - were selected for unconventional extractions.
3.3.Comparison between unconventional extraction methods of phenolic compounds

Sections 3.1 and 3.2 of'this study focused on identifying optimal parameters for phenolic
recovery and valorization of BSG. With the SSF duration (2 days) and extraction temperatures
(130 and 150 °C) established, only these selected samples were prioritized for further analysis.
The data presented above highlights the effectiveness of unconventional extraction methods
compared to the control (solid-liquid extraction) and compare which method is most

advantageous (MAE and PLE). Initially, PLE demonstrated slightly superior results (p < 0.05)

43



Parte Il — Capitulo 2

when compared to MAE, yielding better extraction results at both 130 and 150 °C (Figure 2
and S2).

Evaluating the total reducing capacity of the samples (Figure 3), there were no
significant differences between MAE and PLE (p > 0.05), indicating that both extraction
methods exhibited similar responses to temperature variations and the application of SSF
pretreatment. Interestingly, this pattern differed from that observed for the antioxidant activity
of the extracts (Figure 2), where PLE at 130 and 150 °C, before SSF (14% and 30%,
respectively) and after SSF (37% and 53%, respectively) showed superior performance
compared to MAE (Figure 2). These findings lead to two hypotheses: 1) the enhanced
antioxidant capacity may be attributed to other compounds that were more effectively extracted
via PLE; and 2) PLE recovers a distinct phenolic profile than MAE, with these phenolic classes

exhibiting greater antioxidant activity.

In addition, the literature highlights several operational benefits of PLE compared to
MAE. PLE requires less solvent and shorter extraction times, making it more economical for
industrial-scale applications. Moreover, PLE involves fewer operational steps, as most
instruments are automated and produce a pre-filtered extract, which enhances reproducibility

and reduces labor.
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Figure 3. Reducing capacity of Folin-Ciocalteu expressed as mg gallic acid equivalent (GAE)

in relation to the extract (A) and in relation to BSG (B). Different letters mean a significant

difference (p <0.05). C: control; PLE: pressurized liquid extraction; MAE: microwave-assisted

extraction; F: fermented. The values 130 and 150 correspond to the extraction temperature in
°C.
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To sum up, PLE emerges as the most promising extraction method investigated in this
study, supporting the hypothesis that it facilitates the extraction of phenolic compounds with
enhanced antioxidant properties. To validate this hypothesis and to establish PLE as the selected
extraction method for BSG, further analysis using more specific and sensitive techniques, such

as UHPLC-MS/MS, is recommended.

3.4.Quantification of phenolic compounds by UHPLC-PDA-MS

BSG-F and BSG extracts obtained via PLE, MAE, and conventional techniques were
analyzed using UHPLC-PDA-MS. For absolute quantification, three hydroxycinnamic acids
typically found in BSG extracts, ferulic acid (FA), p-coumaric acid (p-CA) and cafteic acid
were employed(Maia et al., 2020). The quantification of p-CA and FA are presented in Table 1
based on the quantification within the extract, as well as relating to BSG sample, considering
the yield. Surprisingly, caffeic acid was not identified in any of the samples. Nevertheless, these
data agree with another study that revealed the presence of coumaric and ferulic acids, and the

absence of caffeic acids, in extraction with PLE in BSG (Amaya-Chantaca et al., 2022).

FA and p-CA are hydroxycinnamic acids generally found covalently cross-linked with
proteins, lignin, hemicellulose, and/or polysaccharides through ether or ester bonds in the cell
wall, making them difficult to recover (Kumar & Pruthi, 2014; Zago et al., 2022). In this work,
SSF was an effective bioprocess for releasing these phenolic acids (Table 1). Using a
conventional extraction (control), fermentation (C-F) increased the levels of FA by five times
and p-CA by 19% in BSG. This effect may be attributed to the action of enzymes produced by
the fungus during SSF, which facilitates the cleavage of bonds between phenolic compounds
and the cell wall. Once again, SSF demonstrated its essential role in the valorization of

important compounds in BSG.
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Table 1. Phenolic compounds content from brewer’s spent grain (BSG) extracts.
Ferulic acid p-Coumaric acid Total
Sample (OTC) Extract BSG Extract BSG (BSG)
(mg/100 g) (mg/100 g) (mg/100 g) (mg/100 g) (mg/100 g)
C 2.75¢+£0.11  0.34°+0.01 0.38°£0.00 0.05°+0.00 0.39°+0.01
C-F 9.62°£0.66 1.629+£0.11 0.34°+0.06  0.06°+0.01 1.674+0.12
BSGPLE 130 8.66°+ (.07 1.479£0.01  2.00°£0.03  0.34°+0.00 1.8%4+0.02
B:f: 130 20.53*+1.12 4.06°+£0.22 1.37¢9+£022 027°9+0.04 4.332+0.26
BSGPLE 150 17.47°+0.46 3.61°°+0.10 2.18*+0.08 0.45°+0.02 4.06*+0.08
B:;F 150 15.96°+0.45 4.00°+0.11 1.91°£0.07 048 +£0.02 4.48+0.09
BSG b c c cd c
MAE 130 15.27°+0.09 2.04°+0.01 1.98°+0.27 0.26°+£0.03 2.30°+£0.05
BSG-F a b d d b
MAE 130 20.46*+£1.30 3.46°+022 1.28°+£0.07 0.22°+£0.01 3.68°+0.23
;SA(; 150  9.80°+£0.82 1.729+£0.14 3.46°+0.02 0.61*+£0.00 2.33°+0.14
BSG-F ¢ d b b od
MAE 150 8.37°%£0.34 1.52°+£0.06 2.58°+£0.10 047°+£0.02 1.99°°+0.04

C: control; F: fermented; BSG: Brewer’s spent grain; PLE: pressurized liquid extraction; MAE:
microwave-assisted extraction; T: extraction temperature. Different letters mean a significant

difference (p < 0.05).

These hydroxycinnamic acids are bioactive compounds showing significant
antioxidants, anti-inflammatory, and antimicrobial properties, contributing to their potential in
promoting health and preventing chronic diseases development (Coman & Vodnar, 2020). Due
to these attributes, FA and p-CA are highly valued in the nutraceutical, cosmetic, and
pharmaceutical industries, where they aid in developing functional foods, natural preservatives,
and anti-aging products. Enhancing the extractability of these compounds BSG not only
increases the utility of this abundant byproduct but also aligns with sustainability goals, adding

value to waste material within a circular economy framework.

Comparing extraction methods, an increase in FA was observed in PLE for both

fermented and unfermented samples, at 130 and 150 °C. In unfermented samples (BSG PLE),
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FA levels were approximately 3 and 12 times higher than the controls at 130 and 150 °C,
respectively. After SSF (BSG-F PLE), the increase was less pronounced but still significant,
with FA levels at both temperatures being 2.5 times higher than the control. A similar pattern
was noted for p-CA: in unfermented samples, levels increased in approximately 7 and 9 times
at 130 and 150 °C, respectively, while in SSF samples, the increases were more modest, at 5
and 8 times higher than controls at 130 and 150 °C, respectively. This behavior can be attributed
to the efficiency of SSF alone in releasing these compounds rather than the effect of temperature
or extraction techniques. While PLE enhances the extractability of phenolic acids in BSG, SSF
serves as the primary mechanism for liberating phenolics that were previously bound to the

food matrix.

A similar trend was observed with MAE, showing increased FA and p-CA levels
compared to the control, although the increase was less pronounced in SSF-treated samples.
However, two key differences emerged when compared to PLE: 1) at 130 °C, MAE yielded
higher results for both fermented and unfermented samples than 150 °C; and 2) MAE at 150 °C
applied to BSG-F did not affect ferulic acid levels. These findings can be useful to select optimal
parameters, such as temperature, for targeting specific compounds or the desired phenolic

composition in the extract.

It is important to note that FA and p-CA together accounted for only 3% of the total
phenolics quantified by the total reducing capacity method (shown previously in Figure 3).
While FA and p-CA are among the most abundant compounds in BSG, this matrix is rich in a
wide variety of phenolic compounds from different classes. This study focused on a targeted
analysis of these two compounds, as the full characterization of BSG extract had already been
performed previously and considering that the primary composition of the BSG (beer type) also
has an influence on the compounds obtained (Maia et al., 2020). It is also important to mention
that the difference between malts type also impacts the way fermentation behavior, it means
that the phenolic profile seems to differ between the type of the fermented BSG (Maia et al.,
2020).

An abundant peak detected at the retention time around 9.1 min was observed in all
samples, as shown in the chromatogram relative to the unfermented MAE 150 °C sample
(Figure S3.A), which exhibited a A max of 352.5 nm (Figure S3.B). Based on the Metabolomics
Standards Initiative identification level 3 (Figure S3.C), this compound can be annotated as 3,7-

dimethylquercetin. This flavonoid was also previously reported by Maia et al.(Maia et al., 2020)
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as one of the main compounds found in BSG extracts, notable for having potent antioxidant,

anti-inflammatory, antiviral and anticancer properties (Aghababaei & Hadidi, 2023).

Since PLE showed more favorable results than MAE in terms of bioactive content,
including both total reducing capacity and the extractability of hydroxycinnamic acids, it was
identified as the most promising unconventional extraction method for phenolic valorization of
BSG. Consequently, only the extracts obtained through PLE were advanced to the

nanoencapsulation phase.

3.5.Nanostructured lipid carriers

Preliminary tests were performed without the extracts to determine the formulation and
ultrasonic emulsification conditions for the nanoencapsulation experiment (Table. S1). Six
miniemulsion formulations (Mini) were tested. The first tested formulation (Mini-1) used an
emulsion consisting of 1g of carnauba wax (without crodamol and without final cooling). This
formulation exhibited a high polydispersity index (PDI) (Table. S1), suggesting that the
solidification process might have been incomplete, leading to particle aggregation and
coalescence. Consequently, a new nanoparticle solidification method was implemented, in
which the miniemulsion was immediately poured into 90 mL of deionized water at 4 °C after
emulsification. Additionally, the liquid lipid crodamol was incorporated to lower the melting
point of the lipid mixture, helping to prevent premature solidification (de Meneses et al., 2019).
The revised solidification method and modified organic phase composition (Mini-2) decreased
the PDI, though it remained above the target threshold (>0.2). Increasing sonication time to 120
s (Mini-3) achieved the desired values, with further increases, up to 210 s (Mini-4 and Mini-5),
leading to no additional improvements. However, raising the amplitude to 70% (Mini-6)
significantly reduced both particle size and PDI compared to Mini-3, establishing these
conditions as optimal for encapsulation tests. Based on these preliminary findings, the Mini-6
formulation was selected to produce NLC with the PLE extracts: BSG (150 °C) and BSG-F
(130 °C).

After selecting the emulsion composition, BSG extracts were incorporated into the NLC
through simple and double emulsion (Table 2). The NLC containing extracts showed slightly
larger particle sizes when prepared by melt dispersion with double emulsification than by
simple emulsification. In all cases, particle sizes remained below 300 nm with narrow size

distributions. To enhance encapsulation of the extract's phenolic compounds - which was
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around 30% in the simple emulsion — several new strategies were tested. For instance, adding
soy lecithin to the lipidic phase (SE+L), which acts as a stabilizer by reducing the migration of
hydrophilic compounds from the lipid to the aqueous phase, did not significantly impact
encapsulation efficiency. Similarly, reducing the extract concentration in the simple emulsion

(SE-E) showed no significant effect.

Table 2. Comparison between simple emulsion (SE) and double emulsion (DE) techniques on

average particle diameter (Dp), polydispersity index (PDI), and encapsulation efficiency (EE).

Emulsion type Extract Dp (nm) PDI EE (%)

- 231+11 0.175+£0.02 -
SE BSG 251 +31 0.167 £0.05 343+56
BSG-F 260 +9 0.147 £0.01 28.4+2.38
BSG 223+38 0.132 +0.003 232+438

SE+L

BSG-F 225+1 0.149 £ 0.020 30.7+7.6
SE-E BSG 254 £ 1 0.212+0.010 263+3.8
BSG-F 216 +1 0.129 = 0.007 259+2.6

- 239+1 0.204 + 0.003 -
DE BSG 294 +£2 0.194 £ 0.020 339+53
BSG-F 288 +3 0.203 + 0.007 347+58

Values refer to the average of duplicate experiments. SE: simple emulsion; SE+L: simple
emulsion with soy lecithin; SE-E: simple emulsion with less extract; DE: double emulsion;

BSG: unfermented extract; BSG-F: fermented extract.

The double emulsion technique aimed to create a water reservoir within the lipid
nanoparticles, enabling hydrophilic compounds to diffuse and remain inside the carriers.
However, the encapsulation efficiency with this technique was similar to that of simple
emulsion. Despite the lower encapsulation efficiency compared to other extract
nanoencapsulations (Hady et al., 2022), the bioactive properties of the non-encapsulated extract
- free in the aqueous phase - remain accessible as antioxidants and retain their health-promoting

properties. Therefore, when NLCs are used as a colloidal dispersion, including the aqueous
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phase in which they were obtained, these properties function alongside the encapsulated extract,
which enables controlled release in the gastrointestinal tract. It is important to note that the
encapsulation efficiency was assessed based on phenolic compound quantification, and the
presence of other compounds in the extract may have different solubilities (phase partition
coefficients), which could affect encapsulation efficiency depending on the basis used for

calculation.

The nanometric size range of NLC, with diameters consistent with those measured by
DLS, was confirmed by TEM images (Figure.4). Simple and double emulsion samples with
unfermented BSG extracts were tested. The NLC exhibited a narrow size distribution, spherical
shape, smooth surface, and uniform appearance, indicating that no core-shell morphology was
formed, with Crodamol and extract uniformly distributed within the lipid matrix. This
morphology is typical for NLC formulations composed of a mixture of solid and liquid lipids(de
Meneses et al., 2019).

Figure. 4. TEM micrographs of nanostructured lipid carriers containing unfermented brewers
spent grain extracts, prepared using (a-c) melt dispersion technique and (d-f) the double

emulsion/ melt dispersion technique.
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Finally, Dp and PDI were measured over time, and all NLCs by SE demonstrated good
stability (Figure. 5), as did those prepared by DE (data not shown). Particle size remained
consistent with no significant changes in dispersion, indicating no destabilization for at least 50
weeks. Stability is an important factor in determining the shelf life of a product containing the
emulsion (Ravera et al., 2021). A longer shelf life enhances the product quality and safety,

emulsion efficacy, and consumer appeal, maintaining the product's integrity and performance

over time.
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Figure. 5. Values of average particle diameter (Dp) and polydispersity index (PDI) over time
for NLCs obtained by simple emulsion (SE). Values represent the average of duplicate

experiments. N — non-fermented extract; F — fermented extract.

4. CONCLUDING REMARKS

This study introduced innovative approaches by combining sustainable techniques to
recover valuable compounds from BSG. The kinetics of SSF showed that two days was enough
to obtain the maximum phenolic extractability. PLE and MAE extractions at 130 and 150 °C
allowed the highest yields and recovery of phenolic and antioxidant compounds. The UHPLC-
PDA-MS analysis demonstrated increased amounts of hydroxycinnamic acids in fermented
samples especially subjected to PLE. Encapsulation of phenolic compounds in lipid
nanocarriers achieved up to 35% efficiency and were stable up to 50 weeks. Notably, the non-

encapsulated extract retained bioactivity in the aqueous phase, which could be applied to extend
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the shelf life of food products. In this way, BSG point out as a valuable source of bioactive
compounds, making it a key byproduct for the circular economy due to its high industrial
availability and rich phenolic profile. This work contributes to the valorization of BSG through
biotechnological and green processes, supporting its application in functional foods and
nutraceuticals. Future perspectives include exploring new encapsulation techniques to improve

the capture and protection of bioactive compounds.
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Supplementary material

Differential Scanning Calorimetry (DSC)

Carnauba raw wax was analyzed by Differential Scanning Calorimetry under a nitrogen
atmosphere (20 mL/min) at a heating rate of 10 °C/min on a Jade DSC (Perkin Elmer)

calorimeter. The phase change latent heat (AHm) and the melting temperature (Tm) were

recorded from the second heating ramp from 0 °C to 110 °C.

Supplementary Figures

Temperature (°C)
30 P

Heat Flow Endo Down (mW)
-

Figure S1. DSC curve of carnauba raw wax.
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Figure S2. Extract yield with pressurized liquid and microwave-assisted extraction. BSG:
Brewers spent grain; C: control; PLE: pressurized liquid extraction; MAE: microwave

assisted extraction; F: fermented.
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Figure S3: Chromatogram (a), UV spectrum (b) and mass spectrum of 3-7- dimethylquercetin

(potential identification) (c). Non-fermented microwave extract (150 °C).
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Supplementary Tables

Table S1. Effect of crodamol content and ultrasonic emulsification conditions (amplitude and
time) on average diameter particle (Dp) and polydispersity index (PDI) of blank carnauba wax

nanoparticles in simple emulsion.

Ultrasonic
Formulation CW Crodamol  Emulsification = Water Dp DI
(2) (2) Amplitude Time 4°C (nm)

(%) (s)
Mini-1 1.0 - 50 60 - 115+1 0.530+0.008
Mini-2 0.9 0.1 50 60 90ml 154+6 0.320+0.006
Mini-3 0.9 0.1 50 120 90ml 270+1 0.132+0.001
Mini-4 0.9 0.1 50 150 90ml 246+2 0.170+0.001
Mini-5 0.9 0.1 50 210 90ml 264+1 0.200+0.002
Mini-6 0.9 0.1 70 120 90ml 223+3 0.074 +0.007

CW: Carnauba wax; Mini: miniemulsion formulation tested.

Table S2- Melting and crystallization temperatures (T) and enthalpies (AH) of carnauba wax
(CW).

Melting Crystallization
Tnm (°C) AHu (J/g) T, (°C) T3 (°C) AH.:(J/g)
Cw 82.40 171.61 65.64 71.42 -173.86
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Capitulo 3 — EXPLORING BREWERS SPENT GRAIN AS A LOW-COST
ADSORBENT FOR ENVIRONMENTAL APPLICATIONS
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® Department of Chemical Engineering and Food Engineering (EQA); Federal University of

Santa Catarina (UFSC), Santa Catarina, Brazil

¢ Laboratory of Microbial Biotechnology, Department of Biochemistry, Institute of Chemistry,
UFRJ, Rio de Janeiro, Brazil

Highlights

Brewer's spent grain effectively removes methylene blue from water solutions.

Mesopores in BSG enhance its capacity for MB adsorption.
Solid State Fermentation increases BSG surface area significantly.
PLE extraction residue shows an adsorption capacity of 12.8 mg/g at pH 7.

Grain's functional groups lose sorption ability after 3 reuse cycles.

Este capitulo esta em processo de submissdo no Food Bioscience (Fator de Impacto: 4.8;

Qualis CAPES: A2).
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GRAPHICAL ABSTRACT
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ABSTRACT

Brewers’ spent grain (BSG) is the largest byproduct of the brewing industry, generating 20 kg
of waste per 100 L of beer produced. This study explored the potential of post-extraction
residues (PER) from BSG extracted by using pressurized liquid extraction (PLE), as sustainable
adsorbents for methylene blue (MB) dye removal from wastewater. Both fermented and
unfermented BSG and their derived biochars were tested under varying conditions, including
MB concentration, pH, and recycling cycles. The adsorption process was characterized by
isotherm (Langmuir and Freundlich) and kinetic models (pseudo-first and pseudo-second
order). PER exhibited the highest adsorption capacity (12.8 mg/g) at pH 7, attributed to
increased surface area and mesoporosity created during the extraction process. Results showed
a favorable fit to the Langmuir model, indicating monolayer adsorption. However, adsorption
efficiency decreased after three reuse cycles due to loss of functional groups and incomplete
desorption. This work demonstrated the potential of BSG-derived materials as a cost-effective
and environmentally friendly adsorbents for water treatment. It highlights the value of
integrating BSG into a circular economy framework by transforming an abundant industrial
byproduct into a high-performance adsorbent for dye removal. These findings offer a
sustainable alternative for mitigating water pollution while addressing waste valorization

challenges in the brewing industry.

Keywords: Brewers spent grain, circular economy, wastewater treatment, adsorption, biochar.
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1. INTRODUCTION

The exponential growth of industrialization and urbanization has significantly increased
global human activities, resulting in substantial waste of natural resources and environmental
pollution. A critical concern in the modern world is the rise in global water consumption.
Excessive water use by industries and households has turned water sources into common

disposal sites, impacting the ecosystem.

Brewers' spent grain (BSG) is a byproduct of the brewing industry, generating
approximately 20 kg of waste per 100 L of beer produced. This lignocellulosic material,
consisting of the husk of the original barley grain mixed with pericarp and seed coat layers, is
rich in fibers, undigested starch, proteins, and minerals. Due to its high moisture content, BSG
is often disposed of in landfills, used as animal feed, or incineration (Sganzerla et al., 2021).
The valorization of BSG has gained momentum in recent years, especially as an industrial
ingredient for creating high-value products due to its diverse range of health-beneficial

compounds (Bonifacio-Lopes et al., 2020; Maia et al., 2020).

Additionally, the residue from this phenolic extraction, which is rich in cellulose,
hemicellulose, and lignin, has significant potential as an effective adsorbent for water
contaminants, thereby promoting circular economy practices. Research indicates that BSG is
an excellent precursor for creating efficient, high-performance adsorbents for heavy metal

pollution (Cechinel et al., 2022).

Adsorption is a process where molecules or ions from liquids or gases adhere to the
surface of a solid material (Dabrowski, 2001). It’s commonly used in water purification to
remove pollutants like heavy metals, dyes, or organic compounds. The waste materials and by-
products from the agriculture and other industries could be assumed to be the low-cost
adsorbents due to their abundance in nature and less processing requirements (Rafatullah et al.,
2010). The versatility of BSG is supported by their fiber compounds (Jay et al., 2008) and the
hypothesis behind using BSG as an adsorbent is supported by its large surface area and porous
structure, which enable it to effectively capture contaminants in water. However, its application

in treating dye-contaminated effluents remains unexplored.

The objective of this study was to apply a sustainable strategy for disposing of BSG
residues generated after the extraction of phenolic compounds using pressurized liquids, in line
with circular economic principles. Specifically, this research aimed to evaluate the adsorbent

potential of BSG residues both before and after fermentation with Aspergillus oryzae, as well
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as in their pyrolyzed form. The study likely emphasizes the dual benefits of using BSG: it helps
address environmental pollution while also providing a new avenue for waste valorization. By
exploring ways to enhance its adsorptive properties, BSG could become a valuable material in

addressing global challenges related to water quality and waste management.

2. MATERIAL AND METHODS
2.1 Brewers spent grain and sample treatment

Wet BSG was kindly donated by the brewery Brewpoint (Petropolis, Rio de Janeiro,
Brazil). All other samples used in this study were by-products obtained from extraction
processes to recovery bioactive compounds present in the raw material. BSG was fermented
using the fungus Aspergillus oryzae for 2 days following the protocol described by Maia (2020),
resulting in a sample referred to as BSG-F. Dry unfermented BSG was used as control. Both
BSG and BSG-F underwent extraction using pressurized liquids (PLE) with 100% ethanol,
producing extracts rich in bioactive compounds and generating post-extraction residue (PER
and PER-F). For PLE, 5 g of the sample was inserted into the 90 mL extraction vessel, and its
empty fraction was filled with layers of cotton and glass beads. The solvent was received into
the system via an HPLC pump (Waters, Model 515, Milford, MA, USA), passed through a
preheat vessel to reach 150 °C, and flowed downstream through the extraction vessel. After 100
bar was reached, the regulator valve was opened, and the extraction began in continuous mode
at 5 mL/min. During the extraction process, 100 mL of ethanol was used, maintaining the same
solute:solvent ratio of 1:20 w/v. The resulting extracts were used in another study, while the
extraction residue was used in this study to evaluate its potential as an adsorbent. Samples were
washed with distilled water to remove possible impurities, dried in a forced ventilation oven
(Marconi, MA 035, Sao Paulo, Brazil) at 60 °C for 8 h to remove excess moisture, and then

stored for further analysis.

Subsequently, the samples - BSG, BSG-F, PER, and PER-F - were subjected to
carbonization to produce biochar. Approximately 5 g was placed in a fast-burning furnace
reactor (ML 1300, Fortelab, Sdo Carlos, Brazil) and carbonized at 350 °C with a heating rate
of 5 °C/min for 105 min, condition previously established. After the pyrolysis process, samples
were cooled naturally to room temperature (25 °C + 2 °C) and stored in sealed bottles until use.
A total of 8 samples (Figure 1) were studied as adsorbents: unfermented BSG (BSG), fermented
BSG (BSG-F), the post-extraction residues of unfermented (PER) and fermented (PER-F) BSG,
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and the biochar obtained for each of these samples: BC1 obtained from the BSG sample, BC2
obtained from the BSG-F sample, BC3 obtained from the PER sample, and BC4 obtained from

the PER-F sample.

Pressurized liquid extraction

Solid-state Fermentation Pressurized|liquid extraction

PER

BSG

uonezruoqre))
uonezmoqre))

uonezIiuogIe))

uonezIimogIe))

Figure 1. Samples that were tested as adsorbents and the processes they underwent.

2.2 Samples characterization

Qualitative analysis of functional groups on sample surfaces was performed via Fourier
transform infrared spectroscopy (FTIR) using Attenuated Total Reflectance (ATR). FTIR/ATR
spectra were recorded using a spectrometer (BRUKER, model TENSOR II, Ontario, Canada).

All spectra (100 scans and 4.0 cm ™! resolution) were recorded at 25 °C.

Physisorption tests were carried out to determine the surface area using the BET method
(Brunauer, Emmett and Teller) and porosity parameters using the BJH method (Barret, Joyner
and Halenda), using the Autosorb 1C, Quantachrome equipment (Quantachrome Instruments,
USA). The samples were previously dried at 300 °C under vacuum (1077 torr) and then the

adsorption of nitrogen gas was measured at 77 K, at relative pressure values in the range of 0

to 1.0 bar.
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2.3 Adsorption experiments

A preliminary analysis of optimal adsorbent was carried out to identify the samples with
the highest potential for further analysis. Eight samples were evaluated: BSG, BSG-F, PER,
PER-F, BC1-BC4. For each test, 50 mL of 20 mg/L methylene blue (MB) solution was
combined with 50 mg of the sample (1 g/L) in duplicate. The samples were submitted to
constant agitation (150 rpm) in an orbital shaker (SP Labor, Brazil) for 24 h at room temperature
(21°C £ 2 °C). After testing, the solution was separated from the sample using a simple sieve,
and the residual MB concentration in the solution was measured using a UV/VIS
spectrophotometer (UV-1800, Shimadzu) at a wavelength of 665 nm, corresponding to the
characteristic peak of the MB absorbance curve (Pahang et al., 2020).

The sample and biochar corresponding to the best result of the preliminary analysis were
selected for further testing. The adsorbent potential was tested with different pH levels (2, 4, 7,
9), adjusting the pH of 20 mg/L MB solutions with hydrochloric acid (HCl) and sodium
hydroxide (NaOH) 0.5 M. Each test used 50 mg of adsorbent (1 g/L), in duplicate. The samples
were submitted to constant agitation (150 rpm) in an orbital shaker (CT 145, CIENTEC, Minas
Gerais, Brazil) for 24 h at room temperature (21 °C £ 1 °C). After the test, the solution was
separated from the sample using a sieve, and the residual MB concentration was measured using
a spectrophotometer at a wavelength of 665 nm. The pH of the solution was measured at the

beginning and end of each test using a pH meter (Kasvi, Parana, Brazil).

The pH value yielding the highest adsorption was selected in subsequent equilibrium
tests with different MB concentrations (10 - 200 mg/L). The assay was carried out as described
above. The experimental equilibrium data were fitted using the Langmuir (Langmuir, 1918)
and Freundlich (Freundlich, 1906) isotherm models. Finally, adsorption kinetics were studied
following a similar method to the equilibrium tests, with 1 g/L of sample concentration in 50
mL of MB, over 24 h. The assay was carried out as described above. Samples were taken at
predetermined intervals, and residual MB in the aqueous phase was measured by UV-Vis.
Kinetic data were fitted using pseudo-first-order (PFO) and pseudo-second-order (PSO)
Lagergren models (Lagergren, 1898; Vilar et al., 2006).

2.4 Desorption and recycling experiments

For the desorption and recycling experiment, only the sample that showed the highest

potential in previous adsorption tests was evaluated. Initially, an adsorption test was carried out
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with 1 g/L of sample in 100 mL of 20 mg/L MB solution, following the same conditions as
previous tests. After a 24-hour adsorption period, the sample was separated from the solution
using a sieve. The collected sample was then treated with a 0.1 M HCI solution under agitation
for 2 h to enable desorption. Afterward, the sample was sieved and subjected to a new
desorption cycle. MB concentrations in the solutions were measured in a spectrophotometer
after each adsorption and desorption cycle. Desorption cycles were repeated for three cycles

with the same sample.

2.5 Statistical analysis

For adsorption data, statistical analysis was carried out using GraphPad Prism software
(5.0), considering a statistical significance level of 5% (p<0.05) for tests comparing means

between groups using ANOVA, with the post-Tukey test.

3. RESULTS AND DISCUSSION
3.1 Biochar yield

The carbonized samples (BC1- BC4) obtained an average yield of 23.7% (Table 1). The
mass loss is associated with the degradation of cellulose and hemicellulose present in the
sample, which occurs between 200 °C and 350 °C (Machado et al., 2020). This gives the
material increased porosity (Mohammed et al., 2018) and, consequently, MB will have access
to a greater number of active binding sites. The synthesis of biochar at 350 °C also ensures a
higher content of oxygen-containing functional groups, which can remove inorganic pollutants
through ionic interactions. Moreover, since BSG contains about 20% of lignin (Jay et al., 2008)
and that a portion present in the material is not degraded, this makes it possible to preserve
some of the surface functional groups responsible for the adsorption process (Cechinel et al.,
2022).
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Table 1. Carbonization yield of brewers spent grain.

Sample BCl1 BC2 BC3 BC4

Yield 29.4% 23.8% 22.4% 19.4%

BC1: biochar - brewers spent grain; BC2: biochar - fermented brewers spent grain; BC3:
biochar - brewers spent grain extraction residue; BC4: biochar — fermented brewers spent grain

extraction residue.

3.2 Characterization of the adsorbent

The representative ATR-FTIR spectra are shown in Figure 2. The BSG spectrum
represents a complex heterogeneous matrix characterized by multiple functional groups typical
of lignocellulosic structures (Belardi et al., 2023). The broad band in the region between 3100
cm™! and 3600 cm™! is mainly attributed to the stretching of —OH groups of polysaccharides
(cellulose, arabinoxylan) and -NH groups of proteins (Belardi et al., 2023). The peaks at 2925
cm! and 2854 cm! correspond to CH stretch single bond vibrations in aliphatic chains (CHa
single bond and CH3 single bond), which can belong to cellulose, lignin, or hemicellulose
(Fontana et al., 2018). This peak greatly reduces its intensity in the biochar, which may be
related to a decrease in the adsorption capacity of these functional groups. It is also possible to
observe a peak at 1650 cm™!, attributed to the carbonyl group in aromatic rings found in lignin
(Cechinel et al., 2022; Ravindran et al., 2018), present in all samples. The peak observed at
1245 cm™' can be associated mainly with C-OH bond stretch vibrations of the aromatic
compounds (Bachmann et al., 2023). The bands at 1035 cm™ can be attributed mainly to

cellulose and hemicellulose vibrations (Belardi et al., 2023).

The groups identified in the FTIR spectrum are in accordance with the composition of
brewing waste, which is rich in cellulose, hemicellulose, lignin, and proteins (Fontana et al.,
2018). The shifting of peak positions, i.e., the change in the frequency of peaks and intensity of
peaks of dye-loaded BSG samples compared to that of BSG that can be observed from the
spectra, indicate the adsorption of dyes at the surface of BSG (Kezerle et al., 2018). The FTIR
spectra of samples PER, BC3 and after the biosorption process show the same characteristic

peaks, indicating that the functional groups are preserved during the biosorption process.
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Figure 2. ATR-FTIR spectra. In red: in natura samples; in gray: biochar; in blue, samples after
the adsorption experiment with methylene blue. BSG: brewers spent grain; F: fermented; PER:

post extraction residue; BC1-BC4: respective biochars; MB: after adsorption of methylene blue.

As shown in Table 2, from the BET results to assess the surface area, it can be observed
that the fermentation process could double the surface area of the material, as well as increase
the pore volume and average pore diameter, attributable to the fermentation process that
generates a more porous structure (da Silva Souza et al., 2024). After the extraction process,
both BSG and BSG-F increased the surface area again, indicating the emergence of new pores
or simply the increase in the percentage of lignocellulosic material due to the exit of content in

the extract, such as sugars and lipids (Mustafa & Turner, 2011).
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Biochars BC1 and BC2 do not increase the surface area concerning the corresponding
in natura samples (BSG and BSG-F), as expected. This happens because the low carbonization
energy is not capable of completely volatilizing the constituents (Cechinel et al., 2022).
However, sample BC3 considerably increased both surface area (2.6 times) and pore volume
(3.4 times) when compared to its corresponding uncarbonized sample, while BC4 doubled both
surface area and pore volume. One hypothesis for why the samples derived from extraction
responded better to the carbonization process and increased the surface area would be the
absence of elements that would have already been extracted from the matrix, which could
reduce the generation of new pores, such as elements that increase the ash content, for example,

which can block micropores (Leng et al., 2021).

According to the classification by the International Union of Pure and Applied
Chemistry (IUPAC), porous materials are categorized based on their pore sizes: microporous
(<2 nm), mesoporous (< 50 nm), and macroporous (> 50 nm) (Eddy et al., 2023). Therefore,
the samples are classified as mesoporous. Mesoporous materials may have advantages over
microporous materials due to their greater diffusion capacity and improved adsorption potential
for larger molecules such as MB, and they may also offer more active sites for chemisorption,
providing a more efficient and specific adsorption mechanism (da Silva Souza et al., 2024). The
MB molecule has a minimum molecular cross section of about 0.8 nm and cannot enter pores
with a diameter smaller than 1.3 nm, with the mesopores being the most responsible for

adsorption (Wang et al., 2005).
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Table 2. Morphological characteristics of the samples.

Surface Area Pore Volume Average Pore Diameter

Sample
(m*/g) (cm’/g) (nm)
BSG 0.95 1.45x 107 6.07
BSGF 2.19 6.10x 1073 11.13
PER 4.67 3.44x 107 2.95
PERF 4.92 4.56x 1073 3.70
BCl1 0.95 2.31x 107 6.32
BC2 0.92 1.43x 107 6.20
BC3 12.38 11.56 x 1073 3.68
BC4 8.67 11.13 x 107 5.14

3.3 Assessment of adsorbent potential and MB removal with pH variation

BSG samples were tested in all the studied forms, non-fermented BSG (BSG),
fermented BSG (BSG-F), post-extraction residue of BSG and BSG-F (PER and PER-F) and the
4 respective biochars (BC1, BC2, BC3 and BC4) (Figure 3A). Comparing the in natura samples
(BSG and BSG-F), there was no significant difference in the adsorption potential concerning
the fermentative bioprocess. BSG obtained a removal percentage of 65.7% and a removal
capacity (q) of 10.6 mg/g, while BSG F obtained 63.2% and 10.8 mg/g, respectively, for the
same quantities. Although fermentation increased surface area, volume, and pore size, this was
not enough to increase the adsorption capacity of fermented BSG. In the literature, both results
can be find, fermentation did or did not enhance the adsorption capacity of other lignocellulosic
residues fermented in solid-state (Liu et al., 2016; Liu et al., 2018), and other factors seem to

determine adsorption.

The samples that went through the extraction process performed differently (fermented
and non-fermented). The PER sample had the best adsorption performance, with a removal
percentage of 78.7% and a removal capacity of 12.8 mg/g, nearly 20% higher than the BSG
potential. Regarding biochars, BC3 and BC4 obtained the best results (71.8%, 11.7 mg/g and
77.9%, 13.2 mg/g, respectively) and did not differ from each other, while samples BC1 and
BC2 had lower results (16.9%, 2.7 mg/g and 42.6%, 7.1 mg/g, respectively).

In this preliminary test, the samples that had the best adsorption performance were PER,

BC3, and BC4, probably because the extraction promoted the removal of compounds that could
66



Parte Il — Capitulo 3

be hindering the interaction of MB with the lignocellulosic matrix. Therefore, the PER sample

and its biochar were selected for the next steps.
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Figure 3. Methylene blue removal (bars) and adsorption capacity (line) using BSG sample and
its derivations (A) and pH influence in MB removal percentage (B). BSG: Brewers Spent Grain;

F: fermented; PER: post-extraction residue; BC: biochar; ¢: adsorption capacity.

The pH of the medium is an important factor affecting the adsorptive removal of
different contaminants from wastewater. Therefore, the effect of solution pH on the amount of
dye adsorbed at equilibrium was investigated in the pH range of 2-9, with a constant
concentration of MB solution (20 mg/L). The tests were performed with the two selected
samples PER and BC3 to evaluate in which range the adsorption would be increased. The results
presented in Figure 3B show that the amount of MB adsorbed at pH 2 was 8.1% for PER and
52.1% for BC3, which reflects the efficiency of carbonization in the sample in more acidic
solutions, as it presented as 6 times higher for BC3. When the pH increased to 4, the results of
both samples were already equal at around 70%. At pH 6.5 (natural pH of the solution), the
PER sample achieved its best performance (77.2%), while at pH 7 the BC3 sample obtained the
highest result (84.9%). PER maintained the adsorption range (82.6%) without significant
difference (p < 0.05) for pH 6.5. At pH 9, the samples maintained their previously achieved

values.

This agrees with the adsorptive removal study of MB with BSG that also reported
constant dye adsorption in the pH range of 7-10 and lower adsorption at acidic pH (Kezerle et
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al., 2018). The less efficient removal of MB at low pH can probably be attributed to the presence

of positively charged H" ions that compete with MB cations for adsorption sites.

3.4 Adsorption isotherms and Kinetics

Initially, at a low concentration of MB (10 mg/L), BC3 removal was greater compared
to PER (86% and 71%, respectively - data not shown), but as the concentration increased,
biochar seemed to gradually decrease its adsorption capacity compared to another sample. At
the end of the test, at a MB concentration of 200 mg/L, the adsorption rates are 51.7% and
21.3% for PER and BC3, corresponding to more than 100% difference.
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Figure. 4. Experimental data for methylene blue adsorption equilibrium (squares) with pos
extraction residue (A) and biochar (B). The lines are adjustments of the Langmuir (continuous
lines) and Freundlich (dashed lines) models. q: adsorption capacity; Ceq: equilibrium

concentration.

The adsorption isotherms and adjustments for the Langmuir and Freundlich equilibrium
models are represented in Figure 4. The adjusted isothermal parameters for each model are
shown in Table 3. In both models, PER sample presented a good R? (0.98), and when we
analyzed the S°r, the Langmuir model presented a lower value compared to the Freundlich
model, which demonstrates a smaller difference between the experimental data and the trend
line. This suggests that the adsorption process occurs in monolayers by chemisorption.

Analyzing the parameters of the Langmuir model, it is observed that PER has a better adsorbent
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maximum capacity (gmar) than BC3 (176.9 mg/g and 70.2 mg/g, respectively). These values

were relevant when compared to other residues, such as sugarcane bagasse and soursop residue,
also tested with MB, and when adjusted to the Langmuir models, they presented gmax of 55
mg/g and 17 mg/g, respectively (Meili et al., 2019). For the Freundlich model, the n/F ratio of
both samples was greater than or equal to 1, indicating that the MB adsorption process was not

favorable in this model.

Table 3. Adsorption parameters for Langmuir and Freundlich equilibrium models.

Langmuir model Freundlich model
qmax kL R2 SZR n/F k[—‘ R2 SZR
(mg/g) (L/mg) (mg/L)y? (mg" L /g) (mg/L)?
PER 176.9+12.8 0.027+0.005  0.98 279.1 1.0 £0.2 12.7+£2.0 0.96 641.6
BC3 70.2 £8.6 0.044 +0.02 0.87 372.7 3.09 £0.7 12.2+£3.9 0.84 477.9

gmax: Maximum adsorption capacity; kz: Langmuir equilibrium constant; R’: correlation

coefficient; S’r: sum of squares of residuals

The kinetic data of the PER and BC3 samples were adjusted using the pseudo-first order
and pseudo-second order kinetic models (Lagergren, 1898), and the parameters obtained are
shown in Table 4 and Figure 5. The kinetic test was carried out to evaluate the adsorption
efficiency over 24 h with the samples PER (squares - Figure 5SA) and BC 3 (squares - Figure
5B). At the end of the experiment, PER had a £20% higher adsorption capacity than BC3. The
adsorption of MB by the PER sample was fastest in the first 2 h, around 41% of MB removal
was observed, and, at the end of 24 h, a total of 77% of MB was removed (Figure 5A). In
general, this behavior occurs due to external diffusion and surface biosorption, which are higher
at first due to a large number of free active sites. After some time, the remaining active sites are
difficult to occupy because of the repulsive force between the biosorbed molecules in the solid
phase, leading to a longer time to reach equilibrium (Costa et al., 2023). On the other hand, for
the BC3 sample, during the same 8 h of testing, the adsorption rate was 15%, and after 24 h it
was 63% (Figure 5B).
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Figure 5. Fit of kinetic data to pseudo-first and pseudo-second-order models. Experimental data
(squares) with A) pos extraction residue (PER) and B) biochar (BC3). The lines are adjustments

of the pseudo-first-order (continuous lines) and pseudo-secon

In general, kinetic studies mainly aim to predict the rate at which pollutants are removed
by a solid, which is an important factor to consider (Meili et al., 2019). The kinetic results of
the pseudo-first-order and pseudo-second-order models for BSG are presented in Table 4. For
both models, the R? values were > 0.95. The Sk values were lower for the second model. Thus,
the pseudo-second-order model was the most suitable to describe the adsorption kinetics of MB
on PER and BC3 compared to the pseudo-first-order model. Furthermore, the calculated qi
values obtained from the pseudo-first-order model resulted in slightly lower values than the q2
values. The pseudo-second-order model predicts a chemisorption mechanism and suggests that

the boundary layer resistance was not limiting the adsorption of MB (Meili et al., 2019).
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Table 4. Kinetic parameters for Pseudo-first-order and Pseudo-second-order models.

Pseudo-first order Pseudo-second order
(mgfg) ki (min) . S (mg/e) Ko (g/mg min) ;S
qi1 (mg/g min q2 (mg/g » (g/mg min
: (mg/L? (mg/LYy?
PER 343+1.5 0.007 £0.0008 0.95 84.07 39614 2.037E-4 £2.8 0.98 35.98
BC3 31.9+1.9 0.002 £2.12E-4 0.98 24.82 443+ 3.3 3.159E-5 + 6.86E-6 0.98 19.32

q: adsorption capacity; k: equilibrium constant; R: correlation coefficient; S’r: sum of squares

of residuals

3.5 Efficiency of consecutive cycles of the sorption and desorption

Recycling tests were used to evaluate the possibilities of regeneration and multiple use
of BSG. PER was the sample with the best activity in the equilibrium tests and thus was selected
for the desorption analysis to evaluate the recycling performance. Figure 6 shows the reading
spectra of the methylene blue solution, of the solutions after adsorption (A) and after desorption
with HCI (B) in 3 cycles for each process. The adsorption capacity of the sample exhibited a
decline as the number of cycles increased. For the first cycle, 80.8% adsorption and 60.5%
desorption were obtained concerning the value of the initial concentration in the solution (20
mg/L). For the second and third cycles, 44.6% and 15.5% for adsorption and 50.3% and 39.4%

for desorption, respectively, were obtained.

The decrease in adsorption capacity by approximately 36% from the first to the second
cycle and 29% from the second to the third cycle may be the result of the cumulative effect of
the incomplete desorption process. Furthermore, another possible cause of the reduction in
sorption is the blocking, or chemical disintegration of functional groups, under the influence of
acid (Wierzba & Klos, 2019), which causes the BSG to lose its sorption characteristics in the

third cycle, consequently causing a reduction in desorption efficiency.
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Figure 6. Spectrophotometric analysis of methylene blue solutions after adsorption (A) and
0.1 M hydrochloric acid solutions after desorption (B). MB: methylene blue solution; C1, C2
and C3 are the three adsorption cycles; C1 HCI, C2 HCI and C3 HCI are the three desorption

cycles.

4. CONCLUSIONS

This innovative study presents, for the first time, the residues generated from
pressurized liquid extraction of a material that is already an industrial residue, exploring its
potential for new applications and adding value to this waste material. The main results indicate
that the post extraction residue from BSG sample presented a greater capacity for adsorption of
methylene blue dying than the other materials studied, even better than its corresponding
biochar. Based on these results, this material is a potential adsorbent for the removal of
methylene blue from aqueous solutions and may be an environmentally friendly alternative for

the regeneration of water bodies highly contaminated.

This study presented satisfactory results that show that BSG, a byproduct generated in
high volume in all breweries and available globally, in addition to represent a raw material for
bioactive compounds as demonstrated in studies, in its compound extraction process can also
generate precursor material for the preparation of different highly efficient adsorbents,

corroborating the concepts of circular economy.
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4.1 Consideracdes finais

Neste trabalho, foram avaliadas diferentes técnicas com o objetivo de maximizar a
recuperagdo de compostos de interesse biotecnologico a partir do BM, um material
lignoceluldsico com grande potencial de aplicagdo. Esse residuo, frequentemente descartado ou
subaproveitado, possui uma rica composi¢ao quimica que pode conferir valor agregado a partir
da utilizacdo de processos que visam sua valorizacao, e deve ser explorado de maneira mais
eficiente. Pela primeira vez, foi testada a associagdo da fermentagdo em estado-sélido (FES)
com as técnicas nao-convencionais de extracdo (extragdo com liquidos pressurizados — PLE e
extragdo assistida por micro-ondas) - MAE no BM. Estas técnicas, em comparacdo com as
convencionais (extracdo solido-liquido, liquido-liquido, soxhlet e maceracdo) sdo
ambientalmente mais apropriadas, mais eficientes, com maior rendimento e consequentemente

maior economia no processo.

Esta tese de doutorado teve quatro questdes centrais que puderam ser respondidas

conforme apresentado abaixo.

1. Qual a contribui¢do da fermentacdo em estado-solido para a recuperagdo de compostos

fenolicos do bagaco de malte?

A aplicacdo da FES no BM possibilitou um aumento significativo do conteudo total de
compostos fendlicos, representados pelos acidos hidroxicindmicos majoritarios, acido feralico
e acido p-cumarico, e aumento da atividade antioxidante determinada pelo método da
capacidade redutora por Folin-Ciocalteu e capacidade antioxidante por DPPH (Figura 1 do
capitulo 2), possivelmente pela liberacdo de compostos bioativos ligados covalentemente a
matriz lignoceluldsica. Essa liberag@o ocorre através da quebra de ligacdes do tipo éter e éster
pelas enzimas fungicas sintetizadas durante a fermentagdo. Esse efeito foi confirmado pela
quantificagdo por UHPLC-PDA-MS, onde nota-se que a FES foi eficaz para liberar/solubilizar
os acidos fenolicos. Na extracdo convencional (controle), a fermentagdo aumentou os niveis de
acido fertilico em 5 vezes e de p-cumarico em 19% no BM. Estes sdo acidos hidroxicinamicos

geralmente encontrados reticulados com proteinas, lignina, hemicelulose e/ou polissacarideos.
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2. Qual a contribuigdo dos métodos alternativos de extracdo para a recuperagdo de compostos

fenolicos?

As extracdes ndo-convencionais PLE e MAE demonstraram um efeito positivo com
aumento progressivo no rendimento e maior capacidade antioxidante quando comparados as
extragdes convencionais. Na temperatura mais baixa (50 °C), o extrato PLE apresentou
atividade antioxidante quase 10 vezes maior, € por MAE, 11 vezes maior, em comparagao a
extra¢do convencional (Figura 2A do capitulo 2), ressaltando a maior eficiéncia das extragdes
ndo convencionais. Quando as técnicas de extragdo foram associadas a fermentacdo, a FES
aumentou significativamente a atividade antioxidante das amostras PLE, mostrando maior
atividade em quase todas as temperaturas quando comparado as amostras ndo fermentadas
(Figura 2B do capitulo 2). Porém nao houve diferenca entre as amostras fermentadas e nao
fermentadas a 150 °C (Figura 2B), demonstrando a eficiéncia da técnica de extragdo ndo
convencional. Nas amostras de MAE, a fermenta¢cdo aumentou de forma semelhante a atividade
antioxidante; embora nas temperaturas 50 °C ¢ 150 °C, a FES mostrou impacto minimo. Isso
indica que a FES ¢ um pré-tratamento eficaz para maximizar a utilizagdo de compostos
fenolicos no BM, com a maior eficiéncia observada em temperaturas intermediarias (70—130
°C) em ambos os métodos de extragdo. Sendo assim, as temperaturas consideradas com
melhores resultados foram 130 °C e 150 °C, onde foram alcancados os melhores resultados.
Apesar de que alguns dados mostram que PLE & uma técnica ligeiramente melhor que MAE,
como por exemplo no contetdo de acido fertilico e p-cumarico, foi considerado que ambas as

técnicas potencializaram as extracdes de compostos de interesse.

3. Qual técnica de encapsulacdo por nanoemulsdo foi mais efetiva no aprisionamento dos

compostos fendlicos?

Com relacdo a nanoencapsulacdo, os encapsulados foram desenvolvidos a partir das
técnicas de emulsao simples e dupla por fusdo/emulsificagdo com cera de carnauba e extrato de
BM. O tamanho maximo das particulas (DP) foi de 294 nm, com um indice de polidispersdo
(PDI) maximo de 0,21 confirmando a eficacia das técnicas. A eficiéncia de encapsulagdo
maxima foi de 35% (Tabela 2 do capitulo 2) e uma estabilidade em 50 semanas (Figura 4 do
capitulo 2) em ambas as técnicas. Nao houve diferenca nos resultados entre as técnicas de
simples e dupla emulsdo, podendo ser considerado que ambas atenderam ao proposto, € mesmo

que os compostos ndo tenham sido encapsulados em sua totalidade, ainda assim continuam na
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fase aquosa da emulsdo, podendo ser incorporados na formulagdo de um alimento funcional,

por exemplo.

4. Qual material derivado do bagaco de malte possui melhor potencial adsorvente para azul de

metileno?

O BM ¢ seus derivados (fermentado, residuo das extracdes, biocarvoes) mostraram
grande potencial para a adsor¢do de corante com uma de remogdo de até 79% para o azul de
metileno. Dentre as amostras, o residuo final da extragdo com liquidos pressurizados teve o
melhor desempenho entre as amostras apresentando uma capacidade de adsor¢@o para azul de
metileno (q) de 129 mg/g de BM, se ajustando melhor no modelo de Langmuir, sugerindo que

o processo de adsor¢do ocorra em monocamadas por quimissorgao.

Neste trabalho, a combinag@o dos processos biotecnologicos tais como a FES, as
extragdes PLE ou MAE e nanoencapsulacdo apresentou-se como uma proposta de valorizagao
do BM como rica matriz alimentar que pode ser aproveitada como ingrediente funcional ou
extrato/aditivo natural. A sua utilizagdo perpassa a industria alimenticia, podendo ser utilizado

como material adsorvente para tratamento de efluentes industriais.
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4.2 Conclusao

O presente estudo evidenciou o potencial do BM, um subproduto de grande volume
subutilizado da industria cervejeira, como uma rica fonte de compostos de interesse para
diferentes industrias — farmacé€utica, nutracéutica e alimenticia, e seu uso até total esgotamento.
A integracdo de técnicas inovadoras, como a fermentacdo em estado-s6lido, combinada com
extragdes ndo-convencionais — extragdo por liquidos pressurizados e assistida por micro-ondas,
revelou-se altamente eficiente na liberagdo e recuperagdo desses compostos. Além disso, a
aplicagdo de técnicas de nanoencapsulacdo com cera de carnatba para a encapsulacdo dos
extratos obtidos a partir do BM demonstrou uma possibilidade de se aprimorar a estabilidade,
eficacia e aplicabilidade desses compostos em diferentes matrizes industriais, como alimentos,

cosméticos e farmacos.

O conceito de economia circular foi incorporado ao explorar integralmente o BM, desde
a sua utilizagdo como fonte de compostos bioativos até a aplicacdo do residuo pds-extragdo
como material adsorvente no tratamento de efluentes. Resultados como a remocao eficiente de
corante reforgam a viabilidade do reaproveitamento total do BM, diminuindo o impacto
ambiental associado ao seu descarte. Este ciclo de aproveitamento ndo apenas apresenta uma
solugdo sustentavel para um residuo industrial, mas também aponta para oportunidades
econdmicas em mercados emergentes, como o de bioprodutos ¢ adsorventes para remediagéo

ambiental.

Por fim, a pesquisa abre caminhos para a valorizacdo do BM em multiplos segmentos,
destacando seu potencial como ingrediente nutricional em alimentos e como insumo para
produtos de alto valor agregado. No entanto, desafios como a seguranca alimentar, devido a
possivel presenga de micotoxinas ou substincias toxicas, exigem investigagcdes futuras. A
implementagdo das solucdes propostas dependera de estudos adicionais para escalonamento
industrial e regulamentacdo, mas o trabalho ja estabelece bases solidas para transformar o BM

em um recurso valioso dentro da perspectiva de sustentabilidade e inovagao.
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4.3 Perspectivas

A realizagdo do presente trabalho abre perspectivas que sido destacadas a seguir como

alguns pontos de maior interesse:

Avaliacao da toxicidade dos extratos, para confirmar a auséncia de micotoxinas e
substancias toxicas ao consumo humano;

Avaliacdo do potencial antitumoral dos extratos, com testes in vitro, a fim de investigar
um potencial nutracéutico especifico;

Avaliagdo das enzimas produzidas durante a FES, para compreender o conjunto de
enzimas responsavel pelo resultado positivo observado;

Avaliacao dos extratos nanoencapsulados em produtos alimenticios, tais como bebidas
vegetais, visto que foi utilizada nas técnicas de nanoemulsdo, uma cera vegetal; e assim
investigar a estabilidade das nanoparticulas, bem como a bioacessibilidade no sistema
digestivo;

Explorar novas técnicas de encapsulamento para aumentar a eficiéncia da encapsulagao;
Avaliagdo do potencial adsorvente do bagago pos-extracdo em efluente industrial real,
a fim de confirmar a aplicabilidade dos resultados promissores encontrados nos

experimentos realizados no presente trabalho.
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