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RESUMO

Liquidos i6nicos (LIs) podem ser utilizados no pré-tratamento de bagaco de cana-de-acUcar e
tém possibilitado rendimentos de hidrolise enzimatica acima de 60%. Além disso, a valorizagcdo
da lignina obtida nesses processos tem atraido interesse crescente devido ao valor agregado do
produto. Neste trabalho, o bagaco de cana-de-agucar, biomassa lignoceluldsica altamente
disponivel no cenério industrial brasileiro, foi avaliado para uso em biorrefinarias de producgéo
de etanol de segunda geragéo (E2G), sendo a lignina obtida como produto de valor agregado.
A biomassa foi submetida ao pré-tratamentos com 20 solventes sintetizados a partir da
combinacdo de cinco bases aminas - etilamina, etanolamina etilenodiamina, butilamina,
hexilamina - com quatro acidos - acético, formico, lactico e maldnico. Os LlIs resultantes sao
préticos, sendo considerados de baixo custo quando comparados aos LIs aproticos. As ligninas
obtidas nesta fase de screening foram caracterizadas por 2D HSQC NMR, 3P NMR, GPC,
FTIR, TGA e andlise elementar para estudo e avaliacdo da sua estrutura quando diferentes
solventes sdo empregados no processo de extracdo. As analises tiveram como objetivo avaliar
fatores como inserc¢des de nitrogénio na estrutura macromolecular, efeito do aumento da cadeia
dos cétions na despolimerizacdo da estrutura lignocelulésica e preservacédo das ligagdes p-O-4
da lignina. Estas caracteristicas podem determinar a sua valorizacdo em diferentes aplicaces
industriais. Analisando a eficiéncia das etapas de pré-tratamento e hidrélise, os liquidos i6bnicos
préticos (LIPs) [2He][Lac] (Lactato de etanolamina), [Etid][Ac] (acetato de etilenodiamina) e
[Etid][Lac] (Lactato de etilenodiamina) apresentaram maior potencial para conversdo de
celulose e hemiceluloses na hidrdlise e solubilizacdo de lignina no pré-tratamento. Os pré-
tratamento com os trés LIPs foram otimizados considerando tempo e temperatura como fatores
do planejamento experimental. Foi observado que o [Etid][Ac] levou a uma remocao de lignina
de 82,7%, a 140°C e 3 h, e conversdes de celulose/hemiceluloses de 84,4 e 62,9%,
respectivamente, ap6s 48 h de hidrélise enzimética, destacando-se como um dos melhores LIPs.
Jé as ligninas obtidas dos LIPs ndo apresentaram diferengas em sua estrtutura nas condicées de
tempo e temperatura utilizadas na otimizacdo do pré-tratamento. Ao final dos planejamentos
experimentais, as condi¢cdes mais severas de pré-tratamento — 3 h e 140°C ([Etid][Ac]), 3h e
130°C ([Etid][Lac]) e 3h e 160°C ([2He][Lac]) - levaram ao melhor desempenho de conversao
na hidrélise e solubilizacdo de lignina. Assim, os hidrolisados enzimaticos obtidos foram
submetidos a fermentagdo com a levedura Spathaspora passalidarum, considerada uma cepa
robusta, capaz de consumir glicose e xilose. Todas as fermentacOes apresentaram alto

rendimento de etanol, variando entre 82,9 e 85,3%, e produtividade entre 1,2 a 1,3 g/L.h para



concentracdes iniciais de levedura entre 4 e 5g/L. O LIP [Etid][Ac] foi 0o mais eficiente no
processamento do bagaco de cana quando se analisou o processo produtivo do E2G, chegando
a uma producdo de 248,5 L de etanol/ton de bagaco in-natura (base seca). Este LIP também foi
considerado o melhor solvente para solubilizagcdo de lignina. Este trabalho contribuiu para
novos avancgos na elucidacdo da estrutura quimica da lignina e abre um novo caminho para a

sua valorizacdo dentro do conceito de biorrefinaria usando LIPs.

Palavras chaves: Pré-tratamento, liquidos ibnicos, lignina, valorizagdo de biomassa,

caracterizacdo estrutural



ABSTRACT

lonic liquids (ILs) may be used in the sugarcane bagasse pretreatment and have enabled
enzymatic hydrolysis yields above 60%. Furthermore, the lignin valorization obtained in these
processes has attracted growing interest due to the value-added product. In this work, sugarcane
bagasse, lignocellulosic biomass highly available in the Brazilian industrial scenario was
evaluated for use in second-generation ethanol (2GE) biorefineries, with lignin being obtained
as a value-added product. The biomass was subjected to pretreatment with 20 solvents
synthesized from the combination of five amine bases - ethylamine, ethanolamine,
ethylenediamine, butylamine, hexylamine - with four acids - acetic, formic, lactic and malonic.
The ILs obtained are protic and are considered to be of low cost compared to aprotic ILs. The
lignins obtained in this screening step were characterized by 2D HSQC NMR, *'P NMR, GPC,
FTIR, TGA and elemental analysis to study and evaluate their structure when different solvents
are used in the extraction process. The analysis aimed to evaluate factors such as nitrogen
insertions in the macromolecular structure, the effect of increasing the cations chain length on
the depolymerization of the lignocellulosic structure and preservation of the $-O-4 linkages of
lignin. These characteristics can determine their value in different industrial applications.
Analyzing the efficiency of the pretreatment and hydrolysis steps, the protic ionic liquids (PILS)
[2He][Lac] (ethanolamine lactate), [Etid][Ac] (ethylenediamine acetate) and [Etid][Lac]
(ethylenediamine lactate) showed greater potential for converting cellulose and hemicelluloses
in hydrolysis and lignin solubilization in the pretreatment. Pretreatment of the three LIPs was
optimized considering time and temperature as experimental planning factors. It was observed
that [Etid][Ac] led to a lignin removal of 82.7%, at 140°C and 3 h, and cellulose/hemicellulose
conversions of 84.4 and 62.9%, respectively, after 48 h of enzymatic hydrolysis, highlighting
as one of the best LIPs. The lignins obtained from the LIPs did not show differences in their
structure under the conditions of time and temperature used in the pretreatment optimization.
Lastly, experimental planning, the most severe pretreatment conditions — 3 h and 140°C
([Etid][Ac]), 3h and 130°C ([Etid][Lac]) and 3h and 160°C ([2He][Lac]) - led to the best
conversion performance in the hydrolysis and solubilization of lignin. Thus, the enzymatic
hydrolysates obtained were submitted to fermentation with the yeast Spathaspora
passalidarum, considered a robust strain, capable of consuming glucose and xylose. All
fermentations showed high ethanol yield, ranging between 82.9 and 85.3%, and productivity
between 1.2 to 1.3 g/L.h for initial yeast concentrations between 4 and 5g/L. The LIP [Etid][Ac]



was the most efficient in the processing of sugarcane bagasse when the 2GE production process
was analyzed, reaching a production of 248.5 L of ethanol/ton of in natura bagasse (dry). This
PIL was also considered the best solvent for lignin solubilization. This work contributed to new
advances in the elucidation of the chemical structure of lignin and opens a new way for its

valorization within the concept of biorefinery using LIPs.

Keywords: Pretreatment, ionic liquids, lignin, biomass valorization, structural characterization
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CAPITULO 1

Introducéo

O material mais disponivel em larga escala para suprir a demanda de combustiveis
liquidos é o petrdleo, e uma forma de atender parcialmente essa demanda e reduzir a emisséo
de gases de efeito estufa é a producdo de etanol a partir de biomassa lignocelulésica, como

residuos agricolas, madeira ou culturas energéticas.’

Dentre as biomassas lignoceluldsicas, o bagaco, obtido ap6s o processamento da
cana-de-agUcar para extracdo da sacarose, € uma das biomassas mais abundante no mercado
brasileiro. Estima-se a geracdo de ~86 milhdes de toneladas de bagaco na safra 2020/2021%.
Juntamente com a palha da cana, vem despertando interesse do mercado devido ao seu baixo
custo, além das distintas possibilidades de utilizacdo, sendo empregado na producéo de etanol
de segunda geragdo (E2G)°, de bioeletricidade, biogas e ou mesmo na geragdo de calor,
entretanto a palha é ainda subaproveitada nessa area.

O bagaco, constituido predominantemente por celulose, hemiceluloses e lignina,
onde a lignina dificulta o acesso das enzimas & celulose e hemiceluloses®, sendo, portanto,
desejavel sua remocdo total/ou parcial da biomassa, através da etapa de pré-tratamento. O
aproveitamento da lignina para outros fins pode tornar o processo bem atrativo, ja que se trata
de uma fragdo com potencial valor agregado.”® Em geral, o pré-tratamento é considerado uma
das etapas mais caras nas biorrefinarias e possui a funcdo de diminuir a recalcitrancia do

material, além de facilitar as etapas subsequentes, hidrolise enzimatica e fermentac&o.>°

Diversos tipos de pré-tratamento sdo relatados na literatural*~*3, sendo os liquidos
idnicos (LIs) mencionados como uma alternativa promissora por serem capazes de desestruturar
a celulose, remover parcialmente as hemiceluloses e promover uma eficiente remocdo de
lignina, permitindo, assim, uma maior acessibilidade aos carboidratos e a obtencdo de uma
lignina com alta pureza (>90%) a ser explorada.?>'*1> No geral, sdo empregadas condices de
pré-tratamento moderadas — tempo (1 a 2h) e temperatura (100 a 150°C).16:17

Alguns LIs possuem propriedades fisico-quimicas Unicas e ajustaveis, uma vez que
sdo ndo inflamaveis, sdo termicamente e quimicamente estaveis, apresentam pressoes de vapor
baixas, ponto de fusdo menor que 100°C e podem ser reciclados no processo.’®2° Os LlIs sdo
divididos em dois grupos, préticos e aproticos. Os praticos, diferente dos apréticos (e.g., base
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de imidazolio), apresentam simplicidade na sintese (reacdo de Brgnsted), presenga de um
hidrogénio ionizavel, ndo requerem etapas de purificacdo, ndo had geracdo de residuos e
subprodutos, perda de solventes ou geragdo de CO.. Além disso, possuem baixo custo em
relagdo aos aproticos (1$/kg para 3,2$/kg).1%212 e apresentam uma alta seletividade na

desconstrucio de biomassa lignoceluldsica e com resultados apreciaveis.?

Estudos demostram que o pré-tratamento com liquidos idnicos préticos (LIPS)
promovem uma deslignificacdo de 60 a 95% e, consequentemente, a conversdo dos
polissacarideos na hidrélise enzimatica.®!" Isso é devido a mudancas estruturais que ocorrem
na celulose apds o pré-tratamento e, consequentemente, a suscetibilidade a hidrélise aumenta.
E de conhecimento que diferentes LIPs (diferentes combinacbes de céations e &nions) e
diferentes condigdes (tempo e temperatura) usadas no pré-tratamento podem resultar em
diferentes alteragOes estruturais da biomassa, por causa das propriedades de solvatagédo
ajustaveis dos LIs, que podem ser projetados para fins especificos e que afetardo diretamente o
fracionamento em uma biorrefinaria. Como exemplo temos a extracao seletiva de hemicelulose

que pode ser realizada usando um LI produzido a partir de uma amidina, alcool e CO.2*

O uso de LIP na biomassa lignocelulésica apresenta beneficios e vantagens frente
a outros pré-tratamentos e as desvantagens citadas na literatura ainda sao limitadas, sendo a
principal o custo do processo. Para contornar os custos e tornar o solvente competitivo
economicamente, medidas devem ser apresentadas, tais como, reciclo e reuso no processo
>98%212% misturar LIP e agua'®!’?® e dessa forma, mitigar problemas com viscosidade, além
de usar menores quantidades de solvente, facilitando operacdes de separacio®®, recuperacéo de
calor residual >90%.2? Todos esses pontos torna o processo economicamente competitivo com
0 pré-tratamento usando acido sulfirico, e sdo consideracdes otimistas no cenario atual da

tecnologia, s6 necessitando de mais pesquisas.

Em geral, é importante entender como LIPs, com suas diferentes combinacdes de
cations e anions, podem atuar diretamente na solubilizacdo da lignina durante a etapa de pré-
tratamento e, assim, auxiliar na conversdo dos polissacarideos durante a etapa de hidrolise
enzimatica. Neste sentido, os LIPs podem ser aplicados no fracionamento de biomassas dentro
de um conceito de biorrefinarias, aumentando assim nao apenas a eficiéncia da produgédo de
biocombustiveis, mas também permitindo a obtencdo de uma lignina de qualidade e com
caracteristicas atrativas para a producéo de compostos quimicos de alto valor agregado?’, o que

pode contribuir para minimizar o custo da etapa de pré-tratamento.
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A lignina é frequentemente considerada um subproduto de baixo valor, onde na
maioria dos setores (biocombustiveis, celulose e papel etc.) € geralmente queimada para
producdo de energia. Entretanto, apresenta um alto potencial para a producéo de produtos de
quimica fina e aromaticos, devido a sua alta funcionalidade. Trata-se de uma macromolécula
aromatica complexa composta por unidades p-hidroxifenil (H), guaiacil (G) e/ou siringil (S),
cujas proporcdes diferem de acordo com sua origem.?® A lignina isolada de gramineas, como o
bagaco de cana-de-acgUcar, também apresentam em sua estrutura quantidade consideravel de
acidos p-cumarico (pCA) e fertlico (FA)?°*. As unidades de lignina sdo reticuladas por
diferentes ligacBes quimicas do tipo p—0-4', B-5', p—p’, 5-5' e 5-0O-4', cujas caracteristicas
estruturais sdo influenciadas por varios fatores, incluindo a fonte de biomassa e as condicGes

de extrago.303!

A lignina pode ser usada ap6s sua despolimerizacao/fragmentacdo ou pode ser
posteriormente modificada, por meio de processos quimicos e biotecnologicos, como pirdlise,
hidrogenacdo, catalise quimica ou enzimatica, oxidacao e gaseificacdo, em formas mais simples
e utilizaveis. O mercado global de lignina é estimado em uma receita de US$ 1.122,2 milhdes
em 202732, e os maiores enfoques estdo no uso na formulagio de adesivos, cosméticos, energia,
construcio e automobilisticos.>® A demanda crescente pela fabricacio de produtos livres de
derivados de fenol, por exemplo, impulsiona o refinamento de tecnologias de pré-tratamento
para facilitar ainda mais a recuperacdo de lignina e possibilitar modificacdes cataliticas para

obter propriedades quimicas e fisicas desejadas.

Neste trabalho, 20 LIPs foram projetados para avaliar a influéncia dos cations e
anions no pré-tratamento do bagaco de cana-de-agucar com o objetivo de maximizar a
solubilizacdo de lignina e consequentemente, a conversdo dos polissacarideos em acucares
fermentesciveis, sendo esses resultados ausentes na literatura para os solventes utilizados. As
ligninas precipitadas tiveram suas caracteristicas estruturais avaliadas por meio de uma ampla
gama de técnicas analiticas com o intuito de entender as modifica¢fes na estrutura relacionadas
aextragao com os PILs, ja que estudos deste tipo ainda sdo bastante escassos na literatura. Além
disso, foi possivel avaliar novas perspectivas de aplicacdes para as ligninas isoladas, que podem

contribuir, de forma efetiva, na visao das biorrefinarias de lignocelulose.
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1. Objetivos
1.1.  Obijetivo geral

O objetivo deste trabalho foi avaliar a influéncia dos cétions e anions na construgao
de liquidos idnicos préticos (LIPs) visando o fracionamento do bagago de cana-de-agUcar para
maximizar a recuperacdo da lignina e obtencdo dos acucares fermentesciveis visando a
producdo de etanol de segunda geracdo (E2G). Além disso, buscou-se avaliar como a
composi¢do dos LIPs interferiram na estrutura quimica e macromolucular das ligninas
extraidas, com a intencdo de prospectar novas aplicacdes desses compostos, de modo a tornar

0 processo mais atrativo economicamente.

1.2.  Objetivos especificos

1. Sintetizar e caracterizar 20 LIPs compostos pela combinacdo de bases amonio - etilamina,
etanolamina, etilenodiamina, butilamina e hexilamina - e &nions acetato, lactato, formiato e
malonato;

2. Realizar um estudo das condic¢Bes operacionais do pré-tratamento do bagaco de cana-de-
acucar para avaliar o desempenho dos pré-tratamentos com os diferentes PILs considerando a
da solubilizacdo de lignina e a conversdo dos polissacarideos em acucares fermentesciveis no
processo de hidrolise enzimatica;

3. Caracterizar as ligninas obtidas no processo de pré-tratamento visando avaliar a influéncia
da escolha do cétion e do anion dos LIPs nas estruturas;

4. Otimizar as condicBes operacionais dos pré-tratamentos (tempo e temperatura) por
panejamento fatorial considerando os trés LIPs que alcancaram os melhores desempenhos na
etapa anterior;

5. Realizar a caracterizacao das ligninas obtidas dos ensaios de otimizagéo, a fim de avaliar a
influéncia das condi¢6es de pré-tratamento na estrutura da lignina solubilizada;

6. Fermentar os hidrolisados enzimaticos obtidos dos trés LIPs com o melhor desempenho no

pré-tratamento, para producédo de E2G;

1.3.  Relevancia cientifica e contribuicoes

A producdo de E2G a partir de bagago é ainda um desafio no cenario brasileiro

atual, principalmente pela falta de tecnologia economicamente viavel para uma competitividade
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comercial. Entretanto, é promissora pela disponibilidade de bagaco e palha no cenério

sucroalcooleiro, e os rendimentos estdo se mostrando competitivos para essa finalidade.

O pré-tratamento é a etapa mais cara do processo devido aos altos custos de
producdo/manutenc¢do do reator necessarias para suportar a corrosdo causada pelos solventes
(e.g., acidos e explosédo de vapor) utilizados nessa etapa. Os LIPs sdo solventes que merecem
atencdo quando utilizados nessse processo por poderem ser sintetizados para propésitos
especificos, pelas combinacBes de cation/anion que levam a interagdes especificas com a
biomassa, resultando em conversdes e solubilizagbes competitivas quando comparados aos
solventes comumente estudados. Além disso, entre as principais vantagens desses solventes
estd a possibilidade de manutencéo dos principais agucares, glicose e xilose, na fase sélida,
evitando que os inibidores que estdo presentes na fase liquida influenciem a etapa de
fermentacdo. Estes solventes podem ser reciclados e reutilizados, sendo que trabalhos na
literatura mostram que o solvente pode ser reutilizado pelo menos 4 vezes sem perdas de

desempenho.?®

Adicionalmente, ndo existem estudos na literatura com o uso dos solventes
utilizados nesse trabalho para o pré-tratamento de bagaco, e ndo foram publicados estudos com
a estrutura da lignina obtida a partir dos mesmos. A elucidacdo estrutural das ligninas
solubilizadas durante a etapa de pré-tratamento é um desafio analitico, mas torna-se necessario
para prover informac6es de como agregar valor ao processo e torna-lo economicamente viavel.
As técnicas empregadas demandaram avaliacdo e correlacdo dos dados obtidos com as

caracteristicas necessarias para possiveis aplicacoes.

Sendo assim, um conjunto de combinagGes entre cations e anions foram realizadas
para customizacao de 20 LIPs e posterior elucidagéo de desempenho na solubilizacéo de lignina
e da fermentabilidade dos hidrolisados. O desenvolvimento dos métodos, juntamente com a
interface de analise dos dados empregada e reportada nesse trabalho foram de grande

contribuigédo para o grupo de pesquisa.
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1.4.  Organizacdo do trabalho

O presente trabalho encontra-se dividido em nove capitulos visando a melhor
abordagem dos resultados, nos quais cinco capitulos correspondem aos resultados obtidos neste
estudo.

O Capitulo 2 “Revisao bibliografica” aborda os conceitos da estrutura da biomassa
lignocelulosica, enfatizando a estrutura da lignina. Apresenta os pré-tratamentos utilizando LI
comumente empregados no fracionamento de biomassa e destaca o LIP e seu baixo custo de
sintese. Esta secdo aborda também hidrdlise enzimatica e fermentacdo, procesos comumente

utilizados para obtencéo de etanol de segunda geracao

O Capitulo 3 “Metodologia experimental” apresenta a metodologia dos
experimentos e analises utilizadas neste estudo, com foco nos pré-tratamentos com LIPs,
hidrélise enzimatica e fermentacdo, além dos detalhes das técnicas analiticas, 2D HSQC NMR,

3P NMR, GPC, FTIR, e outras usadas para obter informagces das estruturas das ligninas.

O Capitulo 4 “Design de LIPs e a influéncia da sua estrutura no pre-tratamento”
apresenta resultados das caracterizagOes (TGA, pH e acidez e basicidade) dos LIPs e descreve
0 comportamento desses 20 LIPs no pré-tratamento do bagaco para solubilizagdo de lignina e
posterior hidrdlise enzimatica. Aponta os melhores solventes e a influéncia de cada céation e

anion, junto as suas caracteristicas nos resultados obtidos de converséo e solubilizagéo.

O Capitulo 5 “Influéncia da estrutura dos LIPs na obtengdo de lignina” aborda o
desempenho dos cations e anions dos LIPs em modificar a estrutura da lignina na sua extragéo.
Apresenta a identificacdo das principais estruturas presentes na lignina, como unidades S, G e

H, e massa molares médias.

O Capitulo 6 “Otimizacdo de pré-tratamento e sua influéncia na estrutura da
lignina” apresenta a influéncia da variacdo do tempo e da temperatura para os trés solventes
selecionados, [Etid][Ac], [Etid][Lac] e [2He][Lac] no pré-tratamento do bagaco. Além disso,
também sdo apresentadas a influéncia dessas condigdes de pré-tratamento nas ligninas extraidas

atraves da ferramenta de radar, usando os resultados resumidos das técnicas analiticas.

As condicdes 6timas de cada LIP no pré-tratamento sdo utilizadas para avaliagao
da fermentacdo dos acgucares, glicose e xilose, usando S. passalidarum, e por fim as etapas de

pré-tratamento, hidrolise e fermentacéo séo resumidas em balango de massa.
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O Capitulo 7 “Conclusdes” resume os resultados de maior relevancia no trabalho

e também sugestbes de trabalhos futuros.

Figura 1.1 - Resumo das etapas de resultados desta tese

Design de LIPs

Caracterizacio 'P-
de lignina
> Fermentagao

S Caracterizagio Hidrolise
% de lignina enzimatica

Acervo do autor
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CAPITULO 2

2. Revisdo bibliogréafica
2.1 Conceito de biorrefinaria

A biorrefinaria é uma unidade industrial que se refere ao processo integrado de
conversdo da biomassa para a producdo de combustivel, eletricidade, calor e derivados
refinados a partir da biomassa. O conceito de biorrefinaria € dindmico e ainda estad em
desenvolvimento e, portanto, ndo ha modelos e padrdes consagrados, mas sdo apresentadas

vantagens, entre elas a obtencéo de intermediarios da biomassa que maximizam seu valor?”=°,

O objetivo de uma biorrefinaria é otimizar o uso de recursos e minimizar a geracao
de efluentes, maximizando os beneficios e o lucro®, onde quase todos os tipos de matérias-
primas de biomassa podem ser convertidas em diferentes classes de biocombustiveis e
(bio)quimicos por meio de tecnologias de conversdo aplicadas em conjunto. Um modelo
desejado de biorrefino é aquele em que tem a exploracdo total da biomassa, e uma série de
produtos de valor agregado sdo extraidos e absorvidos pelo mercado®®. Normalmente, dentro
das biorrefinarias podem ser obtidos grandes volumes de produtos de baixo valor econdmico
unitéario, como € o caso dos biocombustiveis, e produtos em menor volume, mas com alto valor

agregado, como é o caso das especialidades quimicas e aditivos®’.

O conceito de biorrefinaria pode apresentar vantagens na obtencéo de produtos a
partir de componentes, maximizando o valor agregado desta matéria-prima, pois sdo integradas
diversas rotas de conversdo, bioquimicas, quimicas e termoquimicas®. Por outro lado, é exigido
0 desenvolvimento de uma maior gama de tecnologias de processamento e sistemas de

biorrefino para lidar com as diferencas de composicdo da biomassa®®%,

Atualmente existem algumas biorrefinarias em operagdo no Brasil e ao redor do
mundo. No Brasil podemos destacar o setor sucroenergético, com a producdo de agucar, etanol
e bioeletricidade a partir da cana-de-acucar e milho; as fabricas de 6leo, racdo animal, biodiesel
e diversos outros derivados a partir da soja; empresas do setor de celulose e papel, com produgéo
de diferentes tipos de celulose, papéis, energia e lignina, dentre outras 3. De toda forma, ainda
had muito espaco para uma maior integragdo da quimica verde no setor, considerando,
especialmente, o uso de tecnologias de baixo impacto ambiental, visando o estabelecimento de

futuras cadeias de producéo sustentaveis de biocombustiveis e produtos quimicos de alto valor
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a partir da biomassa. O objetivo destas industrias € ser competitiva no mercado e conduzir a

substituicdo progressiva dos produtos obtidos nas refinarias de petrdleo®.

2.2  Bagaco de cana-de-agUcar

O bagaco de cana-de-acucar € uma biomassa lignoceluldsica resultante dos
procedimentos de preparo e extracdo da sacarose para fins de producéo de etanol e aclcar. Essa
biomassa pode ter diversos usos, tais como producdo de energia atraves da sua queima nos
processos conhecidos como cogeracdo, producdo de E2G e produtos de alto valor agregado a

partir de polissacarideos e lignina, suplementacdo de racio animal, dentre outros*.

Essa biomassa € constituida de celulose, hemiceluloses, lignina, cinzas e extrativos
Figura 2.1. Esta composicdo varia de acordo com a variedade genética da planta, o solo, as
técnicas de colheitas, 0 manuseio e armazenagem, variando de 38 a 50% de celulose, 25 a 27%

de hemiceluloses, 20 a 30% de lignina e 5 a 8% de extrativos*.

Em &reas tropicais e subtropicais, o0 bagaco de cana € uma das principais biomassas
disponiveis e uma das principais fontes de material lignocelul6sico que podem ser utilizados
dentro da biorrefinaria*>. O bagaco possui uma parede celular com estrutura dividida em
camadas distintas quimica e morfologicamente. Inicialmente, possui uma parede primaria
espessa e consideravelmente lignificada, circundando a parede secundéria que é constituida de
uma sequéncia de trés lamelas, onde a camada central determina as propriedades mecanicas da

fibra e as outras lamelas s&o formadas por longas cadeias de celulose*.

Os polissacarideos presentes no bagaco de cana podem ser convertidos em acucares
através da etapa de hidrélise enzimatica, e podem ser posteriormente fermentados pela acéo de

microrganismos, para a obtencao de biocombustiveis e outros produtos fermentativos.*>4
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Figura 2.1 - Composicao da fibra vegetal
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Adaptado de Magalhdes (2019)*.

2.2.1 Celulose

A celulose é um polimero natural de estrutura linear, cristalina e com partes
amorfas, que resulta de ligagdes de hidrogénio inter e intra cadeiras e apresenta fibras
compactas e resistentes a degradacio. E encontrada em proporcdes que variam desde 20% até
90% nas espécies.*84°

A celulose tem como unidade repetitiva a celobiose, que consite em dimeros de
glicose unidos por ligagdes do tipo B-D (1—4) glicosidicas. Essas ligaces séo caracterizadas
pelas suas distancias, pelos respectivos angulos formados e pelos grupos hidroxila que
estabelecem interacdes do tipo ligaces de hidrogénio intra e intermoleculares.*34448

A celulose pode apresentar reatividade e possuir em sua estrutura partes cristalinas
atribuidas as ligacbes de hidrogénio, o que a torna de baixa solubilidade. O grau de
cristalinidade pode variar de acordo com a natureza da biomassa vegetal e seu processamento.
As celuloses originadas de bagaco apresentam cerca de 60% de cristalinidade.>® Além das
ligacdes de hidrogénio, a presenca de hemiceluloses e lignina na espécie também dificultam o
acesso de reagentes e catalisadores a celulose, tornando necessario um pré-tratamento para a

remocao parcial ou total destes componentes.*?
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2.2.2 Hemiceluloses

As hemiceluloses sdo polissacarideos heterogéneos de massas molares
relativamente baixas (xilose ~132 g/mol), com uma estrutura bastante hidrofilica e nédo
cristalina®. Apresentam reatividade na sua cadeia com carater amorfo, logo sdo mais
vulneraveis a solubilizacdo. Além disso, estdo associadas a celulose nas paredes celulares
através de pontes de hidrogénio, e apresentam uma facilidade de interacdo por apresentarem

ramificacOes em sua estrutura®?44:°2,

Na biomassa vegetal representam de 15 a 35% e sdo compostas por diferentes
acucares, que sdo as pentoses (xilose e arabinose) e hexoses (glucose, manose e galactose),
além de &cidos urdnicos (4-O-metil-D-glucoronico, acido D-galacturdnico, e acido D-
glucurdnico), sendo a xilose a principal e cada composto apresenta uma propriedade particular
e sua proporcao pode variar de acordo com a parede celular vegetal, sendo neste caso principal

para bagaco de cana-de-aglcar.>*

2.3 Lignina

A lignina é uma macromolécula amorfa, hidrofébica, heterogénea, ramificada e que
atua como estrutura no interior das fibras. E comumente distribuida em combinacdo com as
hemiceluloses em torno dos filamentos de celulose nas paredes celulares primaria e secundaria,
e covalentemente ligada a estrutura de celulose e outros polissacarideos da parede celular®®,
criando uma adesdo e uma barreira fisica que € de vital importancia como material estrutural e
de protecdo (raios UV e ataques de patdgenos) e que representa cerca de 20 a 30% na biomassa

vegetal.*3

Essa macromolécula possui uma estrutura tridimensional complexa constituida por
um arranjo irregular de varios grupos fenilpropano que ndo se degrada facilmente®. Sua
formacdo ocorre por trés principais unidades aromaticas basicas, p-hidroxifenil (H), siringil (S)
e guaiacil (G)*" (Figura 2.2), que sdo resultantes da polimerizacdo de trés unidades de
fenilpropano chamados de monolignols - p-cumaril, coniferil e sinapil. As principais ligagdes
entre os mondmeros sdo éter do tipo B-O-4, que compdem mais de 80% das ligacOes da lignina
do bagaco de cana-de-agticar?®, sendo o alvo crucial para a maioria dos mecanismos de
degradacéo. Outras ligacdes encontradas em menores porcentagens incluem o fenilpropano tipo
B-5, B-B’ resinol, a-O-4 éter, 4-O-5 difenil éter, 5-5 bifenil e B-1 difenil metano.*
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Figura 2.2 — Distribuicdo dos monoligndis da lignina e as varias ligagdes interunidades éter e

carbono-carbono presentes.
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A composicao da lignina varia com a origem da biomassa e, por isso, as biomassas
sdo frequentemente divididas em madeiras moles, madeiras duras e gramineas, considerando
as respectivas propor¢des dos mondmeros S, G e H>*%0. Em geral, as ligninas das madeiras
duras contém principalmente unidades G e S, com tracos de unidades H, enquanto as ligninas
das madeiras moles contém unidades G predominantemente, com unidades H muito baixas. A
lignina de gramineas, como é o caso do bagaco de cana-de-agUcar, € composta por unidades de
relacdo S:G semelhantes e baixo teor de unidades H. Em comparacao com ligninas de madeiras,
as ligninas das gramineas contém mais unidades H>® e também a presenca de é&cidos ferlico
(FA) e p-cumarico (pCA) (Figura 2.3). Ambos sdo acidos p-hidroxindmicos que apresentam
capacidade de estabilizar ligacdes covalentes entre a lignina e outros componentes poliméricos
da parede celular vegetal (exemplo, hemiceluloses). O pCA é encontrado acilando a cadeia
lateral da lignina e é responsavel pela ligagdo éster entre a posi¢do y das cadeias laterais das
unidades siringilas da lignina (Figura 2.2), enquanto o FA acila residuos de arabinose das
cadeias de arabinoxilana e se liga tanto aos polissacarideos pela ligagdo do tipo éster, quanto as
unidades de lignina via mecanismos de acoplamento radicalar, levando a inimeros tipos de

ligacdo éter e carbono-carbono?.
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Figura 2.3 - Exemplos de outras estruturas exclusivas das ligninas de gramineas.
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Diferentemente da celulose e das hemiceluloses, a estrutura quimica da lignina na
forma nativa deve ser considerada aproximada devido a diversidade dos métodos de obtencédo
de informagBes e dados estruturais dos fragmentos®:®4. A extracdo bem-sucedida desta
estrutura complexa como matéria-prima para produtos é conduzida pela interacdo do (i) método
de fracionamento de biomassa, da (ii) tecnologia de despolimerizacdo de lignina, e (iii)
subsequente upgrading para produtos direcionados. Esses trés estagios interconectados formam
a linha principal da valorizac&o de lignina na industria. Essas opera¢fes podem ser executadas
principalmente como processos consecutivos, separados fisicamente, ou por abordagens
combinatorias em que ocorrem duas etapas simultaneamente em um Gnico processo®®, como

observado na Figura 2.4.

Figura 2.4 - Abordagem de processos de separa¢do de lignina e consecutiva valorizagéo.
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Adaptada de Schutyser (2018)%.
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A lignina apresenta a estrutura mais firme quando comparada aos demais
macrocomponentes das biomassas lignoceluldsicas e, por sua vez, a sua degradacdo e/ou
solubilizacdo envolve mudltiplas reacdes que devem ocorrer simultaneamente para que a
estrutura seja quebrada e/ou rearranjada. No geral, a estrutura é alterada por meio de uma
combinacéo de reacOes de des- e repolimerizacdo, seguidas de inimeras outras reacdes, entre
elas recondensacdo para produtos de alta massa molarou estabilizacdo para mondmeros
fendlicos de baixa massa molar. A despolimerizacdo é a etapa mais desafiadora na conversao
de lignina em produtos valiosos, e depende fortemente do mecanismo subjacente no ambiente
de fracionamento (i) base, acido, bioldgico, redutor, oxidativo, térmico, e bem como catélise
homogeénea e heterogénea e (ii) qualidade da lignina/biomassa lignocelulosica®®®®, levando ao

fracionamento dos compostos aromaticos em estruturas mais simples ao final do tratamento.

A despolimerizacao/fragmentacdo quimica pode ser conduzida por diferentes
processos: pirolise, hidrogenacéo, hidrélise, oxidagédo e gaseificacdo. A escolha do processo e
a eficiéncia da fragmentacio dependem, principalmente, do tipo de lignina utilizada.®® Métodos
biolégicos também tém sido considerados para a despolimerizacdo da lignina por meio de
oxidacdo enzimatica ou conversdo microbiana com o uso de bactérias e fungos capazes de

decompor biomassa para realizar suas funcdes metabdlicas.®:6’

Schutyser et. al. (2018)*® resumem uma visdo geral das possiveis reacdes que
ocorrem durante o processamento da lignina. Os autores focam nas liga¢des B-O-4, por serem
as ligagdes mais reativas da estrutura, e que sdo normalmente o alvo primério no fracionamento
e despolimerizacdo da biomassa lignocelulésica. A Figura 2.5 fornece uma visao geral dos
possiveis produtos - em sua maior parte monémeros e dimeros - resultantes das reacoes
quimicas durante o processamento da lignina/biomassa lignocelulésica. Reacdes indesejaveis
acontecem em qualquer processamento de lignina, e sdo muito dificeis de evitar, entretanto,
grupos de pesquisa tém realizado esforcos para minimizar essas reacGes secundarias

indesejadas e maximizar o valor da lignina.
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Figura 2.5 — Produtos provenientes de reacdo de despolimerizacédo de lignina.
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Grande parte da lignina isolada em todo o mundo é considerada como um
subproduto de baixo valor ou uma fonte de geracdo de calor e energia barata®:®8, Dentro do
contexto de biorrefinaria, o uso desta lignina como maior fonte renovavel de aromaticos poderia
auxiliar na viabilizacdo economica da producdo de E2G. Recentemente, pesquisas cientificas
tém se concentrado em melhorar os processos de conversdo de lignina, a fim de usa-la como
matéria-prima para a producdo de produtos de alto valor agregado, tais como dispersantes para
o setor de construcéo, recuperacdo aprimorada de 6leo, producio de tinta para impressao, etc.5°;
emulsificantes como aditivos de betume; precursores para a producdo de vanilina, benzeno,
tolueno e xileno, etc.”®™; e, finalmente, para a producdo de varios tipos de polimeros de base
bioldgica, como biocompdsitos, bioplasticos, ligantes, aditivos, etc.’>",

Os produtos oriundos da lignina possuem diferentes aplicacdes devido a suas
inimeras caracteristicas, tais como antifingica, antimicrobiana’, capacidade de absorver a
radiacdo UV">78 antioxidante3, caracteristicas hidrofilicas ou hidrofobicas (depende da fonte
da lignina), boas caracteristicas reoldgicas’’ e propriedades viscoelasticas’®, habilidade na
formagc&o de filme’®, carbono percusor para armazenamento de energia®®® e compatibilidade

com uma ampla variedade de produtos quimicos industriais®.

O upgrading da lignina em produtos de alto valor agregado pode ser realizado, em
alguns casos, apés a despolimerizacdo por outros métodos, como funcionalizagdo de grupos
hidroxila e introdugéo de outros grupos funcionais. Novos desenvolvimentos focam no aumento

da taxa de biodegradacdo da lignina através da incorporagdo quimica ou bio- catalitica de outras
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moléculas na estrutura ou na sua fragmentacdo em compostos aromaticos, originando produtos

que podem ser utilizados em outras aplicacdes.>®66:8

Uma das formas de maximizar o valor da lignina é a sua utilizagdo em produtos
quimicos, e para incentivar a evolucdo de uma producao a base de petréleo para uma producgao
a base de biomassa, € necessario desenvolver uma rota viavel do uso de lignina para uma ampla
variedade de produtos de quimica fina contendo outros elementos além de C, H e O, comumente
adquiridos em ligninas derivadas de métodos como hidrogendlise, oxidacdo e hidrolise.
Reacdes de introducdo de heteroatomo (X) durante a despolimerizacdo da lignina permite novas
ligacbes C — X e O — X e, consequentemente, nova formacdo, ampliando o escopo dos
produtos®84. Um exemplo ¢ a insercao de nitrogénio a partir da reagdo de aminac&o na lignina,
essencial para produtos farmacéuticos, materiais poliméricos, agroquimicos e sintese

organica.®

Diferentes métodos de extracdao tém sido aplicados e alguns resultam em produtos
intermediarios que podem ter também diversas aplicacBes, enquanto outros reduzem ou
previnem reacdes indesejaveis, ou conseguem introduzir heterodtomos na fase de extragéo a
partir dos solventes utilizados.®®® A capacidade de remocdo de radicais da lignina ndo é a
mesma para todas as fragbes, mas dependendo do teor de hidroxila, da massa molar e da

solubilidade, entre varios outros fatores, as aplicacGes podem variar muito.

Em geral, os produtos de valor agregado derivados da lignina podem ser divididos
em trés grupos principais: biocombustiveis, macromoléculas e aromaticos, que poderiam ser
utilizados por diferentes setores. Muitos estudos relataram a possibilidade de usar a lignina
como um produto de alto valor, no entanto, ainda ndo alcancaram a escala industrial e, até agora,
0 uso de lignina foi restrito.?8648% A Tabela 2.1 destaca os principais materiais derivados da
lignina, produtos funcionais e suas aplicagdes potenciais.

Estima-se que a producdo anual de lignina seja de 50 milhdes de toneladas.®’
Ligninas com baixa pureza (e.g., kraft e lignosulfonatos) variam entre 50-280 USD/MT, ja as
de alta pureza disponiveis no mercado (e.g., organosolve com ~90% de pureza) tém precos mais
elevados, que podem chegar a 750 USD/MT.>88 Industrias na América do Norte, Reino Unido
e Europa (e.g., Alberta-pacific, Domtar Corporation, Northway, Borregaard LignoTech,
MeadWervaco, Lennoz Polymers Ltd, KMT, Technaro GmbH e Innventia) tém sido muito

ativas na pesquisa para promover a utilizagéo de lignina em escala industrial e estdo produzindo
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diferentes tipos de produtos como, por exemplo, produtos quimicos, adesivos, peliculas

agricolas, revestimentos, fibras de carbono, entre outros.

7,28

Tabela 2.1 - Materiais derivados da lignina de acordo com produtos e potenciais aplicacgoes.

Tipo de lignina

Produtos

Potencial aplicacdo

Kraft;
Lignossulfonato;
Organosolve;
Soda;

Pirolise;

Exploséao de vapor;

Lignina hidrolisada.

Biochar, bio-6leo, géas de sintese,
carvao ativado, fibras de carbono,
negro de fumo.

Compositos poliméricos leves,
adsorventes, dispositivos
eletroquimicos, automotivos.

Kraft;
Lignossulfonato;
Organosolve;
Soda;

Pirolise;

Exploséo de vapor;
Liquido ibnico;

Mondmeros e dimeros de lignina,
fendis aromaticos, alquilfendis,
aldeidos  aromaticos,  alcoois
aromaticos, &cidos, aril cetonas,
antioxidantes, dispersantes,
poliuretanos, adesivos, resinas
fenolicas, vanilina.

Produtos quimicos industriais,
adesivos de base bioldgica,
materiais multifuncionais,
blocos de construgcdo para
produtos de base bioldgica.

Kraft;
Organosolve.

Resina  de impresséo 3D
(surfactante catiénico), andaimes,
nanotubos de lignina, hidrogéis,
nanotubos de lignina.

Aplicaces biomédicas,
engenharia de tecidos,
administragao de

medicamentos.

Kraft;
Organosolve;
Liquido i6nico;

Li-ion, Na-ion batterias
(eletrodos), supercapacitores,
células solares, dispositivos de

Dispositivos de energia, bateria,
células de combustivel.

energia, bateria, células de

combustivel.
Kraft; Condicionador de solo, Pavimentos de construgéo,
Lignossulfonato; fertilizantes e pesticidas de cimento agricultura, téxteis,
Organosolve; liberagdo  controlada, agente recuperagédo de solo,
Soda; sequestrante,  absorvente  de purificacdo de agua, supressdo
Liquido idnico. contaminante, retardante de fogo.  de incéndio.

Adaptado de Hodasova et al. (2015) e Bajwa et al. (2019).7:88

2.4 Liquidos idnicos

Os liquidos i6nicos (LIs) sdo compostos formados por um cation organico e um

anion inorganico ou organico e apresentam uma temperatura de fusdo inferior geralmente a

100°C.% A sintese é um campo que esta crescendo significativamente, justamente pelo fato de

que existem um grande numero de cations e anions que podem ser combinados, portanto, séo

solventes altamente customizaveis, e consequentemente, com uma ampla gama de aplicagdes.*®
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LIs j& sdo aplicados em processos de extracdo, reacfes de sintese, catalise
homogénea e heterogénea em processos eletroquimicos, biocatalise, purificacdo por extracéo
liquido-liquido, remocdo de ions metélicos, purificacdo de gases, degradacdo fotolitica de

compostos organicos, e mais recentemente, na valorizagdo da biomassa lignocelulésica. %2092

Os LIs sdo subdivididos em dois grupos: liquidos idnicos proticos (LIPs) e liquidos
ibnicos aproticos (LIAs). Os liquidos iénicos préticos (LIPs) séo sintetizados através da reacéo
de neutralizacdo estequiométrica com acidos e bases de Bronsted (Eg. 1), que atribui uma
caracteristica Unica, um préton disponivel no céation. Os demais LIs sdo classificados como

aproticos (LIAS).
B+A —» HB'+ A (1)

Os céations mais comuns na sintese de LIPs podem incluir aminas primarias,
secundarias e terciarias e anions organicos (carboxilatos) e inorganicos (nitrato ou
hidrogenossulfato). Essa gama de combinagOes pode gerar propriedades de interesse para o
mercado em diversas areas, além desses LIs serem um grupo que se encontra em crescimento.
Como reportado Greaves et al. (2008, 2015)**%, recentemente houve um aumento no nimero

de publicagBes abordando o uso de eletroquimica e aplicacdes bioldgicas™®.

A maioria dos LIPs sdo considerados ambientalmente e economicamente amigaveis
porque nao requerem etapas de purificacdo e ndo ha geragdo de residuos e subprodutos, perda
de solventes e emisséo reduzida de CO2. Em contraste, os LIs de imidazol, que sdo LIAs
comumente aplicados ao fracionamento de biomassa, apresentam custos de producdo mais
elevado por questdes de purificacdo e ambientes controlados. Os LIPs apresentam propriedades
interessantes como pressao de vapor proxima de zero, alta condutividade e, diferentemente dos

LIAs, apresentam um hidrogénio ionizavel.

A caracterizacdo dos Lls pode ser realizada por analises fisico-quimicas que
incluem ponto de fuséo, ponto de ebulicdo, temperatura de decomposicao, densidade, indice de
refracdo, tensdo superficial, viscosidade, condutividade ionica, entre outros. A estabilidade
térmica é avaliada por valores de temperatura de decomposi¢éo definidos pela perda de massa
de 10% do LI, usando analise termogravimétrica. Os anions apresentam a principal influéncia
para uma maior estabilidade térmica, principalmente &nions com poucas interagcbes com outros
ions. Uma excecdo € o anion formiato, que apresenta uma menor estabilidade térmica devido a

uma reacdo de condensagio.%*%
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A viscosidade, considerada a principal caracteristica dos LIs, é dependente das
interacdes ion-ion, interacdes van der Waals e ligacdes de hidrogénio, com maiores interacdes
levando a maiores viscosidades. A estrutura do anion tem um efeito muito maior sobre a
viscosidade do que o cation. Em LIPs, os cations aumentam a viscosidade com o aumento do

comprimento da cadeia alquila, ou também com substitui¢do de hidroxila ou metila na cadeia.®*

Os artigos mais completos sobre LIPs sdo de Greaves e Drummond'®®!, que
apresentam aproximadamente 315 sinteses de LIPs com céations de grupos alquilaménio,
imidazdlio e heterociclico combinados com uma gama de &nions, suas respectivas propriedades
térmicas e aplicagdes. Outro trabalho é o de Bicak®, que sintetizou um LIP a partir da
neutralizacdo de monoetanolamina com &cido férmico. Greaves et al. (2006)%® propuseram
diferente LIPs a partir de aminas priméarias com acidos inorgénicos e organicos. Verdia et al.
(2014)% sintetizaram LIPs a partir da mistura de 1-butilmidazol e acido sulftrico, destacando
que esse tipo de LI possibilita aplicacdes em diferentes areas por possuir prétons com alta
mobilidade e facilmente trocaveis. George et al. (2015)° realizaram um extenso estudo de
sintese com a utilizacdo do anion hidrogenossulfato e sua combinagdo com sete cations: mono,
di e trietilamonio, mono, di e trietanolamdnio, e diisoproprilaménio. Pin et al. (2019)'
realizaram uma triagem de onze LIPs combinando cations com aminas primarias, secundarias
e terciarias e anions acético e hidrogenossulfato para verificar o comportamento da biomassa

em meios acidos e alcalinos.

Os autores citados afirmam que esses LIPs possuem uma elevada estabilidade
térmica, reduzindo o risco de degradacdo, além de evitar residuos associados ao processo. E
enfatizado também o baixo custo baseado nas estruturas utilizadas® e a simplicidade de
sintese'® dos LIPs, vistos como uma vantagem que impulsiona o interesse do mercado, além de
n&o haver formagao de subprodutos e serem solliveis em agua.®>*® Além disso, a reciclagem de
LI é possivel devido a sua estabilidade térmica e permite a reducdo dos custos de pré-tratamento
e mitigacdo dos efeitos ambientais.??29%1%0 A reciclagem do solvente é obrigatdria para se
obter um processo economicamente viavel, e até 0 momento, j& foi demonstrado que é possivel
reciclar um liquido i6nico mantendo sua capacidade de solubilizar a lignina da biomassa na

mesma medida.?12°
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2.5  Pré-tratamento com liquidos idnicos

A eficiéncia de separar os macrocomponentes das biomassas lignocelulésicas,
incluindo a lignina, é um parametro crucial, uma vez que impulsiona a conversdo das fracdes
no desenvolvimento do produto final.2® Diversos processos de pré-tratamentos podem ser
empregados a fim de modificar/solubilizar as fragdes da biomassa lignocelulésica, cujos
rendimentos e custos variam de acordo com o tipo de biomassa, processo de separagdo e
condigdes operacionais do pré-tratamento. Alguns métodos visam solubilizar parcialmente a
lignina e diminuir a cristalinidade da fragdo celuldsica ou, dependendo do tipo de pré-

tratamento, promover a solubilizagdo da fragdo hemiceluldsica da biomassa. %10t

Diferentes métodos de pré-tratamentos tém sido desenvolvidos, cada um com suas
vantagens e desvantagens. Como exemplo, podemos citar o processo de explosdo a vapor com
amonia (AFEX), que aumenta a area superficial da biomassa, mas apresenta baixa eficiéncia de
extracdo em biomassas com altos teores de lignina; o acido diluido, que solubiliza altas fracdes
de hemiceluloses, mas baixas fracGes de lignina, e o0 processo organossolve, onde pode ser
observada uma alta solubilizacdo da fracdo de lignina, mas que acarreta um alto custo no
processo.!! No geral, procedimentos alcalinos e empregando solventes organicos sdo os
métodos mais eficientes para extracdo de lignina, a qual pode ser usada como uma
macromolécula inalterada ou pode ser posteriormente modificada, por meio de processos de

despolimerizacéo (ou fragmentagdo), em formas mais simples e utilizaveis.®

Um pré-tratamento efetivo estd relacionado coma baixa degradacdo da celulose,
promocdo de um material altamente hidrolisavel e diminui¢do do consumo de energia e de
reagentes. Estudos recentes apontam o desenvolvimento do processamento de biomassa
lignoceluldsica com LIs, 161725102103 Este pré-tratamento mostra a facilidade do solvente em
interagir com a biomassa, a alta efetividade na dissolucdo de fragfes da mesma e um reagente
que pode ser reciclado dentro do processo, além das perspectivas de chegarem ao preco de pré-
tratamentos mais baratos ao longo dos anos.>%2

Os atuais métodos para dissolucdo de materiais lignocelulésicos sé@o processos nos
quais os solventes e produtos muitas vezes sdo volateis, toxicos ou de dificil recupera¢ioo.%
Uma alternativa atual sdo os LIs, considerados de grande potencial frente aos demais pré-
tratamentos encontrados em literatura, pois alguns deles apresentam uma alta eficiéncia na
solubilizacéo de lignina e acessibilidade de celulose na etapa de hidrolise enzimatica, além do

solvente ser considerado reciclavel e reutilizavel no processo.>%® Alguns Lls podem diminuir a
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cristalinidade da celulose, aumentar a solubilidade da lignina e ainda manter a fragédo

hemicelulosica junto & biomassa.'®2

A forma de interagdo do LIP com a biomassa ainda é considerada uma caixa preta
na literatura e os autores partem de suposi¢des baseadas na combinagdo dos cétions e anions
formados, pois a forca e a direcionalidade de interacdes entre os LIPS e os principais
componentes da biomassa ainda € objeto de debate. Os cations possivelmente tém facilidade de
interagir com a superficie da celulose por meio de forcas de disperséo e liga¢des de hidrogénio
entre os a&tomos de oxigénio nas ligacBes glicosidicas e grupos hidroxilas, reduzindo a
cristalinidade da celulose.>'%® Uma caracteristica importante do céation é o tamanho de sua
cadeia, neste caso a interacdo é facilitada quando a cadeia for menor, consequentemente

penetrando mais facilmente nas fibras.®

A interagdo do anion com a biomassa também pode ser observada. Os anions
acetato, formiato, propionato e lactato apresentam alguns resultados eficazes e isto pode estar
ligado a interacdo com grupos hidroxila a partir da formacéo de fortes ligaces de hidrogénio.
Em contrapartida, o hidrogénio ionizéavel do LIP pode competir com um grupo hidroxila do
mesmo, se houver, diminuindo o ataque as hidroxilas.391:104106-108 Alquns autores afirmam que
anions de cadeia organica pequena combinados com cations pequenos podem interagir de forma
mais eficiente com os grupos hidroxilas da celulose, pois 0s anions interagem com 0s grupos
hidroxilas, competindo com as interagdes entre as lamelas da celulose, separando as cadeias e
seus vizinhos laterais®®+191%°_j4 quando o &nion é combinado com cadeias de cations maiores,
consequentemente podem ser geradas interacdes de Van der Walls e ligacGes de hidrogénio

mais intensas que dificultam a interagdo com o meio.1%>!10

As hemiceluloses, em alguns casos, sdo mantidas junto a biomassa lignocelulésica,
sem a necessidade de sua recuperacdo na fracdo liquida, o que para alguns processos, pode ser
desejavel.® Além disso, o LIP muitas vezes consegue agir de forma eficiente na solubizacio da
lignina, podendo esta ser recuperada por precipitacdo no licor extraido apos o pré-tratamento.®1°
A recuperagéo da lignina € uma das vantagens do pré-tratamento com LI, grande influéncia da
sua solubilizacdo é devida a natureza do anion.!'! Essa fracdo pode ser considerada para
produtos quimicos de maior valor agregado, que podem diminuir alguns custos do processo

como um todo. 112113

Os LIPs em geral podem ser considerados de baixo custo para o processo de pré-
tratamento de biomassa lignocelulésica.®” Brandt-Talbot et al. (2017)?! apresentaram o custo
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de LIP de aproximadamente US$ 0,50 por kg de LIP quando combinado com o processo de
recuperacdo e reciclo de 99% no pré-tratamento, valor esse abaixo do estimado por Klein-
Marcuschamer et al. (2011)!3, entre US$ 2,50 a 50 por kg de LI para LIAs.

Apesar dos custos ainda ndo serem atraentes, os LIs estdo se encaminhando para se
tornarem competitivos no mercado, especialmente por promoverem resultados competitivos
quando comparados com outras tecnologias de pré-tratamento. Verdia et al. (2014)% utilizaram
0 hidrogenossulfato de 1-butilimidazolio [Csamim:H2SO04] com razBes molares &cido-base de
1,00:0,99 diluidos em agua (20% agua e 80% LI, v/v) para pré-tratar a biomassa Miscanthus
giganteus. Apos um pré-tratamento a 120°C por 2, 4 e 24 h, seguido de hidrolise enzimatica de
96 h foram obtidos 65, 80 e 84% de conversao de glicose, respectivamente. Brandt-talbot et al.
(2017)%, também trabalharam com Miscanthus giganteus e apos 168 h de hidrolise obtiveram
77% de rendimento de glicose no pré tratamento com hidrogenossulfato de trietilaménio a
120°C por 8 h e 20% de agua. Os autores citados utilizaram no maximo 10% de solidos durante
a etapa de pré-tratamento e 1% na hidrdlise enzimatica. Os tempos utilizados, tanto de pré-
tratamento quanto de hidrolise, sdo considerados longos, o que pode favorecer o maior
rendimento de hidrolise enzimética e, quando combinados com a adicdo de agua no pré-

tratamento, resultaram em conversdes de celulose mais elevadas.?:%

Temperaturas mais elevadas podem ser usadas para diminuir o tempo de pré-
tratamento, entretanto deve-se ter cuidado para minimizar as reacfes secundarias e manter a
estabilidade da molécula do LI utilizado sem degradacdo!!*. Ja a adigdo de agua € o diferencial,
pois quantidades apreciaveis adicionadas ao processo podem contribuir de forma eficaz ao pré-
tratamento com LIPs, eliminando a necessidade de condi¢des anidras e diminuindo quantidades
excessivas de LI no processo. Brandt et al. (2015)'*° comentam que a interacéo da agua e do
LIP gera um mecanismo onde o préton com maior mobilidade pode esta mais disponivel no

processo.

Rocha et al. (2017)*° utilizaram 15% de agua no pré-tratamento de bagago com
2HEAA (acetato de 2-hidroxietanolamonio) por 2 h a 150°C, seguido de hidrolise enzimatica
(Cellic Ctec2) por 48h e obtiveram 77,4% de conversdo de celulose. Além da promissora
conversdo, esse LIP apresenta alta eficiéncia na solubilizacdo de lignina e mantém as
hemiceluloses na biomassa pré-tratada. Pin et. al. (2019)!" avaliaram alta solubilizagdo de
lignina do bagago utilizando utilizando anion acetato [Ac], este considerado promissor na

solubilizacéo de celulose, uma vez que combinado de maneira correta com o cation pode gerar
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altas conversdes de celulose junto & solubilizagio de lignina.%''® Rashid et al. (2016)’
obtiveram solubilizacGes de 70%, 64% e 55% (m/m) de lignina para os LIs com anion formiato,
acetato e propionato, respectivamente, combinados com cation piridinio a temperatura de 75°C.
O aumento do comprimento da cadeia do anion resultou na diminuicdo da solubilidade da

lignina.

O uso de LIPs para processamento da biomassa lignocelulosica € uma alternativa
promissora pela alta solubilizag&o de lignina e, consequentemente, altas conversdes de acucares
na hidrolise enzimatica posterior. O design dos solventes (combinacdo cation/anion) é desejavel
para obter diferentes produtos, principalmente alterar quimicamente a estrutura da lignina
obtida, tornando-a mais interessante do ponto de vista econdmico e em termo de novas

aplicacdes.

2.6 Hidrolise enzimatica e fermentacéo alcodlica

A hidrélise enziméatica € um processo que permite a conversdo de celulose e
hemiceluloses remanescentes na biomassa em acgucares monomeéricos e oligossacarideos de
baixa massa molar.!* A producéo destes agticares depende do complexo enzimatico escolhido,
da estrutura fisica da biomassa e da remocéao de lignina, que favorece a melhora do desempenho

do processo de hidrolise, embora ndo seja imprescindivel.

Zheng et al. (2009)8 e Alvira et al. (2010)! afirmam que a hidrdlise enzimatica é
considerada a chave para a producdo de E2G ser considerada economicamente viavel, pois uma
menor quantidade de subprodutos é gerada, resultando em um alto rendimento de acUcares
fermentesciveis. Contudo, para se atingir uma alta converséo da celulose, podem ser necessarias
altas concentragdes da enzima e seria desejavel que as mesmas fossem recuperadas e recicladas,

podendo assim ser utilizadas em altas concentracdes, a baixo custo.®%°

As enzimas sdo consideradas 0s agentes mais importantes no processo de hidrélise.
As enzimas celulases, que sdo altamente especificas, sdo utilizadas na conversdo da fragcdo
celulosica em glicose. As celulases s&o um complexo enzimatico cujos trés maiores grupos

120 Esse

envolvidos no processo sdo: endoglucanases; exoglucanases e [-glucosidases
complexo trabalha em sinergia, onde as enzimas endoglucanases agem de forma aleatdria,
clivando a ligagéo do tipo -1-4 entre duas moléculas de glicose dentro da cadeia de celulose,
enquanto as exoglucanases removem as unidades de celobiose a partir das extremidades da

cadeia da celulose e as p-glucosidases quebram a celobiose em duas unidades de glicose.*?
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Dependendo da composicdo da biomassa a ser hidrolisada, enzimas acessorias (lacases,
peroxidases, galactanase, mananases, liase e pectinase) também se fazem necessarias. A
presenca dessas enzimas acessorias torna a celulose mais acessivel ao ataque enzimatico,

algumas até promovem a dissolucéo da hemicelulose e a degradacio da celulose!?2123,

Para alcancar altos rendimentos na hidrolise enzimatica ha diversos fatores que
devem ser levados em consideracdo, entre eles concentracdo de sélidos, agitacao, temperatura,
pH e carga enzimatica. Altas concentragdes de solidos implicam em um aumento da inibicéo
enzimatica por produto, portanto a hidrélise é conduzida normalmente em torno de 10-15% de
solidos!?. A agitacdo em torno de 150-200 rpm ajuda a quebrar a dificuldade de mistura do
meio reacional, principalmente em cargas de sélidos mais elevadas. A temperatura e o pH
apresentam faixa ideal de 50-60°C e de 5-6, respectivamente, para desempenho eficiente da
enzima*2121125-127 por fim, a relagdo enzima-substrato é levada em consideragdo, visto que o
aumento na concentracdo de enzima aumenta a velocidade da hidrélise. Porém, o excesso da
mesma compromete a viabilidade do processo, devido ao alto custo. Uma faixa que varia entre
5 FPU/g até 100 FPU/g de substrato é apresentada por diversos autores*>125127.128 "entretanto
atividades na faixa de 10-15 FPU/g de substrato s&o os valores limites para que 0 processo seja
economicamente viavel em processos industriais’?®®. Atualmente, o principal coquetel
enzimatico comercial utilizado é o Cellic CTec da Novozymes, produzido a partir de fungos e

suplementado com outras enzimas, a fim de se obter formulages otimizadas eficientes.**

A busca por condicGes cada vez mais eficientes e que se adequam as condi¢des
necessarias para cada etapa do processo de producdo do etanol lignocelul6sico tem se
intensificado. Além de estudos no processo de hidrolise®**'32 podem ser obtidos melhores
resultados conduzindo a etapa de hidrolise simultaneamente a fermentacéo (SSF), ou realizar
as duas etapas separadamente (SHF). Neste trabalho, a hidrdlise e a fermentacdo foram
realizadas em unidades independentes, sendo a principal vantagem desse processo a
possibilidade de se conduzir ambas as etapas em condi¢des 6timas de pH e temperatura, além
de ser possivel reciclar a biomassa na etapa de fermentagéo, 0 que é necessario para minimizar

Custos.

A fermentacéo alcodlica € um processo bioldgico no qual agucares sdo convertidos
por microrganismos em E2G e COz. O bagago geralmente contém o0s seguintes agucares
principais, D-glicose da celulose e D-xilose das hemiceluloses. Atualmente, a producdo de

etanol combustivel nas destilarias brasileiras é realizada pela levedura Saccharomyces



44

cerevisiae, método bem estabelecido capaz de metabolizar e converter as hexoses em etanol,
processo conhecido como etanol de primeira geragdo (1G).**®* No entanto, a S. cerevisiae é
incapaz de fermentar pentoses (C5), o segundo aglcar mais abundante na natureza, reduzindo

o rendimento potencial de etanol de biomassa lignocelulésica.!341%

A fermentacdo de aclUcar hemicelulésico é fundamental para a conversao
econbmica da biomassa lignocelulésica em biocombustiveis. Entre as espécies selvagens que
fermentam xilose encontradas na literatura, as leveduras mais comuns sdo Scheffersomyces
stipitis e Spathaspora passalidarum, que séo consideradas as cepas mais interessantes por sua
capacidade de fermentar xiloses e glicose a etanol. Por outro lado, ainda existem alguns desafios
técnicos, como baixa tolerdncia ao etanol, em torno de 30 a 35 g/L, preferéncia em primeiro
metabolizar a glicose, consequentemente reduzindo a taxa de captacéo de xilose e a existéncia

da necessidade de controle do fluxo de oxigénio para o equilibrio redox.3¢-138

Com o intuido de resolver problemas de consumo dos acUcares. Farias e Maugeri
(2019) utilizaram combinacdo de leveduras (S. cerevisiae, S. stipitis e S. passalidarum) para
fermentar hexoses e pentoses com o interesse de melhorar a producéo de etanol a partir do
bagaco. Estes autores sugeriram que a eficiéncia melhorada e boa escalabilidade do processo
de fermentacdo de ambos os agucares € uma base importante para a viabilidade econdmica da
producdo de bioetanol a partir de lignoceluloses. Outra forma de melhorar os resultados de
consumo de acUcares disponiveis € o uso de cepas modificadas para obter melhores resultados
e até mesmo para resolver um problema especifico. Hahn-Hagerdal et al. (2007)!% revisaram
diversas modificacbes genéticas de S. cerevisiae capaz de fermentar todos os acucares
disponiveis. No entanto, alguns desafios permanecem, como a afinidade da levedura pela xilose
ser muito mais baixa do que a glicose e 0 microrganismo ser mais sensivel a substancias

toxicas“e,

Atualmente, a producdo de etanol depende fortemente da levedura utilizada na
fermentagdo de carboidratos. Por outro lado, alguns dos compostos formados durante o pre-
tratamento da biomassa lignocelulosica tém um potencial efeito inibitorio no processo de
fermentacdo. Esses compostos oriundos de decomposicdo de aglcar e degradacédo de lignina
sdo acidos alifaticos (acéticos), furaldeidos (furfural e 5-hidroximetilfurfural) e compostos
aromaticos'*143, A concentracdo desses compostos varia com o tipo de matéria-prima,
materiais e condi¢des de pré-tratamento, mas sdo comumente observados em pré-tratamentos

acidos!3*1%143 Em contrapartida, hidrolisados obtidos de pré-tratamentos com liquidos idnicos
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(alcalinos) praticamente ndo apresentam tais inibidores, principalmente quando comparado aos
hidrolisados obtidos de pré-tratamentos acidos, que apresentam concentracfes de inibidores
que podem reduzir o rendimento de etanol em 80%, necessitando de uma etapa de

destoxificacdo para minimizar este problema, o que aumenta os custos do processo.'#4
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CAPITULO 3

3. Metodologia experimental

Neste capitulo sdo apresentadas as metodologias utilizadas ao longo do estudo,
desde sintese dos 20 LIPs até especificacdes das analises das ligninas realizadas em parceria
com o LNBR/LNBio/CNPEM em Campinas/SP e a University of Tennessee/Oak Ridge
National Laboratory nos EUA (2D HSQC NMR, 3P NMR, GPC, FTIR, TGA, Py-GC/MS e
andlise elementar), assim como a descricdo das etapas de pré-tratamento, hidrdlise enzimatica

e fermentacdo. Os detalhes dos procedimentos realizados estdo descritos nos Apéndices.

3.1. Sintese e andlise dos LIPs

O estudo avaliou 20 LIPs oriundos da combinacdo de &cidos acético, formico,
lactico e maldnico com as bases etilamina, etanolamina, etilenodiamina, butilamina e
hexilamina. Na Tabela 3.1 sdo apresentadas as estruturas de cations e anions com suas

respectivas siglas e nomes.

Tabela 3.1-Cétions e anions.

Cétions Anions
Nome Formula Abreviagéo Nome Formula Abreviagéo
molecular molecular
. . + . o
Etilamina ~“NH, [Eti] Acetato P [Ac]
o)
Etilenodiamina "'2'\'\/\[\1+|_|3 [Etid] Formiato y )LO_ [For]
0]
Etanolamina HO -~ N+H3 [2He] Lactato o [Lac]
OH
O o
Butilamina " NH, [But] Malonato | LI - [Mal]
Hexilamina |~ """NH,|  [Hex]

Todos os LIPs foram sintetizados no Laboratério de Engenharia de Processos
Fermentativos e Enzimaticos (LEPFE), da Faculdade de Engenharia Quimica (FEQ) na

UNICAMP. As sinteses foram baseadas no trabalho de Rocha et al. (2017)* e foram realizadas
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pelo método de neutralizacdo &cido-base, utilizando uma razdo equimolar. A base foi
adicionada em um reator de vidro encamisado de 500 mL com uma tampa de trés bocas, sendo
acoplada a um funil de decantacdo com gotejador para o &cido e um agitador mecanico
(Marconi, MA-259) com agitagdo de 120 rpm. O reator foi resfriado por banho termostatico
(Marconi, MA-184) com circulacdo de agua na camisa para manter a temperatura em 5°C, pois
a reacdo € exotérmica. O acido foi gotejado no reator pelo funil de decantacdo para ndo haver
excesso de aguecimento no momento da rea¢do. Apoés a sintese, foram realizadas anélises para
obtencéo de dados fisico-quimicos dos solventes, como concentracdo de &gua, usando titulador
Karl Fischer; espectroscopia de infravermelho por transformada de Fourier (FTIR); analise
termogravimétrica (TGA), determinacdo do pH e calculos de acidez, basicidade e net-basicity.
Os procedimentos analiticos e descrigdes detalhadas de cada analise e célculos foram
apresentadas no Apéndice B.

3.2.  Preparacdo e caracterizacdo quimica do bagaco

O bagaco de cana-de-agUcar utilizado nos experimentos foi fornecido pela usina
Santa Maria, localizada municipio de Manduri, no estado de S&o Paulo. O bagaco foi obtido
apos a extracdo do caldo de cana e mantido em uma pilha descoberta, proveniente de cana
colhida durante a safra de 2016/2017. O material foi seco em temperatura ambiente e

armazenado em sacos plasticos em ambiente ausente de umidade para posterior utilizagao.

A caracterizacdo do bagaco in natura (Tabela 3.2) e ap6s cada etapa de pré-
tratamento foi realizada no LNBR e o Laboratério de Bioenergia (Bioen), localizado na
FEQ/Unicamp, e foram quantificados os teores de cinzas, extrativos, celulose, hemiceluloses e
lignina. As metodologias sdo baseadas em Sluiter et al. (2016)* e os detalhes apresentados
analiticos foram apresentados no Apéndice C.

Tabela 3.2 — Dados para bagaco in natura.

Celulose Hemicelulose Lignina Cinzas Extrativos
Composicgao (%) (%) (%) (%) (%0)
33,9+0,9 21,75+0,6 252+09 44+00 8,98 £ 0,0
R Concentracgao (g/L) Conversao (%)
Hu_jrqh_se Glicose Xilose Glicose Xilose
enzimatica

7,25+ 0,61 2,78 +£0,48 15,13+ 0,58 10,43 + 0,37
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3.3. Pré-tratamento

Em uma primeira etapa foi realizado um estudo com 20 LIPs projetados com a
intengdo de avaliar o efeito do tamanho da cadeia e a influéncia dos diferentes radicais do cation
e também da interacdo de diferentes grupos de anions. Baseado nas analises de TGA dos LIs
foi possivel determinar a temperatura de degradacdo (Tonset) COrrespondente a cada LIP e
determinar qual a maior temperatura do pré-tratamento que poderia ser usada sem que ocorresse

a degradagéo do LIP (~10°C abaixo da Tonset), conforme apresentado na Tabela 3.3.

Tabela 3.3 - Temperaturas de pré-tratamento.

Temperatura
LIP °C)
[Etid][For] 90
[Eti][Ac] 105
[Eti]For] 120
[But][Ac] 125
[Eti]Mal]; [Etid][Lac] 130
[Hex][Ac]; [Hex][For] 135
[Etid][Ac]; [But][For]; [But][Mal] 140
[Hex][Mal] 145
[2He][Mal] 150
[Eti]Lac] 155
[Etid][Mal]; [2He][For]; [2He][Lac] 160
[But][Lac]; [Hex][Lac] 165
[2He][Ac] 175

Os pré-tratamentos com os diferentes PILs sintetizados foram realizados na
temperatura méaxima determinada (Tabela 3.3) e empregando o bagaco de cana sem passar por
qualquer etapa de moagem ou lavagem, com 10% (m/m) de solido (base seca), por 2 h e com
uma razéo LIP:H,0 de 5:1 (m/m), com base no trabalho de Rocha et al. (2017)*6. Esses ensaios
foram realizados para se determinar quais 0s LIPs mais promissores com base na solubilizagéo
de lignina e na conversdo na hidrolise enzimatica (item 3.4). Os detalhes do procedimento de
pré-tratamento foram apresentados no Apéndice D.

Ap0s determinar quais os solventes mais promissores em termos de recuperacao de
acucares fermentesciveis ap0s a etapa de hidrdlise enzimatica e solubilizacéo da lignina no pré-
tratamento, trés planejamentos experimentais, um para cada um dos solventes, foram realizados

com o intuito de otimizar a conversdo dos polissacarideos e solubilizagcdo de lignina,
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considerando o tempo e a temperatura como fatores. Na Tabela 3.4 podem ser observadas as
condicdes do planejamento realizado com 10% (m/m) de solidos (base seca) e razdo LIP:H;0
de 5:1 (m/m).

Tabela 3.4 - Planejamento experimental do pré-tratamento com LIPs [Etid][Ac], [Etid][Lac] e
[2He][Lac].

Temperatura (°C) Tempo (h)
LIP Nivel
-1 0 +1 -1 0 +1
[Etid][Ac] 120 130 140
[Etid][Lac] 110 120 130 1 2 3
[2He][Lac] 140 150 160

Nesta etapa, o LIP [2He][Ac] também alcangou resultados competitivos para um
solvente promissor, mas ndo foi selecionado por ja ter estudos concretos dentro do grupo de
pesquisa por Rocha et al. (2017)* e Nakasu et al. (2020;2021)?>!4 no tema pré-tratamento,

hidrolise enzimatica e fermentacao.

3.4. Hidrélise enzimética

Todas as amostras obtidas dos pré-tratamentos foram submetidas a hidrolise
enzimatica a fim de avaliar a influéncia dos LIPs na susceptibilidade do bagaco ao ataque
enzimatico. Tanto na etapa de screening com todos os LIPs quanto na otimizacdo do pré-
tratamento com os 3 LIPs escolhidos (Tabela 3.4), as hidrolises foram realizadas por 72 h para
se obter o maximo de acucares fermenteciveis das amostras. Todas as hidrolises foram
realizadas em shaker orbital (Marconi, MA 832) a 10% (m/m) de s6lidos, em tampao citrato
0,05 mol/L, pH 4,8, a 50°C e 150 rpm, empregando uma carga enzimatica de 15 FPU/g de
bagaco (Cellic Ctec2, Novozymes). Os detalhes do procedimento experimental da etapa de
hidrolise foram descritos no Apendice D.

3.5.  Fermentagéo

A partir do planejamento experimental realizado de acordo com a Tabela 3.4 foi
escolhida a condicdo que apresentou o melhor desempenho no pre-tratamento e na hidrélise
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enzimatica para cada LIP avaliado. Os ensaios foram realizados empregando Spathaspora
passalidarum NRRL Y-27907, estocada em meio Agar YPD a 4°C, capaz de metabolizar xilose
e glicose. Inicialmente foram realizadas as etapas de pré-inoculo, inéculo e propagacdo de
célula, conforme detalhes do procedimento experimental descritos no Apéndice D.

A fermentacdo foi realizada em erlenmeyer de 500 mL, com 200 mL de meio, em
shaker, nas condicdes de 30°C e 150 rpm. O meio continha (g/L): células em suspenséo (8,0);
hidrolisado (50,0); extrato de levedura (3,0); ureia (2,3) e MgS0O4.7H20 (1,0). A fermentacéo
foi mantida até os agUcares presentes no meio serem consumidos, e aliquotas de 2 mL eram
retiradas periodicamente para analise de concentracdo de acucares, etanol, acido acético,
glicerol e xilitol em cromatografia liquida de alta eficiéncia (HPLC). Os parametros calculados
para avaliar a performance da fermentacdo foram: rendimento (n), produtividade volumétrica
do etanol (Qp), conversao de acucar em etanol (Yris) € em biomassa celular (Yxss). Todas as

equacOes foram apresentadas no Apéndice D.

3.6.  Caracterizagdo das ligninas

As ligninas recuperadas em cada um dos processos de pré-tratamento (Apéndice E)
foram caracterizadas por ressonancia magnética nuclear 2D, usando correlacdo heteronuclear
de quantum unico (2D HSQC NMR); Ressonancia magnética nuclear do fosforo (°:P NMR),
pirdlise acoplada a cromatografia a gas/espectrometria de massas (Py-GC/MS); Cromatografia
de permeacdo em gel (GPC); Espectroscopia no infravermelho por transformada de fourier
(FTIR); Andlise elementar, determinacdo da Cooo formula, grau de insaturagdo (DOU),

estruturas ndo condensadas (NCS) e analise termogravimétrica (TGA).

As andlises 2D HSQC NMR, Py-GC/MS, TGA e FTIR foram realizadas no
Laboratorio de Biociéncias (LNBio) e Laboratério Nacional de Biorenovavéis (LNBR),
pertencentes ao Centro Nacional de Pesquisa em Energia e Materiais (CNPEM), localizado em
Campinas, SP/Brasil, como auxilios a usuario externo. A analise de GPC foi realizada no grupo
do Dr Jason P. Hallet da Imperial College/Londres durante doutorado sanduiche de um dos
membros do grupo de pesquisa.?® As analises 2D HSQC NMR, 3P NMR, GPC e FTIR foram
realizadas durante o periodo de pesquisadora visitante da autora no grupo do Dr. Arthur
Ragauskas na Universidade do Tennessee - Knoxville e no Laborat6rio Nacional de Oak Ridge
(ORNL) nos Estados Unidos da Ameérica.
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As ligninas obtidas a partir do estudo de screening de pré-tratamento foram
analisadas empregando todas as técnicas mencionadas, enquanto as ligninas obtidas dos
planejamentos experimentais foram analisadas empregando as técnicas de 2D HSQC RMN, 3P
RMN, GPC e FTIR. As analises de GPC nesta segunda fase foram realizadas no grupo do Dr.
Ragauskas e, sendo assim, foi considerada a insercdo de uma etapa de acetilacdo das amostras
de ligninas precipitadas, devido as demandas especificas do grupo de pesquisa. Os detalhes

experimentais das analises foram descritos no Apéndice E.
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CAPITULO 4

4. Design de LIPs e a influéncia da sua estrutura no pré-tratamento

Os LIPs, liquidos & temperatura ambiente, atrairam atencdo ao longo dos anos pela
gama de aplicacdes, principalmente na area de quimica verde. Estes LIs sdo qualitativamente
diferentes, porque a sua ionicidade € ajustavel em virtude das diferentes forcas motrizes geradas
pela transferéncia de prétons, o qual pode ser escolhido.’*” Esses solventes possuem a
capacidade de ter sua funcéo direcionada de acordo com suas caracteristicas, ja que a escolha
de cations e anions geram diferentes caracteristicas e estas podem atuar de forma a se
correlacionar de forma positiva ou negativa aos resultados obtidos no pré-tratamento da

biomassa.

O pré-tratamento € a etapa mais importantes entre as etapas de uma biorefinaria,
mas também esta entre as etapas mais caras, por isso é tdo visada em estudos para otimizar e
diminuir os custos do processo. O pré-tratamento usando LIPs tem o intuito de promover a
susceptibilidade dos polissararideos a hidrdlise enzimatica e solubilizar a lignina para

aproveitamento em outros fins de valor agregado.

Neste capitulo serdo mostrados os resultados de sintese e caracterizacdo dos LIs,
juntamente com a sua atuacdo para o pré-tratamento de bagaco. O uso de distintos LIPs
elucidam a influéncia da estrutura do cation e do anion no pré-tratamento do bagaco. Ele seréa
apresentado na forma de um artigo que foi aceito na revista Energy'*. No final do artigo
apresenta-se um item de consideragdes para fechamento e o supplementary information (SI) no
Apéndice A.
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4.1. Structural features of protic ionic liquids and their impact on pretreatment performance
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4.1.1. Abstract

Biomass pretreatment with protic ionic liquids (PILS) is a promising source of
renewable energy and bioproducts, in which different cation/anion combinations may present
different behavior towards biomass modification such as selective lignin and/or carbohydrate
solubilization. The potential of 20 PILs as pretreatment agents was investigated, whose cations
presented two different functional groups and different carbon chain lengths. The best solvent
in terms of lignin solubilization during pretreatment was obtained by cations with a functional
group (-OH and -NH2). High cellulose conversion was obtained with ethanolamine and
ethylenediamine monoacetate ([2He][Ac] and [Etid][Ac]), under different pretreatment
conditions (175 °C and 140 °C for 2 h, respectively). The presence of an alkaline anion and a
functionalized cation enhanced the pretreatment effectiveness. The results presented in this
work will be useful to design novel protic ionic liquids for pretreatment applications in biofuel

processes, which can also be integrated to produce bioproducts within the biorefinery concept.

4.1.2. Results and discussion
4.1.2.1. PlLs analysis

TGA analysis showed increasing PIL mass loss (wt %) with temperature increase
(Tabela 4.1). TGA graphs can be seen in Appendix A. Cations without functional groups
showed positive correlation between stability and chain length, [Et] > [But] > [Hex]. [Et] was
more prone to degradation when compared to [But] and [Hex], which can be observed by the
mass loss in temperatures higher than 200 °C. The presence of functional groups in the cations,
[Etid] and [2He], provided a higher thermal stability (presence of mass in the range 200°C -
400 °C) due to PIL interaction via hydrogen bonds. Such increase in thermal stability also was
observed by Cao and Mu, (2014)%*°, considering 66 ILs different.



55

Tabela 4.1 - The mass loss (%) for PILs on the temperature ranges employed in the TGA

analyses.
PIL 25-100°C  100-150 150-200°C  200-300°C  300-400°C
[Et][For] 20.0 58.3 - - -
[Et][Ac] 22.7 - - - -
[Et][Lac] 15.5 30.7 73.6 - -
[Et][Mal] 8.6 38.0 - - -
[2He][For] 2.7 7.7 31.2 - -
[2He][Ac] 1.4 4.7 20.0 88.0 99.5
[2He][Lac] 5.0 10.9 20.3 97.2 99.8
[2He][Mal] 3.9 13.1 75.0 99.7 -
[Etid][For] 10.0 34.3 59.6 99.0 -
[Etid][Ac] 4.5 17.4 60.2 99.8 -
[Etid][Lac] 7.5 17.7 31.2 66.4 98.8
[Etid][Mal] 5.0 14.0 59.4 97.0 -
[But][For] 2.9 17.6 90.1 - -
[But][Ac] 11.2 43.7 - - -
[But][Lac] 5.7 18.4 514 99.8 -
[But][Mal] 3.7 135 99.7 - -
[Hex][For] 3.1 16.7 71.9 99.9 -
[Hex][Ac] 4.4 26.8 99.2 - -
[Hex][Lac] 4.1 13.1 35.6 99.2 -
[Hex][Mal] 4.1 16.0 99.5 - -

Where: “-“means not analyzed.

Besides thermal stability, other physical and chemical properties can help
understanding PIL:Biomass interactions'”1%1%0 In this work, we focused on pH and net-
basicity, once they can greatly impact on the biomass pretreatment performance'®%2, It can be
noticed that anions (Figura 4.1a) have higher influence on the pH of the solutions when
compared to cations (Figura 4.1b). The anions employed in this study are strong hydrogen bond

bases (e.g., [Ac] anion)*3,

Anion [Ac] is the most alkaline group (pH ~ 8.7 and net-basicity ~ 4.5), on the other
hand, [Mal] have shown acidic conditions (pH ~ 4.5 and net-basicity ~ 3.2). Pretreatments with
alkaline characteristics and higher net-basicity are better to solubilize lignin'"*®2, Sun et al.
(2017)2 observed high net basicity (1.7) and alkaline conditions (7.8) for ethanolamine acetate
following high lignin removal (~65%) and Rocha et al. (2017)% achieved ~ 50% of lignin

removal in reaction using PILs under alkaline conditions.



Figura 4.1 - pH and net-basicity of PIL (15 wt % in H20) for pretreatment. (a) anion

influence and (b) cation influence.
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4.1.2.2.

Biomass components solubilization in PILs
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The solubility of lignin was determined and evaluated with respectively Tukey test
and standard deviation for lignin solubilization were <0.8% (Figura 4.2). Cellulose and
hemicellulose solubilization may be observed in S, which shows that there was not a significant
difference between the PILs studied.

Lignin solubilization was high in average (74.0 wt %) and, interestingly,
carbohydrate solubilization d cellulose and hemicellulose d was low. Cellulose solubility was
less than 9 wt % and, for hemicellulose, the highest solubilization was 30% with [Etid][Ac].
George et al. (2015)°” and Verdia et al. (2014)% used ILs with the anion [HSO47], which
solubilized all the hemicellulose due the high severity of the pretreatment and the low pH
associated with this anion.

Selectivity for lignin solubilization makes these PILs promising as pretreatment

agents, as maintaining the carbohydrates in the solid fraction of the biomass is desirable for the
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hydrolysis and fermentation steps. Carbohydrate solubilization for other common pretreatment
with similar characteristic is diluted NaOH (130 °C, 30 min), 28.2% of cellulose and 56.1% of
hemicellulose solubilization®®. PIL pretreatment can also lead to carbohydrate solubilization
depending on the PIL choice and pretreatment conditions®%1%4 as, for example, [2He][Ac] (75,
100, 125 and 150 °C, 3.5 h), 3% - 10% of cellulose and 12 - 52% of hemicellulose solubilization
and [2He][Ocaproic] (75, 100, 125 and 150 °C, 3.5 h), 2% - 10% of cellulose and 11% - 48%
of hemicellulose solubilization!®. The selectivity of ILs is an important factor to preserve the

carbohydrates and should be considered in the design step.

Figura 4.2 - Lignin solubilization (==) and pH (#) in the PILs pretreatment. (a) Influence of
anion groups (values are means for each anion combined with all the cations considered). (b)
Influence of cations groups (values are means for each cation combined with all the anions
considered). (c) and (d) Results for the PILs.
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Data were submitted to Statistica software and the means compared by the Tukey test (p<0.1). Different letters indicate significant difference among parameter groups on the same
pretreatment step.

It can be seen in Figura 4.2c and d that [Etid][Ac] and [But][Lac] showed the
highest values of lignin solubilization, 74.0 + 0.0% and 72.9 £ 0.2%, respectively, which were

not significantly different at the 90% confidence level by the Tukey test. These values were
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followed by [Etid][For] (66.0 = 0.3%), which was statistically equivalent to [Etid][Lac] (64.1
+ 0.3%) and [Hex][Lac] (65.2 + 0.3%).

As for the cation-functionalized PILs, the lignin solubility showed a clear
dependence on the functional group structures (Figura 4.2b). PILs with cation [Etid] showed an
average lignin solubilization of 63.5% and PILs with cation [2He] of 48.2%. On the other hand,
PILs with non-functionalized cation [Et] showed an average lignin solubilization of only
27.1%. Lignin solubility increased in the following order: [Et] < [2He] < [Etid], except for the
anion [Lac]. [Et][Lac] showed good thermal stability and lignin solubility (54.9% * 0.2) when
compared with [Et] combined with other anions (<21.0%) (Figura 4.2c and d). This anion could
be inducing the cleavage of different linkages in the lignocellulosic biomass, mainly in lignin,
which can also impact on the reduction of the molecular weight'®®. As observed in the
literature!” 152155156 'the anion seems to be the main influence of lignin solubilization, and the
results of Figura 4.2a show the following order [Mal] < [For] < [Ac] < [Lac]. Pu et al. (2007)*!*
studied the solubilization of lignin using various aprotic ionic liquids. They showed a tendency
to increase lignin solubility with increasing anion basicity. The order found was [MeSO4] >
[CI] ~ [Br]\[PFes], all associated with the cation [BMIM]. These authors also concluded that ILs
with large anions showed low solubilization for lignin, as is the case of the [Mal] anion

evaluated in the present study.

A study by Jiang et al. (2021)*° studied the structure of the PIL cholinium lysinate,
[Ch][Lys], water and guaiacol (a lignin model residue) using neutron diffraction. The results
have shown that the lysinate anion can interact with the lignin residue by hydrogen bonding
with the phenol hydroxyl. Similarly, carboxylate anions, such as the ones employed in the
present work, may play an important role on lignin deconstruction by interacting with the
residues via hydrogen bonds, which has already been supported by Raj et al. (2016)* in a
simulation with the aprotic IL [EMIM][Ac]. Rocha et al. (2017)*® showed that the PIL
[2He][Ac] solubilized more than 70% of the lignin of sugarcane bagasse and Qin et al. (2015)*%8
used pure ethylenediamine [Etid] in the pretreatment of corn stover, with nearly 80% of lignin

solubilization.

In average lignin solubilization with PILs increased with the chain length of the
cations (Figura 4.2b): [Et] < [But] < [Hex]. However, Figura 4.2c shows that in the case of PILs
with anions [Ac] and [Lac], solubilization for PILs with cation [But] were higher than with
cations [Et] and [Hex]. George et al. (2015)°" using cations monoethylammonium,



59

diethylammonium and triethylammonium combined with [HSO4] and Rocha et al. (2017)%°,
using [2He][Ac] and [2De][Ac], observed that lignin solubilization decreased with increasing
chain length. The difference in the results obtained in the present work can be due to different

pretreatment conditions, as time and temperature.

Hart et al. (2015)%° investigated the influence of some cations ([BMIM], [EMIM],
[BPyr], [BM2IM] and [tri-nbutyloctylammonium]) combined with the anion [CF3SOs] on lignin
solubilization and found that the hydrogen bond basicity of the anion and the nature of the
cation play a major role in the solubilization. They claimed that planar cations may be more

efficient to deconstruct cellulose, therefore maximizing molecular interactions.

Achinivu et al. (2014)'° studied the solubilization of kraft lignin with PILs
containing the anion [Ac]. They employed three quaternary ammonium cations: pyridinium
(Py), 1- methylimidazolium (Mim) and pyrrolidinium (Pyrr). All three PILs were very efficient
in solubilizing lignin, with more than 50% (w/w) being solubilized after stirring at 90 °C and
24 h. The lignin extraction increased in the order Py < Mim <« Pyrr, which is also the increasing
order of pKa of the bases, 5.13, 7.50 and 11.27. In the present work, as all bases have similar
pKa (in the range of 9.47 (ethanolamine) to 10.78 (butylamine)), the difference in reactivity
stems from the presence of the hydroxyl and amino functional groups (ethanolamine and
ethylenediamine), which can interact with biomass through hydrogen bonds. In addition, there
is an influence of the size of the carbon chain, with longer alkyl chains interacting more with

lignin via van der Waals interactions.

In general, literature!® show that the anions impact the most on lignin
solubilization. However, Hart et al. (2015)**° suggested that although the anion is likely to
influence the initial solubilization process and a minimum hydrogen bonding basicity is
required for the solubilization to occur, it does not seem to play an important role in the
solvation of the lignin in the ionic liquid when compared to the cation.

The degree of lignin extractability of ILs depends on a few factors. One of them is
the pH’ and net-basicity'® can also impact on lignin solubilization (Figura 4.2b). As noted
previously PILs with the anions [Ac] and [Lac] led to more alkaline conditions (8.7 and 7.4)
and higher net-basicity (4.5 and 3.9), which led to higher lignin solubility (45.5% and 60.6%).
Other authors®1"192 ghserved that [Ac] showed good performance in lignin solubilization. On
the other hand, [Mal] showed an average of 36.9% of lignin solubilization, as well as low pH

(4.5) and net-basicity (3.2). The low lignin solubilization may be attributed to a low efficiency
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in the breakage of B-O-4 linkages due to decarboxylation reactions that occur between

PIL:biomass in the presence of the anion [Mal]*®2,

4.1.2.3. Influence of PILs on the enzymatic hydrolysis

To determine the enhancement of the biomass enzymatic digestibility after
pretreatment with the different PILs, pretreated bagasse was subjected to enzymatic hydrolysis.
The conversions were calculated based on quantifications of glucose and xylose at 48 h of
reaction (Figura 4.3).

Figura 4.3 - Cellulose (=) and hemicellulose (=) conversion in the pretreatment with PILs.
(@) Influence of anion groups (values are means for each anion combined with all the cations
considered). (b) Influence of cations groups (values are means for each cation combined with

all the anions considered). (c) and (d) Results for the PILs.
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Data were submitted to Statistica software and the means compared by the Tukey test (p<0.1). Different letters indicate significant difference among parameter groups on the same pretreatment step.

It can be seen in Figura 4.3b that in average cellulose conversion was higher for
biomass pretreated with cation-functionalized PILs ([2He] and [Etid], which were statistically
equivalent), except when the PIL anion was [Lac] (Figura 4.3c and d), in which case cellulose

conversion was similar when pretreatment was performed with PILs with all the cations



61

considered, although [Etid][Lac] and [Et][Lac] showed the highest performance. This trend was
the same for lignin solubilization, as can be seen in Figura 4.2, which is expected, as lignin

forms a barrier that makes the enzyme access to the carbohydrates in biomass more difficult!!.

As shown in Figura 4.3c, pretreatment with [2He][Ac] and [Etid][Ac] led to high
conversions of cellulose, of 70.4 £ 1.4% and 72.1 £ 1.2%, respectively, which were statistically
equivalent to [Etid][For] and [2He][For] - due to the extensive removal of lignin. ILs with
stronger capacity for lignin extraction also provided higher cellulose digestibilities, as observed
with [Etid][Ac]. The trend was the same as has been reported by Fu et al. (2010)% using
[Emim][Ac] at 90 °C and 24 h, which achieved 97% cellulose yield and 30.3% lignin extraction.
Reis et al. (2017)!%? and Rocha et al. (2017)® observed similar performances for pretreatment

with [2He][Ac], around 70% cellulose conversion.

The trend of hemicellulose conversion in Figura 4.3c and d was similar to that of
cellulose. The values are lower compared to cellulose conversion and the highest values were
for [2He][Ac] and [Etid][Ac], 50.0 = 0.5% and 52.8 + 1.4%, respectively, which were
statistically equivalent to [Etid][For], [Etid][Lac] and [Etid][Mal]. When compared to results
of the literature, hemicellulose conversions were similar or higher. Pin et al. (2019)'" and Sun
et al. (2017)'*2 reported values around 30 and 40% when biomass was pretreated with PILs

combining different cations with the anion [Ac].

The results of enzymatic hydrolysis of the sugarcane bagasse pretreated with PILs
with different cation chain lengths can be seen in Figura 4.3b. In average, cellulose conversion
follows the order: [Et] < [Hex] < [But]: 39.1% for cation [Et], 51.3% for [But] and 44.7% for
[Hex]. On the other hand, average hemicellulose conversions were 25.7% for [Et], 34.7% for
[But] and 22.0% for [Hex]. The lowest carbohydrates conversion for bagasse pretreated with
PILs with the cation [Et] may be attributed to the presence of high contents of lignin after
pretreatment, also to the easy degradation of [Et], already mentioned in the TGA analysis
results. There is not an apparent correlation between the conversion with PIL cation chain
length, differently of the results obtained by Rocha et al. (2017)*°, but the cation [But] seems
to be a good a choice among the nonfunctionalized cations in combination with most of the

anions considered, except for the anion [Lac], for which [Et][Lac] showed better performance.

In average anions [Ac] and [Lac] showed the highest conversions and all showed
significant statistical difference following the order [Lac] > [Ac] > [Mal] > [For] for cellulose
conversion, while for hemicellulose conversion [Ac] > [Lac] > [Mal] > [For] (Figura 4.3a).



62

Anions can impact on carbohydrate preservation in bagasse during pretreatment.
Pin et al. (2019)! showed low enzymatic conversions of bagasse cellulose for PIL
pretreatments with the anion [HSO4] (<35%) when compared to the anion [Ac] (25 - 70%) for
several temperature/time conditions and 15% water loading (w/w). On the other hand, George
et al. (2015)°” and Verdia et al. (2014)%, using and PILs with the anion [HSO4], achieved 45%
and 80% glucose yields in hydrolysis, respectively. George et al. (2015)%" pretreatment
conditions were 120 °C and 3 h using Switchgrass and the pretreatment conditions of Verdia et
al. (2014)% were 20% water (w/w), acid-base ratio 1.01:1.00 at 120 °C and 4 h using
Miscanthus giganteus. The [HSO4] anion shows a high catalytic activity due to its high acidity
and should be used carefully with an acid-base ratio not greater than 1. The acid media promotes
hemicellulose solubilization as opposed to the carbohydrate preservation conferred by the more
basic anions [Ac] and [Lac].

Considering the non-functionalized cations of Figura 4.3d, the best value of
cellulose conversion was for bagasse pretreated with the PIL [Et][Lac] (59.8 + 0.2%), followed
by [But][Ac], [But][Lac], [But][Mal], [Hex][Ac] and [Hex][Lac], which were statistically
equivalent. Hossain et al. (2019)'®* demonstrated that despite being effective for lignin
extraction, some PILs ([Eim][OAc] and [Eim][HCOO]) cannot promote biomass disruption to
enhance biomass digestibility. Interestingly, the PIL [Eim][CI] was effective in biomass
modification, resulting in 75% of glucose yield in hydrolysis and it could also be recovered by
vacuum distillation and recycled a number of times without decreased effectiveness. Nakasu et
al. (2020)?° Brandt et al. (2017)?! and Rocha et al. (2017)° also performed PIL recycle without

a drop in PIL performance along the cycles.

In the design of PILs, the knowledge of the influence of cétions and anions
characteristics may aid in the choice of the ideal combination of cations and anions for a given
task. The cation Interact with the biomass through hydrophobic interactions, helping the solvent
to permeate the biomass structure and break the linkages between carbohydrates and lignin,
allowing it to act efficiently in cellulose®®%. The anion may favor the formation of multiple
hydrogen bonds with the biomass; this positive influence of the hydrogen bonds in the structure
plays a crucial role in the modification of the lignocellulosic ultrastructure, allowing the PIL to

permeate the biomass®.
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4.1.3. Conclusion

Designing the best PIL for biomass pretreatment process is a crucial factor for
efficient hydrolysis because it influences the solubility of the lignin and carbohydrates. We have
demonstrated that the introduction of hydroxyl and amino groups into the cation led to improved
lignin solubilization capacities, resulting in higher conversions in the hydrolysis step. Cation
functionalization was shown to have more influence in the performance of the pretreatment
than modifying cation chain length. There are positive correlations between lignin solubility
and conversion of carbohydrates with dependence on the pH and net-basicity values.

4.2. Consideracdes

Escolher um LIP a partir da combinacdo de cation e anion é um fator crucial que
pode influenciar diretamente na atuacdo desses solventes na biomassa. Todos os LIPs
sintetizados foram usados no pré-tratamento para avaliar sua influéncia na estrutura do bagaco,

e a partir disso foi observado que todos os solventes mostraram alguma influéncia na biomassa.

Solventes com caracteristicas alcalinas sdo promissores na solubiliza¢do de lignina,
logo LIPs com anions [Ac] e [Lac] com net-basicity > 4 apontaram correlagfes positivas neste
resultado. Cations [Etid] and [2He] no geral provomoveram altas estabilidades térmicas,
indicando que grupos funcionais nas cadeias dos cations Sdo promissores para reuso e

reutilizacdo do LIP dentro do processo de pré-tratamento.

De todos os solventes, [2He][Lac], [Etid][Ac], [Etid][Lac] e [2He][Ac] alcancaram
resultados promissores na solubilizacdo de lignina e posterior conversao de polissacarideos,
sendo este Ultimo ja estudado em nosso grupo de pesquisa desde 2013 e com resultados

concretos de pré-tratamento, hidrélise e fermentacéo.

No préximo capitulo o foco ainda € o estudo da influéncia do cétion e &nion na
estrutura da biomassa, s6 que neste caso 0 objetivo é entender como a estrutura da lignina

extraida dos pré-tratamentos se comporta nesses LIPs.
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CAPITULO 5

5. Influéncia do cation/anion dos LIPs na estrutura da lignina

Baseado no capitulo anterior foi possivel observar como o LIPs contribuem na
solubilizacdo de lignina na etapa de pré-tratamento, com o intuito de reaproveitar o material
fenolico dentro da industria para ser matéria-prima na producao de produtos de valor agregado,
além da queima para a producdo de energia. Inicialmente, se faz necessario um estudo de
caracterizacdo da lignina para entender a sua estrutura e as unidades presentes, porque esse
conhecimento pode abrir caminhos a uma aplicacao, tendo como alvo a producgédo de quimica

fina, biopolimeros e cosméticos.

Neste capitulo os resultados serdo apresentados na forma dos artigos ja publicados
nas revistas Renewable Energy® e Industrial Crops and Products'®’. Ao final sdo feitas

consideracdes finais e o Sl esta no Apéndice A.
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5.1.  Structural characterization of sugarcane lignins extracted from different protic ionic

liquid pretreatments
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5.1.1. Abstract

Previous studies based on protic ionic liquids have shown them to be effective for
extracting lignins from biomass. Moreover, ILs synthesized with amine cations can promote
the insertion of nitrogen into lignin, favoring its valorization for industrial applications. In this
study, lignins extracted from sugarcane bagasse by eight different PILs were analyzed. Several
techniques of characterization were employed (2D HSQC NMR, *'P NMR, GPC, Py-GC/MS,
TGA, FTIR, and elemental analysis), seeking a deeper understanding of lignin structure post-
PILS treatment. In particular, lignin obtained with acetate and lactate anions with
monoethanolamonium cations showed similar structural compositions. Lignins obtained from
ethylenediamonium cation combined anions acetate and lactate exhibited relatively higher
molecular weights compared to the other lignins studied. The elemental analysis of these lignins
further revealed the presence of nitrogen in their structures, suggesting that amination occurred.
In this work we used PILs not yet reported in the literature for this purpose, and consequently
obtained lignins with specific structures. Overall, our results demonstrated that depending on
the PILs used, lignins with distinct properties could be obtained which might be used for value-
added applications. This work covered new advances in elucidation of lignin chemical structure

and opened a new path for lignin valorization.

5.1.2. Results and discussion
5.1.2.1.  Elemental analysis and Co0o formula determination

Tabela 5.1 depicts the elemental composition (C, H, N, O), methoxyl content, and
Cooo formula for each lignin. The Cago formula is estimated by elemental analysis and 1 H NMR
(i.e., methoxy content) results. These data show the effects of different PILs on the elemental
composition and methoxyl content of lignins and for comparison purposes. Data on raw bagasse

used for lignin extraction are available in Appendix A.

Nitrogen content increase was observed for the lignins obtained after extraction
with PIL, especially compared to the lignins analyzed by Menezes et al. (2017)** and raw
bagasse lignin (0.3% nitrogen). The sample extracted with [Etid][Ac] contains 5.5% N,
indicating the presence of nitrogen groups in lignin. The nitrogen content increase is possibly
from the PILs cation (amine bases), which was also observed by Nikafshar et al. (2017)8,
Achinivu (2018)*° and Wang et al. (2018)*7°.
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The degree of unsaturation (DOU) (Tabela 5.1) showed values from 279 to 422,
indicating that lignin fragmentation occurs in the extraction with these PILs. Cation [2He]
combined with any anion showed larger values than [Etid], suggesting that the lignin extracted
has more unsaturated bonds in the side-chain. The values of DOU are similar to other lignins
extracted with ILs from the literature™*12, but it should be considered that extraction
conditions have a strong influence in DOU results. Mild conditions lead to less unsaturated
bonds and harsh conditions to more double bonds/aromatics rings present after extraction.
However, similar DOU values for lignins extracted by different ILs may indicate similar

reactions between biomass and solvents.

Tabela 5.1 - Elemental composition (C/H/N/O) and C9-formula of the lignins isolated from
sugarcane bagasse and literature lignins.

Lignin %C %H %N %0 OCH; Copo-formula DOU
Present work

[2He][Ac] 55.7 6.3 3.9 33.6 0.7 Co00H12130408N54 322
[Etid][Ac] 50.9 6.3 5.5 37.2 0.3 Co00H13270494Ns3 279
[2He][For] 37.0 4.0 1.5 57.5 0.2 Co00H115901050N31 337
[Etid][For]* 316 43 41  60.1 ; ; :

[2He][Lac] 55.1 5.1 2.5 37.4 0.7 Co00Ho930459N35 422
[Etid][Lac]  47.8 5.2 37 432 1.2 Co0oH11670611Ns0 348
[2He][Mal]  41.5 4.6 2.1 51.8 0.5 Co00H11890843N39 326
[Etid][Mal] 428 49 40 483 0.2 ConoH12280762N72 323

Literature

Menezes et
al. 20178 0470 - 330 1.0 ] ]
Achinivu

(2018)20 62.2 6.1 0.9 30.8 - ~ i
Achinivu

(2018)* 645 72 40 243 _ ) ]
Achinivu

(2018)20 52.1 10.3 10.1 27.5 - - )
Nikafshar

et al. 55.9 7.58 4.6 29.8 - . )
(2017)25

a) not showed reliable data in 2D-HSQC-NMR
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5.1.2.2. FTIR analysis

The extracted lignins were characterized by FTIR spectra (Figura 5.1). These
analyses report the chemical structure of lignins through their distinct absorptions. For example,
the absorption band seen at 835 cm™ bands originates from H units'”®, which is also observed

and reported in the data in Tabela 5.8, consistent with HSQC analyses to be discussed later.

The region of 1020-1250 cm™ with reported peaks at 1040 and 1220 cm
corresponds to the PIL used for lignin extraction and associated with C-N stretching vibrations
in aliphatic amines'’®. Besides that, lignin aromatic ring modifications and cleavage of ester
linkages can be observed at the peak at 1117 cm™. The different shapes and intensities of this
band are attributed to different PILs used during extraction. For lignins extracted by PILs a
band at 1170 cm™, characteristic of C-O stretch'’®, was also observed, indicating ester-bound

residual hydroxycinnamic acids.

The peaks attributed to the lignin structural spectral vibration regions are reported
at 1260-1760 cm™ 176177 The peak at 1270 cm™ is assigned to derivatives of the guaiacyl unit
and the peak 1325 cm, C-O stretching, to the syringyl unit. These peaks were present in all
samples with different intensities, confirming that changing the PILs cation group alters the
lignin structure. The 1688 cm™ absorption band was observed less frequently and may be
associated with carbonyl groups conjugated with aromatic rings, which are attributed to the
chemical binding of FA and pCA. The region at 1500-1650 cm exhibited a band at 1500-1515
cm™ and 1600 cm®, which represents C-C stretching of the aromatic ring of lignin®917,

The peak at 1650 cm™ is attributed to the bending of N-H curvature vibrations for
primary amines!’#, suggesting the presence of the amino group. The FTIR spectra showed a
small absorbance obtained in the regions described (700, 1040, 1220 and 1650 cm™), suggesting
that low amounts of amines from the PILs may be incorporated into the lignin samples after
recovery'®®. The region 2800-3000 cm™ presented a band at 2850 cm™ , which is generally
assigned to -CH> in aromatic methoxy groups and a band at 2925 cm™ , assigned to the C-H
stretching vibration from methyl and methylene groups and C-H stretching aromatic methoxyl

groups'®. All these signals are presented in Tabela 5.1.



Figura 5.1 - FTIR spectra of various lignin samples extracted with PILs.
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5.1.2.3. 2D-HSQC-NMR analysis
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The 2D-HSQC spectra of the lignin samples are shown in Figura 5.2, Figura 5.3,

and Figura 5.4, along with the main structural assignments (Figura 5.5). The lignin samples
extracted with the PIL [Etid][For] were not analyzed by the 2D-HSQC NMR technique due to
their low solubility in the NMR solvent. Del Rio et al. (2015)?° reported data on the isolation

of sugarcane bagasse lignin, trying to preserve its structure as much as possible. These results

will be used for comparison with the data obtained in the present work.



Figura 5.2 - Quantitative 2D HSQC NMR analyses for PIL-recovered lignins from sugarcane
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bagasse. Aliphatic (6C/6H 50-110/3.0-5.5 ppm, left) and aromatic (6C/6H 90-140/6.0-8.0 ppm,

right) regions from (A) [2He][Ac], (B) [Etid][Ac] and [2He][For]. See Figure 5.5 for the lignins

structures identified.
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Figura 5.3 - Quantitative 2D HSQC NMR analyses for PIL-recovered lignins from sugarcane
bagasse. Aliphatic (6C/6H 50-110/3.0-5.5 ppm, left) and aromatic (6C/6H 90-140/6.0-8.0 ppm,
right) regions from (A) [2He][Lac] and (B) [Etid][Lac]. See Figure 5.5 for the lignins structures

identified.
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Figura 5.4 - Quantitative 2D HSQC NMR analyses for PIL-recovered lignins from sugarcane
bagasse. Aliphatic (6C/6H 50-110/3.0-5.5 ppm, left) and aromatic (6C/6H 90-140/6.0-8.0 ppm,
right) regions from (A) [2He][Mal] and (B) [Etid][Mal]. See Figure 5.5 for the lignins structures
identified.
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Figura 5.5 — Representation of the main structures present in the PIL-recovered lignins as
identified in the 2D HSQC NMR spectra. A: B-O-4-structures; A’: B-O-4-structures with
acylated (by acetate or pCA) g-OH; B: phenylcoumaran structures formed by B-5-coupling;
pCA: p-coumarate moieties; FA: ferulate moieties; (esterified with hemicelluloses); pCA’: p-
coumarate amide; FA’: ferulate amide; H: p-hydroxyphenyl units; G: guaiacyl units; S: syringyl
units; T: Tricin end-groups; I: p-hydroxycinnamyl alcohol end-groups. The structures are

colored to match the assigned contours in the 2D HSQC NMR spectra in Figure 5.2 - 5.4,
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The aliphatic-oxygenated region of the lignin spectra is typically assigned to 6c/6H
50-110/3.0-5.5 ppm, and carbohydrate signals as xylans (Xn) and arabinofuranose (Araz34) are
also found in this region and somewhat overlapped with signals from correlations in the b-O-4
substructurest’®. 2D HSQC NMR analysis (Figura 5.2, Figura 5.3, and Figura 5.4) indicates the
presence of low concentrations of carbohydrates - the lignin purity was not obtained using a
gravimetric methodology, due to low sample availability. These carbohydrates are strongly
linked with lignin, making their complete removal exceedingly difficult. The presence of these
carbohydrate signals (Xn and Araz34) interferes with the identification of g-acylated units of

Cy/Hy (A”), which was also reported by Del Rio et al. (2015)%. Lignin fragments appear to



74

present a much better reactivity over PILs amine than carbohydrates, this is attributed to
interaction through the formation of oxocarbenium ion. Carbohydrates present
nonconformationally favour reaction sites for oxocarbenium ion reaction while lignin may react
with amine from PILs by carbocation intermediate®!81, However, amines could react with the

terminal C-OH group via the aldehyde!®!.

The aliphatic region of the spectra also showed other signals corresponding to the
Ca/Ha, CP/HP and Cy/Hy correlations of B-O-4 substructures (A and A’)!82, Another type of
lignin substructure, phenylcoumarans (B) (B-5’), was also detected although with low signal

intensity.

Pretreatment may cause degradation of lignin chains, in the case of pretreatment
with primary amine-based PILs, this may include chemical alterations due the amination of G
unitst’®172 which can lead to the introduction to the aromatic ring and amine group, as
described by Nikafshar et al. (2017)% in the region of 59.5 ppm for **C. Lignin amination was
suggested but was not confirmed since the NMR signal of amination is overlapped with Ay
(59.0/3.4 ppm), thus making it difficult to be identified. The literature suggested that Ay could
be used in lignin quantifications performed before and after extraction, but it is not an accurate

procedure due to many reactions that occur during extraction with PIL°,

Amination can be suggested since signal enhancement was observed in the Ay
(59.0/3.4 ppm) region in different intensities for all the lignins extracted with [Ac] anions. This
is supported by elemental analysis with nitrogen results, e.g., the [Etid] cation showed a 5.5%
higher N content value, possibly due to the presence of a substituted amine. As mentioned
previously, the presence of amines in lignin was suggested in the FTIR data. On the other hand,
FTIR and elemental analysis suggests residual PIL in the lignin samples, and the choice of water

to wash lignin was made to avoid PIL residues in the samples.

Analysis of lignins extracted with [EMIM][OACc] IL indicate that the ionic liquid
may be physically and chemically linked to the lignin through B-O-4, a-O-4 and B-f linkages.
This happens because the structure of the ionic liquid contains an imidazolium-based salt with
a cationic nitrogen®®. The same may have occurred in this work with the ILs containing amine

cations, which eliminate of extra steps of amination.

The aromatic HSQC region is assigned to 6c¢/0H 90-140/ 6.0-8.0 ppm of the spectra,
with characteristic herbaceous lignin signals, mainly from guaiacyl (G), syringyl (S), tricin (T),
p-coumarate (pCA), and ferulate (FA) units?®. The signal from S-units is present in lignins as
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C26/H26 at 6c/6n 103.9/6.69 ppm and G as Cu/H», Cs/Hs, and Ce/Hs at dc/6n 109.7-110.5-
111.2/6.99-7.03, 116.0/6.96, 114.7/6.69, 114.9/6.78 and 118.9/6.8 ppm.

Del Rio et al. (2015)% found 60% of S and 38% of G for lignin of raw bagasse
using HSQC NMR, in the present work an increase in the percentage of S units and a decrease
in the percentage of G units were observed for lignins extracted with hydroxylated PILs,
regardless of the anion used. Temperature strongly influenced these changes. S units are
naturally degraded around 160 °C and G units around 120 °C using the IL 1-Ethyl-3-
methylimidazolium acetate'®. In addition, the G unit shows more reactivity due to its free
position (5-5”), whereas S units are more stable. G units with the free position can be

recondensed as a C5-substituted unit®172,

Tricin (T) cross-peaks are common in grass lignin structures?® and in the present
work they appeared at lower intensities with [2He][Lac] - 6c/6n 103.9/7.3 e (Figura 5.3)
corresponding to the C,,6/H26> of T units. The end-group cinnamaldehyde (J) was identified for
lignin extracted with [2He][For] at 6c¢/6n 106.8/6.91 ppm (Figura 5.2) and was attributed to
C26/H26. The J signal is evident in the spectrum with the largest extent of g-acylation, as
suggested by Del Rio et al. (2015)%°. T and J are found in smaller quantities when compared to
the units S, G and H, pCA, and FA, which are the main structures in the aromatic region (Tabela
5.2). Some caution is required when analysing this data since this region of the spectrum has
the potential for condensation reactions that replace aromatic C-H bonds with C-C bonds, and
these C-C bonded aromatic positions have no cross-correlations*®. Thus, the calculated subunit

composition can be misinterpreted when examining condensed lignins.
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Tabela 5.2 - Structural characteristics (lignin inter-unit linkages, end-groups, aromatic units, and S/G ratio and cinnamate content) from the

integration of 13C-1H correlation peaks in the HSQC spectra of the lignins.

Lignin interunit linkages

Lignin aromatic units

p-Hydroxycinnamates

Hienin B-O-4" aryl cthers (A)  Phenylcoumarans (B) | H(%) S (%) G (%) S/Gratio | ? 'Co‘g(f/‘olf‘rates F e‘(‘j/lj)‘tes
[2Hel[Ac] 389 i 24 711 265 27 39.8 32
[Edd][Ac] i i T 696 304 23 i i
[2He][For] i i 100 - i 58.0 i
[2He][Lac] 193 7.02 73 707 220 32 185 32
[Etid][Lac] 432 i 55 491 455 I i i
[2He][Mal] 33.0 i T 100 - i 61.0 i
[Etid][Mal] 384 i 83 792 126 63 71 i

Data expressed as per 100 aromatic units (H+G+S=100).
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pCA and FA are p-hydroxycinnamic acids with an ability to chemically crosslink
lignin and hemicelluloses'*>!**. Lower concentrations of pCA were found in comparison with
the literature for solubilization in the pretreatment reaction®!84, Correlations of pCA with
different intensities were identified for lignins at oc/6n 115.7/6.77 ppm (pCAss) and
130.10/7.47 (pCA26), except for the lignin extracted by [Etid][Ac] (Figura 5.2) that showed just
pCAssat a noise level and [Etid][Lac] (Figura 5.3) with pCAz6. The FA signal at Co/H2 showed
lower intensity than pCA in lignin samples, and it was only possible to determine the percentage
of ferulates for [2He][Lac] (Figura 5.3) at dc/0n 110.38/7.31 because the other lignins did not
accumulate enough signal. Although the raw bagasse contains large amounts of pCA and FA?®,
these signals are observed after extraction in low quantities in the present work. This result is
due to the fact that pCA and FA can be hydrolyzed during pretreatment, it is confirmed by the
absence of signals as Co/Ha (144.4/7.40 ppm) and CB/Hp (143.5/7.50 ppm).

Structures derived from pCA and FA were observed in the [2He][Ac] (Figura 5.2)
and [2He][Lac] (Figura 5.3) extracted lignins at dc/dn 138.5/7.29 (FAa’/pCAa’ ). These signals
suggest the presence of p-coumaryl amide (pCA’ ) and feruloyl amide (FA”), which were also
observed by Qin et al. (2015)'%8, besides the presence of the amine groups also seen in the
corresponding FTIR spectrum (Figura 5.1). Wen et al. (2014)'72 reported the relative
degradation of lignin side chains and aromatic units using PILs formed from primary amine
cations. The H units in our study are of lower intensity and were represented by two different
positions, Cze/H26and Cas/H3s at 6c/on 126.5-127.2/7.05-7.13 and 114.4-15.13/6.55-6.70-6.9
ppm. Del Rio et al. (2015)?° reported 2% H units in raw bagasse lignin, however in the present
work the H unit content had a minor increase, which is consistent with the studies by Brandt et
al. (2015)!° and Zeng et al. (2014)!8°, which showed that H unit could increase with time!®

and temperature’2 of the extraction.

The content of B-O-4" was higher in lignins extracted with [Etid] cation than [2He].
The B-O-4’ binding signal becomes almost undetectable in lignins extracted with [Etid][Ac]
and [2He][For], indicating that B-O-4" cleavage was the predominant reaction during extraction.
The B-O-4’ linkages of the lignins obtained in the present work decreased compared to the
lignin obtained by Del Rio et al. (2015)?°. These authors reported approximately 80% of B-O-
ether linkages in the lignin from raw bagasse. This cleavage process is known to yield reactive
intermediates, which may lead to the formation of more C-C bonds during repolymerization

reactions®®,



78

Lignin extraction can be influenced by several factors, such as time, temperature,
and the solvent used. Besides, techniques of characterization can also influence in the
quantifications, e.g., 2D HSQC NMR. Wen et al. (2014)1'2 extracted lignin of poplar with the
IL 1-ethyl-3-methylimidazolium acetate (130 °C at 3 h) and obtained 52.9% of B-O-4’, similar
to the lignin extracted with [Etid] [Lac] (130 °C at 2 h). However, in the present work S/G was
twice lower than the value reported by Wen et al.>’? This is due to diferente interactions between
biomass and IL, as well as the fact that the content of S and G units for hardwood and grass is
different.

The mechanism of pretreatment with ionic liquids is not well elucidated in the
literature, and additional studies are needed to describe the mechanism in this work, such as
presented by Ji et al. (2012)*8" and Binder et al. (2009)'%, however, according to the 2D HSQC
results it is possible to infer that cations exhibited relatively more influence than anions in lignin
variability characteristics after pretreatment with protic ionic liquids. The PILs with the cation
[2He] resulted in lignins with higher ether linkages breakage than observed from lignins from
cation [Etid]. Consequently, higher S units concentration and extend B-O-4’ breakage were
noticed. Lignins from PILs with cation [Etid] showed more preserved ether linkages, and lower
pCA and FA linkages content, which could be attributed to lignin chain solubilization during
pretreatment. These results suggest that lignin characteristics can be tailored during extraction,
with ether linkages cleavage that leads to a weight molecular fraction around 5000 g mol™ or

maintaining a structure with most of its native units and linkages.

5.1.2.4. 3P NMR analysis

1P NMR analysis of lignin was applied to the study of hydroxyl groups in lignins
obtained from the PILs. Concentrations of lignin hydroxyl groups were quantified for aliphatic
syringyl/condensated (B-5, 4-O-5, 5-5), guaiacyl, p-hydroxyphenyl, catechol, and carboxylic
acid OH groups (Figura 5.6).

The S/condensed, G, and H units showed similar trends to the HSQC data (Tabela
5.2). Concentrations of S and G units increased because of bond-breaking reactions of
macromolecule into phenolic units during pretreatment, as observed, e.g., for lignins extracted
by PILs with anion [Ac]. The hydroxylated PILs cations showed high concentrations of
aliphatic OH for all lignins (1.03 - 2.90 mmol g lignin'). On the other hand, non-hydroxylated
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PILs cations led to lower concentrations of the aliphatic OH group (0.15 - 1.75 mmol g lignin

1)_

Figura 5.6 - Hydroxyl group contents of lignin isolated from sugarcane bagasse as determined
by 31P NMR analysis according to PILs used for extracting.
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The presence of low concentrations of hydroxyl groups for S and/condensed G and
H groups could be associated with less lignin condensation reactions?>*>. The higher
concentration of hydroxyl groups for lignin extracted with [2He] cation could be related to the
highest breakdown of ether linkages during extraction, due to a possible cleavage of ether
linkages.

The concentration of the carboxylic acid groups decreased in the pretreatments with
all PILs ([2He] < [Etid]). Brandt et al. (2015)* reported that carboxylic acid content changes
slower that pCA during ionic liquid pretreatment, suggesting that the pCA group is esterified
and then repolymerized without COOH groups in its structure, resulting in COOH decrease, as

observed for cation [2He].
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Moghaddam et al. (2014)'® extracted lignin of bagasse with ethylene glycol and
[bmim]CI - HCI (130 °C and 30 min) and obtained 3.53 for OH groups total. Similar values
were obtained for lignins extracted with [2He][Ac], [2He][Lac] and [2He][For] (~3.50). Low
concentrations of hydroxyl groups and little variation in the concentration values of these
groups are observed for some isolated lignins, e.g., with the [Mal] anion. Brandt et al. (2015)
115 suggested that in this case, the phenolic oxygen belongs to the ether bonds nd cannot be

quantified, which results in low OH group concentration measurements.

5.1.25. Py-GC/MS analysis

Py-GC/MS analysis can provide information about the composition of the lignin
and point out its application for specific uses. In this work, 34 compounds were identified
according to Brandt et al. (2015)°, Del Rio et al. (2015)?° and El Khaldi-Hansen et al.
(2016)'%°. The identified phenolic compounds, as well as their relative molar abundances, are

observed in Figura 5.7.

Figura 5.7 - Relative abundances of derived units from S, G, and H and simple monomers in
Py-CG-MS.
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All lignin samples showed residues of PILs. The presence of PIL in the lignin may
trigger reactions during pyrolysis due to temperature increase and the amphoteric property of

the PILs, which can interact with ethers and alcohols®! present in the lignin structure.

4-vinyl phenol (peak 14) may originate from FA or the H unit, and 4-vinyl guaiacol
(peak 18) may be derived from pCA or G unit. As pCA and G, and FA and H cannot be

distinguished, they were not considered in subunits quantification (Figura 5.7.)*°.

H units increased compared to the result obtained from HSQC, possibly due to the
high temperature of the analysis, which favoured demethoxylation in units S and G, increasing
H abundance!’?°-1% ignins extracted with PILs with the anion [For] showed more
unidentified compounds than those observed for lignins by PILs with other anions. By
comparing individual pyrolytic products, substantial differences in the lignin composition were
observed, as reported Appendix A. The highest concentrations of simple monomers (phenol (1)
and syringol (19)) were found for lignins extracted with PILs with the anion [Ac], which is
directly related to the presence of connectivities ($-O-4) that favour the release of monomers

from aromatic rings of depolymerized and/or condensed ligninst®®.

5.1.2.6. Weight-average molecular weight (Mw)

Lignin Mw results (Tabela 5.3) provide information on the fragmentation pattern
during PIL extraction, which can be used to a better understanding of the mechanisms that
promote lignin dissolution!®®. Data obtained by this analysis are summarized Appendix A.

Tabela 5.3 - The molecular weight of lignins after PILs pretreatment.

Lignin Mn? (g/mol) Mw® (g/mol) PDI*
[2He][Ac] 1691 5250 3.1
[Etid][Ac] 4464 31447 7.0
[2He][For] 1873 9406 5.0
[Etid][For] 1673 18195 10.9
[2He][Lac] 1754 6010 34
[Etid][Lac] 4770 50010 10.5
[2He][Mal] 2097 10619 5.1
[Etid][Mal] 2076 15349 7.4

a) Number average molecular weight. b) Weight average molecular weight. ¢) Polydispersity index (Mw/Mn)
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The increase in Mw is observed with increasing cation basicity (2He] < [Etid]),
which can be due to condensation reactions induced by the basic conditions. Other explanation
could be that lignin is being extracted with a preserved structure (p-linkages), which could also
result in high molecular weight. The highest results for Mw were observed for [Etid][Ac] and
[Etid][Lac], being 31,000 and 50,000, respectively. High molecular weight values indicate that
condensation reactions (C-C bond formation) were favoured when compared to
depolymerization reactions (ether cleavage)!'®. On the other hand, the lower Mw values of
lignin isolated from PILs corroborate with the higher cleavage of ether linkages using cation

[2He] for pretreatment. These reactions are consistent with the 3P NMR analysis.

Saha et al. (2018)!% extracted the lignin of bagasse with IL 1-ethyl-3-
methylimidazolium acetate (140 °C and 2 h) and obtained Mw of 1769 g/mol, while in the
present work the lowest Mw obtained was of 5250 g/mol (175 °C and 2 h using [2He][Ac]).
The PILs used in the present work could have caused more reactions of condensation, resulting
in higher Mw or the PILs have the capacity to extract the lignin in a more preserved form. On
the other hand, Moghaddam et al. (2014)*®° extracted lignins with acidified ethylene glycol and
ionic liquids (130 °C and 30 min) and obtained Mw from 6518 to 7597 g/mol, which are more

similar to the values found in the present work.

A high Mw consequently produced a high PDI, e.g., above 7. Authors such as
Brandt et al. (2015)**® using [HC4im][HSO4] and Diop et al. (2015)**® using [DBUC4*][CI] also
observed that the process of lignin extraction with PIL depolymerized lignin, producing smaller
fragments with higher PDI values. High PDI values (>5) may be evidence of repolymerization
and consequently, indicate increased heterogeneity of the obtained lignins®®®. Lignins with low
PDI values (using cation [2He]) indicate a more ordered fragmentation and lignin with high

uniformity?6°,

According to the literature®®, lignins obtained from organosolv pretreatment show
a higher polydispersity index when compared to the lignin obtained from IL pretreatment. It
can probably be attributed to the fact that the organosolv process is less selective to the removal
of lignin than the IL process. However, this variation depends on the type of IL used in the
lignin extraction, since some ILs can prompt the condensations reactions, generating high

molecular weight lignins.
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5.1.2.7. TGA analysis

Thermogravimetric analysis is used to evaluate how lignins break down under
helium, nitrogen, or oxygen atmosphere®” 1%, TG curves show the mass loss of substances at
the thermal degradation temperature and were used to characterize the thermochemical
properties of the extracted lignins. The results are presented in Tabela 5.4 illustrates the mass
loss for the lignin samples as a function of temperature, which ranges from 150 °C to 450 °C,
corresponding to the temperature of maximum decomposition rate reported by the

literature®9-290,

Tabela 5.4 - Weight loss percentage at different temperature regions under nitrogen atmosphere

for the lignin samples obtained after PIL pretreatment.

Weight loss lignin (%)

Lignin R 100- 200- 300- 450-

0-100°C 500 300°C 450°C 900°C
[2He][Ac] 4.0 9.7 22.1 46.0 62.6
[Etid][Ac] 6.2 13.0 27.8 52.8 62.5
[2He][For] 4.6 5.8 13.6 432 56.4
[Etid][For] 5.1 11.7 28.2 54.5 63.0
[2He][Lac] 47 6.8 19.5 49.2 60.0
[Etid][Lac] 5.3 8.3 222 48.0 61.5
[2He][Mal] 5.2 6.8 16.6 44.8 54.4
[Etid][Mal] 6.5 8.5 21.1 50.9 61.0

The first thermal decomposition process was observed around 100 °C and is
associated with loss of water and small organic molecules®®. The stages of weight loss after
100 °C may be attributed to the presence of PIL in the lignin sample, as suggested by Cao et al.
(2014)14°,

Lignin decomposition begins at around 200 °C with the formation of aromatic
hydrocarbons, phenolics, hydroxy phenolics, and G/S-type compounds. The majority of the

products have phenolic -OH groups in their constitution?*,

The lignins obtained by [2He][For] and [2He][Mal] pretreatments were less
degraded between 200 °C and 300 °C than that obtained with other PILs, showing that the
different PILs may influence the structure of the extracted lignins. However, the degradation
ranges were similar for all lignins. Moghaddam et al. (2014)*®° also observed similar mass loss

trends for lignins in their study. They compare the lignins obtained by soda and ILs ([bmin][ClI]
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and [bmin][CHsSOz] pretreatment and concluded that the lignins extracted with IL are
thermically more stable. The thermal stability of lignins is influenced by their inherent
structures, different functional groups, and degree of branching, as well as lignin condensation

and conditions of extraction.

After 400 °C, a decomposition of the aromatic rings was observed, and at the end
of the analysis, the remaining residue was 30 - 40% of the initial mass. This high remaining
mass can be explained by the use of nitrogen during the analysis instead of oxygen (an oxidant
atmosphere), as observed by Brebu et al. (2010)?%

5.1.2.8.  Potential uses of lignin

The radar classification method can be considered a predictive tool for the design
of products and processes based on lignin®2. This classification is based on previous
information on the relevant structural parameters such as S, G and H units, f-O-4 and B-
linkages and phenolic groups. This analysis has proved to be an important step in demystifying
the complexity of lignin application, as it focuses on its base units to find the best use of the
material, thus consolidating its valorization routes??. Using the radar methodology for the
lignins extracted with PILs is innovative since little information on the structure of this material
has been reported in the literature. Radar classification was performed based on the data
presented in Tabela 5.2 and the calculation of noncondensed structures (NCS) (Appendix A).
For the analysis, the main structural characteristics of the extracted lignins (S, G, H, -O-4, and

NCS) were considered, using their normalized values (Tabela 5.8).

B-O-4 linkages represent approximately 80% of lignin structure?®. In the lignins
extracted with the PILs [Etid][Ac] and [2He][For], these linkages were not observed, indicating
significant breaking of these linkages. However, other extracted lignins maintained -O-4

linkages.

The cleavage of B-O-4 linkages in the alkaline medium may result in free phenolic
groups carrying a hydroxyl group in the aromatic ring, and this structure can be the precursor
of phenolic aldehydes?® and condensations reactions?**2% The cleavage of etherified B-O-4
linkages can produce vicinal diol, thus generating new phenolic groups with a reactive
conjugated structure?®?. In all cases, the cleavage results in new phenolic groups even if the

aromatic ring is not involved in a condensed structure.
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Figura 5.8 - Radar classification based in S, G and H units, NCS and -O-4 linkage for lignin
samples obtained of different PILs.
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The low presence of phenolic groups may be justified by the high presence of
condensed aromatic rings, as can be seen in Tabela 5.8 (which shows the NCS). Another
classification used on the radar is the NCS concentration?°22% this is an essential structural
feature of lignins resulting from the processing of lignocellulosic materials?®2, However, the
NCS concentrations for the different lignin samples were similar, suggesting a similar influence

of the different PILs on the condensed structures.

The area defined by the triangle formed by the -O-4 and NCS parameters provides
the first information on the preservation of the lignin structure. The lignins extracted with the
PILs [2He][Ac] and [Etid][Ac] presented the smallest areas of this triangle, thus demonstrating

a high modification in the chemical structure of the material.

The data from Tabela 5.8 show that the lignin extracted with the PIL [2He][For]
had the greatest modification in its structure, as a large irregular area can be observed in the
graph. On the other hand, the lignin extracted with the PIL [Etid][Lac] was less modified,

favouring its use for application as an additive in materials aiming at properties improvements®.

The triangle areas formed by the S and G units showed no significant differences
when comparing the lignins extracted with the PILs synthesized from the anion [Ac], and the

representation of these units as radar axes is particularly relevant. S units are present at high
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concentrations in all extracted lignin samples, while G unit concentrations vary from sample to
sample, probably because G units are more prone to condensation. Considering these aspects,
lignins with higher concentrations of S units could be employed, for example, for the production
of aldehyde compounds?®?, whereas depolymerization reactions in S and G units would favour

the production of phenol, cresols, and catechols?’.

PIL-extracted lignins present interesting structural characteristics, e.g., high
molecular weight and preserved structure. They can be used in polymers production or be
subjected to other steps of reactions for the production of high value-added chemicals®®. Studies
indicate that one of the efficient ways to modify these lignins would be hydrogenation, with
fragmentation resulting in the modification of functional groups. However, the use of primary
amine-based PIL can trigger alkylations at lignin active sites, allowing for two very interesting
applications: cationic surfactants and composites with PVC/wood floor properties®. Another
possible lignin modification is nitration?*®, This modification may favour the use of lignin in

the synthesis of graft interpenetrating polymer networks of polyurethane®.

When comparing lignins obtained with IL and organosolv, IL have been shown to
have less impurities (carbohydrate and ash content) than organosolv lignin. The problem with
the impurities is that there is a necessary extra step to remove them completely, which implies
greater cost'®. Lignin extracted with IL implies a lower industrial cost, as it avoids separation
and purification processes. High-purity lignin can be used in the production of vanillin and as

antimicrobial agent, whose activity allows its use in cosmetic formulations.

In general, lignins have great possibilities for industrial applications, but the great
advantage of extraction with some PILs is that they have some desirable characteristics.
Especially the ones synthesized with amine cations, which can cause the nitrogenation of the
structure and enable the application in the production of cationic surfactants, slow-release
fertilizers, flocculants, heavy metal adsorbents, cationic asphalt emulsifiers, curing agents of
epoxy resin, anion-exchange resins and retention aids?®®. Besides that, extraction with PILs,
especially the ones synthesized based on amines, cause fewer changes in the macromolecule
structure, besides favouring the amination reaction, which is desirable. High purity lignins are
known to reach market values of 750 USD/MT®,
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5.1.3. Conclusion

Comprehensive knowledge of the structure of lignin is fundamental to increase its
added value, and this is only possible through the use of various analytical techniques. Lignins
extracted with PILs, especially based on amines, are a source of aromatic compounds with high
potential for industrial use. The amination process, which in this case occurs naturally during
extraction, is usually performed in extra processing steps on lignins from other sources. The
structures of the extracted lignins varied according to the cation and anion of the PILs and the
analytical results were strongly dependent on the degradation processes (e.g., temperature).
Data collected for lignins extracted with anion [Lac] PILs show that they are promising because
their original structure is preserved. On the other hand, lignins extracted by [2He][For] and
[Etid][Ac] showed a high modification in the original structure. Also, lignin extracted with
[Etid][Ac] showed a strong tendency towards recondensation reactions, which is shown by its
high molecular weight (Mw). The production of lignin-based value-added chemicals requires
that the structure of lignin is known. In the present work various methods were used to
characterize the structures of lignins obtained by PILs pretreatment. The structures of these
lignins have not yet been studied in the literature so far and open new opportunities of product

applications.
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5.2. Influence of of chain length in protic ionic liquids on physicochemical and structural

features of lignins from sugarcane bagasse
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5.2.1. Abstract

The mechanisms behind lignin dissolution with protic ionic liquids (PILs) and their
influence over lignin properties remain not fully explored. In this work, physicochemical and
structural features of lignins extracted from sugarcane bagasse after pretreatment with a series
of PILs (length of the cation chain combined with different anions) were assessed using
analytical techniques. It was found that the lignin extracted with shorter chain length cations
PILs showed the highest 3-O-4 content. Opposite, the increase of the PILs cation chain length
resulted in enhanced depolymerization. All lignins presented high polydispersity (>3.7), while
the weight average molecular ranged from 1921 to 13,539 g/mol. The recovered [Eti][Mal]
lignin presented the higher B-O-4 content and was possibly the most preserved lignin obtained.
Opposite, lignin isolated from [Hex][Ac] and [Hex][For] treatments had less 3-O-4 linkages
attributed to the depolymerization of lignin via rupture of ether linkages generating
intermediates that further repolymerized and/or depolymerized. These results suggest that the
ionicity of the PIL is a crucial factor for lignin dissolution. Furthermore, these results illustrate
that the proposed pretreatment using different PILs is useful to obtain high-quality lignins with
distinct features and opens a new perspective for materials to match various applications.

5.2.2. Results and discussion

5.2.2.1.  PIL-recovered lignins structural units and inter-unit linkages elucidation
by 2D HSQC NMR analysis

In this study, PILs obtained by combining three cations and four anions were used
to promote selective sugarcane bagasse delignification, generating twelve recovered lignin
fractions. According to the chemical composition data, the PIL [But][Lac] promoted the highest
lignin solubilization (73 %), followed by the PIL [Hex][Lac] (65 %) and the PIL [Eti][Lac] (55
%), which demonstrates that [Lac] was the most efficient anion to combine with the selected

cations under the conditions tested (Tabela 5.5).
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Tabela 5.5 - Sugarcane bagasse lignin solubilization (%) in the pretreatment with different
PILs.

PIL Nomenclature Lignin solubilization (% w/w)

Ethylammonium acetate [Eti][Ac] 12.0
Ethylammonium formate [Eti][For] 21.0
Ethylammonium lactate [Eti][Lac] 55.0
Ethylammonium malonate [Eti][Mal] 20.5
Butylammonium acetate [But][Ac] 40.7
Butylammonium formate [But][For] 34.9
Butylammonium lactate [But][Lac] 73.0
Butylammonium malonate [But][Mal] 28.6
Hexylammonium acetate [Hex][Ac] 37.4
Hexylammonium formate [Hex]For] 42.5
Hexylammonium lactate [Hex][Lac] 65.2
Hexylammonium malonate [Hex][Mal] 53.1

2D HSQC NMR assessed the inter-unit linkages, end-groups, aromatic units, S/G
ratio, and cinnamate content of the PIL-recovered lignins based on acquisition conditions and
assignments described in the literature?®!>, In the range, C/6H 50-110/3.0-5.5 ppm (i.e.,
aliphatic region), and 6C/6H 90-150/6.0-8.0 ppm (i.e., aromatic region) lignin signals were
apparent and are shown in Figura 5.9, Figura 5.10, Figura 5.11, Figura 5.12, which structures
can be identified in Figura 5.13. Assignments of 3C/*H correlation signals in the 2D HSQC

spectra are also listed in the supplementary material.



91

Figura 5.9 - Quantitative 2D HSQC NMR analyses for PIL-recovered lignins from sugarcane
bagasse. Aliphatic (6C/6H 50-110/3.0-5.5 ppm, left) and aromatic (6C/6H 90-150/6.0-8.0 ppm,
right) regions from (A) [Eti][Ac], (B) [But][Ac] and (C) [Hex][Ac]. See Figure 5 for the lignins

structures identified.
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Figura 5.10 - Quantitative 2D HSQC NMR analyses for PIL-recovered lignins from sugarcane
bagasse. Aliphatic (6C/6H 50-110/3.0-5.5 ppm, left) and aromatic (6C/6H 90-150/6.0-8.0 ppm,
right) regions from (A) [Eti][For], (B) [But][For] and (C) [Hex][For]. See Figure 5 for the

lignins structures identified.
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Figura 5.11 - Quantitative 2D HSQC NMR analyses for PIL-recovered lignins from sugarcane
bagasse. Aliphatic (6C/6H 50-110/3.0-5.5 ppm, left) and aromatic (6C/6H 90-150/6.0-8.0 ppm,
right) regions from (A) [Eti][Lac], (B) [But][Lac] and (C) [Hex][Lac]. See Figure 5 for the

lignins structures identified.
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Figura 5.12 - Quantitative 2D HSQC NMR analyses for PIL-recovered lignins from sugarcane
bagasse. Aliphatic (6C/6H 50-110/3.0-5.5 ppm, left) and aromatic (6C/6H 90-150/6.0-8.0 ppm,
right) regions from (A) [Eti][Mal], (B) [But][Mal] and (C) [Hex][Mal]. See Figure 5 for the

lignins structures identified.
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Figura 5.13 - Representation of the main structures present in the PIL-recovered lignins as
identified in the 2D HSQC NMR spectra. A: B-O-4-structures; A’: B-O-4-structures with
acylated (by acetate or pCA) g-OH; B: phenylcoumaran structures formed by [-5-coupling;
pCA: p-coumarate moieties; FA: ferulate moieties; (esterified with hemicelluloses); pCA’: p-
coumarate amide; FA’: ferulate amide; H: p-hydroxyphenyl units; G: guaiacyl units; S: syringyl
units; T: Tricin end-groups; I: p-hydroxycinnamyl alcohol end-groups. The structures are

colored to match the assigned contours in the 2D HSQC NMR spectra in Figure 5.1-5.4.
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Carbohydrate signals in the aliphatic side-chain region of the spectra partially
overlapped with lignin signals belonging to a-L-(1—4) arabinose units (Ara) and f-D-(1—4)
xylosyl units (Xn) (Figura 5.9, Figura 5.10, Figura 5.11, Figura 5.12) that are presumably
covalently attached to lignin to form xylan-enriched lignin carbohydrate complexes?®. The
signals in the range 6C/0H 62.9-63.0/3.45— 3.9 ppm, assigned to y-acylated units (Ay’), were
observed in the spectra of recovered lignins isolated with the short chain-length cation, [Eti],
combined with anions [For], [Lac] and [Mal] (Figura 5.9, Figura 5.10, Figura 5.11, Figura 5.12).

Since it is known that lignins from sugarcane bagasse are highly acetylated at the y position of
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the macromolecule side chain?®, this suggests that acyl linkages were chemically altered in the

lignin structure during bagasse delignification with increased cation chain length.

The etheric f-O-4 linkage is the dominant type of linkage in grass, softwood and
hardwood lignins®* and comprises about 80 % in lignins from sugarcane?®. The assignment
Oc/on 71.6/4.88 ppm in the HSQC spectra, corresponding to Aa structures was employed for an
estimate of the percentage of B-O-4 linkages in all recovered lignins. Regions in the HSQC
spectra correlated with 3-O-4 linkages also includes dc/on 85.4/4.10 ppm for AP in S units and
dc/dn 83.4/4.27 for AP in G units. According to the semi-quantitative analysis, lignins extracted
with PILs containing the cation [Eti] exhibited the highest B-O-4’ (Aa) contents as follows [Eti]
[Mal]> [Eti][For]> [Eti][Lac]> [Eti][Ac], indicating that shorter chain-length cations tend to
preserve the B-O-4 linkage during delignification (Tabela 5.6.). These PILs probably act as
weak nucleophiles and remove OH groups (Figura 5.14) from guaiacyl-p-guaiacyl ether-like
linkages, which resulted in vinyl ether linkages'®®. The relatively lower amount of p-O-4
linkages in lignins isolated with PILs containing the cation [But] in combination with any anion,
[Hex][Lac] and [Hex][Mal] indicates moderate depolymerization. On the other hand, the
absence of the assignment 6c/6n 71.6/4.88 ppm in the HSQC spectra of [Hex][Ac] and
[Hex][For]-recovered lignins can be attributed to the harsh depolymerization conditions (Figura
5.9 and Figura 5.10).

Preserved alkyl-aryl ether linkages are desirable to obtain lignins which allows
different types of modifications or applications?°. In literature was already reported 40 % of -
O-4' linkages was preserved in lignin from wheat grass extracted with alkaline ILs under
microwave conditions and 77.4 % of B-O-4' bonds preserved in lignins extracted from
eucalyptus with [Bmim][Ace]?*?2, The PILs used in our work showed slight alkaline
characteristics (pH (5:1 PIL: H20) around 6-7.5), which can contribute to preserve the p-O-4

linkages.

Strong signals for phenylcoumaran (B) structures at dc/on 62.9/ 3.4-3.7 ppm (By)
and 6c/oH 86.3/5.44 ppm (Ba) were observed only for [But][Lac] and [Hex][Mal]-recovered
lignins spectra and a discreet signal for p-hydroxycinnamic alcohol end groups (I) at 6c/oH
60.8/4.11 ppm can be observed in [Eti][Lac]-recovered lignin (Figura 5.11and Figura 5.12).

In the aromatic region all HSQC spectra are the main correlation signals for the
three lignin units (S, G, and H) and the unsaturated side chains of the p-hydroxycinnamates
(pCA and FA). Signals representing the S units are at 6c/61 103.9/6.69-6.78 ppm, and G units
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are at 6c/on 110.5/6.99-7.03 ppm for C> correlations and at 6c/6n 114.9-115.4— 118.6/6.75—
6.90 ppm for Cse correlations. The H units were analyzed with two assignments for Cszs
correlations (6c/6n 114.4-115.1/6.55— 6.70-6.90 ppm) and C,e correlations (6c/on 126.5—
127.2/7.05-7.13 ppm). Generally, strong signals for S units were observed for all lignins
(Figura 5.9, Figura 5.10, Figura 5.11, Figura 5.12). Signals for G units were absent in lignins
extracted with [But][For] and [But][Mal] indicating that G-units were more affected by
depolymerization/condensation reactions than S units. Linkages breaks involved in lignin
degradation was elucidated by Sakakibara and Yoshihiro (2001)?%, which observed that
alkaline extraction preferentially breaks the G-type lignins, while Sun et al. (2014)?%*s showed
that S-type lignin is preferentially broken down under acidic conditions. In this case,
depolymerization reaction can be considered, because the G unit shows more reactivity due to
its free ring position (5— 5°), whereas S units are more stable®>!2, The H signals appeared in
lower intensities for all lignins. Additionally, tricin structures (T) at 6c/61 103.9/7.3 ppm (T°2,6)
and dc/on 98.8/6.22 ppm (Te) exclusively for [Eti][Mal]-recovered lignin can be observed
(Figura 5.12).

FA units are represented at 6c/0n 110.4/7.31 ppm whereas pCA are represented at
dc/dn 115.7/6.90— 6.77 ppm for Css correlations and dc/6n 129.5-130.1/7.47 ppm for Czs
correlations. FA assignments were rarely observed in recovered lignins, while pCA was
prominent. Signals to pCA/FA for CB and Ca are observed in 6c/0n 113.2/6.2 ppm and 6¢/6H
144.4/7.5, respectively, indicating p-hydroxycinnamates have been esterified in the lignin
extraction®'®. Likely, FA are esterified to hemicelluloses and are linked to the lignin by ether
and C—C bonds, on the other hand, pCA are esterified to the lignin sidechain?®26217 Ag
hypothesis, p-hydroxycinnamates esterified to lignin would remain attached within the lignin
structure during extraction. The estimation of subunit composition using the HSQC aromatic

region is reported in Tabela 5.6.

Additionally, structures were observed for hydroxycinnamic amides in the
correlation signal dc/0n 138.3/7.30 ppm for Ca’ and 118.9/6.40 ppm for CPB’ for recovered
lignins with [But][Ac], [Hex][Ac], [Eti][Lac], [But][Lac], [Hex][Lac] and [Hex][Mal]
indicating amination in FA and pCA, both structures of side-chain and easier to attach. Signals
of pCA and FA amides also were observed by Qin et al. (2015)'* and elemental analysis can

suggest their presence.
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As previously determined by Del Rio et al. (2015)?°, ball-milled bagasse lignin is
generally viewed as structurally similar to native lignin, and they observed 60%, 38% and 2%
of S, G, H units respectively, giving an S/G ratio of 1.6, 48% of pCA and 4% of FA. Comparing
these contents with the results obtained in this work, long-chain length cations produced S-
enriched lignins. Moreover, the elevated H unit content can be the result of the detachment of
p-coumaric acid from the hemicellulose-lignin network and possible re-attachment into bulk
lignin as H-unit structures'®, however, this hypothesis needs to be further investigated. Only
lignin extracted with [But][Lac] exhibited lower S content and higher G content compared to
the ball-milled bagasse lignin previously characterized?®, suggesting that this combination of
anion and cation induced condensation reactions. Based on experimental conditions and the
methods for subunits quantification applied, it has been suggested that the -O-4 bond of G-
type lignin is chemically cleaved more readily than that of S-type lignin®8. Changes in S/G
ratio after the PILs pretreatment also indicated decrease in the proportion of G-type lignin and
an increase in the proportion of S-type, due to depolymerization reactions and resulting in an
increase in the S/G ratio, e.g., [Hex][Mal], which has more hydroxyls, hence inducing an
positive effect on the subsequent modification and functionalization of lignin?'!. Regarding the
p-hydroxycinnamates, lignin extracted with [But] [Lac] showed the lowest pCA content (6.2
%). Except for [Eti][Lac], which efficiently retained pCA and FA into the precipitated lignin
(75.2% and 10.9% respectively), overall PILs mildly removed pCA and completely removed
FA units.
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Tabela 5.6 - Structural characteristics (lignin inter-unit linkages, end-groups, aromatic units, and G/S ratio and cinnamate content) from the

integration of 13C-1H correlation peaks in the HSQC spectra of the PIL-recovered lignins.

Lignin Interunit Linkages Lignin aromatic units p-Hydroxycinnamates
reczl\li;ed B-O-4’ aryl ether (A) Cinnamyl alcohol
lignins ?{A) end-groups () (%) | B0 S(%) G (%) S/G ratio pCA (%)  FA (%)
[Eti][Ac] 38.3 - - 67.0 32.9 2.0 67.0 -
[But][Ac] 16.0 - 2.6 66.8 30.6 2.2 19.4 -
[Hex][Ac] - - - 86.8 13.2 6.6 44.2 -
[Eti][For] 39.6 - 0.3 65.8 34.0 1.9 37.8 -
[But][For] 22.4 - - 100.0 - - 443 -
[Hex][For] - - - 100.0 - - 57.2 -
[Eti][Lac] 39.5 34 12.5 61.1 26.4 2.3 21.0 2.6
[But][Lac] 25.7 - 3.1 52.2 44.7 1.1 6.2 -
[Hex][Lac] 26.6 - 6.6 78.4 15.0 5.2 44.8 -
[Eti][Mal] 52.4 - 2.7 65.2 32.1 2.0 37.3 -
[But][Mal] 11.3 - - 100.0 - - 32.5 -
[Hex][Mal] 25.1 - 2.1 91.5 6.4 14.3 26.4 -
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5.2.2.2. Determination of hydroxyl groups in PIL-recovered lignins via

quantitative 3P NMR spectroscopy

3P NMR spectroscopy was applied to determine the hydroxyl group content for
PIL-recovered lignins. The samples were firstly phosphitylated with 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane before 3'P NMR analyses. Figura 5.14 displays the data
acquired for the distribution of various hydroxyl groups in PIL-recovered lignins. The lignin
samples extracted with the cation [But] in combination with any anion exhibited the highest
contents of aliphatic, catechol, G, H, S/condensed, and carboxylic acid hydroxy! groups overall,
while all other lignins exhibited similar concentrations of G, S/condensed and H hydroxyl
groups. Moreover, the carboxylic acid content (~2.9 mmol/g of lignin, which report ~9.5 %)
was low compared to the content of pCA (~37.2 %). Brandt et al. (2015)*° also observed the
same discrepancy with lignins isolated using a PIL since there are no carboxylic groups in the
repolymerized pCA products during the condensation. Furthermore, the content of carboxylic
groups in lignins extracted with [For] and [Mal] cations increased as the length of the anion
increased. Independently of anion combination, the aliphatic OH content exhibited the
following tendency: [Eti] < [Hex] < [But] and was tentatively attributed to the loss of the Ca
hydroxyl groups during the high B-O-4 ether breakage induced by [But], thereby corroborating
with HSQC data as shown. Moghaddam et al. (2014)*®° attributed the lower content of aliphatic
OH groups in IL lignins possibly due to the dehydration reactions that occurs during the
extraction, which can be correlated with lignin degradation and subsequently formation of low
molecular weight lignin-fragments (Mw). Notably, low aliphatic OH groups content and Mw
was observed for lignins extracted by cations [Eti]. Additionally, experiments with lignin

models and ionic liquids would be necessary for mechanism elucidation.

3P NMR data suggests that lignins isolated with the cations [But] and [Hex]
combined with [Lac] showed higher aliphatic (2.9 and 2.8 mmol/g of lignin, respectively) and
total OH (4.8 and 4.1 mmol/g of lignin, respectively) groups content. These lignins can be
suitable raw materials for producing resins, due to the convenient formation of network
structures?®22°, On the other hand, cations [Eti] with any anion would be able to performed
polymerization and synthetic reactions, because they have less condensed phenolic groups (0.7
mmol/g of lignin) compared to the other IL-lignins. Moghaddam et al. (2014)*° also observed
the same pattern for comparison between soda lignin - high aliphatic OH (2.34 mmol/g of
lignin) and total OH (4.27 mmol/g of lignin) groups - and lignins extracted with IL.



101

Finally, hydroxyl group analysis confirms that delignification using the synthesized
PILs employed in this work occurs by depolymerization followed by condensation. However,
it is important highlight that only the non-aqueous insoluble lignin was recovered (small lignin
fragments highly hydroxylated remained into solution) and subjected to 3P NMR spectroscopy

analysis.

Figura 5.14 - Quantitative *'P NMR analyses to determine the hydroxyl groups content in PIL-

recovered lignins from sugarcane bagasse.
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5.2.2.3.  PIL-recovered lignins composition by Py-GC/MS analysis

The chemical structure of the pyrolysis products of PIL-recovered lignins was
evaluated by Py-GC/MS analysis. More than 40 compounds derived from the different lignin
subunits were identified (Appendix A) and subunits quantifications were calculated in Figura
5.15. In particular, the formation of subunits containing free phenolic groups via B-aryl etheric

bonds cleavage was evidenced. Elevated content of 4-vinyl phenol (label 18) and 4-vinyl
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guaiacol (label 22) were produced during the pyrolysis stages. These pyrolytic products may be
derived from pCA/H and FAJ/G, respectively. Interestingly, the product 5-ethyl-2-methyl
piperidine was found in higher content for the lignin extracted with [Hex][Ac] and was
attributed to the incorporation of the nitrogen from the PILs cation during delignification or

traces of the PIL in the precipitated material.

The compositions of lignin recovered with cations [But] showed to be S-enriched,
whereas [Eti] and [Hex] were H-enriched. Those alterations can be explained for the favorable
demethoxylation reaction occurred as temperature increase analytical pyrolysis. Del Rio et al.
(2015)?° observed S-rich for raw bagasse lignin, indicating that lignin extracted with cations
[But] preserved the structure for S-derived units. In addition, monomers such as phenol,
guaiacol and syringol were observed for all PIL-recovered lignins, suggesting the valorization
of lignin in pyrolytic paths.

Figura 5.15 - Units S, G and H and simple monomers (phenol and syringol) by Py-GC/MS

analysis of PIL-recovered lignins.
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5.2.2.4. PILs lignin molecular weight characterization

GPC was used to investigate the number average molecular weight (Mn), weight
average molecular weight (Mw) and polydispersity (PDI) of the PIL-recovered lignins, and the
results were reported in Tabela 2.1Tabela 5.7. There were marked variations among the
molecular weight distribution of the lignins extracted with the same anion combined with the
three cations. No relationship was found between the influence of the chain length of the cation
and the Mw, except for the anion [For], for which the Mw increased as the chain length of the
cation increased. Moreover, Mw for lignins extracted with [For] were 7-fold higher comparing
[Eti] and [Hex]. [Hex][Lac]-recovered lignins exhibited PDI ~3.7 while for [Eti][Ac]-isolated
ligninsitwas ~7.1, i.e., the first one, ([Hex][Lac]), is composed by a narrower molecular-weight
distribution while the second, ([Eti][Ac]), is more heterogeneous with a wide range of
molecular weight lignin fragments. Most of the lignins presented higher PDI values and
molecular weight compared to results reported previously’®?2222 for lignins from sugarcane

bagasse obtained by alkaline pretreatments where the values were around ~4000 g/mol.

Low molecular weight lignin (~1769 g/mol) was obtained from sugarcane bagasse with
[EMIM[OACc] (120 min and 140 °C) as reported by Saha et al. (2018)*** due to high lignin
fragmentation. On the other hand, the Mw values obtained in our work are closely compared to
Moghaddam et al. (2014)'%, which determined Mw ~7597 and ~6884 g/mol for lignin extracted
from bagasse, respectively with [bmim] Cl— HCI and [bmim][CH3SO3] (130 °C and 30 min).
It was expected that the lignins with higher Mw were characterized by higher p-O-4 ether
linkages content because the bulk structure would dissolve into the PIL in an almost intact way,
thus conserving its native linkages. Oppositely, lignins extracted with [Hex][For] showed Mw
13,700 g/mol— and apparently no quantifiable 3-O-4 ether linkage (Tabela 5.6). Ovejero-Pérez
et al. (2020)?% obtained high molecular weight (~120,988 g/mol) lignin from eucalyptus using
[Mim][Cl1] (150 °C and 6 h) and apparently 0.4 % of B-O-4 was quantified. In this case, it was
observed the formation of free radicals during the B-O-4' cleavage that might be promoted
extensively lignin that explains the high Mw values. Whereas lignin extracted with [Eti][Ac]
also showed Mw 13,500 g/mol and 57.2 % of p-O-4 ether linkage content. As such, it would
seem reasonable to expect that the mechanism behind the lignin dissolution process occurred
by depolymerization. The cleavage of ether linkages could generates unstable charged
intermediates, which can further repolymerize and/or depolymerize into new fragments.

Additionally, it has previously been demonstrated that hydrogen bonding in PIL significantly
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influences anion—cation interactions and consequently alters the solvation of the protonated

lignin and reaction pathways?2*,

Tabela 5.7 - Weight-average (Mw) and number-average (Mn) molecular weights and

polydispersity (Mw/Mn) of the PIL-recovered lignins.

Lignin Mn (g/mol) Mw (g/mol) PDI
[Eti][Ac] 1896 13539 7.1
[But][Ac] 1196 6682 5.5
[Hex][Ac] 1773 10018 5.6
[Eti][For] 2746 1921 5.7
[But][For] 1611 8075 5.0

[Hex][For] 2413 13717 5.6
[Eti][Lac] 912 5502 6.0
[But][Lac] 931 3993 4.2
[Hex][Lac] 2640 9795 3.7
[Eti][Mal] 1689 9707 5.7
[But][Mal] 1172 6135 5.2
[Hex][Mal] 1971 7955 4.0

5.2.2.5. Elemental analysis of the PIL-recovered lignins

The elemental composition of the PIL-recovered lignins (C, H, N, and O), including
Cooo formula and the content of methoxyl groups in lignin (wt %) were determined (Tabela 5.8).
Up to 2 % of N content for the PlLrecovered lignins was detected and this indicates amine
incorporation from the PILs cation to lignin during delignification, as past studies
suggested®8169189 and observed by 2D HSQC NMR. On the basis of these results, the lignin
recovered has potential to be addressed for the production of surfactants, chemicals and slow-
release fertilizers scaffolds'®, avoid extra step of Mannich reaction. [Eti]-recovered lignins in
combination with any anion showed the lowest C, H and N content and the highest oxygen

content.

The degree of unsaturation (DOU) showed lignin with values from 173 to 403
indicating that lignin fragmentation may have occurred at different extents. [Eti][Lac] shows
DOU of 173, suggesting that lignin extraction under mild conditions (2 h at 105 °C) have less
unsaturated bonds in the side-chain of the lignin. This is due to the dehydration reaction’
during extraction in PILs, which is supported by 3P NMR. The DOU values are in agreement

with lignins extracted with ILs previously described in the literature!’2211:225,
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Tabela 5.8 - Elemental composition of the PIL-recovered lignins, C900 formula and degree of
unsaturation (DOU).
PIL-recovered lignins %C %H %N %0 %OCH;  Cgp formula  DOU

[Eti][Ac] 39.2 55 25 535 03  CoooH15040010Ns9 173
[But][Ac] 585 6.8 41 307 0.7  CoooH12460353Ns4 305
[Hex][Ac] 505 7.8 39 288 0.1  CoooH140s0327Nso 223
[Eti][For] 486 53 32 430 10  CogooH11600506Ns0 342
[But][For] 569 69 43 318 08  CoooH13000379Nss 280
[Hex][For] 570 75 42 321 0.6  CoooH14110371Nss 224
[Eti][Lac] 594 57 30 320 14  CoooH10360370N39 403
[But][Lac] 626 7 40 264 01  CoooH11090285Ns9 326
[Hex][Lac] 60.7 66 33 294 05  CoooHissOsz7Nas 339
[Eti][Mal] 40.7 45 2.0 528 0.2 CoooH11850877N37 327
[But][Mal] 589 6.6 34 311 08  CoooH12010356Nag 322
[Hex][Mal] 60.7 77 42 274 05 Co0oH1360030sNs3 247

5.2.2.6. Thermal analysis of the PIL-recovered lignins

The thermogravimetric curves (TG) and their derivative curves (DTG) of the PIL-
recovered lignins were recorded to investigate the effect of PIL choice on the kinetics of lignin
thermal decomposition (Tabela 5.9). The degradation process can be divided into mainly 3
steps: 1) the range from 25 to 200 °C which was attributed to the elimination of water and PIL
residues; 2) from 200 to 400 °C, it is related to the degradation of hemicelluloses and cellulose
residues and 3) from 400 to 500 °C, it is related to the decomposition of aromatic hydrocarbons,
alcohol, aldehydes, hydroxyl phenolic compounds?°2%, Similar mass loss trends are observed
for all lignins recovered, which was also observed by Moghaddam et al. (2014)®° and Ovejero-
Pérez et al. (2020)?%,

All PIL-recovered lignins presented similar initial mass losses (25— 100 <C),
indicating that the initial water content was quite similar. [But][For]-, [Hex][For]- and
[Hex][Mal]-recovered lignins presented mass loss in the second stage (100— 200 °C) up to 15
%, which suggests that PIL traces content and was higher in those samples. These outcomes are
supported by the elemental composition results (Tabela 5.8). On the third stage (200— 300 °C),

the mass loss variations were not significant, but it has increased as the chain length of PILs
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increased. Then, the content of cellulose and hemicellulose was directly affected by this factor.
The same pattern mentioned above was observed for the last stages (300— 450 °C and 450— 900
°C), showing that aromatic and functional groups decomposition and unburned inorganic
compounds in PIL-recovered lignins suffered loss in thermal stability by 10%. However, it is
worth mentioning that all materials are still a promising source of chemicals or hydrocarbon

fuel through pyrolysis.

Tabela 5.9 - Weight loss percentage at different temperature regions for PIL-recovered lignins.

Weight loss lignin (%)

PIL-recovered

lignin 0- 100- 200- 300- 450-

100°C 200°C 300°C 450°C 900°C

[Eti][Ac] 6.0 8.0 20.0 52.0 61.7

[But][Ac] 3.6 9.5 27.2 52.7 71.2
[Hex][Ac] 3.0 10.9 27.5 59.4 70.9
[Eti][For] 7.2 10.8 27.2 53.6 64.4

[But][For] 3.8 25.3 30.5 55.6 66.9
[Hex][For] 3.6 22.0 36.6 59.7 71.1
[Eti][Lac] 5.9 7.9 22.7 50.3 62.0
[But][Lac] 3.0 7.0 27.2 54.0 69.5
[Hex][Lac] 2.6 10.3 29.4 60.2 70.2
[Eti][Mal] 5.3 7.2 19.0 49.1 57.3
[But][Mal] 3.4 7.0 23.4 51.6 64.0
[Hex][Mal] 2.7 15.6 32.4 55.1 73.6

5.2.3. Conclusion

This study investigated the differences in composition and structure of the lignins
extracted from sugarcane bagasse with PILs. [Eti][Mal] lignin suggests preserving B-O-4
linkage, thus contributing to their less deconstructed shape. However, an increase in the S unit
is observed, which points to depolymerization reactions with ether bond cleavage and
monomers formation. On the other hand, condensation reactions have also been observed,
which corroborates with the high Mw of cation [Hex], consequently resulting in an increase in

phenolic hydroxyl group content.

PILs pretreatment provides the opportunity for tailored lignins production
according to cations and anions characteristics. The use of cation [Hex] influence condensation
reactions, resulting in lignins with higher Mw, which can be directed for additives and resins
applications, whereas the use of [But] potentialize depolymerization reactions, producing
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monomers for fine chemicals applications. Lignin utilization as by-products instead of waste
creates opportunities to dramatically increase commercial viability of cellulosic ethanol

biorefinery

5.3.  Consideracgdes

Nestes artigos foram discutidas as influéncias de cations com grupos funcionais (-
OH e -NHs3) e a influéncia do aumento da cadeia do cation nas estruturas das ligninas. A partir
das analises foi possivel ter um conhecimento abrangente da estrutura da lignina para
posteriormente aumentar seu valor agregado dentro da biorrefinaria. Uma grande vantagem da
lignina obtida com os LIPs deste trabalho é o processo de aminacdo que ocorre naturalmente

no caso dos LIPs a base de aminas, etapa que normalmente é realizada no upgrading.

No presente trabalho varios métodos foram usados para caracterizar as estruturas
de ligninas obtidas pelo pré-tratamento, e as estruturas extraidas variaram de acordo com o
cation e anion dos LIPs, entretanto os resultados analiticos foram fortemente dependentes dos
processos de degradacdo (e.g., temperatura). Portanto, no préximo capitulo, para um
conhecimento por completo da estrutura a variacdo do tempo e da temperatura foram realizadas
para avaliar o comportamento da estrutura das ligninas extraidas, e assim obter um estudo mais

completo e novas oportunidades de aplicacGes de produtos.
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CAPITULO 6

6. Otimizacdo de pré-tratamento e sua influéncia na estrutura da lignina

Neste capitulo os LIPs com as melhores performances anteriormente discutidas
([Etid][Ac], [Etid][Lac] e [2He][Lac]) foram submetidos a um estudo levando em consideracédo
a variacgdo das condigdes de tempo e temperatura do pré-tratamento. As ligninas obtidas dessas
cinéticas também foram analisadas visando entender como a estrutura se comporta sob a

variacdo das condicBes de pré-tratamento e quais reacdes podem ocorrer no meio.

Os bagacos pré-tratados na melhor condicdo para cada solvente foram submetidos
a hidrolise enzimatica e posterior fermentacédo para avaliar a influéncia do pré-tratamento na
fermentacgdo dos aglcares em etanol. Por fim, neste capitulo € apresentado o balango de massa
do processo considerando etapas de pré-tratamento, hidrolise e fermentacdo para um
mapeamento completo. Os resultados estdo apresentados na forma de um artigo publicado a
revista ACS Sustainable Chemistry & Engineering®?’ e ao final do capitulo sdo feitas as

consideracdes finais.
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6.1.  Effect of protic ionic liquids in sugarcane bagasse pretreatment for lignin valorization

and ethanol production
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6.1.1. Abstract

lonic liquids have been called designer solvents because it is possible to fine-tune
their properties from a huge range of possible combinations of cations and anions. In this work,
we evaluate the potential of protic ionic liquids (PILs) in the fractionation of sugarcane bagasse
in a biorefinery context. The PILs were designed to selectively solubilize lignin and leave a
polysaccharides solid fraction. The carbohydrate fraction was further hydrolyzed to obtain
pentose and hexose sugars, which were fermented using a pentose-consuming yeast. The results
have shown that, differently from pretreatments that solubilize hemicelluloses, pentoses could
be fermented together with hexoses without a prior detoxification step with high yield and
productivity. The lignin recovered was characterized by 2D HSQC NMR, 3P NMR, and GPC,
showing that the design of the PIL influences lignin characteristics, but pretreatment
temperature and time do not. The lignins obtained are sulfur-free, and the richness of their
functional groups makes them attractive for conversion into a diversity of value-added products,

which can make a biorefinery based on the proposed process viable.

6.1.2. Results e discussion

6.1.2.1. Effects of temperature and time on the pretreatment, enzymatic

hydrolysis and lignin structure

The effects of pretreatment temperature and time on the solubilization of sugarcane
bagasse lignin and on the enzymatic saccharification of the solid fraction obtained in the
pretreatment were investigated with the PILs [Etid][Ac], [Etid][Lac] and [2He][Lac]. Figura
6.1.1 shows the percentage of cellulose and hemicellulose conversion in the enzymatic
hydrolysis step and the lignin solubilization in the pretreatment step considering each of the
operational conditions described in methodology. The standard deviations were calculated

based on triplicates at the central point.

Analyzing the results, it is possible to observe that both the solubilization of lignin
and the conversions of cellulose and hemicellulose increase with increasing time and
temperature for all the PILs studied. This is probably related to the breaking of the ether and
ester bonds (catalzyed hydrolysis) between the lignin and polysaccharides. The stronger the
proton dissociation ability of the anion to break this linkages, the better the delignification
effect. The highest lignin solubilization, 82.7 %, was observed in the pretreatment using

[Etid][Ac] at 140°C in 3 (Figura 6.1.1 a). On the other hand, for [2He][Lac], even employing
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higher temperature (140 to 160°C) (Figura 6.1.1c), lower lignin solubilization values, < 51.0
%, were observed in comparison with other PILs. This means that the nature of the PILs have
more influence in the solubilization than pretreatment time and temperature. Saha et al.
(2017)?% reported lignin removal of 90.1 % from bagasse using [EMIM]OACc at the optimal
pretreatment conditions: 2 h at 140°C and ionic liquid to bagasse ratio equal to 20:1 (w/w).
Although the studies use a high amount of IL in the pretreatment step, PILs can be recycled and
reused at least three or four times, which shows the process is potentially economically

feasible!®21-2,

The higher lignin solubilization leads to higher conversion in the enzymatic
hydrolysis step (Figura 6.1.1), due to the breaking of the hydrogen linkages present in the
biomass. This reduces the crystallinity, degree of polymerization and increases the
hydrophilicity and reactivity of cellulose, making the carbohydrates more easily accessible to
hydrolysis enzymes®!*?*23°_ An increase in pretreatment temperature and time also contributed
to higher enzymatic hydrolysis conversions, from 75.5 % (1 h at 120°C) to 84.4 % (3 h at
140°C) for cellulose and from 48.9 % (1 h at 120°C) to 61.3% (2 and 3 h at 140°C) for
hemicellulose, using [Etid][Ac]. For [Etid][Lac], cellulose conversion increased from 49.5% (1
h at 110°C) to 81.2% (3 h at 130°C) and hemicellulose conversion from 45.5 % (1 h at 110°C)
t0 62.9% (3 h at 130°C). For [2He][Lac], conversions increased from 38.5 % (1 h at 140°C) to
56.3 % (3 h at 160°C) for cellulose and from 33.5 % (1 h at 140°C) to 48.5 % (3 h at 160°C)
for hemicellulose. The higher conversion of cellulose was in the pretreatment with [Etid][Ac],
84.4 %, at 140°C and 3 h (Figura 6.1.1 a) and that of hemicellulose was 62.9 %, for [Etid][Lac]
pretreatment at 130°C and 3 h (Figura 6.1.1 b).

The conversion values of the hemicellulose fraction in enzymatic hydrolysis ranged
from 33.5 to 62.9 %, higher than those commonly reported in the literature for alkaline
pretreatments®3?, The PILs used in the present work keep hemicellulose in the solid fraction and
it can be converted into fermentable sugars in hydrolysis. In general, this does not occur in

pretreatments with alkaline characteristics, such as diluted NaOH ® and [2He][Ocaproic]*®.

In general, considering the conversion and lignin solubilisation effects, the solvents
performance follows the order: [Etid][Ac] > [Etid][Lac] > [2He][Lac]. The anion [Ac] led to
better results when compared to the anion [Lac], and the cation-functionalized amine, [Etid],
was superior to hydroxyl, [2He] (Figura 6.1.1). The anion [Ac] has demonstrated high

efficiency for lignin solubilization and cellulose conversion!’. Rocha et al. (2017)®, using
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[2He][Ac], achieved lignin solubilization > 60% and cellulose conversion > 75 % with
pretreatment for 3.5 h and 150°C*. [Ac] contributes to the transformation of cellulose I into II,
which combined with temperature-time can lead to cellulose chain rearrangement and improve

the structural regularity and chain mobility in hydrolysis!®.

Figura 6.1.1 - Cellulose and hemicellulose conversion obtained in the enzymatic hydrolsys and
lignin solubilization in the pretreatment step based on time and temperature for PILs
pretreatment. (A) [Etid][Ac], (B) [Etid][Lac], (C) [2He][Lac].
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The lignin recovered with the ILs pretreatment has purity > 90 % and a higher
market value.’®. On this work, the structure of lignin is characterized, as well as the effect of
pretreatment temperature and time on its structure after pretreatment. Figura 6.1.2 shows the
summarized data obtained and Figura 6.1.3 shows the results of 2D HSQC NMR for the

optimized conditions of each PIL used in the pretreatment. The complete results of
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characterization of the structures of the lignins precipitated in the HSQC spectra for all

compounds are in the Mendeley Data?32.

In general, the temperature and time values used in this work did not influence the
structure of the lignin obtained. On the other hand, the solvent used in the pretreatment has
stronger influence in some characteristics (Figura 6.1.3). In the aliphatic-oxygenated region
(0c/0u 50-110/3.0-5.5 ppm) the main correlation of the spectra is the interunit linkage of the
lignin side-chains, such as B-O-4" substructures. Lower B-O-4' signals were observed in the
lignin obtained from pretreatment with [2He][Lac], due to the higher temperature of extraction
compared to other solvents. Lower temperatures tend to preserve structures and prevent
recondensation reactions. In the aromatic/unsaturated region (6c/du 90-150/6.0-8.0 ppm) of the
spectra, the main signals relate to the aromatic rings of the S:G:H lignin units. S units were
approximately 60 %, while G units were 40 %. These G units are more reactive due to their free
ring position (5-57), while S units are more stable, indicating, if depolymerization reactions
occur, they happen more easily in G units.%. H units were observed in high amount (~20 %)
with the pretreatment using [2He][Lac], which was also detected by Brandt et al. (2015)*® and
Wen et al. (2014)172,

The pCA followed the same behavior observed for the H units, probably due to the
fact that pCA can be hydrolysed and/or repolymerized during pretreatment. In this case, also
considering the acylation of the y-carbon of the lignin side-chains, pCA may have been totally
hydrolyzed, being present in the free form in the alkaline lignins, such as those extracted by
[2He][Lac]. The presence of signals for p-coumaryl amide (pCA’) and feruloyl amide (FA")
showed the degradation of side chains and aromatic units of lignin utilizing PILs synthesized
by primary amine cations. This effect was observed by Pin et al. (2020)®°, Qin et al. (2015)®
and Wen et al. (2014)"2,

FA has the capability to chemically crosslink lignin and hemicelluloses*'*>***, They
are found in high amount in grass biomass, however, they are absent for this pretreatment
because it is in the external parts of the side chains®*®

solubilization by the PILs, as observed byPin et al. (2021, 2020)81¢7,

, therefore they are more susceptible to
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Figura 6.1.2 - Radar tool with summarized data from 2D HSQC NMR, P NMR and GPC

analysis for recovered lignins by [Etid][Ac] (A), [Etid][Lac] (B) and [2He][Lac] (C) in relation
to time (h):temperature (°C).
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Figura 6.1.3 - 2D HSQC NMR analysis for recovered lignins by [Etid][Ac] (A), [Etid][Lac]
(B) and [2He][Lac] (C) in relation to time (h):temperature (°C) optimized.
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The average molecular weights (Mw) of the lignin recovered by [2He][Lac] were
lower than that of the lignin from [Etid][Ac] and [Etid][Lac]. The Mw values are from 6.0 to
9.8 kDa and, on average, the Mw and Polydispersity Index (PDI) values follow the order:
[Etid][Lac] > [Etid][Ac] > [2He][Lac]. It is possible that the higher Mw of the lignin
precipitated with [Etid][Lac] is due to a greater degree of branching and condensation. The
lower Mw of the lignin obtained with [2He][Lac] may be a consequence of the higher
temperature of the reaction and low condensation. Although these are plausible explanations
using Mw values, it is more than likely that the lignins recovered with [Etid][Lac] and

[Etid][Ac] were less exposed to -O-4 cleavage, as observed in Figura 6.1.2.

The measurement of total OH was based on *'P NMR, which is routinely used to
quantify unlike OH groups in the structure of lignin. The integration data of various OH groups
for all the lignins are summarized in the Mendeley Data?®2, Total OH values for the recovered
lignins follow the order: [2He][Lac] > [Etid][Lac] > [Etid][Ac]. The higher percentage of OH
groups for the lignin extracted with [2He][Lac] PIL may be due to the low Mw. It may also be
associated to the highest breakdown of ether linkages throughout removal, due to a potential
cleavage of this linkages by the PILs. On the other hand, the lignin extracted by [Etid] cation

showed low solubilization for OH quantification (< 1.0 mmol/g) ).

The elucidation of the mechanism of lignin extraction with PILs is presented in the
literature! 2223224 According to the radar tool proposed by Costa et al. (2015)2%, it is possible
to suppose that [Etid] extracted lignins with moderately preserved structure, with high B-O-4.
On the other hand, condensation reactions were not observed for lignins from [2He][Lac] due
to the higher temperature used for lignin solubilisation. Thus, lower Mw was obtained,

indicating the presence of monomers, dimers and trimers.

The lignins obtained in the present work are sulfur-free. The richness of their
structure and their functional groups makes them attractive for conversion into a diversity of
value-added products, such as carbon fiber, vanillin, phenolic resins and so on. Current
upstream and downstream valorization enables fine-tuning of lignin as a building block for
high-value chemicals’, which can be made easier by designing PILs to obtain lignins with the

desired characteristics.
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6.1.2.2.  Enzymatic hydrolysis and fermentation

The bagasse obtained after pretreatment with the PILs [Etid][Ac], [Etid][Lac] and
[2He][Lac] for 3 h at 140°C, 130°C and 160°C, respectively (experimental setup)**?, were
hydrolyzed by the enzymatic complex Cellic Ctec2 and the kinetic profiles are presented in
Figura 6.1.4. The results of the conversion of cellulose and hemicellulose were not significantly
different at the 90% confidence level by the Tukey test above 24 h, thus it is not necessary to
perform the hydrolysis for 72h, which increases hydrolysis productivity. The range of cellulose
conversion from 6 to 72 h of hydrolysis was: 49.6 = 0.0 % to 84.8 = 0.6 % ([Etid][Ac]), 51.1 £
0.5 % to 84.7 = 0.4 % ([Etid][Lac]) and 40.6 £ 1.1 % to 66.5 £ 0.7 % ([2He][Lac]). For
hemicellulose conversion, the ranges were: 42.2 = 0.0 % to 63.7 £ 1.9 % ([Etid][Ac]), 42.0 £
1.5 % t0 69.0 £ 0.6 % ([Etid][Lac]) and 36.1 £ 0.3 % to 62.6 = 1.0 % ([2He][Lac]). These values
are high compared to the literature'®!®*. Most pretreatments remove hemicellulose from the
solid fraction of the biomass along with various inhibitory substances, requiring a detoxification
step before the fermentation of the pentose fraction?®*. In the pretreatments evaluated in this
work, as hemicellulose remains in the solid fraction, it is hydrolysed in the hydrolysis step
without the formation of inhibitors. Thus, the fractions of hexoses and pentoses can be

fermented together and without the need for prior detoxification.

After enzymatic hydrolysis, the fermentation was performed for each pretreatment
evaluated, also considering a control fermentation. Fermentations were carried out for 24 h, but
volumetric productivity (Qp) values were calculated at 18h.The Qp values obtained were from
1.21 to 1.61 g/L.h and the yield (n) was from 82 to 85 %. As can be seen in Figura 6.1.5, a
significant increase in ethanol production and substrate consumption (sugars) was achieved
along the first 6 h for all samples, but maximum ethanol production was in general attained at
18h. As shown in Tabela 6.1.1, the kinetic parameters of all the fermentations showed no

statistical difference by the Tukey test (p <0.1).
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Figura 6.1.4 - Cinetic of results of sugar and conversion in the enzimatic hydrolysis for
pretreatment in the optimazed conditions: (a) [Etid][Ac] (140°C and 3 h), (b) [Etid][Lac]
(130°C and 3 h) and (c) [2He][Lac] (160°C and 3 h). Different letters above symbol indicate a
significant difference among hydrolysis time (p < 0.1) by the Tukey test.
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The fermentation times were different in the works, but none of the studies reached
high values of Ypss and Qp. Biazi et al. (2020)*® and Bonan et al. (2020)**® worked with
hemicellulosic hydrolysates obtained from acid pretreatment and S. passalidarum. Biazi et al.
(2020)%*° worked with a 1.4 L bioreactor and 900 mL of working volume using 30 g/L glucose,
75 g/L xylose and 20 g/L of initial cell concentration at 30°C, 48h, 200 rpm and kra of 8.0 h™..
On the other hand, Bonan et al. (2020)**® used 27.7 g/L of glucose and 66.3 g/L of xylose in a
3L bioreactor containing 1.4L of working volume, 17.2 g/L of initial cell concentration, at 30°C,
48h, 200 rpm and kra of 4.9 h'!. Both authors were able to obtain ethanol concentrations of 37.0
+ 0.09 g/L and 28.6 + 0.4 g/L, respectively. However, Qp was 0.87 = 0.002 g/L.h and 1.12 £
0.01 g/L.h, and n was 67.4 £3.2 % and 56.8 £ 0.5 %, respectively. Although these works were
carried out in bioreactors and with a high biomass concentration, the values of productivity and

yield were lower than those obtained in the present work (carried out in flasks with low biomass
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concentration). This is probably due to the incidence of inhibitors in the hydrolysate from acid
pretreatment, which are not present in the hydrolysate obtained with the pretreatment with the

PILs studied.

Tabela 6.1.1 - Fermentation Fermentation in the optimazed conditions [Etid][Ac] (140°C and
3 h), [Etid][Lac] (130°C and 3 h) and [2He][Lac] (160°C and 3 h) using S. passalidarum at
30°C, 18h and 150 rpm . Different letters mean that the values are different significantly for

Tukey test

[Etid][Ac] [Etid][Lac] [2He][Lac] Control
Initial dry cell weight (g/L) | 4.4+0.32 5.3+1.72 5.1+0.22 5.9+2.1%
Initial sugars (g/L) 53.5+0.7" 53.0+1.3" 50.2+2.2" 54.2+1.8"
Ethanol (g/L) 23.3%0.1° 22.5+0.1° 21.7+0.8° 23.3+1.0°
Ypis (OetoH/Osugar) 0.4420.00% | 0.42+0.019 | 0.43+0.009 | 0.43+0.00°
Yxis (Qcell/Gsugar) 0.18+0.03° | 0.15+0.02° | 0.21+0.03° | 0.19+0.01°
Qr (getor/L.h) 1.30+0.007 | 1.25+0.01F 1.21+0.057 | 1.61+0.00f
1 (%) 85.3+0.8¢ 82.9+2.49 83.7+0.49 84.0+0.99

Figura 6.1.5 - Fermentation of glucose and arabinose/xylose for pretreatment in the optimazed
conditions: (a) [Etid][Ac] (140°C and 3h), (b) [Etid][Lac] (130°C and 3h) and (c) [2He][Lac]
(160°C and 3 h), (d) control. (m) Glucose; (®) Arabinose/xylose; (A) Glycerol; (V) Xylitol;
(<€) DCW; (#) Acetic acid; (—) Ethanol.
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The high ethanol productivity obtained in this work may be related to the absence
of inhibitors, the headspace volume of the flask and the stirring rate, which led to good aeration
rates. Bonan et al. (2020)*® studied the effect of oxygen availability on the fermentation by S.
passalidarum and concluded that an adequate volumetric oxygen transfer coefficient combined
with high cell density resulted in an increase in the Qp and a decrease in the time for sugar

exhaustion.

A comparison with the work of Nakasu (2021)*% shows the influence of the
headspace volume. The author evaluated the fermentation of the hydrolysate of the pretreatment
with the PIL [2He][Ac] by S. passalidarum (42.9 g/L of glucose and 24.3 g/L of xylose) in 150
mL Erlenmeyer flasks containing 50 mL of work volume and using 11 g/L cell at 110 rpm, 72h
and 28 °C. The study reported Qp of 0.56 g/L.h. In the present work it was possible to observe
Qp 2.5 times higher in 18 h using half of the cell concentration (Tabela 6.1.1).

Increasing the initial cell concentration is a strategy to acelerate the fermentation,
increasing productivity'*3, All fermentations showed similar fast glucose intakes from 6 to 12
h (Figura 6.1.5). However, xylose consumption, although it started together with glucose
consumption, remained at a slow rate until glucose exhaustion and in sequence presented faster

intake from 12 to 18 h.

Nakasu (2021)?%® (conditions mentioned above) carried out fermentations with a
higher initial concentration, of 11 g/L, and observed xylose exhaustion in 72h, reaching values
of 28.6 g/L of ethanol and 89.3 % of yield. Soares et al. (2020)'*® worked with hemicellulosic
hydrolysates - 67 g/L of xylose and 27 g/L of glucose - obtained from acid pretreatment in 500
mL erlenmeyer flasks containing 250 mL of working volume at 200rpm, 72h and 30 °C, using
S. passalidarum and initial biomass concentrations of 16.4 g/L.. The complete consumption of
xylose occurred in 72 h of fermentation and the concentration of ethanol and yield values
obtained were 30 g/L and 69.0 %, respectively. The slower consumption of xylose in the work
of Soares et al. (2020)!** may have been influenced by inhibitors produced in acid pretreatment,

but Nakasu (2021)%® also used pretreatment with PILs.

Barcelos et al. (2021)%7 pretreated a mixture of pine, almond and walnut wood
(1:2:2) using 10% wt of [Ch][Lys] at 160°C, 50 rpm, and 3h. The author's fermentation of
C5/C6 sugars were performed using genetically modified Saccharomyces cerevisiae for 7 days
and a yield of 77.4% was reached on pilot-scale fermentation, producing 27.7g/L of ethanol.

The authors concluded that pretreatment with PILs does not require washing of biomass, sugar
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concentration, solvent removal or detoxification to reach high-efficiency in biomass conversion
and ethanol production, indicating that solvents as PILs could be used in the biorefinery in the

future.

6.1.2.3.  Mass balances for ethanol production using PILs in pretreatment

The mass balances for the second-generation ethanol production process from
sugarcane bagasse pretreated with the PILs [Etid][Ac], [Etid][Lac] and [2He][Lac] can be seen
in Figura 6.1.6. The volume of ethanol obtained was of 248.5, 246.5 and 208.9 L/ton bagasse
for [Etid][Ac], [Etid][Lac] and [2He][Lac], respectively. It is important to notice that the
pretreatment with [2He][Lac] occurred at higher temperature (160°C), but removed less lignin,

which ultimately resulted in less ethanol.

The ethanol yields achieved in this work were high compared to the
literature®3135236.238 Kyt it should be mentioned that not only the pretreatment, but also solids
and enzyme loadings in the enzymatic hydrolysis, as well as biomass concentration in
fermentation can influence the overall ethanol productivity. Rocha et al. (2017)!° pretreated
sugarcane bagasse with [2He][Ac] at 150°C for 2h and, considering the amount of glucose and
xylose obtained after enzymatic hydrolysis, estimated that 218 L ethanol/ton bagasse could be
obtained if fermentation yields of 95 % and 60% of the theoretical from glucose and xylose

were obtained, respectively.

Nakasu (2021)?% obtained 375 L ethanol/ ton bagasse in the fermentation by S.
passalidarum at 110 rpm, 72h and 28 °C. Bagasse was pretreated at 150°C for 2h, using
[2He][Ac] produced using an acid: base ration of 0.5:1. Ninomiya et al. (2018)'% used another
PIL, choline acetate ([Ch][OAc]), for bagasse pretreatment (110°C, 21 h) and obtained 266 L
ethanol/ton bagasse. Fermentation was undertaken at 30°C, 120 rpm and 24h using S. cerevisiae

YPH499XU and 56 g/L and 14 g/L (glucose and xylose concentrations, respectively).

The ethanol production obtained in this work was high even when compared to
other conventional pretreatments using sugarcane bagasse as biomass. Nakanishi et al. (2017)%
obained an ethanol production of 224.8 L/ton using pretreatment with sodium hydroxide (1.5
% w/v) and anthraquinone (0.15 % w/w) at 130°C for 30min. After enzymatic hydrolysis,
fermentation was executed for 24h in a bioreactor using S. passalidarum. When authors used
the hydrothermal pretreatment (190°C and 10 min) and replaced the yeast by S. stipitis, they
obtained 222.7 L ethanol/ton bagasse after 40h of fermentation. Rabelo et al. (2014)?% used


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/choline
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alcaline hydrogen peroxide (7.4 % v/v) pretreatment (25°C, 1h) and obtained 237.5 L
ethanol/ton. In general, the values indicate the high efficiency of the presented process when

compared to the values published in the literature.

Figura 6.1.6 - Mass balance in the optimazed conditions of pretreatment using [Etid][Ac]
(black color), [Etid][Lac] (blue color), and using [2He][Lac] (grey color).
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A technical-economic analysis is necessary in order to estimate the parameters that
make the biorefinery economically viable, such as the minimum ethanol selling price (MESP).
Another aspect that must be considered is the amount of water used to wash the biomass after
pretreatment, as it influences the recovery cost of the PIL, which needs to be recycled to make
the process viable.®* Studies in the literature have shown that the PIL can be recycled and reused
in the pretreatment at least four times (> 98 %) without showing a decrease in lignin
removal!®?12>%  Barcelos et al. (2021)%" using [Ch][Lys] PIL in pretreatment to produce

ethanol reached an optimal design resulting in a predictable ethanol selling price of $3/gge and
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carbon footprint of 16.4 gCO2./MJ, an 82% reduction compared to gasoline. Also, the lignin

fraction obtained by precipitation can be the raw material to value-added products’?%°,

6.1.3. Conclusion

Pretreatment with the PILs considered in this work lead to biomass with a high
percentage of cellulose/hemicellulose and a low percentage of lignin, thereby facilitating its
enzymatic hydrolysis. This was confirmed by the high production of ethanol by fermentation.
The lignin extracted has characteristics that allow its use as a raw material for added-value
products. Mild conditions of removal using PILs have been shown to be sufficient to obtain a
desirable structure, and extreme conditions only influenced the amount of removal. The
obtained results proved that PILs used for bagasse pretreatment were more efficient in extreme

conditions of the reaction.

6.2. Consideracdes

Todos os LIPs alcangaram 6timos desempenhos nos pré-tratamentos com a variacdo
das condigdes estudadas, sendo que condigdes extremas de tempo e temperatura demonstraram
os melhores desempenhos. Em contrapartida a estrutura da lignina ndo apresentou influéncia
para as condicdes estudadas e menores tempos e temperaturas ja sao suficientes para se obter

determinada estrutura.

As etapas de hidrélise enzimatica e fermentacdo apresentaram alta eficiéncia
considerando o tempo de finalizacao, ja que a primeira termina em 24h e a outra em 18h, sendo
gue na fermentacdo ha o consumo total de glicose e xilose presentes. O valor de litros de
etanol/ton bagaco foi bem superior aos valores encontrados em literatura e abre caminhos para
a continuacdo de estudos com esse LIPs no pré-tratamento do bagaco.
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CAPITULO 7

7. Conclusdes

As caracteristicas obtidas nas analises de pH, acidez, basicidade e net-basicity
indicaram alguns bons LIPs para solubilizacdo de lignina e alta obtencdo de acuUcares
fermentesciveis na etapa de hidrdlise enzimatica. Os dados de degradacdo LIP indicam alta
propenséo a reuso e reciclo do solvente dentro do processo, aumentando a oportunidade de se

obter um processo economicamente viavel dentro da biorrefinaria.

Todos os 20 LIPs estudados na primeira estapa de pré-tratamento apresentaram
solubilizacdo de lignina e posterior performance na hidrélise enzimatica, indicando que os LIPs
estudados nesse trabalho possuem alguma influencia na estrutura do bagaco-de-cana de agucar
sob as condigdes utilizadas. Os LIPs com cations funcionalizados ([Etid] e [2He]) quando
combinados com anions [Ac] e [Lac] apresentaram as melhores performances na hidrdlise
enzimatica, sendo os LIPs escolhidos para uma otimizacao de pré-tratamento para aumentar sua
performance. Esses LIPs apresentaram condic¢Ges alcalinas de pré-tratamento, indicando que

solventes com essa caracteristica S&o promissores.

As ligninas obtidas de LIPs com grupo funcional no cation revelaram a presenca de
nitrogénio em suas estruturas, indicando reacdes de aminacdo e posteriormente abrindo
caminho para aplicagbes essenciais para produtos farmacéuticos, materiais poliméricos,
agroquimicos e sintese organica. Estruturas preservadas foram observadas para ligninas
extraidas por [2He][Ac] e [2He][Lac], indicando baixas reacdes de condensacdo, ao contrario
de ligninas extraidas com [Etid][Ac] e [Etid][Lac], que exibiram muitas reaces de condensacéo

confirmadas pela alta massa molar obtida.

O aumento da cadeia dos cations nos LIPs usados na extracdo das ligninas causou
aumento de despolimerizacdo, que também esta ligada diretamente a ionicidade do solvente.
Cétions de menor cadeia ([Eti]) tendem a manter a estrutura mais peservada, com ligacoes p-
O-4’, enquanto o cation [Hex] apresentou ligninas com maiores pesos moleculares devido a alta

taxa de reagOes de condensacao.

No geral, o pré-tratamento com diferentes combinacBes de céations/anions
proporciona a oportunidade de obtencdo de ligninas sob medida de acordo com as

caracteristicas dos solventes. Ligninas com maior massa molar (e.g., usando cations [Hex])



125

podem ser usadas em aplicacGes de polimeros, resinas e aditivos. Por outro lado, ligninas com
estrutura mais preservadas (e.g., usando cations [Eti] e [2He]) podem ser utilizadas em reacdes

de upgrading para obtencao de produtos quimicos.

Os resultados obtidos na otimizacao do pré-tratamento mostraram que todos os LIPs
foram mais eficientes nos maiores valores de tempo e temperatura usados, sendo o [Etid][Ac]
0 LIP de melhor desempenho. O pré-tratamento com este solvente produziu a biomassa ao
maior percentual de celulose/hemicelulose e alta solubilizacdo de lignina. 1sso foi comprovado
pela elevada producdo de etanol por tonelada de bagaco com a fermentagédo dos hidrolisados.

As ligninas obtidas desses pré-tratamentos podem ser extraidas em condicGes
brandas de reacdo, sendo suficiente para obter a estrutura desejavel, e condi¢cbes extremas
apenas influenciaram a quantidade de remocdo. As ligninas possuem caracteristicas que
permitem sua utilizacdo como matéria-prima para diversos produtos de alto valor agregado, e

que devem ser explorados para novas areas.
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7.1. Sugestdes trabalhos futuros

Como sugestdes para proximos trabalhos:

Avaliacdo do processo de reciclo e reuso do LIP no pré-tratamendo do bagaco e
aproveitamento de lignina;

Avaliagéo da aplicacéo da lignina obtida dos LIPs para produtos de valores agregados;
Utilizacdo de modelos de lignina visando a constru¢do de melhorias na biblioteca de
identificacdo de compostos fendlicos;

Emprego de um tipo de LIP no processo de pré-tratamento, hidrdlise enzimatica e
fermentacdo visando melhorias na producéo de etanol;

Avaliacdo da integridade da membrana celular das leveduras durante o processo de

fermentacdo com reciclo e batelada alimentada;
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APENDICE A - Material suplementar dos artigos

Artigo “Structural features of protic ionic liquids and their impact on pretreatment performance

for 2G ethanol production”**® publicado na Energy.

Supplementary Information
Structural features of protic ionic liquids and their impact on pretreatment

performance for E2G production
Thaynara C. Pin', Pedro S. Y Nakasu', Sarita C. Rabelo?, Aline C. Costa*!

!Chemical Engineering School, University of Campinas - UNICAMP, Av. Albert
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Department of Bioprocess and Biotechnology, College of Agricultural Sciences, Sio
Paulo State University (UNESP), Av. Universitaria, 3780, Botucatu, Sao Paulo, 18610-
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1. Computational Details for PIL Screening

The geometry optimizations of PILs were performed based Sun et al. (2017).
Frequency calculations were carried out to verify that the computed structures
corresponded to energy minima. (MM2) using ChemDraw Professional (trial version). In
the present study, prediction of the acidity, basicity, and net basicity values were based
on global descriptors, such as chemical potential (1) (Eq. 1) and chemical hardness (1)
(Eq. 2), and electrophilicity were calculated from standard equations by Sun et al (2017).

ELumot EHomo (1)

u= 2

— Erumo— EHomo 2)
2

Where ELumo is the lowest unoccupied molecular orbital’s energy and Enowmo is
the highest occupied molecular orbital’s energy. These descriptors were used to derive

the molecular basicity, acidity, and net basicity values for the novel ILs.

*Corresponding author. E-mail: accosta@feq.unicamp.br
Tel: +55 19 3521 3959.



Figure 1. Prediction of values based on optimized geometries of PILs structures.
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Figure 2. TGA analysis of PILs with anions (a) [Ac], (b) [For], (c) [Lac] and (dO [Mal].
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3. Tukey Analysis

Tukey was realized in Statistica program version 7.0 and all correlations was

observed with 90% of confidence.

Figure 5. Cellulose (a) and hemicellulose (b) solubilization.
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S1. Lignin extraction
The chemical composition of raw sugarcane bagasse (collected in Santa Maria Mill-
Manduri- SP-Brazil) was 38.8% of cellulose, 21.7% of hemicelluloses, 25.2% of lignin,

4.4% of ashes and 9% of extractives.

Table S1.1. Structure of protic ionic liquids used for lignin extraction.

Cation Name Anion Name Anion Name
o o
HO _
V\ P Ethanolamonium Acetate & Lactate
NH;
o OH
o] o (o]

H,N
V\N*Hs ethylenediammonium )k Formate M_ Malonate

H o HO

S2. 2D-Nuclear Magnetic Resonance Spectroscopy (2D NMR)

2D-NMR spectra were acquired on Agilent DD2 and Agilent Inova spectrometers 600
MHz (California, USA), from the Brazilian Biosciences National Laboratory
(LNBIO/CNPEM), equipped with triple resonance cold probes. Briefly, around 30 mg of
lignin samples were dissolved in 0.65 mL of DMSO-ds. HSQC experiments were
acquired with spectral widths of 8012.8 Hz (from 16 to 0 ppm) and 25133.3 Hz (from
165 to 0 ppm) for the 1H- and '*C-dimensions. Processing used typical matched Gaussian
apodization in the 1H dimension and squared cosine-bell apodization in the *C
proportion. Before to Fourier transformation, the data matrixes were zero-filled up to
1202 points in the *C-dimension. A semi-quantitative analysis was performed using
Bruker’s Topspin 3.6.1 software, and the different inter-unit linkages (as well as the
content of the pCA and FA) were referred to as per 100 aromatic lignin units
(H+G+S=100).
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Table S2.1. Assignments of the lignin *C—'H correlation peaks in the 2D HSQC spectra

of the lignins extracted from PILs pretreatments.

Label 0C/6H (ppm) Assignment
Methoxyl 55.6/3.71 C-H in methoxyls
Ay 59.3-60.0/3.6 Cy- Hy in B-O-4' substructures (A)
By 62.9/3.4-3.7 Cy- Hy in phenylcoumaran substructures (B)
Ay’ 62.9-63.04/3.45-3.9 Cy- Hy in y-acylated B-O-4' substructures (A')
Ao/Ao’ 70.6-71.63/4.88 Ca- Ho in B-O-4" substructures (A)
Cy 71.0/4.5 Cy- Hy in B-B’ resinol substructures (C)
AB(G) 83.9/427 CpB- HB in B-O-4 su‘tgtmgtm‘es (A) linked to a
unit
AB(S) 85.4-86.0/4.08 CB- H in B-O-4 substmcﬁu‘es (A) linked to
an S unit
B 86.30/5.44 Co - Ha in B-5 pheny(lg))umaran substructures
T26 103.9-7.3 Cy6-Hz 6" In tricin units (T")
103.9/6.69-6.78 : 5 :
Sa6 104.09/6.68 C6-Ha 6 in syringyl units (S)
T26 (S) 106.88/6.67-6.9 Cr6-Ho 6 In cmnamal_dehyde end groups in S
units (J)
109.7-110.5- : : :
G2 111.2/6.99-7.03 C>-H; in guaiacyl units (G)
110.38-110.8/7.1-
FA, 7.31 C»-H> in ferrulic acid (Fa)
111.7/7.12
116.0/6.96
Gs 114.7/6.69 C>-H in guaiacyl units (G)
114.9/6.78
114.96-115 .4- : . :
Gs6 118.6/6.75-6.9 Cs6-Hs 6 in guaiacyl units (G)
pCAzs 115.7/6.9-6.77 C35-Hs 5 in p-coumaric acid (pCA)
114.4 -115.13/ . ) .
Hs;s 6.55-6.70-6.9 C35-Hs s in p-hydroxyphenyl units (H)
Gs 118.9/6.8 Cs-Hg in guaiacyl units (G)
126.5-127.2/ ’ ;
Hye 705-713 C6-Hs ¢ in p-hydroxyphenyl units (H)
PCas 128.9/7.42 C»6-H> 6 in p-coumarate (pCA)
Fao’/pCA’ 138.5/7.29 Feruloyl amide and pCA amide
Polysaccharide cross-peak signals
73.3/3.71
75.4/3.5 .
Arazsa 7595325 C»-H,, C3-Hjs, and Cs4-Hs of arabinofuranose
82.2/3.57
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72.8/3.5 C»-H in B-d-xylopyranoside
Xa 74.1/3.25 Cs-Hj; in B-d-xylopyranoside
70.7/3.4 Cs—Hs in B-d-xylopyranoside

S3. Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC/MS)

Pyrolysis of lignins (approximately 100 pg) was performed with an EGA/PY-3030S
micro-furnace pyrolyzer (Frontier Laboratories Ltd., Fukushima, Japan) connected to a
Shimadzu CG2010 Plus gas chromatograph (Kyoto, Japan) using an Ultra alloy fused-
silica capillary column (30 m x 0.25 mm i.d., 0.25 pm film thickness) and a Shimadzu
QP-2010 Ultra mass selective detector (EI at 70 eV). The pyrolysis was performed at 500
°C. The oven temperature was programmed from 45°C (4 min) to 300°C (20 min) at 2°C
min’. Helium was the carrier gas (I mL min™?). The compounds were identified by
comparison with Wiley and NIST libraries (NIST MS Search ProgramVersion 2.3). Peak
molar areas were calculated for lignin-degradation products. Obtain S, G and H units the

molar areas were summed, normalized and expressed as percentages.
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Table S3.1. Identities and relative abundances of derived compounds released after Py-GC/MS of the lignins isolated from PILs pretreatment.

. [2He] [Etid] [2He] [Etd] [2He] [Etd] [2He]  [Etid]
Label Ut Eompanind [Ad  [Ac  [For]  [For] [Lac] [Lac]  [Mal] _[Mal]
1 H Phenol 0.08 0.07 0.02 - 0.06 0.03 0.03 0.04
2 H Anisole, p-amino- - - - - - - - 0.002
3 H Anisole p-methyl- 0.003 0.003 0.002 - 0.00 0.002 0.001 0.005
4 H Phenol, 2-methyl- 0.01 0.01 0.004 0.08 0.01 0.003 0.003 -
5 H Phenol, 4 methyl- 0.01 0.01 - 0.02 0.02 0.02 0.02
6 G Phenol, 2-methoxy- 0.09 0.12 0.03 - 0.06 0.09 0.03 0.07
7 H Anisole, p-vinyl - - - - 0.001 - - -
8 H Phenol, 2-ethyl- - - - - 0.001 - - 0.004
9 H Anisole, p-ethyl- 0.001 - = - 0.002 = = =
10 H Phenol, 2,4-Dimethyl- - - - - 0.003 0.002 - -
11 Ukn Phenol, 2,5-dimethyl- - 0.005 0.001 - - - 0.001 -
12 H Phenol, 4-ethyl- - 0.005 0.01 - 0.02 0.002 0.01 -
13 G Phem]}ﬁ;;;ﬁwxy-d- 004 004 002 003 003 006 002 003
14 H/FA Phenol, 4 vinyl 0.22 0.08 0.42 0.32 0.31 0.05 0.42 0.21
15 Ukn 2-Bliyl-5- - - - - o002 - - -
methylphenol
16 G PhewlTWSBONT 001 001 000l - 00l 001 0003 0004
17 H 1H-Indole - - - 0.03 - - - -
18 G/pCA Phe““é;‘;’ff“"“ 011 010 010 021 009 010 011  0.14
19 S Syringol 0.06 0.09 0.03 - 0.05 0.08 0.02 0.08
20 H p-chavicol - - - - - 0.02 -
21 G Acetyleugenol - - 0.01 - - - 0.004 -
2 G Phenol, 2-methoxy-4- R R : ; 0.001 R R R
propyl-
23 G Guaiacol, 3-Allyl- 0.01 - - - 0.004 0.02 - 0.01
24 G Eugenol - 0.01 - - - - - -
25 G Phenol, 2-methoxy-4- R B s . y 0.002 s =
propyl-
26 G cis/trans - Isoeugenol ~ 0.005 0.10 0.04 0.08 0.004 0.01 0.003 0.01
27 G Acetogualacone 0.004 - - - - - - -
Phenol, 2,4-bis(1,1-
28 = dimethylethyl)- i . 0:005 . . N i °
29 G Guaiacyl acetone 0.002 - - - - - 0.003
30 S Methoxyeugenol 0.07 0.06 0.05 - 0.05 0.12 0.06 0.07
31 S Syringaldehyde 0.002 - 0.01 - 0.004 . 0.01 -
32 S Acetosyringone 0.01 - 0.01 - 0.01 0.005 0.01 0.01
33 G cisfeany- Caniferyl - . 0.003 - 001 007 001 002
Alcool
34 pCA/FA Cinnamic acid - - - - 0.003 - - -
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Figure S3.1. Py-GC/MS chromatograms of the phenolics extracts of PILs pretreatments

from sugarcane bagasse based on (a) acetate, (b) formate, (c) lactate and (d) malonate

anions.
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S4. Gel Permeation Chromatography (GPC)

Figure S4.1. GPC curves for all lignins extracted with PILs.
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S5. TGA

Retention time (min)

Figure S5.1. TGA curves for all lignins extracted with PILs.
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S6. Elemental analysis and C9-formula
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Figure S6.1. Elemental analysis of raw bagasse.

% C % H % N % O
Raw bagasse

443 7:1 03 48.2

The Copo formula for lignins was calculated based on carbon, hydrogen and oxygen
contents provided by elemental analysis and methoxyl group estimated by NMR 'H
frequency of no condensed structures (NCS) based on Costa et. al. (2015) [1] (Eq. 2).
NCS =100-DC (Eq. 2)
Where DC is the degree of condensations, calculated based on Costa et. al. (2014) [2],
which considered the integration of regions condensations of S, G and H units by NMR

13C analysis.
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S1. Lignin extraction

Reagents description used to PILs synthesis: Acetic acid (Merck, > 99%); Formic acid
(Merck, > 99.0%); Lactic acid (Sigma Aldrich, > 85.0%); Malonic Acid (Merck, >
99.0%); Ethylamine (Sigma Aldrich, > 70.0%); Butylamine (Sigma Aldrich, > 99.5%)

and Hexylamine (Merck, > 99.0%).

Table S1.1. Structure of protic ionic liquids used for lignin extraction from sugarcane

bagasse.
Cation Name Anion Name Name Anion
o] 0
N N+H3 Ethylamonium )J\O‘ Acetate \/U\O' Lactate
OH
(0] O (0]

/\/\N+H3 Butylamonium HJ\O_ Formate HOJ\/U\O_ Malonate

NS0
NH; Hexylamonium

Table S1.2. Structure of PILs used for lignin extraction from sugarcane bagasse.

PLud  ompermnre (0 PP mperue 0 % emperanre ()
[Eti][Ac] 105.0 [But][Ac] 125.0 [Hex][Ac] 135.0
[Eti][For] 120.0 [But][For] 140.0 [Hex]For] 135.0
[Eti][Lac] 155.0 [But][Lac] 165.0 [Hex][Lac] 165.0
[Eti][Mal] 130.0 [But][Mal] 140.0 [Hex][Mal] 145.0
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S2.2D HSQC NMR

Table S2.1. Assignments of the lignin *C—'H correlation peaks in the 2D HSQC spectra

of the PIL-recovered lignins.

Label SC/8H (ppm) Assignment
Methoxyl 55.6/3.71 C—H in methoxyls
Ay 59.3-60.0/3.6 Cy- Hy in B-O-4' substructures (A)
Iy 60.8/4.11 Cy-Hy in cinnamyl alcohol end-groups (I)
Cy- Hy in B-5 phenylcoumaran
By R SneileR. substructures (B)
, 62.9-63.0/3.45- Cy- Hy in y-acylated $-O-4' substructures
A"{ [
3.9 (A"
Ao/Aa’ 71.6/4.88 Ca- Ha in B-O-4 substructures (A)
AB (G) 83.4/4.27 CB- HB in B-O-4 substrgctures (A) linked to
a G unit
AB (S) 85.4/4.10 CpB- HB in B-O-4 substru.ctures (A) linked to
an S unit
Bl 86.3/5.44 Co-Ha in phenylc(o;)maran substructures
T 98.8/6.22 Cs-Hg in tricin units (T)
S26 103.9/6.69-6.78 C2,6-Ha,6 in syringyl units (S)
Tae 103.9/7.3 C26'/Ha’ in tricin units (T)
(€} 110.5/6.99-7.03 C»-H; in guaiacyl units (G)
FA, 110.4/7.31 C»-H: in ferulic acid units (FA)
PCAB/FAB 113.2/6.2 CB-HB in p-coumarate (pCA) and ferulate
(FA)
114.9-115.4- : ; ;
Gs 118.6/6.75-6.90 Cs6—Hs,6 in guaiacyl units (G)
pCA3;s 115.7/6.90-6.77 Cs,5—Hs 5 in p-coumaric acid (pCA)
114.4 -115.1/
Hss Cs,5—Hs3s in p-hydroxyphenyl units (H)
6.55-6.70-6.90
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PCAB/FAR’ 118.9/6.40 CB’-HP’ in p-coumarate amide and ferulate

amide
126.5-127.2/
Ha6 Cs,5—Hss in p-hydroxyphenyl units (H)
7.05-7.13
pCA26 129.5-130.1/7.47 C26-Ha6 in p-coumarate (pCA)

5 5 Ca’-Ho’ in p-coumarate amide and ferulate
pCAa’/FAa 138.3/7.30 —y

pCAaFAe 144.5/75 Ca-Ha in p-coumarate (pCA) and ferulate

(FA)

Polysaccharide cross-peak signals

72.8/3.5 C»-H; in -d-xylopyranoside
Xn 74.1/3.25 C3—H3s in B-d-xylopyranoside
70.7/3.4 Cs—Hs in B-d-xylopyranoside

55



S3. Pyrolysis GC/MS

Figure S3.1. Py-GC/MS chromatograms

lignins.
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of the phenolics extracts of PIL-recovered
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Phenol, 2-methoxy, 4

22 G/pCA vinyl- 0.09 0.11 0.08 0.07 0.08 0.21 0.11 0.13 0.104 0.11 0.09 0.05
23 Unk Piperidine, 5-ethyl-2- i S 0.35 - - - = - - = ¥ -
methyl
2 Unk 2.5-Pyrrolidinedione, . R R } 0.002 R ) ) . R 0.004 R
1-butyl-
25 H Phenol, 3-methoxy-5- . s - = . - 0.001 - = e - e
methyl-
26 S Syringol 0.02 0.04 0.04 0.001 0.03 0.02 0.07 0.07 0.035 0.03 0.03 0.09
27 H p-chavicol - - - 0.03 - - 0.001 - - Z & =
28 G Ph‘“"'ﬁ;;’f’“""’ - . - - 0.003 0.006 = 0.003 - - 0.004 . -
29 G Eugenol 0.004 - 0.01 - - - - 0.005 - 0.005 0.01
30 G Phenol, 2-methoxy-4- = . - N . o 0.001 2 = a = x
propyl-
31 G Vanillin 0.002 - - 0.002 - - 0.005 - - - - -
32 G cis/trans - Isoeugenol 0.03 0.04 0.05 0.002 0.042 - 0.003 - - - - -
33 G Acetoguaiacone - - - - - 0.003 - - - 0.004 -
Phenol, 2,4-bis(1,1-
H H dimethylethyl)- 0.002 = - - # - s - - 0.005 - -
35 G Guaiacyl acetone - - - - - - 0.003 - - - 0.001 -
36 S Methoxyeugenol 0.030 0.05 0.05 0.04 0.05 0.06 0.05 0.03 0.055 0.03 0.04 0.11
37 S Syringaldehyde 0.003 - 0.002 0.003 0.004 0.02 0.01 - 0.003 0.002 0.005 0.005
38 S Acetosyringone 0.01 0.01 0.01 0.003 0.004 0.03 0.01 - 0.008 0.004 0.005 0.01
39 G clians- Conifeo] 0.1 001 001 0.02 0.01 - 0.02 - 0005 001 0.02 0.03
S8
Table S3.1. Identities and relative abundances of derived compounds released after Py-GC/MS of the lignins isolated from PILs pretreatment
. [Eti] [But] [Hex] [Eti] [But] [Hex [Et] [But] [Hex] [Eti) [But] [Hex]
Label Unit Compound [Ac] [Ac] [Ac] [For] [For] [For] [Lac] [Lac] [Lac] [Mal] [Mal] [Mal]
1 Unk IH-Pyrrole, 1-ethyl- - - - - - - - - - - 0.002 -
2 H Phenol 0.033 0.01 0.04 0.03 0.01 0.19 0.04 0.05 0.046 0.02 0.03 0.07
3 Unk 1H-Pyrrole, 1-butyl- - - - - 0.01 - - 0.01 - - - -
4 H Anisole, p-amino- - - - - - - 0.001 - - - - -
5 H Anisole p-methyl- - 0.002 - 0.003 0.002 - 0.001 0.002 - - 0.001 0.003
6 H Phenol, 2-methyl- 0.002 0.004 - 0.003 0.004 = 0.003 0.01 0.004 0.003 0.002 0.01
7 H Phenol, 4 methyl- - - 0.01 0.01 0.01 0.03 0.01 - 0.012 0.01
8 G Phenol, 2-methoxy- 0.02 0.04 0.04 0.02 0.03 0.14 0.05 0.07 0.054 0.03 0.03 0.07
9 H Anisole, p-vinyl - - - 0.001 0.002 0.01 - 0.001 0.001 - 0.001 0.003
10 Unk n-ethylsuccinimide - - - - - - 0.001 - - - & S
11 H Phenol, 2-ethyl - 0.01 - - - 0.01 - - - - - -
12 H Anisole, p-ethyl- - - - - - - 0.001 - - - - -
13 H Phenol, 2,4-dimethyl- - - - - 0.001 - 0.001 - 0.001 - - -
14 Unk Phenol, 2,5-dimethyl- - - - - - - - - - 0.001 0.01
15 H Phenol, 4-ethyl- - - 0.01 0.01 0.01 - 0.01 - 0.018 0.003 0.01
16 G P""“";j'h';f_'h""y -+ 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0014 0.01 0.01 0.01
17 Unk 24 Diméthy] : - : - : E - - s 0.002 : 5
18 H/FA Phenol, 4 vinyl 0.37 042 0.05 0.45 0.44 - 0.28 0.36 0.39 0.45 0.47 0.27
19 Ph““"';f‘;;'l‘f““’"y‘ P - - 0002 0004 : 001 001 0004 0001 0004 -
20 H Phenol, 2-allyl- - - - - - 0.001 - - - - -
21 H 1H-Indole 0.003 - - - - - - - - - - -
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S4. GPC

Figure S4.1. GPC chromatograms of the phenolics extracts of PIL-recovered lignins.
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S5. TGA
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S1. Protic ionic liquid

1.1 Synthesis of PIL

The water contents of the PILs was determined to be less than 15 wt% by Karl
Fischer moisture tritrator (Metrohm, 787 KF titrino). Thermal decomposition temperature
was measured based on thermogravimetric analysis (TGA). TGA data was obtained with
a thermal gravimetric analyzer (Shimadzu, TGA-50M) equipped with a micro-analytical
balance (Mettler Toledo, MX5). Approximately 2 mg of the samples in an aluminum pan
was heated at a rate of 10°C/min with a temperature range of 25-400°C and under the N>

gas using a flow rate of 50 mL/min.

1.2 Structure of PILs

Table S1. Structure of cations and anions of PILs

Cations
HaN~ ik, [Etid] HO N, [2He]
Anions
o (6]
) [Lac] - [Ac]
o PN 5
OH

S2
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1.3 TGA analysis

Figure S1. TGA analysis of PILs used in the pretreatment
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S2. Pretreatment, enzymatic hydrolysis and fermentation step
2.1 Pretreatment

Cellulose, hemicelluloses and lignin solubilization were determined according to Eq. 1

CixM1

Cellulose/hemicelluloses/lignin solubilization (%) = 100 x 1 — o

ey

Where: C; is the cellulose/hemicellulose/lignin composition after pretreatment (%); Cz is
the cellulose/hemicellulose/lignin composition before pretreatment (%); M is the dry
mass of bagasse after pretreatment (g); and M> is the dry mass of bagasse before

pretreatment (g).
2.2 Enzymatic hydrolysis

Cellulose and hemicellulose conversion were determined according to Eq. 2

C1xVx09x 100
M1x <= (2)
100

Cellulose/hemicellulose conversion (%) =

Where: C; is the sugar in enzymatic hydrolysis (g/L); V is the working volume in
enzymatic hydrolysis (L); M; is the dry mass of pretreated bagasse in enzymatic
hydrolysis (g); and C is the cellulose/hemicellulose composition in the pretreated

biomass (%).

2.2 Fermentation

The yield (n) of each fermentation is given by Eq. 3. The ethanol volumetric productivity
(Qp) was calculated according to Eq. 4. The conversion factors of reducing sugars into
ethanol (Ypss) and into cell biomass (Yx/s) were calculated according to Eqs. 5 and 6,

respectively.
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_ Yp/s
= os11
Pf—P,
= ‘of %0
Q= —F—
f
_ P-Py
Yp/s = So- 55
_ X-Xo
Yy/s = So=S;
2.4 HPLC analysis

_ Pr=Po

So— S

100

0.511

3)

“

()

(6)

The concentrations of glucose, xylose, arabinose, acetic acid, formic acid, lactic acid,

ethanol, glycerol, xylitol were determined by high-performance liquid chromatography

(HPLC) (Agilent Infinity 1260, Santa Clara, CA, USA) equipped with a refractive index

(RI) detector and an Aminex HPX 87H (Bio-Rad, 300 x 7.8 mm) chromatography column

at 35 °C using 5 mM H2SOy4 degassed with HPLC-ultrapure water as a mobile phase at a

flow rate of 0.6 mL/min. The concentrations of hydroxymethylfurfural (HMF) and

furfural were determined by HPLC, but equipped with Diode Array (DAD) detector and

C18 column at 30°C using acetonytrile:H>O (v/v) 1:8 as mobile phase at flow rate of 0.8

mL/min.
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S§3. ANOVA analysis

Table S2. ANOVA for pretreatment using [Etid][Ac]

Sum of Degrees of Mean
F value
squares freedom square
Lignin removal
Regression 303.82 3 101.27 58.67 Significant
Residual 12.08 i/ 1.72
Lack of fit 12.01 5 2.40 67.22  Not significant
Pure error 0.07 2 0.03
Cor total 315.90 10
R? 0.9617
R? adj 0.9453
Cellulose conversion
Regression 92.94 3 30.98 8.47 Significant
Residual 25.61 / 3.66
Lack of fit 20.58 5 4.11 1.64 Significant
Pure error 5.03 2 2.51
Cor total 118.55 10
R2? 0.7839
R? adj 0.6913
Hemicellulose conversion
Regression 151.77 4 37.94 23.55 Significant
Residual 9.6 6 1.61
Lack of fit 5.31 4 1.32 0.61 Significant
Pure error 4.35 2 2.17
Cor total 161.44 10
R? 0.9401
R? adj 0.9002
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Table S3. ANOVA for pretreatment using [Etid][Lac]

Sum of

Degrees of Mean

F value
squares freedom square
Lignin removal
Regression 863.46 5 172.69 33.79 Significant
Residual 25.55 5 5.11
Lack of fit 24.94 3 8.31 2742  Not significant
Pure error 0.60 2 0.30
Cor total 889.01 10
R? 0.9712
R? adj 0.9425
Cellulose conversion
Regression 747.07 4 186.76 59.54 Significant
Residual 18.82 6 3.3
Lack of fit 16.34 4 4.08 3.30 Significant
Pure error 2.48 2 1.23
Cor total 765.89 10
R? 0.9754
R? adj 0.9590
Hemicellulose conversion
Regression 66.33 1 66.33 3.36 Not significant
Residual 243.54 9 27.06
Lack of fit 225.31 ) 32.18
Pure error 18.23 2 9.11
Cor total 309.88 10
R? 0.2140
R? adj 0.1267
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Table S4. ANOVA for pretreatment using [2He][Lac]

Sum of

Degrees of Mean

F value
squares freedom square
Lignin removal
Regression 1292.04 3 430.68 2397 Significant
Residual 125.79 7 17.97
Lack of fit 118.06 5 23.61 6.11 Significant
Pure error 7.72 2 3.86
Cor total 1417.83 10
R? 09112
R? adj 0.8732
Cellulose conversion
Regression 337.24 3 112.41 17.73 Significant
Residual 44.37 7 6.33
Lack of fit 40.84 5 8.16 4.64 Significant
Pure error 3:92 2 1.76
Cor total 381.61 10
R? 0.8837
R? adj 0.8339
Hemicellulose conversion
Regression 245.28 2 122.64 36.82 Significant
Residual 26.64 8 333
Lack of fit 13.68 6 2.28 0.35 Significant
Pure error 12.96 2 6.47
Cor total 271.92 10
R? 0.9020
R? adj 0.8775
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Figure S2. 3D surface plot for cellulose and hemicellulose conversion and lignin removal
for time and temperature parameters using [Etid][Ac] in the pretreatment.
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Figure S3. 3D surface plot for cellulose and hemicellulose conversion and lignin removal
for time and temperature parameters using [Etid][Lac] in the pretreatment.

[OAR RS JWOMNRD

(9/) BOSIINNOD SO

(9/0) \RAOWIRY Wiy

S9

181



Figure S4. 3D surface plot for cellulose and hemicellulose conversion and lignin removal
for time and temperature parameters using [2He][Lac] in the pretreatment.
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S4. Lignin characterization

4.1°'P NMR

183

Figure S5. *'P NMR analysis of lignin extracted with (a) [Etid][Ac], (b) [Etid][Lac] and

(c) [2He][Lac] in the pretreatment
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4.2 GPC

Figure S6. GPC analysis of lignin extracted with (a) [Etid][Ac], (b) [Etid][Lac] and (c)
[2He][Lac] in the pretreatment
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4.3 2D HSQC NMR

Figure S7. Structures obtained from 2D HSQC NMR analysis of lignin extracted with
[Etid][Ac]. (a) 1h/120°C, (b) 2h/120°C (c) 3h/120°C (d) 1h/130°C, (e) 2h/130°C, (f)
3h/130°C (g) 1h/140°C and (h) 2h/140°C. Aliphatic (8C/8H 50-110/3.0-5.5 ppm, left) and
aromatic (3C/6H 90-140/6.0-8.0 ppm, right) regions.
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Figure S8. Structures obtained from 2D HSQC NMR analysis of lignin extracted with
[Etid][Lac]. (a) 1h/110°C, (b) 2h/110°C (c) 3h/110°C (d) 1h/110°C, (e) 2h/110°C, (f)
3h/110°C (g) 1h/130°C and (h) 2h/130°C. Aliphatic (8C/8H 50-110/3.0-5.5 ppm, left) and
aromatic (6C/3H 90-140/6.0-8.0 ppm, right) regions.
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Figure S9. Structures obtained from 2D HSQC NMR analysis of lignin extracted with
[2He][Lac]. (a) 1h/140°C, (b) 2h/140°C (c) 3h/140°C (d) 1h/150°C, (e) 2h/150°C, (f)
3h/150°C (g) 1h/160°C and (h) 2h/160°C. Aliphatic (8C/8H 50-110/3.0-5.5 ppm, left) and
aromatic (6C/3H 90-140/6.0-8.0 ppm, right) regions.
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Figure S10. Representation of the main structures present in the PIL-recovered lignins as
identified in the 2D HSQC NMR spectra. A: B-O-4-structures; A": f-O-4-structures with
acylated (by acetate or pCA) g-OH; B: phenylcoumaran structures formed by [-5-
coupling; pCA: p-coumarate moieties; FA: ferulate moieties; (esterified with
hemicelluloses); pCA’: p-coumarate amide; FA’: ferulate amide; H: p-hydroxyphenyl
units; G: guaiacyl units; S: syringyl units; T: Tricin end-groups; I: p-hydroxycinnamyl
alcohol end-groups. The structures are colored to match the assigned contours in the 2D

HSQC NMR spectra in Figure S7-9.
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Table S5. Assignments of the lignin *C—'H correlation peaks in the 2D HSQC NMR
spectra of the lignins extracted from PILs pretreatments.

Label SC/8H (ppm) Assignment
Methoxyl 55.6/3.71 C-H in methoxyls
Ay 59.3-60.0/3.6 Cy- Hy in B-O-4' substructures (A)
Iy 60.8/4.11 Cy-Hy in cinnamyl alcohol end-groups (I)
By 62.9/3.4-3.7 Cy-Hy in phenylc((];u)maran substructures
A 62.9-63.04/3.45- Cy- Hy in y-acylated f-O-4' substructures
v 3.9 (A
Ao/Aa’ 70.6-71.63/4.88 Ca- Ha in B-O-4’ substructures (A)
AB (G) ou 83.9/4.27 CB- HP in B-O-4 substructures (A) linked to
® 85.4-86.0/4.08 a'Gou S ynit
Coa - Ho in B-5' phenylcoumaran
Ba 86.30/5.44 subserictres (8)
Ta6 103.9-7.3 C26-Hz6” in tricin units (T')
103.9/6.69-6.78
Sa6 C26-Haz in syringyl units (S)
104.09/6.68
109.7-110.5- ; : ;
G2 111.2/6.99-7.03 C2-Hz in guaiacyl units (G)
PCAB/FAP 113.2/6.2 CB-HB in p-coumarate (»CA) and ferulate
(FA)
114.96-115.4- . . .
Gse 118.6/6.75-6.9 Cs,6-Hs,6 in guaiacyl units (G)
pCAss 115.7/6.9-6.77 C35-Hs s in p-coumaric acid (pCA)
126.5-127.2/
Hae C2,6-Hz6 in p-hydroxyphenyl units (H)
7.05-7.13
PCA26 128.9/7.42 Ca6-Ha6 in p-coumarate (pCA)
Fao’/pCA0’ 138.5/7.29 Feruloyl amide and pCA amide
pCAQ/FAQ 138.3/7.30 Cao’-Ho’ in p-coumarate amide and ferulate

amide
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Co-Ha in p-coumarate (pCA) and ferulate

pCAa/FAa 144.5/7.5 (FA)

Polysaccharide cross-peak signals

Xn 72.8/3.5 C»-H: in f-d-xylopyranoside
74.1/3.25 C3—Hj3 in B-d-xylopyranoside
70.7/3.4 Cs—Hs in B-d-xylopyranoside
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o Insercdo da C900 formula completa para os artigos Structural characterization of
sugarcane lignins extracted from different protic ionic liquid pretreatments® e Influence of of
chain length in protic ionic liquids on physicochemical and structural features of lignins from

sugarcane bagasse®®’.

Lignina C900 formula
[Eti][Ac] Coa00Hs170178(OCHz)s2
[Eti][For] Co00H792023(OCHz)315
[Eti][Lac] Co00Ho53015(OCH3)373
[Eti][Mal] Coa00H390064(OCH3)ss
[Etid][Ac] Co00H12310512(OCH3)es

[Etid][For] i
[Etid][Lac] Co00Hs1409(OCH3)408
[Etid][Mal] Co00H11600664(OCH3)se3
[2He][Ac] Co00H10000254(OCH3) 146
[2He][For] Co00H3930280(OCH3)as
[2He][Lac] Coa00Hs420204(OCH3)180
[2He][Mal] Co00H5090112(OCH3)143
[But][Ac] Co00H104700,7(OCHa)160
[But][For] Co00H1138024(OCH3)192
[But][Lac] Co00Ho77037(OCHz)2s
[But][Mal] Co00H1059052(OCH3)175
[Hex][Ac] Co00H13240228(OCH3)18
[Hex][For] Co00H1241059(OCH3)135
[Hex][Lac] Coa00H1000074(OCH3)106
[Hex][Mal] Co00H108009(OCHzg)101
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APENDICE B - Analises dos LIPs
° Karl-Fischer

A determinacdo da quantidade de &gua foi realizada no Laboratorio Nacional de
Biorenovaveis (LNBR) utilizando o titulador automatico Karl Fischer (Metrohm, Titrando-890)
com software tiamo. O método consiste na titulacdo de uma quantidade de aproximadamente
0,0300 g de amostra em metanol com o reagente Karl Fischer, que € uma solugdo contendo

iodo, di6xido de enxofre e amina.
° pH

Utilizou-se pHmetro (Digimed, DM-22) utilizado em temperatura ambiente. A
andlise foi realizada no LEPFE e foi utilizada uma quantidade de aproximadamente 5 mL de

cada amostra.
. TGA

A anélise para LIPs possui uma dindmica com taxa de aquecimento de 10°C/min a
insercdo da derivada da curva de perda de massa (d(massa)/dt) em funcdo de temperatura. A
partir do TGA é possivel determinar também a temperatura onset (Tonset), encontrada pelo inicio
da perda de massa, e que corresponde ao valor tedrico da temperatura de extrapolacdo do
evento. Embora os experimentos de TGA superestimem a estabilidade térmica, as temperaturas
de decomposicdo sdo frequentemente Uteis como indicadores comparativos da estabilidade

térmica de curto prazo dos LIPs.

Foi utilizada uma faixa de 25 a 400°C, com taxa de aquecimento de 10°C/min e
vazdo de 50mL/min, sob uma atmosfera inerte de nitrogénio e usando analisador
termogravimétrico (Shimadzu, TGA-50M). A amostra de aproximadamente 15 mg foi pesada
em balanca microanalitica (precisdo de 0.1ug) (Mettler Toledo, MX5). As analises foram
realizadas no Laboratorio de Recursos Analiticos e de Calibragéo (LRAC) da FEQ/UNICAMP
e no LNBR/CNPEM.

o Acidez, basicidade e net-basicity

As otimizagdes geomeétricas dos LIPs foram realizadas com base em Sun et al.
(2017)2, Calculos de frequiéncia foram realizados para verificar se as estruturas calculadas
correspondiam a minimos de energia. (MM2) usando ChemDraw Professional (versao de teste).

No presente estudo, a previsao dos valores de acidez, basicidade e net-basicity foram baseadas
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em descritores globais, como potencial quimico (u) (Eg. 1) e dureza quimica (n) (Eg. 2), e a

eletrofilicidade foi calculada das equacdes padréo de Sun et al (2017).1%2

— Erymo+ EHoMoO (1)
2

— Erumo— EHomo )
2
Onde ELumo € a energia do orbital molecular mais baixo desocupado e Exomo € a
energia do orbital molecular mais ocupado. Esses descritores foram usados para derivar 0s
valores de basicidade molecular, acidez e net-basicity para os LIPs.
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APENDICE C - Analises de caracterizagdo do bagaco de cana-de-agticar
e Determinacéo do teor de umidade

O teor de umidade foi calculado utilizando o analisador de umidade por
infravermelho, (GEHAKA, 1VV2000). A balanca foi tarada e sdo pesados aproximadamente 0,5
g do material e determinada a porcentagem de umidade no final do tempo. O calculo para a
quantidade de material umido a ser usado nos ensaios experimentais € determinado pela

seguinte Eq. 3:

Materialgeco (g) X 100

Materialamido @® ~ (3)

100—umidade o)

e Determinacdo do teor de cinzas

Com o objetivo de quantificar o material inorganico da amostra, este procedimento
foi empregado nas analises da biomassa in natura e pre-tratada. Inicialmente foram pesados 2,0
g de amostra considerando a umidade (M2) em cadinhos previamente secos e pesados (M1). Em
seqguida os cadinhos foram inseridos na mufla (EDG, F7000-10P-LCD) com calcinagéo
programada em trés rampas de aquecimento, 105°C por 18 min; 250°C por 37 min; e 575°C
por 200 min. Por fim, ap6s resfriamento, o material foi transferido para uma estufa e mantido
por 24 h. Os cadinhos foram transferidos para um dessecador e entdo a massa final dos cadinhos
(M) foi devidamente anotado para posterior céalculo. O teor de cinzas foi calculado a partir da
Eq. 4:

Ms—M;
= @

Teor de cinzas (o =

e Determinacdo de extrativos

A andlise de extrativos tem por finalidade remover o material nao estrutural da
biomassa antes da quantificacdo da lignina e dos carboidratos, para que ndo haja interferéncia
nestas etapas. Essa analise é realizada somente no bagaco in natura e esta baseada na norma

NREL “Determination of Extractives in Biomass”.2*°

Foram pesados 3,0 gramas de bagaco ja previamente moidos a 0,5mm (em base
seca) (M) dentro de cartucho feito a partir de papel de filtro. O cartucho foi inserido em Soxhlet
(Marconi, MA 188) e foram adicionados ciclohexano e etanol (1:1) em baldo de vidro para
proceder a lavagem por aproximadamente 8 h. Apds o uso dos solventes, foi realizada processos
de extracdo com &gua até que em torno do cartucho de extracdo se torne incolor. O banho de

refrigeracdo (Marconi, Ma-184) para circulagdo da agua nos condensadores do sistema é
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ajustado para 10°C e as placas de aquecimento do Soxhlet sdo ajustadas para manter o ciclo de
extracdo. Por fim, o solido do cartucho foi seco em estufa (Marconi, MA-35) a 105°C até a

obtengdo de uma massa constante (My).

Para o célculo de extrativos é utilizado a Eq. 5:

(M- M3)

Extrativos (o) = x 100 5)

e Hidrdlise acida: Determinacdo de carboidratos, lignina total, grupo acetil, furfural e 5-

hidroximetilfurfural

As seguintes analises foram baseadas nos procedimentos padrées do NREL
“Determination of Acid Soluble Lignin Concentration Curve by UV-Vis-Spectroscopy?*,
“Determination 0of Acid-Insoluble Lignin in Biomass”, “Determination of Structural
Carbohydrates and Lignin in Biomass”?*?, “Determination of Sugars, Byproducts and
Degradation Products in Liquid Fraction Process Samples?®, nas normas ASTM

“Determination of Carbohydrates in Biomass by High Performance Liquid Chromatography”*244

e “Test Method for the Determination of Acid-Insoluble Residue in Biomass”2%.

Para a realizacdo dessa etapa a amostra deve estar livre de extrativo e na
granulometria de 0,08mm. Foram pesados 0,3 g de amostra de bagaco em tubos de ensaio e
adicionados 3,0 mL de acido sulfarico a 72% (m/m) em cada tubo. Os tubos foram encubados

em um banho termostatico (Marconi, Ma-184) a 30°C por 1 h.

Apbs este tempo, foram adicionados 84 mL de &gua destilada e os tubos foram
fechados e autoclavados a 121°C por 1 hora. Posteriormente, os frascos foram retirados da
autoclave e resfriados a temperatura ambiente para serem filtrados a vacuo em cadinho de
filtracdo, previamente seco e pesado. O conteddo filtrado foi analisado posteriormente quanto
a lignina solavel, furfural, 5-hidroximetilfurfural, grupo acetil e carboidratos e o material retido

no cadinho, por sua vez, é utilizado para analisar a lignina insoltvel.
e Determinacdo de lignina soluvel

A determinacéo da lignina soltvel foi determinada por medida de absorbancia em
espectrofotdbmetro UV-visivel em cubeta de quartzo a 280nm. Cada hidrolisado foi diluido de

acordo com sua coloracdo. As Eq. 6, 7 e 8 sdo utilizadas para o célculo de teor de lignina soltvel.

Extrativos

Teor de lignina solavel (o) = (Clsl\\/[,—fFD) X (1 BT
a

) * 100 (6)
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Cis = (41,87. (A1 — App) — 0,3279).1073 @)
App = Cigq + Cye,y (8)
Onde:
AT - Absorbancia da solucédo de lignina junto com os produtos de degradacéo;

Arp - Absorbancia dos produtos de decomposicdo dos agucares (furfural e HMF), cujas
concentragdes C1 e C, serdo determinadas previamente por HPLC e €; ¢ &2 80 as absortividades
de furfural e HMF (146,85 e 114,00 L/g.cm), determinadas experimentalmente?*.

Cis - Concentragdo de lignina soluvel (g/L);
Vs - Volume do hidrolisado filtrado (L);
FD - Fator de diluicdo do hidrolisado;

Ma - Massa do bagaco utilizando na hidrélise (g).

e Determinacdo de lignina klason (insoltvel)

O material retido no cadinho de filtracdo na hidrolise &cida foi lavado com &gua
destilada. Apos esse procedimento, o material retido no filtro foi colocado em uma estufa

(Marconi, MA-35) a 100°C até massa constante para pesar.

Uma fracdo desse material insoltvel é constituido de cinzas e para ndo haver uma
superestimacao dos dados de lignina insolGvel, o teor de cinzas foi determinado para o material,
e assim descontado do valor de lignina insoltvel obtida. O célculo do teor de lignina insoltvel

segue na Eq. 9:

MC+1—MC) X (1 __ Extrativos

e o0 )x 100 — cinzasy, 9)

Teor de lignina insoluvel %) = (

Onde:
Mc+ — Massa do cadinho + lignina insoltvel seca (g);
M. — Massa do cadinho (g);

Ma — Massa da amostra seca (g).

e Determinagdo de carboidratos e &cidos organicos



197

A degradacdo da celulose por hidrdlise acida pode levar a producao de glicose,
celobiose e 5-hidroxi-metil-furfural; a degradacdo da hemicelulose pode levar a producéo de
xilose, arabinose, furfural e &cido acético. A degradacdo dos compostos dos grupos acetila
levara a formacdo de acido acético. Os acucares celobiose, xilose, glicose e arabinose e 0s
acidos acetico e formico presentes no filtrado da hidrélise &cida tém seus teores determinados
por HPLC.

As concentragdes foram obtidas utilizando a Eqg. 8 e 9 e os fatores de converséo
usados foram glicose 0,9, celobiose 0,95, xilose 0,88, arabinose 0,88, acido acético 0,72, acido
formico 3,52, acido glicurdnico 0,91, furfural 1,37 e HMF 1,29.

(Cglic-FC+ Ccelob-FC+ CumF-FC+ Cyc for-FC).Viiltrado X (1 __ Extrativos
M, 100

Celulose(q,) = ( ) x100 (8)

(Cxil-FC+ Carab-FC+ Cyrr.FC+ Cicacet. FC+ Céc.gli-Fc)-Vﬁltrado ) X (1 _ Extrativos

M, 100 ) x 100

©)

Hemicelulose(y,) = (

Onde:

C - Concentracdo dos compostos de degradacdo quantificado por HPLC (g/L);
FC — Fator de conversdo®4-47;

Viiltrado - VOlume do hidrolisado filtrado (L);

M: - Massa do bagaco seco utilizando na hidrolise (g).

e Quantificacdo de compostos para caracterizacdo quimica, hidrélise e fermentacdo por
HPLC

As analises de quantificacdo foram realizadas em cromatografo liquido de alta
eficiéncia (HPLC) (Agilent Technologies, Inifinity 1260) com detector de indice de refracdo IR
e DAD UV-Vis.

Em HPLC foi utilizada duas opcdes de analise, a primeira para agucares, etanol,
glicerol, xilitol e acidos organicos, e a segunda para inibidores (HMF e furfural). A primeira,
foi utilizando coluna BioRad Aminex, HPX87H, equipada com pré-coluna no detector RID. As
condi¢des de analise sdo: Volume de injecdo de 15 pL; Fase mével de H.SOs 0,01N
desgaseificada; Taxa de fluxo de 0,6 mL/min; Temperatura de RID e forno da coluna de 35°C

para ambas. J& a segunda analise foi utilizando uma coluna Nova-Pak C18, 4 um (Waters) e



198

detector DAD. As condicOes de andlise sdo: Volume de injecdo de 20uL; Fase mdvel de
acetonitrila/agua (1:8 com 1% de acido acético) desgaseificada; Taxa de fluxo de 0,8 mL/min;
Temperatura de DAD e forno da coluna séo ambientes e 30°C, respectivamente; Comprimento
de onda de 280 nm. Todas as amostras foram filtradas utilizando membrana de nylon com poros
de 0,22 um (JetBiofil).
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APENDICE D - Procedimento de pré-tratamento, hidrélise e fermentacéo
e Pré-tratamento

Os pré-tratamentos foram realizados em reatores de aco inox, com capacidade de
500 mL e sem agitacdo, imersos em banho termostatico (Marconi, MA 159/BB) utilizando
glicerina como fluido térmico. Antes do reator ser alimentado e submerso no banho, o bagaco
foi previamente homogeneizado com o LI e a agua. Decorrido o tempo de reacdo proposto, 0s
reatores foram retirados do banho de glicerina e submergidos em um banho de gelo para
interromper a reacdo. Apos o resfriamento, os reatores foram abertos e a0s mesmos adicionados
10 mL &gua/g bagaco in natura para a dissolucdo do LIP. Posteriormente, a biomassa foi
prensada manualmente para retirada do licor de pré-tratamento. O licor foi armazenado em
frasco com tampa e refrigerado para posterior precipitacdo de lignina. Ja a fracdo solida foi
lavada com 100 mL 4gua/g bagaco in natura para remog¢do dos componentes sollveis. Depois
de lavado, o bagaco pré-tratado foi seco em temperatura ambiente e dividido em duas partes.
Uma delas foi para analise de composicdo quimica (Apéndice C) e a outra parte foi utilizada

posteriormente na hidrolise enzimatica.

O rendimento do pré-tratamento foi calculado de acordo com a Eq. 1.

_ Mgt (g) X 100
Rendimento ) = SfML (1)
si(g)

Onde:
Msi — Massa do bagaco em base seca (g) que entra no reator (antes do pré-tratamento)
Msf — Massa do bagaco final obtido apds o pré-tratamento.?*®

Apds o pré-tratamento e a caracterizacdo do material pré-tratado é possivel calcular

as fragdes (celulose, hemiceluloses e lignina) solubilizadas durante a etapa (Eqg. 2).

Solubilizagdo (%) = %ﬁmz) @
141

Onde:

C1 — Porcentagem das fracGes (celulose, hemiceluloses e lignina) no bagaco in natura;
C2 — Porcentagem das fracOes (celulose, hemiceluloses e lignina) no bagaco pre-tratado;
M1 — Massa de bagaco seco utilizado para o pré-tratamento (g);

M — Massa de bagaco seco apds pré-tratamento (g).
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e Hidrolise enzimatica

A enzima utilizada no procedimento de hidrélise possuia uma atividade de
aproximadamente 112,63 FPU/mL. A atividade enzimatica da enzima é determinada de acordo
com a metodologia de Ghose (1987)%*°, Wood et al. (1988)*° e Adney e Baker (2008)%,
conforme recomendado pela IUPAC. Essas analises foram realizadas no LEPFE.

A atividade da celulase foi determinada como unidade de papel de filtro (FilterPaper
Unit — FPU). A reacdo foi realizada em tubos de ensaio em que sdo adicionados 1,0 mL do
tampao citrato, 50 mg de papel de filtro e 0,5 mL da enzima em diferentes dilui¢des. Os tubos
foram incubados em banho termostéatico a 50°C por 60 min. Apds o final da reacdo é aplicado
0 método DNS?*® em cada amostra e realizada a leitura em espectrofotdmetro a 540 nm. Uma
vez obtidas as leituras de absorbancia, foi possivel determinar a concentracdo de ART liberado

pela enzima, calculada através da curva analitica de glicose, previamente obtida.
Para calculo da atividade da celulase, foi utilizada a Eq. 122%°.

2,0

FPU/mL =
/m (0,18016.0,5.60. [fator de dilui¢do da enzimal])

pumol. min~1. mL™!

FPU/mL = 0037 A3)

[fator de dilui¢io da enzima]

Para a celulase, uma unidade da atividade de enzima (FPU) é baseada na liberacéo
de exatamente 2,0 mg de glicose equivalente, isto €, 2,0/0,18016 umol de 50 mg de papel de

filtro por 0,5 mL de enzima diluida em 60 min de reacéo.

A hidrélise enzimética foi realizada em um tampdo citrato com a devida
compensacdo no volume da solucdo tampdo com relacdo ao percentual de agua presente no
bagaco pré-tratado. As amostras coletadas foram resfriadas para posterior quantificacdo em
HPLC (Apéndice C).

Os resultados de hidrolise enzimatica foram baseados no calculo de converséo de
carboidratos em aglcares fermentesciveis, conforme descrito na Eq. 14.

5 C1xV1xFC
Conversio (%) = LCZXNO @

MIXW

Onde:
C1 — Concentragdo de agucar na hidrolise enzimética (g/L);

V1 — Volume reacional na hidrdlise enzimatica (L);
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M1 — Massa seca inicial de bagaco na hidrdlise enzimatica (g);

C2 — Concentragdo de carboidrato apos o pré-tratamento;

FC — Fator de conversao dos polissacarideos, sendo glicose 0,9 e xilose 0,88.
e Fermentagéo

Propagacdo foi baseada em duas etapas?®2°2, primeiro, pré-indculo, a levedura
estoque foi transferida para o meio contendo (g/L) extrato de levedura (10); peptona (20); e
glicose (20) e mantidos em shaker (Marconi, MA-830) por 24 h, 30°C e 200 rpm. Nesta etapa
foram usados erlenmeyers de 250mL com 100 mL de meio.

A segunda etapa, inoculo, 10% (v/v) do meio anterior foi adicionado ao meio
contendo (g/L): extrato de levedura (5.0); peptona (5.0); glicose (1.32); xilose (12); KH2PO4
(2.0); MgS04.7H20 (1.0); ureia (2.3) e mantido em shaker por 24 h, 30°C e 200 rpm. Os
erlenmeyers usados foram de 500 mL com 150 mL de meio.

Por fim, a propagacdo de célula®>2® foi realizada em erlenmeyer de 1000 mL
contendo 250 mL de meio com a seguinte composicéo (g/L): 10% (v/v) de meio de inoculagédo
anterior, extrato de levedura (3.0); peptona (5.0); ureia (5.0); glicose (30.0); and KH2PQOj4 (2.0)
com um pulso de glicose (30.0) em 24 h em shaker por 48 h, 30 °C e 200 rpm. Depois do tempo
decorrido as células foram centrifugadas a 4.000 rpm por 20 min and re-suspendedidas em um

minimo necessario de agua destilada estéril.

A amostras da fermentacdo eram contrifugadas (4.000 rpm por 5Smin) e o
sobrenadante era destinado a analise de HPLC para quantificacdo de etanol, glicose, xilose,
arabinose, acido aceético, acido lactico, glicerol e xilitol (Apéndice C), enquanto a células eram
resuspendida duas vezes em agua destilada para retirada de qualquer residuo e seca em forno a

80 °C por 24 h para determinar sua concentracao.

A fermentacdo teve sua eficiéncia avaliada pelo rendimento (n) na Eq. 5;
Produtividade volumetrica do etanol (Qp) na Eq.6; converséo de agtcar em etanol (Ypss) and e
biomassa celular (Yxss) de acordo com as Eq. 7 e 8, respectivamente.

Pf— Py 100

_ Ypss _
M= o511 % 100 = So—Sp ~ 0511 ()
Ps—P,
Qp = L= (6)

tr


https://www.sciencedirect.com/science/article/pii/S1369703X20301017?via%3Dihub#eq0005
https://www.sciencedirect.com/science/article/pii/S1369703X20301017?via%3Dihub#eq0020
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P-P

Yp/s = so—s(; (7
X - X

YX/S = b (8)
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APENDICE E - Caraterizacdo de lignina
e Precipitacdo da lignina

A partir dos licores de pre-tratamento obtido no Apéndice D, a fracdo liquida foi
centrifugada (Nova Técnica, NT810, Brasil) por 10 min a 4.000 rpm para obtencao da fracdo
de lignina. As amostras foram lavadas com &gua para retirada de residuos de LIP e secas em

estufa (Marconi, MA35, Brasil) a 40°C para posterior analise de sua estrutura.
e Py-GC-MS

A anélise de pirdlise das amostras (aproximadamente 100 pg) foi realizada com um
pirolisador de micro-forno EGA/PY-3030S (Frontier Laboratories Ltd.) conectado a um
cromatdgrafo a gas Shimadzu CG2010 Plus usando uma coluna capilar de silica fundida ultra
liga (30 m x 0,25 mm i.d., espessura de filme de 0,25 um) e um detector seletivo de massa
Shimadzu QP-2010 Ultra (El a 70 eV). A pirdlise foi realizada a 500 °C e a temperatura do
forno foi programada de 45°C (4 min) a 300°C (20 min) a 2°C/min. O hélio foi o gas
transportador usado (1 mL/min). Os compostos foram identificados por compara¢do com as
bibliotecas Wiley e NIST (NIST MS Search ProgramVersion 2.3). As areas dos picos molares
foram calculadas para produtos de degradacdo da lignin and as areas somadas foram

normalizadas em porcentagem e expressas pelas unidades S, G e H.

e 2D HSQC NMR

Parte das amostras foram realizadas no LNBIo e outra parte no ORNL, portanto

neste topico estdo disponiveis duas metodologias de analise das ligninas.

Primeiro os espectros foram adquiridos nos espectrémetros Agilent DD2 e Agilent
Inova 600 MHz (Califérnia, EUA), do LNBIO/CNPEM, equipados com sondas de ressonancia
tripla fria usando a sequéncia de pulso padréo (“hsqcetgpsisp.2”’). Resumidamente, cerca de 30
mg de amostra de lignina foram dissolvidas em 0,65 mL de DMSO-d6. Os experimentos de
HSQC foram adquiridos com larguras espectrais de 8012,8 Hz (de 16 a 0 ppm) e 25133,3 Hz
(de 165 a 0 ppm) para as dimensdes *H e *C. O processamento usou a apodizagdo gaussiana
tipica combinada na dimens3o de 'H e a apodizagio cosseno-sino ao quadrado na proporgéo
13C. Antes da transformacio de Fourier, as matrizes de dados eram preenchidas com zero até
1202 pontos na dimenséo **C, o nimero de varredura foi de 16 e o tempo de atraso fde 1,0s.

Uma analise semiquantitativa foi realizada usando o software NMRViewJ.
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As amostras de lignina realizadas no ORNL foram adquiridas em um Bruker
Avance Il HD 500MHz (Massachisetts, EUA) de acordo com uma sequéncia de pulso Bruker
(hsqctgpspsi2.2) usando criosonda de N2 (BBO 'H e '°F-5mm) sob a seguintes condigdes:
Largura do espectro de 166 ppm na dimensdo F1 (*3C) com 256 pontos de dados (tempo de
aquisicdo 6,1 ms), largura do espectro de 12 ppm na dimensdo F2 (*H) com 1024 pontos de
dados (tempo de aquisicdo 85,2 ms), um atraso de 1,0s, um Jc.+ de 145Hz e 128 varreduras,
conforme publicado anteriormente na literatura.?*?>® As amostras foram preparadas
dissolvendo 40mg de lignina em 0,5 mL de DMSO-d6. A anélise semiquantitativa foi realizada

usando software Bruker’s Topspin 3.6.1.

As relativas unidades e interunidades das amostras de ligninas foram estimadas
usando a integragdo dos picos Sz, G2, H26, pPCA2,6 € FA2 (s6 foi considerado a posi¢do dois nas
estruturas) e a posicdo a of p-O-4, B-5 e B-B quando presente nos espectros. Todas as unidades
e ligacbes, bem como pCA e FA foram referidas como 100 unidades de lignina aromatica
(S+G+H=100)

e S3PNMR

A analise de grupo hidroxila das amostras de lignina foram baseadas na
metodologia publicada por Pu et al. (2011)%° e Meng et al. (2019)%’. 3'P NMR foi baseado em
uma solvente de RMN previamente preparado contendo piridina anidra e cloroférmio-d (1,6:1,0
v/v), agente relaxante (acetilacetonato de cromo (I11)), e um padrdo interno Endo-N-hidroxi-
norborneno-2,3-dicarboximida (NHND). Aproximadamente 15mg de lignina foi previamente
seca em forno a véacuo a 40°C, dissolvida no solvente de RMN (0,5mL) e 2-cloro-4,4,5,5-
tetrametil- 1,3,2-dioxafosfolano (TMDP) (0,05mL). O espectro foi obtido usando um Bruker
500MHz com deteccdo de porta inversa, largura do pulso de 90° e atraso de pulso de 25s. A

analise do espectro foi realizada usando MestReNova.
e GPC

A massa molar média numérica (My), a massa molar média ponderal (Mw) e a
polidispersidade (PDI) das ligninas foram determinados de acordo com Brandt et al. (2015)**°.
Parte das ligninas foram analisadas no GPC com processo de acetila¢ao, isso ocorreu devido ao

local de parceria onde foi realizada a analise, Imperial College e ORNL.

Inicialmente, o procedimento realizado sem acetilagdo foi usando um Agilent 1260

Infinity HPLC (Califérnia, EUA) equipado com um conjunto de colunas Viscotek (AGuard,



205

A6000M e A3000M, da Malvern Panalytical, Almelo, Holanda) acoplado a um detector de
indice de refracdo (RID). DMSO contendo LiBr (1,0 g/L) foi usado como fase movel a uma
taxa de fluxo de 0,4 mL/min a 60 °C. Os desvios padréo para as ligninas foram Mn £ 100, Mw
+ 300 e PDI = 0,3 ou menos e a curva de calibracdo estabelecida foi realizada com padrdes de

poliestireno (intervalo 170-2x10° g/mol) de massa molar conhecida obtido da Agilent.

A segunda metodologia desse tdpico foi considerando uma etapa extra de acetilacao
da lignina, esta foi realizada usando um Agilent 1200 HPLC system (Agilent Technologies,
Inc, Santa Clara, CA, US) equipado com coluna Waters Styragel (HR1, HR4 e HR5; Waters
Corporation, Milford, MA, US). Um detector UV (270nm) foi usado para deteccdo e
tetraidrofurano (THF) foi usado como eluente em uma vazéo de 1,0 mL/min. As amostras foram
previamente acetiladas com 1mL de 1:1 piridina/anidrido acético (v/v) com aproximadamente
3,0mg de lignina por 24h e 150 rpm em local sem luz. O solvente foi removido por
coevaporacao a 45°C com etanol, usando um rotaevaporador até secar.A lignina acetilada foi
dissolvida em THF e posteriormente filtrada com filtro membrana 0.45 um e submetido a
analise de GPC. Padrdes de poliestireno foram usados para calibragdo (intervalo 200-1x10°
g/mol).

e FTIR

As analises de FTIR foram realizadas em equipamento Spectrum TM 400 series
FTIR/NIR (Perkin EImer) com acessorio de ATR com cristal de seleneto de zinco. A resolucéo
espectral utilizada foi de 4,0 cm™!. Para cada amostra 16 varreduras foram acumuladas na regiéo
espectral de 650-4000 cm™!.

e Analise elementar, C9-formula e DOU

A anélise elemementar das ligninas foi determinada Perkin Elmer CHNS/O
Analyzer 2400 (Massachusetts, USA). Aproximadamente 3 mg de lignin foi pesada para
determinar as quantidades de carbono, hidrogénio e nitrogénio. O oxigénio foi calculado pela
diferenca. A partir da analise elementar e dos dados de *H-NMR foi possivel obter os valores

da Cgoo formula e grupo metoxil da lignina.

Para complementar esse topico foram calculados o grau de insaturacdo (DOU) da
lignina baseada na fomula empirica de Badertscher et. al. (2001)%°® e as estruturas ndo
condensadas (NCS) considerando a integracdo das regides condensadas das unidades S, Ge H
usando *C NMR baseado em Costa et. al. (2015)%%2,
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e TGA

As transicOes térmicas e estabilidades das ligninas precipitadas foram determinadas usando
analise termogravimétrica (TA instrumentos, Q500) com um fluxo de nitrogénio de 100
mL/min. Aproximadamente 5 mg das amostras foram colocadas no suporte constituido de
alumina e as analises foram realizadas empregando-se uma taxa de aquecimento de 10°C/min
de 25-900°C sob vazdo de nitrogénio de 100 mL/min. A perda massica foi registrada visando a

avaliacdo dos diversos estagios de degradacao.



