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RESUMO

O crescente interesse em biocombustiveis e produtos renovaveis de
alto valor agregado tem atraido a atencdo de pesquisadores para as
biorrefinarias. Neste tipo de refinaria a biomassa necessita ser separada em seus
principais constituintes, ou seja, celulose, hemicelulose, e lignina, e a partir disso,
suas fracées podem ser potencialmente aplicadas e convertidas em biomateriais,
biocombustiveis e produtos renovaveis de grande interesse financeiro e
comercial. Esses constituintes estdo fortemente interligados em um arranjo
cristalino de dificil ruptura. Para ocorrer a quebra dessa estrutura, tem sido
proposta a utilizagdo de liquidos idnicos préticos como meio deslignificante para
separacao desses trés componentes. Sendo assim, o presente estudo avaliou a
capacidade de uma série de liquidos ibnicos proticos produzidos a partir de
alcanolaminas e acidos organicos, e suas solucdes aquosas, de dissolver os
componentes da biomassa atravées da determinacdo da solubilidade a
temperatura constante. Foi demonstrado o papel majoritario do éanion, e
secundario do cation que formam os liquidos idnicos préticos, assim como o efeito
antissolvente da agua, e o efeito da temperatura, e do tempo no favorecimento do
processo de dissolugédo. Além disso, foi demonstrado que as fragbes da lignina
com menor massa molar permanecem dissolvidas nos liquidos ibnicos, enquanto
as de maior massa molar sédo facilmente recuperadas com a adicdo de agua a
solucdo. Assim sendo, os liquidos ibnicos préticos se mostraram meios
promissores para dissolucdo da lignina, sem causar grandes alteracbes em sua
estrutura, se mostrando, entdo, solventes interessantes para aplicacées

industriais em que se deseja apenas dissolver a lignina.

Palavras-chave: Liquidos l6nicos Préticos. Lignina Kraft. Solubilidade. Solventes

verdes.



ABSTRACT

A crescent interest in biofuels and high-value added and renewable
products have been attracting the attention of researches to the biorefinery. In this
kind of refinery, the biomass needs to be separated in rich fractions of its
compounds (cellulose, hemicellulose, and lignin), and, afterwards, its fractions
may be potentially converted into biomaterials, biofuels and renewable products of
great economical and financial interest. The lignocellulosic biomass is mainly
formed by cellulose, hemicellulose, and lignin, which are tightly bounded in a
crystalline array hardly broken. To induce this disruption, recently, the use of Protic
lonic Liquids have been proposed as solvent media to delignification and
separation processes of these three components. So, in this study was evaluated
the ability of a novel of alkanolammonium-based Protic lonic Liquids formed by
organic acids, and their aqueous solutions to dissolve lignin through determination
of lignin solubility at constant temperature. It was demonstrated the key role of
anion, and the secondary role of cation, besides the anti-solvent effect of water,
and the favored behavior induced by the increasing in temperature and time in
solubility values. Also, it was demonstrated that lignin fractions formed by lower
molecular weight remained dissolved in Protic lonic Liquids, while the higher
molecular weight were easily recovered by addiction of water in the solution.
Therefore, the Protic lonic Liquids have shown potential to be applied as solvent
media to dissolution of Kraft lignin without changing significantly the structure of
lignin, being considered as interesting solvents to industrial applications in which
the only effect would be the dissolution of lignin.

Keywords: Protic lonic Liquids. Kraft lignin. Solubility. Green solvents.
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CAPITULO 1 — INTRODUCAO

1. Introducao

As preocupagdes acerca do impacto ambiental gerado pelo alto consumo de
energia, associadas a diminuicdo das reservas de combustiveis fosseis, além do
crescimento das demandas por novos materiais tém incentivado pesquisadores a
procurar novas fontes de energia e produtos renovaveis, como a utilizacado de matéria
lignoceluldsica, na tentativa de se atingir uma sociedade mais sustentavel. Neste
cenario, surgem as biorrefinarias que tém como principio o fracionamento da matéria
lignocelulésica, proveniente de florestas, agricultura e residuos agroindustriais, e sua
posterior conversdo em combustiveis, quimicos finos e materiais, visando substituir, ao

menos em parte, o papel da petroquimica na sociedade moderna (Gillet et al., 2017).

Nas biorrefinarias, a biomassa lignocelulésica tem um papel primordial, uma
vez que esta é uma matéria-prima renovavel e de grande disponibilidade. A matéria
lignocelulésica é formada por 3 componentes principais: celulose € o componente
principal (38-50%), sendo aplicada atualmente na industria de papel e téxtil para a
producdo de produtos manufaturados, além de poder ser transformada em
biocombustivel e também convertida, bioquimicamente, em produtos de alto valor
agregado (GANDLA; MARTIN; JONSSON, 2018;Grishkewich et al., 2017); hemicelulose
€ 0 segundo componente presente em maior quantidade (23-32%), e pode ser aplicada
nos ramos medicinal, na sintese de polimeros, na industria quimica (furfural), e, tal qual
a celulose, na producédo de biocombustiveis (etanol) (Chandel et al., 2018;Luo et al.,
2019). Por fim, a lignina (15-25%) pode ser convertida para aplicacdo na sintese e
producdo de hidrogéis, bioplasticos, resinas, produtos quimicos, além de
biocombustiveis, entretanto, recebe pouco investimento e atencdo em sua conversao,
quando comparado com a celulose, por exemplo (Wang et al., 2013;ISIKGOR; BECER,
2015). Sabe-se que a lignina esta organizada em uma complexa matriz resistente e
recalcitrante, e que fornece resisténcia contra patdgenos, rigidez a parede celular e
forca de compressdo aos tecidos e fibras da biomassa (RUBIN,2008).
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Como um dos objetivos de uma biorrefinaria, o fracionamento da biomassa
lignocelulésica em fragdes ricas em cada um dos componentes € uma etapa de suma
importancia, visto que se deseja a posterior conversao destas fragdes em bio-produtos,
e que seu sucesso depende da pureza deste fracionamento. Devido a sua rigida
estrutura e a necessidade da separacao dos componentes da biomassa, uma etapa de
pré-tratamento se faz necessaria, visando a quebra desta estrutura e tornando suas

fracOes disponiveis para uma futura conversao (Gillet et al., 2017).

Diversos tipos de pré-tratamento tém sido propostos ao longo dos anos,
como: ultrassom (BUSSEMAKER; ZHANG, 2013), explosao a vapor, organosolv (Zhu et
al.,, 2009), e microondas (Brahim et al., 2016). Entretanto, estes métodos tém
apresentado baixa eficiéncia na remocao de lignina, altos custos, além de alguns nao
serem considerados ambientalmente amigaveis, dificultando a sua implementacdo em
larga escala (Alvira et al., 2010). Diante deste cenario, surgem os Liquidos Iénicos
Préticos (LIPs), uma classe de Liquidos l6nicos (LIs) notadamente mais barata e de
facil sintese, como solventes promissores para o processo de deslignificacao e
dissolucéo da lignina, que poderiam facilitar o adequado desenvolvimento de processos

de conversao desta macromolécula (Achinivu et al., 2014;Rashid et al., 2016).

Os LIPs sédo considerados sais organicos com ponto de fusdo abaixo de
100 °C, formados por uma combinagao de anions e cétions. Além disso, sdo facilmente
sintetizados a partir de uma reacado de neutralizacdo entre uma base e um &acido
organico, e, ao final da reacao, as espécies neutras se encontram em equilibrio com as
espécies com carga (GREAVES; DRUMMOND, 2015). A combinacdo de diferentes
cations e anions resulta em uma infinidade de LIPs (solventes projetaveis), cujas
propriedades (densidade, viscosidade, condutividade) também podem ser projetadas,
de forma a se obter um LIP interessante para uma tarefa especifica. Ainda com relacao
as propriedades, os LIPs podem apresentar propriedades notaveis: baixa pressao de
vapor, alta condutividade, estabilidade térmica e quimica, o que os torna aptos a uma
quantidade imensuravel de aplicagdes, entretanto, necessitam ser recuperados e
reciclados para reducao de custos (Greaves et al., 2006).
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Recentemente, os LIPs tém sido aplicados no pré-tratamento da biomassa
lignocelulésica e na dissolugao da lignina, se mostrando uma alternativa aos métodos ja
existentes, além de terem se mostrado solventes adequados para a dissolugdo da
lignina, apresentando um alto potencial de aplicabilidade na problematica exposta
(Merino et al., 2018;Reis et al., 2017). Ademais, sabe-se que alguns Lls s&o capazes de
alterar a estrutura quimica da lignina, o que poderia acarretar em aplicacées mais
nobres desta macromolécula, visto que este componente € o que apresenta menor
suscetibilidade a tratamentos quimicos e bioldgicos, além de ser, quase em sua
totalidade, queimado como combustivel de baixo valor (CHATEL; ROGERS, 2014).
Sendo assim, estudar a solubilidade de lignina em LIPs pode abrir novas perspectivas
da aplicagéo da lignina em um processo industrial e no contexto de uma biorrefinaria,

tanto como meio reacional, como meio solvente para transporte da lignina.

Em vista disto, o presente trabalho teve como objetivo avaliar o equilibrio de
fases (sélido-liquido) envolvendo lignina e solugbes aquosas de LIPs, para futuras
aplicacOes industriais destes solventes, assim como a possibilidade de utiliza-los na
valorizacao e/ou particdo da lignina. Para isso, foi avaliada a solubilidade de lignina em
solugdes aquosas de LIPs em diferentes temperaturas, além da possibilidade de reciclo
de alguns LIPs, assim como a caracterizagdo da lignina antes e depois de dissolvida
nos LIPs através de técnicas como Gel Permeation Chromatography (GPC), Fourrier-
Transform Infrared Spectroscopy (FT-IR), e 2D Heteronuclear Single Quantum
Coherence Nuclear Magnetic Ressonance (2D HSQC NMR).
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CAPITULO 2 — OBJETIVOS E ESTRUTURA DA TESE

2. Objetivos

Este trabalho teve como objetivo avaliar se os LIPs produzidos a partir de
alcanolaminas e suas solugbes aquosas sao capazes de dissolver e solubilizar os
principais componentes da biomassa lignocelulésica, notadamente a lignina, visando
encontrar solventes adequados para o desenvolvimento dos processos e operacdes
necessarias em uma biorrefinaria. Além disso, para escrutinar a capacidade dos LIPs
em realizar essa tarefa, 0s seguintes objetivos especificos também foram
desenvolvidos:

e Avaliar se ocorre a dissolugdo de celulose, xilose e lignina alkali em
LIPs formados por monoetanolamina e os anions formato, acetato e
propionato, utilizando a técnica de microscopia Optica de luz
polarizada com diferentes taxas de aquecimento. Além de avaliar se a
capacidade de dissolugdo destes componentes estd relacionada a
variagdo da cadeia alquilica da parte anidnica, e a ionicidade destes
LIPs;

e Determinar a solubilidade de lignina Kraft em solu¢des aquosas de
LIPs formados por alcanolaminas e acidos organicos (malico,
maldnico, succinico, glicélico, e latico) a baixas temperaturas, além de
avaliar a influéncia do tempo e do modo de agitacdo neste fenémeno;

e Determinar a solubilidade de lignina Kraft em solugdes aquosas de
LIPs formados por alcanolaminas e acidos organicos (férmico, acético,
propidénico, hexandico e octandico) a baixas temperaturas;

o Verificar se ocorrem possiveis modificagdes estruturais (e/ou o
fracionamento) na lignina Kraft dissolvida nos LIPs e precipitada,
através de técnicas como Gel Permeation Chromatography (GPC),
Fourrier-Transform Infrared Spectroscopy (FT-IR), e 2D Heteronuclear
Single Quantum Coherence Nuclear Magnetic Ressonance (2D HSQC
NMR);
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e Avaliar se é possivel reciclar os LIPs em sucessivas etapas de
dissolucao e precipitacdo de lignina Kraft por etapas consecutivas de

destilagéo.

Estrutura da Tese

Esta Tese esta dividida em trés partes e subdividida em dez capitulos que

abordam os seguintes topicos:

PARTE 1

Capitulo 1 — Introducéo;

Capitulo 2 — Objetivos e estrutura da Tese;

Capitulo 3 — Introdugao sobre a biomassa lignocelulésica e seus constituintes, e uma
revisdo da literatura sobre LIPs e suas aplicacbes no pré-tratamento da biomassa e a
solubilidade de lignina nestes solventes. Este capitulo apresenta o estado da arte sobre
0 assunto.

Capitulo 4 — Material e métodos

PARTE 2

Capitulo 5 — Dissolution of lignocellulosic biopolymers in ethanolamine-based
protic ionic liquids, artigo publicado na revista Polymer Bulletin, que teve como
objetivo avaliar a capacidade de dissolugdo dos principais componentes da biomassa
lignoceluldsica (celulose, xilose e lignina Alkali) em 3 LIPs: HEAF, HEAA, e HEAP
utilizando a técnica de microscopia Optica de luz polarizada (MOP) e diferentes taxas de
aquecimento (1; 0,5, e 0,1 °C/min). A ionicidade destes LIPs foi determinada usando o
Walden Plot, e tal propriedade foi associada a capacidade de dissolucdo de xilose e
lignina alkali nestes solventes;

Capitulo 6 — An investigation of Kraft lignin solubility in protic ionic liquids and
their aqueous solutions, artigo submetido a revista Industrial Crops and Products, que
teve por objetivo determinar a solubilidade da lignina Kraft em solucbes aquosas
contendo sete LIPs: HEAM, HEAMn, HEASu, HEAG, HEAL, BHEAL, e THEAL, a baixas
temperaturas (40 a 80 °C). Além disso, a influéncia do tempo foi avaliada através de

ensaios de dissolucdo da lignina em LIPs em tempos pré-determinados, e curvas de
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cinética de dissolucao foram construidas. Um comparativo de métodos de agitacao
mecanica também foi realizado visando atingir a saturacdo mais rapidamente. A
capacidade de reciclo do THEAL e do HEAM no processo de dissolu¢ao da lignina foi
avaliada por 3 ciclos consecutivos.

Capitulo 7 — Uncovering the potentialities of protic ionic liquids and their aqueous
solutions as non-derivatizing solvents of Kraft lignin, artigo publicado na revista
Industrial Crops and Products, que teve por objetivo determinar a solubilidade de lignina
Kraft em solu¢des aquosas contendo sete LIPs: HEAF, HEAA, HEAP, HEAH, HEAO,
BHEAP, e THEAP, a 50 °C. Neste trabalho foi avaliada a influéncia da cadeia alquilica
do anion na capacidade de dissolucao da lignina, além de estabelecer uma relagao
entre o tamanho do cation (aumento da sua cadeia aquilica e de grupamentos hidroxila
extra) com a solubilidade da lignina. Ainda neste trabalho, possiveis mudancas
estruturais da lignina apds a sua dissolucao e precipitacao em LIPs foi avaliada através
de técnicas como Gel Permeation Chromatography (GPC), Fourrier-Transform Infrared
Spectroscopy (FT-IR), e 2D Heteronuclear Single Quantum Coherence Nuclear
Magnetic Ressonance (2D HSQC NMR).

Capitulo 8 — Discussao Geral apresenta uma discussdo dos principais resultados
obtidos nos trabalhos realizados;

PARTE 3

Capitulo 9 — ConclusGes gerais e Desafios futuros apresenta as principais
conclusbes observadas e sugestdes para trabalhos futuros relacionados ao tema
desenvolvido nesta Tese.

Capitulo 10 — Referéncias



18

3. REVISAO DA LITERATURA

3.1. Biorrefinaria

A crescente demanda por energia, bem como o0 uso de produtos derivados
de combustiveis fosseis e derivados de petroleo, entre outros fatores tem provocado o
aquecimento global. Associado a isso, hd uma preocupacgao acerca do tempo que resta
até que as reservas de petréleo sejam capazes de suprir a demanda global antes de se
esgotarem (Kudakasseril et al., 2013).

Neste cenario, a humanidade tem buscado formas de obter energia atraves
de fontes alternativas e mais sustentaveis, como por exemplo, a edlica, solar e também
a biomassa. Devido a sua grande abundéancia, sua natureza renovavel, e por ser
favoravel na reducéo de emissao de gases de efeito estufa (fotossintese), a biomassa
tem atraido grande atencéo nos ultimos anos (Brahim et al., 2016; Travaini et al., 2013),

e a biorrefinaria tem se mostrado uma opg¢éao promissora (Figura 1).

Figura 1 - A Biorrefinaria
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Uma biorrefinaria se apoia no uso da biomassa como matéria-prima para a
producdo de uma ampla faixa de biocombustiveis, bioquimicos e biomateriais, sendo
uma solucado mais sustentavel. Neste conceito, a biomassa poderia ser potencialmente

convertida com base em uma abordagem similar as refinarias petroquimicas (MORAIS;
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COSTA LOPES; BOGEL-LUKASIK, 2015); uma série de processamentos seriam
aplicados na transformacdo da biomassa, tais quais: liquefacdo, fracionamento,
hidrolise, pirdlise, gaseificacdo, catélise, e fermentacdo, produzindo ao final,
combustiveis, quimicos e energia (FATIH DEMIRBAS, 2009).

Entre as principais metas de uma biorrefinaria estd o fracionamento da
biomassa lignocelulésica em fracGes ricas de seus principais componentes: celulose,
hemicelulose e lignina. Estes compostos depois de separados serdao aplicados para
producdo de biomateriais de alto valor agregado. No ambito da Agenda 2030 para o
Desenvolvimento Sustentavel, onde foram decididos os novos caminhos a serem
adotados visando a melhoria da vida e do bem-estar das pessoas, o fim da pobreza, o
aumento da prosperidade e a protecdo do meio-ambiente pela ONU (2015), uma
biorrefinaria atende os objetivos de “Assegurar o acesso confiavel, sustentavel,
moderno e a preco acessivel a energia para todos”, “promover o crescimento
econbmico sustentado, inclusivo e sustentavel, emprego pleno e produtivo e trabalho
descente para todos”, “Construir infraestruturas resilientes, promover a industrializagdo
inclusiva e sustentavel e fomentar a inovagao”, e “Assegurar padrées de produgéo e de

consumo sustentaveis’.

3.2. A Biomassa Lignoceluldsica

A biomassa lignoceluldsica é uma matéria-prima abundante e renovavel que
pode ser aplicada na biorrefinaria. Esse material pode ser encontrado em florestas,
residuos da agricultura e cultivos agricolas, e residuos industriais (industria papel,
principalmente), sendo sua produgdo mundial estimada em 15-17 Mt/ano (CHU;
MAJUMDAR, 2012; XU; DUAN; WANG, 2015). A biomassa lignocelulésica é formada
por trés constituintes principais: celulose (38-50%), hemicelulose (23-32%), e lignina
(15-25%), além de cinzas e extrativos. Tais compostos estdo altamente organizados e
ligados, formando uma rede rigida e complexa (Figura 2) (Zavrel et al., 2009).
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Figura 2 - A biomassa lignocelulésica: parede celular vegetal
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(adaptado de Jensen et al., 2017)

Os principais carboidratos encontrados na estrutura da biomassa séo
celulose e hemicelulose, que estao ligados entre si através de ligagcdes de hidrogénio, e
interacbes de van der Waals, criando uma rede altamente resistente (Langan et al.,
2014). Por fim, a lignina reveste a parede celular da célula, fornecendo proteg¢éo contra
patdgenos, rigidez, e forca de compressao aos tecidos e fibras vegetais (RUBIN, 2008).

Mais detalhes sobre a estrutura e as principais aplicagbes de celulose,
hemicelulose, e lignina estdo fornecidos nas secbes 3.2.1, 3.22, e 3.23,

respectivamente.

3.2.1. Celulose

A celulose (Figura 3) € um homopolimero linear formado de repetidas
unidades de D-glicose, unidas através de ligagbes de B-D (1, 4) glicosidicas, sendo o
principal constituinte dos materiais lignocelulésicos (BLEDZKI; GASSAN, 1996). As
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unidades de glicose se repetem desde algumas centenas até mais de 10.000 unidades
(ZHAO; ZHANG; LIU, 2012), cuja massa molar é estimada em 100.000 g/mol (SAXENA;
ADHIKARI; GOYAL, 2009), sendo um homopolissacarideo linear.

Figura 3 - LigagOes de hidrogénio intra e intermolecular na celulose
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As cadeias de celulose interagem entre si através de ligagbes de hidrogénio
(ligacbes cruzadas entre grupos hidroxilas), resultando em uma estrutura de matriz
cristalina, que estdo arranjadas em micro e macro fibrilas fortalecendo a estrutura
celular (BLEDZKI; GASSAN, 1996). Esta estrutura faz com que a celulose seja insoluvel

em agua e resistente a despolimerizacao (Mosier et al., 2005).

Atualmente, a celulose é amplamente empregada na industria téxtil e de
papel, sendo utilizada na produgdo de uma variedade de manufaturados (metil
celulose). Além disso, a celulose pode ser quimicamente transformada em
biocombustivel através da sacarificagdo enzimatica (GANDLA; MARTIN; JONSSON,
2018), e bioquimicamente em produtos de alto-valor agregado (Klemm et al., 1998).

3.2.2. Hemicelulose

A hemicelulose (Figura 4) é um heteropolimero formado por cadeias
ramificadas curtas, médias e longas, e que apresenta uma estrutura amorfa. Os
principais mondmeros sao hexoses (B-D-glicose, a-D-galactose, e B-D-manose) e

pentoses (B-D-xilose e a-L-arabinose) e acidos urénicos (a-D-glucurénico, a-D-
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galacturébnico e a-D-4-O-metilgalacturénico) (LIMAYEM, 2012; SAXENA, 2009;
RAVINDRAN, 2016).

Figura 4 - Estrutura representativa da hemicelulose

(Sun et al., 2009)

A hemicelulose, juntamente com a celulose, forma a fracdo de
polissacarideos da biomassa. Apesar de ambos serem agucares, existem importantes
diferengcas de comportamento reacional entre as hemiceluloses e as celuloses, devido,
principalmente, a estrutura fisica. As hemiceluloses sdo totalmente amorfas e, portanto,
menos resistentes ao ataque de agentes quimicos. Embora nao haja evidéncias de que
a celulose e as hemiceluloses estejam ligadas quimicamente, as liga¢cdes de hidrogénio
e a interpenetracdo fisica existente entre elas tornam a sua separacado quantitativa
impossivel. A presenca de hemicelulose junto a celulose resulta em importantes
propriedades para as fibras, contribuindo para o intumescimento, a mobilidade interna e
0 aumento da flexibilidade das fibras (BIANCHI, 1995).

Assim como a celulose, a hemicelulose pode ser aplicada em uma série de
areas, tais como: producdo de biocombustiveis (etanol) (WYMAN, 1996), industria
quimica (furfural, xilitol, e acido levulinico) (Luo et al., 2019), e sintese de polimeros
(Chandel et al., 2018).

3.2.3. Lignina

A lignina (Figura 5) é uma macromolécula ramificada, aromatica e

mononuclear presente nas paredes celulares de certas plantas, particularmente
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biomassa lenhosa, e é frequentemente adjacente as fibras celulésicas formando o
complexo lignocelulésico (DRUMMOND; DRUMMOND, 1996).

E composta de 3 componentes fendlicos altamente ramificados: alcool p-
cumarilico (H), coniferilico (G) e sinapilico (S) ligados através de ligagdes C-O e C-C.
Devido as diversas ligacoes presentes na estrutura da lignina, os atomos de carbono
presentes na cadeia alifatica sao rotulados como a, B e y, enquanto que os presentes
nas cadeias aromaticas sdo nomeados de 1 até 6. Ademais, as principais ligacoes
encontradas entre essas unidades sdo B-O-4, B-B e B-5, aléem de ligagbes em menor
quantidade, como a-O-4 e -1 (RALPH, 2010).

Nas plantas, a lignina age como um agente ligante entre as células,
formando uma estrutura resistente ao impacto, compressado e dobra. Ela também esta
envolvida no transporte interno de agua, nutrientes e metabdlitos (BRISTOW;
KOLSETH, 1986).

Figura 5 - Estrutura representativa da lignina*

*vermelho: grupos p-cumarilico (H); azul: sinapilico (S); verde: coniferilico (G)
(Adaptado de Shao et al., 2017)

A lignina é incorporada durante o crescimento vegetal, formada por unidades
de fenilpropano, resultando em uma macromolécula amorfa e tridimensional. Possui
estrutura muito complexa e nao determinada completamente, sendo ndo homogénea, e
contendo estruturas globulares (BIDLACK; MALONE, 1992).
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A estrutura singular e as propriedades fisico-quimicas da lignina permitem a
producédo de uma ampla gama de compostos aromaticos (Wang et al., 2013), além de
biodispersantes, emulsificantes, fibras de carbono, e materiais termoplasticos, e faz
com que a lignina seja uma alternativa interessante para os produtos derivados da
petroquimica (ISIKGOR; BECER, 2015). Apesar disso, a valorizacao da lignina tem
recebido pouca atencdo, se comparado com a celulose. E estimado que a indUstria de
polpa e papel é capaz de produzir 50 milhdes de toneladas de lignina, que é extraida da
biomassa, e que apenas 2% desta lignina esta disponivel para comercializagdo, como
agentes dispersantes e ligantes, e o restante é queimado como combustivel de baixo
valor calérico (Zakzeski et al., 2010). Sendo assim, mais atencdo € necessaria na

valorizagao da lignina, como fonte de produtos aromaticos.

Finalmente, a lignina encapsula o complexo celulose-hemicelulose, e forma
uma barreira fisica que impede a quebra da biomassa (Taha et al., 2016). Portanto,
uma etapa de pré-tratamento (Secdo 3.4) é necessaria para quebrar o complexo
lignina-celulose-hemicelulose, e tornar a matéria acessivel para as diversas conversoes

e aplicagdes de cada fracdo da biomassa em uma biorrefinaria.

3.4. O pré-tratamento da biomassa

7

O principal desafio na valorizacdo da biomassa € transpor a sua alta
recalcitrancia e separar as fragbes macromoleculares para posterior conversao. Para
ultrapassar este desafio, uma etapa de pré-tratamento (Figura 6) se faz necessaria para
quebrar este complexo e alterar a estrutura macroscéopica, microscopica e
submicroscopica da biomassa, tornando-a acessivel e passivel de ser fracionada. As
alteragbes da biomassa ocorrem durante o pré-tratamento basicamente removendo a
lignina, diminuindo a cristalinidade da celulose, e aumentando a porosidade e a area
superficial da biomassa (Wyman et al., 2005).
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Figura 6 - Quebra da estrutura lignocelulésica apds o pré-tratamento.
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Apbs o pré-tratamento, os componentes da biomassa se encontram
separados, e estdo disponiveis para os demais tratamentos necessarios para as suas

respectivas valorizagao/conversao.

Até hoje, muitos métodos de pré-tratamento foram investigados para
biomassa de diferentes fontes: explosao a vapor (Pielhop et al., 2016), organosolv
(Qing et al., 2017), microondas, térmico e ultrassbnico (PASSOS; CARRETERO;
FERRER, 2015), alkali (KIM; LEE; KIM, 2016) dentre outros. O modo de acdo e as
condicbes de reacao variam significativamente para cada um deles (Mosier et al.,
2005). Cada pré-tratamento tem suas vantagens e desvantagens no que diz respeito as
suas condicdes técnico-econémicas e de processo, entretanto, no geral, tais métodos
necessitam de reagentes perigosos para a saude humana e que oferecem riscos ao
meio ambiente, tém baixa eficiéncia, bem como alto consumo de energia (Alvira et al.,
2010).

Em vista disto, alternativas mais eficientes e sustentaveis para realizar o pré-
tratamento tém sido propostas. Neste contexto, os Liquidos Iénicos (LIs) sugiram como
uma alternativa promissora aos métodos tradicionais (Brandt et al., 2010; Mora-pale et
al., 2011), além de serem capazes de alterar quimicamente a estrutura da lignina,
tornando-a mais interessante do ponto de vista econémico e aplicavel (Dutta et al.,
2017; George et al., 2011).
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3.4. O que sao Liquidos I6nicos?

Liquidos l16nicos (LIs) sdo geralmente definidos como liquidos eletrélitos, ou
sais compostos inteiramente por ions (solugdes ibnicas) e que sao fluidos a
temperaturas abaixo de 100 °C, apresentando estruturas cristalinas idnico-covalentes
(VEKARIYA, 2017; WASSERCHEID; WELTON, 2008). Os LlIs representam uma classe
de materiais liquidos com perfil de propriedades que os tornam Unicos, originadas de
suas complexas interagdes Coulémbicas, ligacdes de hidrogénio, interacdes de van der
Waals entre os jons que os constituem (WASSERSCHEID; SCHROER, 2014). Os Lls
sdo formados a partir da combinagdo de cations e anions, na sua grande maioria
organicos, em que os grupos funcionais sdo incorporados covalentemente como parte
da estrutura do ion (DAVIS, 2004). A natureza modular dos Lls implica que
modificacdes estruturais podem ser feitas no cation ou no anion, e que tais alteracdes
implicam em uma grande diversidade de possibilidades de produgdo de Lls. Tais
modificacdes tornam possivel a alteragdo das propriedades fisico-quimicas dos Lls, tais
como densidade, viscosidade, e poder de solvatacao, podendo ser ajustadas de acordo
com o interesse de aplicacdo (VEKARIYA, 2017). Notadamente, os Lls possuem
caracteristicas peculiares, tais como: ndo-inflamabilidade, pressdo de vapor
negligenciavel, alta estabilidade quimica e térmica, entre outros (WELTON, 2018). Tais
propriedades conferem a eles o status de ambientalmente amigaveis, o que tem
incentivado as pesquisas recentes em suas aplicacdes. E estimado ser possivel
produzir cerca de um bilhdo de LIs (Mora-pale et al.,, 2011), o que, aliado as suas
propriedades fisico-quimicas, os tornam aptos a serem aplicados em diversas areas,
tais como: sintese e catalise, biotecnologia, farmacia e medicina, eletroquimica,
extracdo e separacado dentre outros (EGOROVA; GORDEEV; ANANIKOV, 2017;
Sawant et al., 2011).

Os Lls sao considerados na literatura como uma nova classe de solventes,
sendo tradicionalmente divididos em duas classes de Lls: Liquidos l6nicos Apréticos
(LIAs) e Liquidos l6nicos Proticos (LIPs). Em geral, os LIAs apresentam uma carga
positiva permanente no cation, que é duradoura e cujos ions nao estdao em equilibrio

quimico com as espécies neutras. No caso dos LIPs, os cations, anions e suas
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espécies precursoras estdo em equilibrio quimico, estima-se que menos de 1% dos
acidos e bases precursores estdao presentes na solucao final (Mirjafari et al., 2013). Ha
um grande interesse no estudo dos LIAs, entretanto, o interesse pelos LIPs tem
crescido rapidamente (GREAVES; DRUMMOND, 2008) devido a sua facil sintese; Os
LIPs sédo produzidos a partir de uma reacdo de neutralizacdo acido-base (Figura 7), o
que os torna consideravelmente mais baratos que os LIAs, além disso formam fortes
ligacdes de hidrogénio, e a disponibilidade de prétons H*, os tornam candidatos
promissores para aplicagcao em materiais condutivos (Mirjafari et al., 2013).

Figura 7 - Reacéao de producao de LIPs
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Devido as vantagens apresentadas anteriormente, notadamente o custo e
facilidade de sua produgéo, este estudo foi conduzido utilizando LIPs e os principais

componentes naturalmente presentes na biomassa lignoceluldsica.

3.5. Os Liquidos I6nicos Proticos e a Biomassa

Na literatura sdo reportados alguns estudos demonstrando a inabilidade dos
LIPs em dissolver celulose (Pinkert et al., 2009; PINKERT; MARSH; PANG, 2010), e a
possibilidade de sua aplicagao no pré-tratamento da biomassa lignocelulésica (An et al.,
2015; ASAKAWA et al., 2015; Brandt-Talbot et al., 2017; Miranda et al., 2019; Chambon
et al., 2018; George et al., 2015; Merino et al., 2017; Pin et al., 2019; Rashid et al.,
2018; Reis et al., 2017; Rocha et al., 2017; SEMERCI; GULLER, 2018), e na dissolucao
de lignina Kraft (Merino et al., 2018; Rashid et al., 2016).
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Tais aspectos os tornam particularmente interessantes em determinadas
aplicacdes, nas quais se deseja dissolver apenas um dos componentes presentes na
biomassa, como no caso da producao do etanol de 22 geracao (etanol 2G). Nesse tipo
de aplicacdo, hd interesse em remover a lignina da biomassa lignocelulésica, e separar
0s demais componentes (agucares), que devem seguir para uma etapa de hidrélise, a
fim de produzir o etanol 2G.

3.5.1. O preé-tratamento com Liquidos I6nicos Proticos

Ao longo dos anos, os LIPs tém se mostrado candidatos promissores no pré-
tratamento da biomassa lignocelulésica. Diferentes tipos de fontes de biomassa foram
testadas e, no geral, resultados encorajadores foram encontrados, como detalhado a

sequir.

Em 2014, Achinivu et al. (2014) demonstrou a capacidade de extrair mais de
70% da lignina presente em palha de milho utilizando acetato de pirrolidinio, sem
significante impacto na porcdo de celulose. Brandt-Talbot et al. (2017) utilizaram
hidrogenosulfato de trietlaménio no pré-tratamento de graminea (Miscanthus x
giganteus) a 120 °C, atingindo mais de 85% de deslignificacdo, e reciclo do LIP por
multiplas vezes sem perda significativa de eficiéncia, com recuperacao maior que 99%
utilizando um rotaevaporador. Hidrogenosulfato de trietilaménio também foi utilizado na
forma de solug¢des aquosas por Chambon et al. (2018) para realizar o pré-tratamento de
bagaco de cana-de-agulcar, alcancando mais de 90% de remocdo de lignina. Além
disso, Reis et al. (2017) e Rocha et al. (2017) utilizaram solucbes aquosas de acetato
de 2-hidroxietilamonio para efetuar a deslignificacao de bagaco de abacaxi e bagaco de
cana-de-aglcar, respectivamente, e os autores observaram que a etapa enzimatica
teve aumento significativo no rendimento. Merino et al. (2017) investigaram alguns LIPs
baseados em imidazélio como precursor para o pré-tratamento de graminea Taiwan
(Pennisetum Purpureum Schum) a 120 °C durante 1 hora de agitacdo. De acordo com
os autores, o pré-tratamento com LIPs foi efetivo e capaz de hidrolisar parcialmente a
celulose e a hemicelulose. Rashid et al. (2018) avaliaram a cinética de extracao de
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lignina da biomassa da palmeira (dendezeiro) usando formato de pirrolidinio, e
concluiram que este LIP pode realizar o pré-tratamento eficientemente (> 90% de
remocéo de lignina, em massa). Ademais, SEMERCI| e GULER (2018) usaram quatro
LIPs para pré-tratar talos de algodao adicionando metanosulfénicos/sulfurico como
precursor dos LIPs. Os autores demonstraram que o hidrogenosulfato de 1-
metilimidazdlio na presenca de 20% em massa de agua reduziu o conteudo de lignina
em 35%, e que tal remogdo aumentou a acessibilidade enzimatica na biomassa em
quase 5 vezes. Recentemente, Pin et al. (2019) avaliaram onze LIPs para o pré-
tratamento de bagago de cana-de-acucar, utilizando &cido acético e sulfurico como
precursores. De acordo com os autores, o acetato de N-metil-2-hidroxietilaménio
apresentou melhor desempenho quando analisada a etapa de hidrélise enzimatica
posterior, alcangando 72% de conversédo de glicose apds o pré-tratamento de bagaco
de cana-de-acucar a 160 °C por 3 horas, o que foi considerado competitivo frente a
outros tipos de pré-tratamento. Mais recentemente, Miranda et al. (2019) investigaram
doze LIPs formados a partir de &cidos organicos e aminas como precursores para
realizar a deslignificagdo de biomassa de abacaxi, e concluiram que propionato de 2-
hidroxidietilaménio foi o melhor dentre eles, com eficacia maior que 80% para
deslignificar a biomassa, sendo considerado efetivo para a remogao da lignina. A
Tabela 1 apresenta um resumo de alguns dos resultados encontrados na literatura.



Tabela 1 — LIPs, biomassa e resultados obtidos encontrados na literatura
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Amostra LIP Condicoes Resultados Referéncia
Palha de arroz LIPs de Colina 90 °C, 12h 79,6% de extracdo de lignina (An et al., 2015)
Bagago de cana-de- acetato de colina 130 °C, 3h 39,2% de extracéo de lignina (Asakawa et al.,
acucar 2015)
Graminea (Miscanthus x | hidrogenoSulfato de o o . I (Brandt-Talbot et al.,
giganteus) trietilamanio 120 °C, 8h 85% de extracao de lignina 2017)
Coroa de abacaxi , proplolnato'de 2 . 100 °C, 1h 82,3% de extracao de lignina (Miranda et al., 2019)
hidroxietilmetilaménio
Bagaco d,e cana-de- hldrogenoSt{Ifato de 120 °C, 4h > 90% de extracao de lignina (Chambon et al.,
acucar trietilaménio 2018)
Gramlr)ea (Panicum hldrogenosulfgtos de 120 °C, 1,5h 78% de extracao de lignina (George et al., 2015)
virgatum) alcanolaminas
Bagago de cana-de- | LIPs de alcanolaminas | g o5 5, | 989, de digestibilidade de celulose | (Ferrari et al., 2019)
acucar e misturas
Bagaco d,e cana-de- alcanol,a(nlnas ’e.a0|do 160 °C, 1-3h 72% de. rendlmgnto de glicose (Pin et al., 2019)
acucar sulfarico/acético depois do pré-tratamento
Par,tes da Planta de formato de pirrolidinio 78-97 C 172- Mais de 90% de remocao de lignina | (Rashid et al., 2018)
6leo de palma 238 minutos
Bagaco de abacaxi lacetlatcl) de ? 130 °C, 24h 95,8% de remocéo de lignina (Reis et al., 2017)
hidroxietilaménio
Bagaco d,e cana-de- .acet.at(.) de 2 150 °C, 3,5h >80% dg rendlm,ento de glicose (Rocha et al., 2017)
acucar hidroxietilaménio depois do pré-tratamento
Talos de algodao hidrogenosulfato de 1- 120 °C, 4h Reducéao de 35% do conteddo de | (SEMERCI; GULER,

metilimidazélio

lignina

2018)

(Acervo Pessoal)
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Como apresentado, trabalhos recentes confirmam que os LIPs podem ser
usados na etapa de pre-tratamento da biomassa lignocelulésica com grande eficacia na
remocao de lignina. Tal aplicagdo € um avanco cientifico relativamente recente, e com
poucos trabalhos reportados na literatura. Baseado na literatura, ainda nao é
completamente entendido de que forma os LIPs interagem com a biomassa e removem
a lignina, dessa forma, uma maneira de se entender esse processo € através de um
estudo de solubilidade da lignina, visando compreender os mecanismos de interagao

lignina-LIP e quais os fatores que favorecem a remocéao de lignina mais eficientemente.

3.5.2. A solubilidade da lignina em Liquidos Iénicos Préticos

Embora alguns estudos do pré-tratamento de biomassa lignoceluldsica
tenham sido reportados na literatura, a solubilidade da lignina em LIPs tem sido pouco
discutida (Merino et al., 2018; Rashid et al., 2016).

Rashid et al. (2016) investigaram a dissolugcdo da lignina Kraft em LIPs e
suas solucdes aquosas. Os autores testaram trés LIPs: formato de piridinio, acetato de
piridinio, e propionato de piridinio em diferentes temperaturas e quantidade de agua. De
acordo com os autores, a agua influencia negativamente o processo de dissolucéo,
enquanto a temperatura influencia positivamente. Dentre os LIPs testados, o formato
apresentou a maior capacidade de dissolver a lignina (70% de solubilidade em massa)
a 75 °C o que aconteceu em 1 hora. Ainda de acordo com os autores, 0 aumento da
cadeia carbbnica da parte aniénica do LIP reduz a capacidade de dissolucédo dos LIPs.

Merino et al. (2018) avaliaram a habilidade de solubilizar lignina de dezoito
LIPs multiaromaticos produzidos a partir de imidazélio utilizando a técnica de irradicao
por microondas. Segundo os autores, o Metanosulfonado de 2,3,4,5-tetrafenil-1H-
imidazélio foi o melhor LIP, sendo capaz de dissolver 42% da lignina aplicando a

radiacao microondas a 90 °C em poucos minutos.

De acordo com o exposto, na literatura ha escassez de informacdes sobre os
mecanismos de dissolucdo da lignina em LIPs, assim como dos papéis do cation e
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anion e suas interacées com a lignina. Por isso, ha a necessidade de se aprofundar nos
tipos de interagao que sao estabelecidos entre os LIPs e a lignina, assim como as

possiveis alteragdes estruturais que os LIPs sdo capazes de induzir na lignina.

3.5.3. Os Liquidos Iénicos Proticos e as modificacoes estruturais na lignina

A utilizacao de LIs para o processamento da biomassa (pré-tratamento e
despolimerizagéo da lignina) tem sido consideravelmente estudada, uma vez que estes
solventes sdo considerados potencialmente eficientes devido as suas propriedades
(HALLETT; WELTON, 2011). Alguns autores reportaram a capacidade dos Lls em
modificar e fracionar a estrutura da lignina (Dutta et al., 2017; George et al., 2011;
NANAYAKKARA; PATTI; SAITO, 2014; Wen et al., 2014; XIE et al., 2007; Yan et al.,
2015). Entretanto, apesar de relativos avangos, a aplicacdo dos LIPs na modificagédo e
no fracionamento da lignina seguem pouco explorados (ACHINIVU, 2018; Rashid et al.,
2016).

De acordo com Rashid et al. (2016), a lignina dissolvida em LIPs formados
por acidos organicos e pirrolidinio como precursores, apds sua dissolucao e
precipitacdo, apresentou maior estabilidade térmica, menor polidispersividade e maior
uniformidade, e no geral, nenhuma reag¢ao quimica foi observada durante o processo de

dissolugao e regeneragao da lignina.

ACHINIVU (2018) avaliou a estrutura da lignina apdés a sua
extracao/dissolucdo em acetato de pirrolidinio, 1-metilimidazdlio, e piridinio, através de
técnicas como FT-IR, GPC e analise elementar (C, N, e H) e concluiu que, em geral, a
lignina dissolvida em LIPs apresenta certo grau de despolimerizagéo, resultando em
uma lignina com menor peso molar. Além disso, de acordo com o autor, a estrutura da
lignina se manteve sem grandes altera¢cdes quimicas, mantendo sua pureza e seus

principais grupos funcionais.

Pelo exposto, ainda ndo sdo bem conhecidas as possiveis alteracdes fisico-
quimicas que os diferentes LIPs sao capazes de provocar na estrutura da lignina, e de
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que forma a lignina recuperada pode ser aplicada na producao de novos produtos. Em
vista disto, este trabalho visa contribuir para esta auséncia de conhecimento,
investigando as possiveis alteragées na estrutura da lignina apds a sua dissolugdo em
LIPs, além de avaliar a possibilidade de se aplicar LIPs na dissolugdo da lignina, e de
que forma a estrutura do LIP influencia na solubilidade da lignina, visando desenvolver

novos processos industriais no contexto de uma biorrefinaria.
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CAPITULO 4 - MATERIAL E METODOS

4. Material e Métodos

Neste capitulo sdo apresentados todos os reagentes utilizados, sua fonte e
purezas, bem como as metodologias aplicadas para o desenvolvimento deste estudo.

4.1. Material

Todos os reagentes usados na sintese dos LIPs estéo listados na Tabela 2,
assim como a sua massa molar, fonte e pureza. Os principais componentes da
biomassa (ou seus monémeros) estdo apresentados na Tabela 3, assim como seus

fornecedores, pureza, nimero CAS, e estado fisico.

Todos os reagentes foram utilizados sem qualquer preparagéo ou purificagéo

prévia.
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Tabela 2 - Acidos e bases utilizados neste estudo para a sintese de LIPs

Massa

Nome Quimico Molar Fonte Pureza Z?Jrlnr:#(:: CAS
(g/mol) ]
Acidos
Acido férmico 46,03 Merck >98% CH20» 64-18-6
Acido acético 60,05 Merck >99% CoH402 64-19-7
L in Acros o
Acido propioénico 74,08 Organics 299% CsHgOo» 79-09-4
Acido hexanéico 116,16 Sigma 298% CeH120- 142-62-1
Acido octanoico 144,21 Sigma >98% CgH1602 124-07-2
Acido glicélico 76,05 Dinamica 70% C2H403 79-14-1
Acido latico 90,08 Sigma-Aldrich ~ 85% C3HgO3 50-21-5
Acido malico 134,09 Dindmica 99% C4HgOs5 6915-15-7
Acido malénico 104,06  Reagent Plus® 99% C3H404 141-82-2
Acido succinico 118,09 Synth 99% C4HeO4 110-15-6
Bases
Monoetanolamina 61,08 Sigma-Aldrich  =298% CoH,NO 141-43-5
Dietanolamina 105,14 Sigma-Aldrich  =298% C4H11NO> 111-42-2
Trietanolamina 14919  Sigma-Aldrich 298%  CgHisNO, 102716

(Acervo Pessoal)


https://www.sigmaaldrich.com/catalog/product/sial/m1296?lang=pt&region=BR
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Tabela 3 - Componentes modelo da biomassa utilizados nesta Tese

Composto Fornecedor Pureza Estado Fisico CAS

a-celulose Sigma-Aldrich >99% Pé 9004-34-6

D-(+)-xilose Sigma-Aldrich 299% Pé 58-86-6
Lignina Alcali Sigma-Aldrich >96% P6 8068-05-1

Lignina Kraft
from E.
globulus

Suzano Papel &

Celulose N.D Po i

(Acervo Pessoal)

4.2. Sintese dos LIPs

Os LIPs foram sintetizados por uma reacéo neutralizacdo acido-base, na
proporcdo molar de 1:1, utilizando a metodologia proposta ALVAREZ et al. (2010) e
IGLESIAS et al. (2010). A base foi inserida em um baldo de vidro de 3 bocas equipado
com um condensador de refluxo, um termopar para monitorar a temperatura, e um funil
de decantacdo com gotejador. A base foi mantida sob refrigeracdo através de um
banho de gelo (aproximadamente 10 °C), e o acido gotejado lentamente de gota-a-gota,
visto que a reacao, em geral, é altamente exotérmica e necessita de um resfriamento
para evitar sobreaquecimento e a ocorréncia de reacbes paralelas durante a sintese
dos PILs. Durante todo o processo um agitador magnético (200 rpm) garantiu a mistura
dos reagentes. Apds o gotejamento de todo o 4cido, a solugéo foi mantida sob agitacéo
constante por 24 horas a temperatura ambiente, para garantir a formagdo dos LIPs.
Nenhum sdlido foi observado ao final do processo, e uma coloragao final variando entre

incolor e amarelo claro foi observada.

A solucéo final foi introduzida em um rotaevaporador (presséo absoluta 70
Pa), com aquecimento brando (50-60 °C) para a remog¢ao de excesso de reagentes e
de agua absorvida durante o processo de sintese. O teor final de agua foi medido
através de um Karl Fischer Coulorimétrico (Metrohm 831 Karl Fischer), e a formagéao
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dos LIPs foi comprovada através das técnicas de Infravermelho (FT-IR) e Ressonéncia
Magnética Nuclear (RMN). Finalmente, as solu¢des aquosas de LIPs foram preparadas

considerando o teor de umidade medido no Karl Fischer.

Os LIPs utilizados neste trabalho estdo apresentados na Tabela 4, com suas

respectivas massas molares (MM) e estrutura quimica dos acidos e bases precursores.

Tabela 4 — LIPs utilizados neste trabalho: acidos e bases precursores

, MM*
Nome Acido Base Abreviatura
(g/mol)
(I? NH
Formato de 2- A2
; "o HO 107,11 HEAF
Hidroxietilamoénio
(Férmico) (Monoetanolamina)
o]
Acetato de 2- A NH2
H3C)kOH HO 121,13 HEAA
Hidroxietilaménio
(Acético) (Monoetanolamina)
ropionato de 2- 2
P ) ~Aon HO 135,16 HEAP
Hidroxietilamonio .
(Propiénico) (Monoetanolamina)
0
Hexanoato de 2- AN
~~Aoy HO 177,24 HEAH
Hidroxietilaménio y ,
(Hexanoico) (Monoetanolamina)
Octanoato de 2- /\/\/\j\ AN
Hidroxietilamont OH HO 205,29 HEAO
roxietilamoénio . .
1aroxiet ! (Octandico) (Monoetanolamina)
(o}
Glicolato de 2- )]\/ A~ NH:
HO o HO 137,13 HEAG

Hidroxietilamonio

(Glicolico)

(Monoetanolamina)
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, MM*
Nome Acido Base Abreviatura
(g/mol)
0
Lactato de 2- % NH,
on Ho TN 151,16 HEAL
Hidroxietilaménio OH
(Latico) (Monoetanolamina)
O
e e
Malato de 2- O OH
256,25 HEAM
Hidroxietilamonio
(Mélico) (Monoetanolamina)
o 0 NH
N2
Malonato de 2- HOJ\/U\OH HO
226,22 HEAMnN
Hidroxietilamoénio . .
(Malénico) (Monoetanolamina)
0
HO. OH Ho/\/NH2
Sucinato de 2- o}
240,25 HEASu
Hidroxietilamoénio
(Succinico) (Monoetanolamina)
O
\)J\ HO\/\N/\/OH
Propionato de 2- OH H
179,22 BHEAP
Hidroxidietilaménio
(Propi6nico) (Dietanolamina)
i 0]
H
o \/\N/\/OH
H
Lactato de 2- OH
195,22 BHEAL

Hidroxidietilamonio

(Latico)

(Dietanolamina)
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i MM*
Nome Acido Base Abreviatura
(g/mol)

o HO_~ -~ OH

Propionato de 2- OH
223,27 THEAP
Hidroxitrietilamo6nio
(Propi6nico) (Trietanolamina)
0 HO_~ -~ OH
OH
Lactato de 2- OH OH
239,27 THEAL
Hidroxitrietilaménio
(Latico) (Trietanolamina)

* A MM (massa molar) é considerada a soma das massas molares dos precursores dos LIPs.

4.3. Caracterizacao dos LIPs

Ap6s a sintese dos LIPs, eles foram caracterizados pelas técnicas de
Infravermelho (Fourrier-Transform Infrared Spectroscopy: FT-IR), e Ressonancia
Magnética Nuclear de H e '3C (Proton and C™ - Nuclear Magnetic Ressonance Proton
and carbon: RMN-H, e RMN-8C). Além disso, propriedades como densidade,
viscosidade, condutividade também foram determinadas e, sempre que possivel,
relacionadas com os resultados obtidos nesta Tese.

4.3.1. Fourrier-Transform Infrared Spectroscopy (FT-IR)

As andlises de espectroscopia na regidao de infravermelho foram realizadas
utilizando um Espectrofotdmetro PerkinElmer (Spectrum BX), equipado com uma célula
cristal de diamante ATR (Reflectancia Atenuada Total) com feixe unico horizontal. Os
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espectros foram obtidos utilizando 32 scans e resolucdo de 4 cm™, e o nimero de onda
entre 4000 cm™ e 600 cm™.

4.3.2. RMN-'H e RMN-13C

As anadlises de Ressonancia Magnética Nuclear foram realizadas em um
espectrometro Bruker (AVANCE) com frequéncia de 300 MHz. Amostras de LIPs foram
dissolvidas em DMSO deuterado (DMSO-d6), e utilizando Tetrametilsilano (TMS) como

referéncia interna.

4.3.3. Densidade

As medidas de densidade dos PILs foram realizadas em um densimetro
digital (Anton Paar, DMA 5000, Alemanha — precisdo de 0.05 kg.ms?). As densidades
foram medidas para faixas de temperatura entre 20 e 70 °C, com precisdo de +0.01 °C.
As incertezas nas medidas de densidade foram estimadas como 0.07 kg.m3.

4.3.4. Condutividade

Amostras de LIPs foram seladas e imersas em um banho termostatico com
controle de temperatura (PT-100 temperature sensor (0.1 K)), e as condutividades das
amostras foram medidas entre 30 e 70 °C (Analyser 650MA, Brazil). Antes de cada
medida a célula de medida foi limpa com agua deionizada e etanol. As incertezas das
medidas de condutividade foram estimadas em 0.05 mS.cm™.
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4.3.5. Viscosidade

As viscosidades dos LIPs em diferentes temperaturas (20 a 70 °C) foram
medidas utilizando um microviscosimetro (Anton Paar, AMVn, Alemanha), aplicando o
método de queda da esfera. O conteldo de agua presente nos LIPs foi medido antes
de cada medida. Durante a operagdo do viscosimetro, a temperatura foi mantida
constante com uma precisao de £0.01 °C.

4.3.5. Termogravimetria (TGA)

A estabilidade térmica de alguns LIPs sintetizados foi investigada utilizando
um equipamento Analisador Termogravimétrico (Shimadzu, TGA-50M, Japan),
acoplado a uma microbalanca (Mettler Toledo, MX5, Switzerland). Para isso, foi
aplicada uma taxa de aquecimento constante de 10°C.min™".

4.4. Caracterizacao da lignina Kraft

4.4.1. Fourrier-Transform Infrared Spectroscopy (FT-IR)

As analises espectroscopia de lignina Kraft na regido de infravermelho foram
realizadas utilizando um Espectrofotometro PerkinElmer (Spectrum BX), equipado com
uma célula cristal de diamante ATR (Reflectancia Atenuada Total) com feixe unico
horizontal. Os espectros foram obtidos utilizando 32 scans e resolucdo de 4 cm™, e o
nimero de onda entre 4000 cm™ e 600 cm™.

4.4.2. RMN 2D HSQC (Heteronuclear Single Quantum Coherence)

As andlises de Ressonéancia Magnética Nuclear 2D HSQC foram realizadas
em um espectrémetro Bruker (AVANCE) com frequéncia de 500 MHz. 50 mg de lignina
Kraft foram dissolvidas em 500 yL de DMSO deuterado (DMSO-d6), e utilizando
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Tetrametilsilano (TMS) como referéncia interna, e transferidas para os tubos de RMN. O
espectrometro é equipado com gradiente inverso 5 mm TXI 'H/*3C/*°N crioprobe. As
correlagbes entre os espectros 'H-3C foram medidas com o programa Bruker pulso
padrdo: “hsqcetgpshi” seguido de correlagdo 2D H-1/X através de dupla transferéncia
pulso (trim pulses), e selegcdo do gradiente Echo/Antiecho-TPPIl para melhoria da
sensitividade da fase, com dissociacao durante a aquisicdo. Os picos quimicos foram
referenciados com relagao ao pico central do DMSO (&¢ 39.5 ppm, &4 2.49 ppm). Todos
os experimentos foram mantidos a 25 °C com os seguintes parametros: largura
espectral de 11 ppm em F2 ('H) e 165 ppm em F1 (®¥C) com 1024 pontos
experimentais, 194 scan de resolucao e delay de reciclo de 1,5 segundos.

Para as analises semi-quantitativas, a correcdo da linha base e de fase
foram feitas em todo o espectro HSQC. A relativa abundancia das principais unidades
as subestruturas da lignina foram determinadas como percentual total da integracao
das cadeias de grupos metoxil dos sinais cruzados de 3C-'H no espectro de HSQC.

4.4.3. GPC (Gel Permeation Cromatography)

Tal andlise foi feita utilizando um cromatégrafo PL-GPC 110 (Polymer
Laboratories, UK), equipado com duas colunas PL gel MIXED- D 5 pm (300 x 7.5 mm)
protegidas por uma pré-coluna PL aqua gel-OH Guard 5 ym. As colunas, o sistema
injetor e detector (RI) foram mantidos a 70 °C durante as analises. Uma solucéo de LiCl
em dimetilformamido (0.1 mol-L™") foi preparada e usada como eluente. Amostras de
lignina foram dissolvidas em solugéo eluente com concentracdo de cerca de 1% em
massa (10 mg-mL™). O volume de injecdo das amostras foi de 100 pL, e o eluente foi
bombeado a uma vazdo de 0.9 mL min~". As colunas analiticas foram calibradas com
compostos modelo da lignina (mondémeros, dimeros e tetrdmeros), com massa molar

conhecido na faixa de 1 a 4 kDa.
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4.5. Experimentos de dissolucao e solubilidade

4.5.1. Experimentos de dissolugao de a-celulose, xilose e lignina alcali utilizando
Microscopia ()ptica de Luz Polarizada (MOP)

Ensaios preliminares foram realizados utilizando microscopia éptica de luz
polarizada, para identificar o potencial dos LIPs de dissolver os componentes da
biomassa. Tal técnica foi escolhida uma vez que se trata de um estudo pré-liminar, e tal
técnica fornece resultados rapidos. Como primeiros passos, a-celulose, xilose e lignina
alcali foram escolhidas como representantes dos principais componentes da biomassa,

devido a sua pureza e sua disponibilidade comercial.

O procedimento experimental para observar a dissolu¢do de biopolimeros
encontrados na biomassa lignoceluldésica foram semelhantes aos propostos por
ANDANSON et al. (2014). Uma solucado de aproximadamente 500 mg foi preparada,
contendo o biopolimero e o LIP (<1% de agua em massa). Esta solugdo foi agitada
rapidamente e colocada em uma lamina de vidro concava. Esta lamina foi introduzida
em um estagio pré-aquecido a 30 °C (Linkam LTS420, Reino Unido), que se encontra
acoplado a um microscopio 6ptico (Leica DM2700 M, China).

As amostras foram introduzidas no microscépio e foram expostas a 3
diferentes estagios: 1, 0,5, e 0,1 °C.min"". Em geral, o estagio sob a amostra foi
aquecido até que todos os biopolimeros disaparecessem, ou até que fosse atingido 100
°C. Imagens (1392 x 1100 pixels) foram registradas em intervalos pré-determinados (a
cada 60 segundos), com aumento de 50x.

4.5.2. Ensaios de solubilidade e dissolucao de lignina Kraft utilizando placa de
aquecimento

Excesso de lignina Kraft foi adicionada a 1,0 + 0,05 g de cada solugéo
aquosa de LIP ou agua pura em frascos de vidro. Os frascos foram selados e colocados

em um disco suporte de aluminio, que se encontrava sobre uma plataforma que

permitisse a agitacao e controle de aquecimento/temperatura Pt1000 (HO3D Series from
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LBX Instruments). Os ensaios de solubilidade foram realizados a temperatura constante
e agitacao de 200 rpm. Apds atingir a saturacao, as amostras foram filtradas utilizando
filtros PTFE (0,45 uym de tamanho de poro), permitindo a sepagao da lignina nao
dissolvida da fase liquida. Logo em seguida, a fase liquida foi diluida em
dimetilsulféxido (DMSO) e o montante de lignina dissolvida foi quantificado por
espectroscopia UV (SHIMADZU UV-1700, Pharma-Spec spectrometer) no comprimento
de onda de 280 nm. A determinagdo quantitativa foi feita com auxilio de curvas de
calibracao previamente construidas. Todos os experimentos foram realizados, pelo
menos, em duplicata, e os resultados foram expressos como médias dos experimentos

(com desvio menor que 5%).

Além disso, para avaliar a influéncia do tempo na dissoluc¢édo da lignina Kraft,
as amostras foram filtradas em diferentes intervalos de tempo (1, 2, 4, 8, 16, 24 e 48
horas), o conteudo de lignina na fase liquida foi determinado como descrito
anteriormente. Estes experimentos também foram realizados, pelo menos, em

duplicata.

4.5.3. Ensaios de solubilidade de lignina Kraft utilizando banho ultrassoénico

A dissolugdo de lignina Kraft em LIPs com relagdo ao tempo também foi
avaliada utilizando um banho ultrassénico (Model 1400 A, Unique, Brazil) com poténcia
de 135 W e frequéncia de 40 kHz, e os valores obtidos foram comparados com os
resultados obtidos de acordo com o procedimento descrito em 4.5.2. Um banho
termostatico forneceu a recirculagdo da agua, garantindo a constancia da temperatura
dentro do banho ultrassbénico durante os ensaios, e a temperatura foi monitorada
utilizando um termémetro (PT-100 temperature sensor (£ 0,1 °C)). Os experimentos
foram realizados com satisfatério controle de temperatura (+ 0,5 °C). As amostras foram
filtradas em diferentes intervalos de tempo, e diluidas com DMSO, como descrito na
secao 4.5.2. A quantificagdo da lignina foi feita através das curvas de calibracao
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previamente construidas. Para efeitos comparativos, a temperatura do banho

ultrassénico foi mantida no mesmo valor que 0s ensaios realizados na segéao 4.5.2.

4.5.4. Precipitacao da lignina e reciclo do LIP

Agua deionizada foi adicionada a solucdo de lignina+LIP e agitada para a
precipitacao de lignina, uma vez que a agua atua como anti-solvente na soluggo. Esta
solucao foi introduzida em um banho de gelo (aproximadamente 5 °C) para aumentar a
eficiéncia da precipitacdo. A lignina recuperada foi separada por filtracdo a vacuo e
lavada com agua deionizada para garantir que todo o LIP foi removido. A lignina
precipitada foi seca sob vacuo a 30 °C por 24 horas. A solugdo aquosa de LIP foi
coletada para testar a capacidade de se reciclar os LIPs. Esta solugao foi submetida a
uma destilagdo simples a pressao ambiente para remo¢do da maior fracdo de agua
possivel. Logo em seguida, a solucao resultante foi submetida a um processo de
evaporacao a vacuo (60 °C e 10 kPa) até que quase toda a agua fosse removida. O
teor final de agua foi medido utilizando um Karl Fischer Coulorimétrico (Metrohm 831
Karl Fischer), e a solucado aquosa de LIP foi reutilizada nos ensaios de solubilidade de
lignina, como descrito na secao 4.5.2.
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RESULTADOS E DISCUSSAO
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Objetivos do Capitulo 5

No Capitulo 5 da-se inicio a apresentacado dos resultados obtidos durante o
desenvolvimento desta Tese. Neste Capitulo foram exploradas as habilidades de 3 LIPs
em dissolver o0s principais componentes da biomassa, notadamente celulose,
hemicelulose e lignina. Para isso, a técnica de Microscopia Optica foi utilizada aplicando
diferentes taxas de aquecimento. Além disso, foi investigada de que forma as
propriedades dos LIPs (condutividade, viscosidade e densidade) influenciam na
capacidade desses LIPs em dissolver os componentes da biomassa lignocelulésica.
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Abstract

This work evaluates the potential use of 2-hydroxy ethylammonium-based protic
ionic liquids (PILs) for dissolving the major lignocellulosic biopolymers such
as cellulose, xylose and lignin. Three PILs, 2-hydroxy ethylammonium formate
(2-HEAF), 2-hydroxy ethylammonium acetate (2-HEAA) and 2-hydroxy ethylam-
monium propionate 2-HEAPr, were synthesized and characterized (viscosity, den-
sity and conductivity). A small amount of biopolymer was added to the PILs; the
biopolymers’ dissolution curves were determined from 30 °C up to 100 °C on these
solvents using a hot stage coupled to an optical microscope. The results show that
while xylose and lignin could be dissolved by the PILs, cellulose could not, and
also that 2-HEAF—which presented the higher ionicity—was the most appropri-
ate PIL among those tested to dissolve these biopolymers (xylose and lignin). They
also show that lignin dissolution is faster when an anion with a short alkyl carbon
chain is used and that higher heating rates require a somewhat higher temperature to
achieve full dissolution.
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Introduction

Biomass is a renewable source of raw materials, which presents great potential for
use in the production of chemicals, materials and fuels while also helping in the
reduction of greenhouse gas emissions. Biomass composition can change accord-
ing to its source, but cellulose (35-50 wt%), lignin (5-30 wt%) and hemicellulose
(20-35 wt%) are the major components present in lignocellulosic biomass [1, 2],
in a complex structure formed by a combination of these compounds [3]. In this
structure, cellulose is found in a crystalline form among hemicellulose and lignin.
This structure makes the separation of these compounds and the enzymatic hydroly-
sis of cellulose a difficult task, since it has a rigid and highly crystalline structure
[4]. A pretreatment step is necessary to break this physical barrier and make cellu-
lose available to be hydrolyzed. A successful pretreatment can make cellulose more
accessible, since the lignocellulosic complex is broken down and its crystalline
structure is disrupted [5].

Pretreatment is just one of the operations (others being enzymatic hydrolysis,
fermentation and distillation) in the process to produce bioethanol using lignocel-
lulosic material as feedstock (2G ethanol). There are other bottlenecks that make
this process difficult on a large scale, such as the biomass fractionation due to the
natural biomass diversity and large energy consumption [6-8]. The pretreatment
will affect the sequential steps of the process since it is responsible for removing
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hemicellulose and lignin, reducing cellulose crystallinity and increasing the
porosity of lignocellulosic material to facilitate enzymatic hydrolysis [9].

Due to the importance of biomass pretreatment, it has been studied extensively
over the years [10-14] and different methods have been applied, such as mechani-
cal size reduction [15, 16], ultrasound [17, 18], steam explosion [19, 20], alkaline
hydrogen peroxide [21, 22], acid [23-27] and organosolv [28-31]. The most suit-
able technology to carry out pretreatment is not defined and depends on the bio-
mass source and which biomass compound is to be modified [32].

In the last decade, a new class of solvents called ionic liquids (ILs) has been
considered for use in biomass pretreatment due to their ability to dissolve cel-
lulose and wood [33-38]. Besides, ILs are thermally and chemically stable, non-
flammable and recyclable. Protic ionic liquids (PILs) are salts with a low melting
point formed from an acid-base reaction, combining organic cations with organic
or inorganic anions, chosen according to the PILs’ desired properties [39, 40].
They are cheaper and easier to prepare than aprotic ionic liquids (AlLs), although
less stable [41, 42]. The possibility of combining ions to acquire a desired prop-
erty is the reason that PILs are considered designer solvents [43]. The difference
between AILs and PILs is the permanency of the positive charge on the cation
after its synthesis in AILs and no equilibrium between neutral and ion species,
while for PILs the charged and neutral species are in equilibrium [41, 42].

In literature research, there are several articles showing the potential of apply-
ing AlLs to realize the pretreatment step [44—46]. Sun et al. [44] have demon-
strated that 1-ethyl-3-methylimidazolium acetate ([C,mim]OAc) was capable of
dissolving completely both softwood (southern yellow pine) and hardwood (red
oak) through the heating of the sample. Brandt et al. [45] applied seven ILs which
shared the 1-butyl-3-methylimidazolium as cation and proved that the anionic
part of AILs has a profound impact on the ability the dissolution of biomass. Teh
et al. [46] showed that AILs may potentially be used in the macadamia nut shell
pretreatment. The authors have demonstrated that 1-ethyl-3-methylimidazolium
acetate [Emin][OAc] can almost entirely dissolve the nuts after 72 h of pretreat-
ment and can be successfully recovered after this step.

There are also some research articles that evaluate PILs for lignocellulose
pretreatment [47-53], and those report their ability to dissolve lignin and their
inability to dissolve cellulose, which makes them useful for the pretreatment.
Some works have demonstrated that PILs produced from the reaction between
acetic acid and amines can be effective for lignocellulosic pretreatment, display-
ing an extraction capacity of over 70% of lignin from lignocellulosic biomass [51,
52, 54]. Achinivu et al. [54] have applied pyrrolidinium acetate ([Pyrr][Ac]) to
extract lignin from corn stover achieving more than 70 wt% of the lignin con-
tent from biomass. Triethylammonium hydrogen sulfate ([TEA][HSO,]) con-
taining 20 wt% of water content was successfully applied to delignification with
a yield over than 85 wt% from Miscanthus giganteus at 393.15 K. The use of
[TEA][HSO,] containing 20 wt% of water has showed a delignification yield over
than 85 wt% from Miscanthus giganteus at 393.15 K [50], and similar results
were obtained using the same PIL and sugarcane bagasse as feedstock. Another
PIL, such as 1-butylimidazolium hydrogen sulfate ((HBMIM]|[HSO,]), was less
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effective in the delignification step removing 35 wt% of the initial lignin content
from cotton stalks [55].

Regarding the dissolution of lignin in PILs, Merino et al. [56] have demonstrated
that protic multiaromatic ionic liquids are able to dissolve kraft lignin achieving
38 wt% of lignin solubility using 3-(p-Tolyl)-4,5-diphenyl-1H-imidazolium meth-
anesulfonate in a microwave-assisted irradiation process at 363.15 K in few min-
utes. Moreover, Rashid et al. [57] have showed that pyridinium formate was capable
of dissolving more than 70 wt% of kraft lignin at 348.15 K within just 1 h. Visual
methods have been applied to evaluate the ability of solvents to dissolve biopoly-
mers. In recent years, some authors have also used these methods to study cellulose
dissolution in different solvents, especially ionic liquids [2, 58—-60]. It has been dem-
onstrated that visual methods are fast and allow for the monitoring of the dissolu-
tion of lignin and cellulose in ILs, or solvent mixtures containing ILs, using optical
microscopy (POM), with or without the use of polarized light [59, 61, 62]. Another
advantage of this kind of method is that it demands considerable fewer amounts of
solvents, which decreases the expenditure of the studies performed.

In this study, we evaluate the ability of PILs formed by the neutralization reac-
tion of monoethanolamine and carboxylic acids (formic, acetic and propionic) in
dissolving lignin, xylose and cellulose. To evaluate the dissolution process, an opti-
cal microscope equipped with a temperature controller was used and different heat-
ing rates were applied. A synthetic sample was prepared with commercial cellulose,
lignin and xylose, with PILs at different conditions of heating rates and biopolymer
mass fraction. The main objective of this study was to evaluate the ability of etha-
nolammonium-based PILs, the effect of the PIL anion structure and the processing
conditions, on the dissolution of biopolymers.

Materials and methods
Chemicals

Monoethanolamine (=98%), a-cellulose (>99%, powder), p-(+)-xylose (=99%,
powder) and lignin alkali (>96%, powder) were purchased from Sigma-Aldrich; for-
mic (=98%) and acetic acids (glacial) were purchased from Merck; and propionic
acid (>99%) was purchased from Acros Organics, and all were used as received.

PILs’ synthesis

The PILs were prepared according to the methodology suggested by Alvarez et al.
[39] and Iglesias et al. [63]. The monoethanolamine (approximately 6.77-8.55 g)
was placed inside a three-necked flask equipped with a reflux condenser, a dropping
funnel and a PT-100 temperature sensor to read temperature. This set was immersed
in a thermostatic bath at 10 °C to avoid temperature increase, while the reaction was
happening. Since the reaction is highly exothermic, acid (formic, acetic or propionic)
was added dropwise (approximately 6.44-8.23 g) to the flask and a magnetic stirring
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bar was used to mix the base and the acid. After the dropwise process, stirring was
maintained for a further 24 h at room temperature to complete synthesis. After syn-
thesis, the PILs were submitted to a vacuum (70.0 Pa absolute pressure) with a vig-
orous agitation and heating (60.0 °C) to remove water and any excess reactant. This
process was considered complete when the water content measured by Karl Fischer
(Karl Fischer Titrino Plus 848—Metrohm, Switzerland) was equal to or less than 0.5
(wt%). The water content was measured at least in triplicate and presented a stand-
ard deviation of 0.015 wt%. The PILs were characterized, and their physical proper-
ties were measured and compared with research data. Three PILs were synthesized:
2-hydroxy ethylammonium formate (2-HEAF); 2-hydroxy ethylammonium acetate
(2-HEAA); and 2-hydroxy ethylammonium propionate (2-HEAPr).

To do all the measurements realized in this study at least in triplicate was
required, approximately, 15.0 g of each PIL synthesized.

Chemical and physical characterization of the PILs

A well-sealed sample was immersed into a thermostatic bath at controlled tempera-
ture (PT-100 temperature sensor (+0.1 K)), and the conductivity of PILs was meas-
ured between 30.0 and 70.0 °C (Analyser 650MA, Brazil). Before each conductiv-
ity measurement, the cell was cleaned with deionized water and ethanol and dried
appropriately. The uncertainty in the conductivity measured was estimated to be
0.05mS cm™.

The viscosity and density were also measured in the same temperature range
using an automated micro-viscosimeter (Anton Paar, AMVn, Germany) and a digi-
tal densimeter (Anton Paar, DMA 5000, Germany—accuracy of 0.05 kg m*). Dur-
ing the viscosimeter and densimeter operation, the temperature was kept constant
within+0.01 K. The uncertainty in the densities was estimated to be 0.07 kg m?).

The thermal stability of synthesized PILs was investigated in a thermogravimetric
analyzer (Shimadzu, TGA-50 M, Japan) coupled with a microanalytical scale (Met-
tler Toledo, MX5, Switzerland) at a fixed heating rate of 10 °C min~".

Solubility measurements with optical microscopy (POM)

The experimental procedure for observing the biopolymers dissolution was similar
to that proposed by Andanson et al. (2014). A solution of 500 mg was prepared
containing the PIL and the biopolymer. It was stirred and quickly placed on a con-
cave glass slide. With the biopolymer sample on it, the glass slide was placed on the
30.0 °C-preheated hot stage (Linkam LTS420, UK), which was coupled to the opti-
cal microscope (Leica DM2700 M, China).

The sample in the POM was exposed to three different heating rates: 1.0, 0.5 and
0.1 °C min~". In a typical experiment, the hot stage was heated until all the biopoly-
mers disappeared or until it reached 100 °C. An image (1392x 1100 pixels) was
recorded at predetermined intervals (every 60 s) with 50 x magnification.
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Results and discussion
Chemical and physical characterization of the PILs

Conductivity, viscosity and density of the PILs here studied are presented in
Fig. la—, and the values are presented in Tables S1, S2 and S3 (Supplementary
Material). These properties have been previously reported [64-72]. Discrepancies
between our data and those reported in the literature concerning conductivity [64,
65], viscosity [65-67] and density [65-69] were observed. However, it is important
to emphasize that substantial discrepancies were also observed in the data from dif-
ferent authors as demonstrated in Fig. 2 and Figs. S1 and S2 (Supplementary Mate-
rial). These discrepancies can be attributed to different methods being used to deter-
mine these data, the limited number of data reported, the method used to synthesize/
purify the PILs, the impurities and especially the water content in each sample of
PIL. Many authors have reported these data containing different water fractions, so
the drying step must be done carefully since this factor plays a major role in proper-
ties, especially conductivity and viscosity. Moreover, the research literature-reported
data show different water contents, so for this reason it is not possible to discuss
these deviations profoundly.
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The ionicity of the three PILs used in this study was assessed using the Walden
plot, providing a measure of effective ion fraction available to be involved in a con-
duction process [61, 73]. Figure 1d presents the Walden plot displaying 2-HEAF,
2-HEAA and 2-HEAPr. The Walden rule relates the molar conductivity (ionic
mobility) to fluidity (inverse of viscosity), establishing that this product is constant
for all the cases of electrolytic solution diluted with weakly coordinating ions in a
solvent with nonspecific ion—solvent interactions [73, 74]. The ideal line was estab-
lished using a diluted aqueous KCI solution (1 M) [73, 75]. The PILs which are
found below the ideal line are classified as “poor” ionic liquids (low ionicity), while
those that are close to the ideal line are considered “good” ionic liquids, and those
above this line are considered “super” ionic liquids [73, 76]. Most of the PILs are
classified as “poor” ionic liquids, as is the case of the three PILs used in this study.
A tendency is observed in these three PILs with 2-HEAF presenting a higher ionic-
ity (closer to the ideal line), followed by 2-HEAA and 2-HEAPT, respectively. The
results agree with the difference in ApKa of the PILs: 2-HEAF (5.71), 2-HEAA
(4.70) and 2-HEAPr (4.58) [77, 78], and the thermal stability measured for the PILs,
as shown in Fig. 3.

The greater the ApKa is, the greater the reaction is driven to produce PIL,
increasing the fraction of ions and consequently increasing the ionicity of the ionic
liquid. Additionally, the TGA of the PILs studied (Fig. 3) shows a PIL mass loss at
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temperatures ranging between 100 and 150 °C, which is considerably higher than
the temperature range applied in the dissolution assays, so it is not expected con-
siderable PIL mass loss during the experiments, and consequently no composition
change of the sample. This behavior can be explained by the formation and sub-
sequent loss of volatile reagents such as carboxylic acids and monoethanolamine,
since the acid/base reaction is reversible. It is important to mention that a consider-
able loss of mass starts at a higher temperature in 2-HEAF than in 2-HEAA and
is highest in 2-HEAPr. This is attributed to the proton transfer to the amine group
that became more complete and provided a more stable N-H bond. In this context,
2-HEAF is more stable than 2-HEAA and 2-HEAPr, and this stability is associated
with ionicity, in the following order: 2-HEAF > 2-HEAA > 2-HEAPr. The ionicity
will be related to the dissolution results obtained in the next sections.

Cellulose dissolution

The cellulose dissolution (1 wt%) in 2-HEAF was monitored using the optical
microscope coupled to a hot stage employing a heating rate equal to 1 °C min™"'.
Some images captured during the dissolution process are presented in Fig. 4.

The dark areas in Fig. 4 are the 2-HEAF (liquid phase), and the multi-colored
ones are the undissolved cellulose (solid). Figure 4a is captured at 30.0 °C, which is
the experiments’ initial temperature. Figure 4b is captured at an intermediate tem-
perature (T=69.7 °C), and Fig. 4¢ is captured at the end of the experiment, at a
higher temperature (7=100.0 °C).

It was observed that there is no change between the three images, which indi-
cates that 2-HEAF did not dissolve cellulose (1 wt%) at the experimental condition
studied. The same result (no cellulose dissolution) was observed in 2-HEAA and
2-HEAPr (Supplementary Material: Figures S3 and S4): All three PILs did not dis-
solve cellulose, although there was a very low mass fraction in the systems (1 wt%).
According to Pinker et al. [58], who investigated the ability of alkanolamine ionic
liquids to dissolve crystalline cellulose, 2-HEAF and 2-HEAA were unable to dis-
solve cellulose at 80.0 °C even after continuous stirring for 12 h, corroborating our
results.

The process of cellulose dissolution occurs if a solvent can make stronger hydro-
gen bonds with cellulose polymers than the cellulose polymers themselves [79].

Fig.4 Images captured by optical microscopy of cellulose (1 wt%) in 2-HEAF using heating rate of
1 °C min~'. a T=30.0 °C; b T=69.7 °C; ¢ T=100.0 °C
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Since cellulose dissolution was not observed (Fig. 4), we can conclude that the PILs
used were unable to make strong hydrogen bonds with cellulose. Since no changes
were observed when cellulose was in contact with the PILs tested at a heating rate of
1 °C min™', other heating rates were not evaluated.

Xylose dissolution

Recently, Rocha et al. [51] evaluated the potential of 2-HEAA in sugarcane bagasse
pretreatment. The authors showed that 5% (w/w) of solids loaded, which were pre-
treated at 100 °C for 3.5 h, dissolved approximately 37% of hemicellulose. The
authors also observed that higher temperatures induce a larger dissolution of hemi-
cellulose in 2-HEAA. Despite xylose not being a hemicellulose (it is a monomer
of hemicellulose), we applied the methodology previously used to study cellulose
dissolution to evaluate the capacity of 2-HEAF, 2-HEAA and 2-HEAPr to dissolve
xylose. The experimental results are presented in Fig. 5 for samples with xylose
15 wt% in each PIL, using a heating rate equal to 0.1 °C min~'. Experiments were
done using other xylose contents (5 and 10 wt%), and the images are presented in
Supplementary Material (Fig. S5).

The dark areas observed in Fig. 5 are PILs (liquid phase), and the multi-colored
ones are non-dissolved xylose (solid phase), which disappears with temperature
increase. Full dissolution is achieved when no solids can be visually detected. One
can observe that xylose was fully dissolved at 34.3 °C in 2-HEAF, at 41.7 °C in
2-HEAA and at 369 °C in 2-HEAPr. Complete dissolution in each case took
43 min, 2 h and 1 h of experiments, respectively. Based on the results displayed,
2-HEAF is the best PIL to dissolve xylose, since it is capable of fully dissolving it at
lower temperatures (faster) when compared to 2-HEAA and 2-HEAPr.

The heating rate used was expected to have a direct correlation to the amount of
solute dissolved as well as the final temperature and time to achieve full dissolution.
To represent this relationship, the amount of solute dissolved was plotted as a func-
tion of time and temperature. These plots, called dissolution curves, are shown in
Fig. 6 for xylose in 2-HEAF, 2-HEAA and 2-HEAPr at different heating rates. The
amount of solute dissolved was quantified using Image Pro-Premier® (v. 9.2) soft-
ware, which is capable of discerning between dark and multi-colored areas, making
it possible to quantify the xylose. The initial area was assumed to be 100%, and the
other ones were calculated as demonstrated in Eq. (1).

¥t = M + 100% (1)

Area(t,)

where Area(tn) is the area at initial time, and Area(r) is the area at each selected time
(1) every 5 min until the end of experiment.

The heating rates influence the dissolution and, consequently, the final tempera-
ture at which solid xylose is no longer observed. When a heating rate of 1 °C min™!
is used, the final temperature in which solid xylose is observed is higher than the
final temperature observed when a heating rate of 0.5 or 0.1 °C min™' is used.
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Fig.5 Images captured by optical microscopy of xylose in PILs

For example, for a composition equal to 15 wt% of xylose using a heating rate of
1 °C min™', the final temperature is equal to 63.7, 72.6 and 90 °C in each 2-HEAF,
2-HEAPr and 2-HEAA, respectively. However, lower heating rates will take longer
to fully dissolve the xylose. The same behavior was observed by Andanson et al.
(2014), and according to the authors, it can be attributed to the solvation process
that is controlled by mass transport. Faster heating rates are expected to require less
time to achieve full dissolution, since higher temperatures are achieved more quickly
making the conclusion of the dissolution process faster.

Besides, it was observed that using a heating rate of 1.0 °C min™", 5 wt% of
xylose is completely dissolved in 2-HEAA after 30 min, while mass fractions of
10% and 15% of full dissolution are observed after 40 and 60 min, respectively. An
increase in the mass fraction of xylose implies that more time is required to achieve
full dissolution, as well as an increase in temperature will be required to complete
the process. Figure 7 summarizes the results of xylose dissolution in all conditions

1

@ Springer

57



Polymer Bulletin

1°C.min"! 0.5°C.min! 0.1°C.min!
Tre) e TC°C)
M N N oM N 8 B K 30 35 40 a5 50 30 3 32 34
100 100 100
0 a
2 8 _— g ~ % 0
& B o
] - I ¥ ol .
3 ] b4
£z a § = ° g - L
2-HEAF 2 £ w0 ° £Zw & £Z2w - 5
g & o § a H a
g ® 2 2 ° o 2 = g o
2 2 o -] a o 3 5 a
o B "] 0 g [+ o ° g
0 5 10 15 20 25 N B 0 5 10 15 20 25 30 3B 40 0 5 10 15 20 25 30 35 40 45
Time {min) Time (min) Tima (min)
C) T(°C) ]
30 40 5 60 70 & 9 30 35 40 45 50 85 60 €5 70 0 n 3 30 42
100 100 100 45
R oo
-, B ., w0{%g . 804 o °
2 . 2 & B
° ago o
{ w P w E P owle,o
3 ° . - é _ o o g _ oonn
2-HEAA £2 o - Sf a0 a0 © c‘i-«: o 9,
1 d ] 2 H fa % o
2 . 2 o H a
g 20 o o 3 20 a o - 20 A, ©
-] © 3 b o 3 85,80%0
=1 a P ° 2 ag oo 2 ﬁngun 96,
o a8 9.3 po oo o S8eoasRon o 4228008080,
0 0 20 30 40 5 60 0 10 20 30 40 S5 6 70 8 0 15 3 45 60 75 90 105 120
Tiema {min) Time {min) Time (min)
rC) e e
30 35 40 45 S50 55 60 65 70 TS M 35 40 45 50 5 &0 B 3 2 W M 3B B 7 B
100 100 100
a
- B - B4 o ~ B0
2 2 s &
f o i | Y z
a
1z o i: ° iz
2-HEAPr £ £ w{ e £Zw £Z 0{%e
= o = © = o
o g o
g 20 * % 2 = 40 5 o] 2o o 0
a [ 8 o a o
2 o g a 2 oo o
tdlY B, - a®qa L L L
0 5 10 15 20 25 30 35 40 45 0 1 20 30 40 5 6 0 10 20 30 40 5 € 70 80
Time (min) Time (min) Time {min)

Fig.6 Dissolution curves of xylose in 2-HEAF, 2-HEAA and 2-HEAPr: heating rates of 0.1, 0.5 and
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Fig.7 Time and temperature (7) to achieve the full dissolution of xylose in 2-HEAF (open rectangle),
2-HEAA (filled black rectangle) and 2-HEAPr (filled stripes rectangle): heating rates of 0.1, 0.5 and

1 °C min™"

studied. The final temperature to achieve full xylose dissolution for each PIL used
was plotted. Detailed values are presented in Supplementary Material (Tables S7, S8

and S9).

The following behavior could be observed at the different heating rates applied:
xylose dissolves faster in 2-HEAF>2-HEAPr>2-HEAA, respectively. Based on
these results, it is not clear how the alkyl carbon chain length of the PILs anionic
part influences the xylose dissolution. It was observed that 2-HEAF, which presents
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a smaller anion chain length, dissolved the biopolymer faster than 2-HEAPr and
2-HEAA. However, 2-HEAPr dissolves xylose faster than 2-HEAA while present-
ing the larger anion chain length. Apparently, the carbon chain length of the anionic
part of monoethanolammonium-based PILs has no direct correlation with their abil-
ity to dissolve xylose. Achinivu et al. [54] have reported that the solubility of xylan
in PILs may be related to their ionicity, and it is favored by the increasing of this
property; however, this relation was not observed in this study applying the POM
technique.

Lignin dissolution

Lignin dissolution was performed in all PILs tested in this study using the optical
microscope. Figure 8 shows the images captured during the lignin dissolution pro-
cess in 2-HEAF, 2-HEAA and 2-HEAPr at a heating rate of 0.5 °C min™".

Biopolymer PIL Figure
(8-a) (8-b) (8-c)
9.
i T=300°C | T=404°C | T=498 °C
10 wt% of lignin | , - (8-d) (8-¢) (8-
0.5 °C.min”’ JHEAA T=300°C | T=548°C | T=798 °C
—— (8-g) (8-h) )

T=300°C| T=642°C | T=93.7 °C

Fig.8 Images obtained by optical microscope of lignin in PILs
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Figure 8a, d, g shows lignin and dark solid agglomerates at 30 °C. One can per-
ceive that no lignin is dissolved in any of the PILs. The white areas are the PIL phase
without dissolved lignin (liquid phase). As the dissolution process occurs, with the
temperature increase, the PIL phase turns red (Fig. 8b, e, h) due to the dark agglom-
erate dissolution, and the lignin amount decreases significantly in the images. The
remaining dark areas presented in Fig. 8c, f, 1 are gaseous bubbles initially trapped
and released upon lignin dissolution [59, 61]. These dark points are attributed to
gaseous bubbles and not to lignin due to their round shape with a bright point in the
middle, noticeably different from dark agglomerates observed at lower temperatures.

The images presented in Fig. 8 demonstrate that lignin is fully dissolved by the
PILs used in this study. It is dissolved faster in 2-HEAF than in 2-HEAA and slow-
est in 2-HEAPr. The time used for a full dissolution of a 10 wt% lignin mass fraction
was 39, 99 and 127 min for 2-HEAF, 2-HEAA and 2-HEAPr, respectively. Images
of lignin dissolution at other mass fractions can be seen in Supplementary Material
(Fig. S6).

Figure 9 summarizes the temperature and time in which the lignin is completely
dissolved in each PIL as function of the heating rate used. The temperature and time
values to fully dissolve lignin in each of the PILs used are presented in Supplemen-
tary Material (Tables S7, S8 and S9).

The 2-HEAPr was able to dissolve 5% of lignin after 71 min (7> 101 °C), and
10% after 74 min (7> 104 °C), using a heating rate of 1 °C min~'. Nevertheless,
2-HEAPr was not able to dissolve lignin in a concentration of 15 wt%, even when
the temperature reached 130 °C after 100 min of experiment. When smaller heating
rates were applied, the 2-HEAPr was able to dissolve lignin at lower temperatures,
demonstrating that this parameter is an important factor to be considered. The same
behavior observed of xylose was also observed of lignin, meaning that an increase in
the solution’s lignin mass fraction will require more time to reach its full dissolution.
Moreover, the use of lower heating rates implies an increase in the time necessary
to fully dissolve lignin, as observed by Andanson et al. [61] in cellulose dissolution.

When comparing the PILs and their ability to dissolve lignin, the experiments
showed that lignin is dissolved faster in 2-HEAF and slowest in 2-HEAPr. Based on
these observations, it may be hypothesized that lignin dissolution decreases with an
increase in the precursor’s alkyl chain length for monoethanolamine-based PILs, and

1°C.min"! 0.5 °C.min"! 0.1 °C.min"
TLn\;(mln} Time (min) Time (min)
75

0 15 30 45 60 75 0 25 50 100 125 150 0 100 200 300 400 500 600 700

Lignin (wt%)
Liignin (wt%)

Lignin (wt%)

30 a5 60 7 s s o 45 5 75 s 15 0 45 60 75 s 105
Temperature ("C) Temperature ("C) Temperature ("C)

Fig.9 Time and temperature (7) of lignin dissolution in 2-HEAF (open rectangle), 2-HEAA (filled black
rectangle) and 2-HEAPr (filled stripes rectangle): heating rates of 0.1, 0.5 and 1 °C min™"
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this hypothesis is supported by Rashid et al. [57] who evaluated pyridium-based PIL
and carboxylic acids (formic, acetic and propionic) as a proton donor to solubilize
kraft lignin, concluding the same. Besides, as described in “Chemical and physical
characterization of the PILs” section, the PILs’ ionicity decreases in the following
order: 2-HEAF>2-HEAA >2-HEAPr, so we conclude that the higher ionicity of
2-HEAF makes this PIL capable of dissolving lignin faster than the others tested,
and 2-HEAPr is the slowest among those tested. This conclusion is supported by
Rashid et al. [57], Hart et al. [80] and Glas et al. [81], that concluded that low hydro-
gen basicity of anionic part of ILs, and also shorter alkyl chain length favored the
lignin dissolution.

A more direct comparison between the experimental data here presented and
those reported in the literature for PILs [51, 52] is difficult since these authors used
sugarcane bagasse and cashew apple bagasse, and in our work we have evaluated the
components of lignocellulosic biomass in isolation. These authors have concluded
that 2-HEAA was able to be used in the pretreatment step of the sugarcane bagasse,
and in our study, we demonstrate that monoethanolammonium-based PILs can be
used to dissolve the xylose and also lignin. However, the 2-HEAF dissolves xylose
faster, so we expect that if it had been used in lignocellulosic biomass pretreatment
it would present a better result too.

Lignin + xylose dissolution in 2-HEAF

The main components of lignocellulosic biomass are lignin, hemicellulose and cel-
lulose. As presented before, cellulose is not dissolved by any of the PILs used in
this study. However, we do not know how the presence of xylose can interfere in the
lignin dissolution process. Thus, in order to verify how the presence of xylose inter-
feres in the lignin dissolution process, some experiments were done at 1 °C min~!
with 2-HEAF, which presents the greatest dissolution capacity in samples composed
of lignin and xylose in different proportions as presented in Table 1. Typical images
of the experiments are presented in Fig. 10 (also in Fig. S7, in Supplementary Mate-
rial), and Table 1 presents the time necessary to achieve full biopolymer dissolution.

In Fig. 10a, it is possible to observe solid lignin (dark color) and a bright well-
defined shape that is xylose. Although xylose crystals seem to be hidden or even
equal to lignin, it is possible to note the differences between them while the dissolu-
tion process is ongoing, as can be noted in Fig. 10b in regions indicated by the white
circles. This experiment shows xylose full dissolution after approximately 22 min
and lignin after approximately 28 min. A comparison of this result with the previ-
ous one obtained using the same amount of pure lignin (5 wt%) in 2-HEAF and

Table 1 Time needed to achieve

the full dissolution of xylose Tyt Sl i [xylose i g i
and lignin 5 5 21.8 27.8

5 10 21.8 38.7

10 5 26.8 28.7
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Fig. 10 Images obtained by optical microscope of lignin + xylose in 2-HEAF. 5 wt% of lignin and 5 wt%
of xylose in 2-HEAF at heating rate of 1.0 °C min~': a T7=30.0°C; b T=44.9 °C; ¢ T=57.8 °C

pure xylose (5 wt%) in 2-HEAF shows that when both biopolymers are mixed, the
time required for dissolution is higher (1 min higher than for pure xylose and 10 min
higher than for pure lignin). In other words, both lignin and xylose influence each
other’s dissolution process, increasing the dissolution time by 4.8% and 57% if they
are mixed.

Moreover, 2-HEAF can dissolve xylose more easily than lignin since it takes less
time to dissolve lignin than the others. It is expected that biomass dissolution will
take more time to be completed due to the complex rigid structure formed by cellu-
lose, hemicellulose and lignin. Finally, the dissolution of xylose and lignin is easier
in 2-HEAF, which is related to the higher ionicity of this PIL, when compared to
2-HEAA and 2-HEAPr. This result is corroborated by Achinivu et al. [54], Hart el
al. [80] and Glas et al. [81]. It is known that the ionicity is related to the extent
of the proton transfer, and the reaction is more driven to produce PIL, increasing
the fraction of ions [73]. These ions interact with lignin and xylose and favor their
dissolution.

Conclusions

Cellulose, xylose and lignin dissolution in 2-HEAF, 2-HEAA and 2-HEAPr (with
0.5 wt% water) using an optical microscope coupled with a hot stage was deter-
mined. Three different heating rates were applied to analyze its influence on the dis-
solution process. It was possible to conclude that the higher the heating rate is, the
higher the final temperature to achieve full dissolution.

It was verified that these PILs do not dissolve cellulose, but they can dis-
solve xylose and lignin. Xylose is dissolved faster in 2-HEAF, in 2-HEAPr and in
2-HEAA (in that order), whereas lignin was dissolved faster in 2-HEAF, 2-HEAA
and 2-HEAPr, in that order. When a mixture of lignin and xylose was dissolved, it
was observed that the full dissolution time of both biopolymers increased by 4.8%
and by 57%, indicating that lignin interferes with xylose dissolution and vice versa.

The best PIL tested was 2-HEAF because it dissolves the biopolymer faster than
the others. Moreover, it presents lower viscosity and higher conductivity, being clas-
sified as more “ionic” than 2-HEAA and 2-HEAPr according to Walden plot. Based
on the results obtained, 2-HEAF demonstrated its potential for the extraction of
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lignin and xylose from biomass and its use is recommended for biomass pretreat-
ment. Moreover, this study shows that the POM technique, which requires a small
quantity of sample, can be used to study the cellulose, xylose or lignin dissolution in
PILs. The experimental results demonstrate that the technique used in this study can
be applied to rapidly scan potential solvents for cellulose, xylose or lignin.
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S1 - PROPERTIES OF PILS: CONDUCTIVITY, DENSITY AND VISCOSITY AS A FUNCTION OF
TEMPERATURE

The conductivity, density and viscosity of PILs as a function of temperature are presented in Table S1, S2
and S3, respectively. . Equation (1), equation (2) and equation (3) were used to fit conductivity, density and viscosity
experimental data, respectively, and the values were compared with previous research literature. The coefficients and

R? are presented in Table S4, S5 and S6.



Table S1 Conductivity of PILs as a function of temperature

Conductivity Conductivity Conductivity
PIL T(K PIL T(K PIL T (K
(K) (S.cm™) (K) (S.cm™) (K) (S.cm)
293.15 0.00397 293.15 0.000167 293.15 0.000176
303.15 0.00467 303.15 0.000360 303.15 0.000255
% 313.15 0.00540 % 313.15 0.000591 2 313.15 0.000343
HEAF HEAA HEAPr
323.15 0.00602 323.15 0.000812 323.15 0.000500
333.15 0.00762 333.15 0.001204 333.15 0.000662
343.15 0.00882 343.15 0.001611 343.15 0.000898
Table S2 Density of PILs as a function of temperature
Densi Densi Densi
PIL  T(K) ensity PIL T (K) ensity PIL T (K) ensity
(g.cm?) (g.cm) (g.cm?)
293.15 1.20306 293.15 1.15536 293.15 1.14433
s 303.15 1.19816 s 303.15 1.14945 s 303.15 1.13798
HE;&F 313.15 1.19322 HEz-&A 313.15 1.14360 HEI;P 313.15 1.13179
323.15 1.18832 323.15 1.13622 T 30315 1.12553
333.15 1.18272 333.15 1.12901 333.15 1.11918
343.15 1.17772 343.15 1.12301 343.15 1.11282
Table S3 Viscosity of PILs as a function of temperature
Viscosity Viscosity Viscosity
PIL T(K PIL T(K PIL T (K
(K) (mPa.s) (K) (mPa.s) (K) (mPa.s)
145.1241 1192.4726 1203.6021
303.15 +0.0755 303.15 +0.5865 303.15 +0.1541
89.2978 537.9531 600.4013
5 313.15 +0.3138 5 313.15 +0.5936 5 313.15 +0.4368
) 57.9564 ) 281.3504 X 328.0829
23.1 23.1 23.1
HEAF 323.15 +0.0148 HEAA 323.15 -+ 0.0802 HEAPr 323.15 404518
39.6467 161.1616 189.9581
333.15 +0.0088 333.15 +0.1396 333.15 +0.2181
28.2766 79.8987 124.1003
343.15 +0.0294 343.15 +0.1522 343.15 +0.1643
k .
in(5) = Zio Ak /T (1)

In which k® = 1 S.cm™, k is conductivity, A; the coefficient fitted, T is the temperature (K).
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Table S4 Coefficients Ay, A, A, and Aj; of Equation 1 (Conductivity)

PIL Ao (S.em™)  A;S.em™) A,;S.em™)  Az(S.em™) R?
2-HEAF 2.0010 -2275.3 -47.000 6.9982 0.991
2-HEAA 52121 -3983.6 -38.565 -10022.8 0.994
2-HEAPr 2.5500 -3282.3 -59.830 -10021.0 0.999

p = Xico Bi(T/K)' 2

In which p is the density (g.cm™), B; the coefficient fitted, T is the temperature (K).

Table S5 Coefficients B, and B, of Equation 2 (Density)

PIL By (g.cm'3) B, (g.cm's) R2
2-HEAF 1.3528 -0.00051 1.000
2-HEAA 1.3497 -0.00066 0.998
2-HEAPr 1.3347 -0.00065 0.999
in (%) = Bio Gk /T’ 3)

Where n° = 1 mPa.s, 7 is the viscosity, C; the coefficient fitted, T is the temperature (K).

Table S6 Coefficients C,, C;, C, and C; of Equation 3 (Viscosity)

PIL Cy (mPa.s) C; (mPa.s) C, (mPa.s) C; (mPa.s) R?
2-HEAF -9.6261 4429.5 -651.13 270.02 1.000
2-HEAA -15.972 6985.8 -621.06 275.33 0.999

2-HEAPr -12.594 5949.2 -621.09 275.33 0.994
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Fig. S1 Relative deviation between the experimental conductivity data of this article and those reported in other
research literature. A2-HEAF (COTA et al., 2007); A 2-HEAF (PINKERT et al., 2011); & 2-HEAF (BICAK,
2005); X 2-HEAF (YUAN; ZHANG; LU, 2007); ¢ 2-HEAF (GREAVES; DRUMMOND, 2008a); + 2-HEAA

(GREAVES; DRUMMOND, 2008a); O 2-HEAA (PINKERT et al., 2011); * 2-HEAA (YUAN; ZHANG; LU,
2007); O 2-HEAPr (CAMARGO et al., 2016)
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Fig. S2 Relative deviation between the experimental density data of this article and those reported in previous
research literature. A2-HEAF (GHATEE et al., 2012); A 2-HEAF (PINKERT et al., 2011); 4 2-HEAF
(GREAVES; DRUMMOND, 2008a); ® 2-HEAF (COTA et al., 2007); X 2-HEAF (YUAN; ZHANG; LU, 2007); +

2-HEAA (GREAVES; DRUMMOND, 2008a); O 2-HEAA (PINKERT et al., 2011); @ 2-HEAA (KURNIA;
WILFRED; MURUGESAN, 2009); O 2-HEAA (ALVAREZ et al., 2011); ¥ 2-HEAA (PENTILLA; UUSI-
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KYYNY:; ALOPAEUS, 2014); O 2-HEAPr (KURNIA; WILFRED; MURUGESAN, 2009); 0 2-HEAPr
(CAMARGO et al., 2016)

S2 - IMAGES CAPTURED USING AN OPTICAL MICROSCOPE
This section presents the images captured of cellulose, xylose and lignin dissolution in PILs.

Cellulose

Fig. S3 Images captured using an optical microscope of 1 wt% cellulose in 2-HEAA. (a) T =30.0 °C; (b) T = 69.7
°C; (c) T=100.0 °C

Fig. S4 Images captured using an optical microscope of 1 wt% cellulose in 2-HEAPr. (a) T = 30.0 °C; (b) T = 69.7
°C; (¢) T =100.0 °C



Biopolymer PIL Figure

(S5-a) (S5-b) (S5-c)
2-HEAF T =30.0 °C T=39.9°C T=539°C

10 wt% of xylose (S5-d) (S5-0) (S5-0)

1 °C.min™ . - - -

2-HEAA T =30.0 °C T =498 °C T =65.7°C

(S5-2) (S5-h) (S5-i)
2-HEAPr T =30.0 °C T =449 °C T =63.7°C

Fig. S5 Images captured using an optical microscope of xylose in 2-HEAF, 2-HEAA and 2-HEAPr

73



Lignin

Biopolymer PIL Figure
(S6-a) (S6-b) (S6-c)
15 Wit of lgnin 2-HEAF T =300 °C T=355°C T=414°C
0.1 oc.min-l ) (S6-d) (S6-¢) (S6-1)
2-HEAA T =30.0 °C T=425°C T=553°C
(S6-2) (S6-h) (S6-i)
ZHEAPr 5 50c T =507 °C T=715°C

Fig. S6 Images captured using optical microscopy of lignin in PILs
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Lignin+xylose dissolution in 2-HEAF

Biopolymer PIL Figure
5 wt% of xylose + 10 (S7-a) (S7-b) (S7-¢)
wt% of lignin 2-HEAF T =30.0°C T=50.8°C T=67.7°C
10 wt% of xylose + 5 (S7-d) (S7-e) (S7-f)
wt% of lignin T =30.0°C T=449°C T =56.8 °C

Fig. S7 Images captured using optical microscopy of lignin in PILs

S3 - EXPERIMENTAL DATA
This section presents the temperature values which were observed in full dissolution of xylose or lignin in

PILs.

Table S7 Temperature to achieve full dissolution of xylose or lignin in 2-HEAF at different heating rates

2-HEAF

% xylose 1°C.min” 0.5°C.min”" 0.1°C.min”" % lignin 1°C.min”" 0.5°C.min™" 0.1°C.min"’
5% 50.8°C  414°C 32.3°C 5% 477°C  44.8°C 33.3 °C
10%  548°C  42.6°C 33.3 °C 10%  657°C  47.9°C 36.9 °C
15%  63.7°C  47.8°C 34.4 °C 15%  71.6°C  51.5°C 41.5°C

Table S8 Temperature to achieve full dissolution of xylose or lignin in 2-HEAA at different heating rates

2-HEAA

% xylose 1°C.min” 0.5°C.min”" 0.1°C.min”" % lignin 1°C.min”" 0.5°C.min™" 0.1°C.min"
5% 63.0°C  63.0°C 37.6 °C 5% 68.1°C  62.3°C 40.9 °C
10%  71.0°C  67.5°C 39.2°C 10%  80.5°C  69.8 °C 432 °C
15%  90.0°C  69.2°C 41.0 °C 15%  93.5°C  79.4°C 55.3 °C
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Table S9 Temperature to achieve full dissolution of xylose or lignin in 2-HEAPr at different heating rates

2-HEAPr

% xylose 1°C.min”" 0.5°C.min™" 0.1°C.min”" % lignin 1°C.min"" 0.5°C.min™" 0.1°C.min"
5% 57.5°C  43.9°C 33.2°C 5% 101.4°C  79.3°C 50.9 °C
10%  66.7°C  50.5°C 35.1°C 10%  1044°C  93.7°C 59.9 °C
15%  726°C  57.7°C 38.0 °C 15% X 102.7°C  71.5°C
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Consideracoes do Capitulo 5 e Objetivos Capitulo 6

Como demonstrado no Capitulo 5, os LIPs foram capazes de dissolver a xilose
e a lignina, entretanto, ndo foi observada significativa dissolugdo de celulose, mesmo
em baixas concentragbes do polimero (1% em massa). Diferentes taxas de
aquecimento foram aplicadas, e foi constatado que taxas de aquecimento menores
resultavam em maior tempo para dissolver completamente os solutos analisados.
Finalmente, a técnica de microscopia Optica se mostrou adequada para realizar um
rapido screening da capacidade de LIPs em dissolver os principais constituintes da

biomassa lignocelulésica.

Uma vez detectada a capacidade seletiva dos LIPs de dissolver os principais
componentes da biomassa lignocelulésica (xilose e lignina), a lignina foi escolhida como
objeto de estudo para continuar a pesquisa desenvolvida nessa Tese, uma vez que
essa macromolécula é pouco aplicada na industria (apenas 2% do produzido é
comercializado), e por apresentar maior gama de aplicabilidade a depender do seu
processamento. Assim, a solubilidade da lignina foi avaliada em diversos LIPs, visando
obter alta quantidade de dissolucdo desse componente para auxiliar no
desenvolvimento de processos futuros em uma biorrefinaria. Dentre os paréametros
analisados pode-se mencionar a estrutura do cation e do anion no LIP (numero de
carbonos na cadeia alquilica, presenca de hidroxilas e grupos carboxilicos extra), a
quantidade de agua (naturalmente presente na biomassa lignocelulésica e nos LIPs por
serem higroscépicos), a temperatura, e 0 modo de agitagcdo. Esses parametros
ajudaram a entender melhor a solubilidade da lignina e como essa solubilidade pode
ser afetada por eles. Além disso, o reciclo dos LIPs foi avaliado com o objetivo de se
planejar, futuramente, um processo industrial viavel economicamente. As analises e

resultados estdo apresentados no Capitulo 6 dessa Tese.
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CAPITULO 6 — An investigation of Kraft lignin solubility in
protic ionic liquids and their aqueous solutions

6. An investigation of Kraft lignin solubility in protic ionic
liquids and their aqueous solutions
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ABSTRACT

The interest in the conversion of lignin into value added products and energy
has been growing over the years. However, an adequate solvent media for lignin
dissolution is impeding the progress toward more sustainable and noble applications of
lignin. In this study, the potential of alkanolammonium based Protic lonic Liquids (PILs)
and their aqueous solutions as solvent media of Kraft lignin was evaluated by changing
the PIL’s cation and anion, water content, temperature, time and also the type of
heating. The results showed that the anionic part of PIL exhibited a key role in lignin
dissolution, while the cationic part displayed a secondary action in this process.
Moreover, the increase of water content reduced lignin solubility by impairing the
interactions between PlLs and lignin. Depending on the PIL cation/anion pair the
influence of water on reducing lignin solubility is gradual or quick. The presence of exira
hydroxyl and/or carboxylic groups in the anion structure also negatively affected the
lignin solubility. On the other hand, the increase of the alkyl carbon chain present in
cationic part of PlLs favored the lignin dissolution. As expected, temperature increase
leaded to higher lignin solubility values. Using a conventional heating method all tested
PILs required 8 h to reach lignin saturation, excepting for lactate-based PILs that took at
least 24 h. The efficiency of lignin dissolution was improved with an ultrasound heating
water bath, which allowed a faster lignin dissolution performance by achieving saturation
in only 4 hours. Finally, the recyclability of 2-hydroxyethyl malate and tris(2-
hydroxyethyl)amine lactate was herein demonstrated for at least 3 cycles as proof of
concept. The results disclosed in this work prove the capacity of applying this kind of

solvents as media to dissolve lignin.

KEYWORDS: protic ionic liquids; Kraft lignin; solubility; time-dependence solubility;

green solvents.
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1. INTRODUCTION

Nowadays, the need for alternative energy sources has been growing due the
environmental impact caused by fossil fuels, including the greenhouse effect and global
warming. In addition, the dependency on non-renewable resources is a current societal
issue that must be overcome. In this scenario, the use of biomass as raw material has
been attracting the interest of scientific community as one of the most promising
renewable sources of carbon and it can be a solution to replace the excessive use of
crude-oil feedstocks. The conversion of biomass into energy, fuels, materials and high-
value products through a series of integrated and sustainable processes in the frame of
the biorefinery concept has been highly pursued. -2

Among different types of biomass, lignocellulosic materials are the most
abundant and available in the world and their processing has been tentatively
performed.® Cellulose, hemicellulose and lignin are the major components of
lignocellulose and are strongly linked into a recalcitrant matrix difficult to disrupt.*®
Cellulose and hemicellulose are polysaccharides attached through hydrogen bonds and
Van der Waal’s interactions, possessing a structural role in the plant biomass.®” On the
other hand, lignin consists of phenylpropanoid units linked by carbon-carbon and ether
bonds forming a complex three-dimensional polymer, whose function is to provide
resistance against pathogens, rigidity to the plant cell wall and compressive strength to

the fibers and plant tissues.®

Due to its aromatic nature, lignin has a promising potential to be used as
alternative to petrochemical-based products.® The singular structure and its
physicochemical properties allow the production of several types of aromatic

compounds. %"

Despite the fact lignin can be converted into fine chemicals, its
valorization has received little attention compared to cellulose. The pulp and paper
industry that largely produces cellulose from wood is capable of disposing 50 million
tons of lignin as by-product. However, only 2 % of this fraction is commercialized as low-
value product (e.g. dispersing or binding agents), while the other 98 % lignin is burned
as a low value fuel.'®' Therefore, more efforts must be addressed to achieve a

sustainable lignin valorization and to meet a biobased economy. In this regard, the
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evaluation of an appropriate solvent for lignin would facilitate the development of
efficient processes for its conversion. To promote lignin dissolution, a promising class of
solvents has emerged: the lonic Liquids (ILs)."*"'® These solvents have been considered
as more sustainable and efficient alternative to traditional organic solvents, which are
usually hazardous and present low selectivity for lignin dissolution.™

By definition, ILs are salts with melting point lower than 100 °C and are

composed of cations and anions.?%?

They present low vapor pressure, high
conductivity, thermal and chemical stability, making them fascinating players in many
fields such as synthesis and catalysis, biotechnology, pharmaceutics and medicine,
electrochemistry, extraction and separation, among others. 22® Particularly, Protic lonic
Liquids (PILs) are a class of ILs that has been growing interest of scientific community
lately. These ILs are easily synthesized by a proton transfer from an organic acid to an
organic base, which is a considerably cheap synthesis when compared to that of
traditional ILs. Due to this economical advantage, and also to their remarkable
properties, such as high proton conductivity, chemical and thermal stability, PILs have

been extensively studied. 2+2°

Recently, some PILs have been used in the lignin dissolution task. 3" The
ability of 18 novel multiaromatic PILs for Kraft lignin dissolution was visually

demonstrated by Merino et al. '’

using microwave-assisted irradiation at 363.15 K. The
results showed that 42 wit% lignin can be dissolved in PlLs with multiaromatic
imidazolium cation at 363.15 K in few minutes. The lignin solubility was also determined
in pyridinium based PILs aqueous solutions by Rashid et al. ®' The pyridinium formate
([Py][For]) was the best PIL, achieving 70 wt% lignin solubility at low temperature
(348.15 K) within 1 hour. More recently, Dias et al. (2019) demonstrated the ability of
seven alkanolammonium based PILs to dissolve Kraft lignin from E. globulus, obtaining
more than 37 wt% at 323.15 K within 24 hours using 2-hydroxyethylammonium

hexanoate ([HEAH)]). *

A wide range of cation and anion combinations could be used to synthesize
PILs, but only few of these possibilities were reported in literature for lignin dissolution.

Therefore, new combinations of cations and anions were tested in this study and the
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role of each ion in the solubility of lignin was investigated. PILs aqueous solutions
composed of alkanolammonium cations with malate, malonate, succinate, glycolate and
lactate anions were studied for their ability to dissolve Kraft lignin. The lignin solubility on
those systems was correlated to their chemical structure as well as the acidity of
precursors. Moreover, the time-dependence of lignin solubility in PILs was evaluated as

another parameter to address their efficiency.

2. MATERIALS & METHODS

2.1 Chemicals

The acid and base precursors used to synthesize the examined PILs are
depicted in Table 1. All the reagents were used as received. Eucalyptus globulus
isolated lignin from Kraft process was supplied by the pulp and paper mill Suzano Papel

& Celulose — Brazil.
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Table 1 — Purities, chemical structures and suppliers of the pure bases and acids used

(M) OH

in this study
Chemical Name Chemical Structure Purity (%)  pKa® Supplier
Bases
2-hydr0(x£t/:1)ylamme H2N \/\OH >98 9.50  Sigma Aldrich
bis(2- H
hydroxyethyl)amine N =98 8.96 Sigma Aldrich
(BHEA) o T NNy
OH
tris(2-
hydroxyethyl)amine =98 7.76 Sigma Aldrich
(THEA)
N
Ho” T T N N,
Acids
o]
Glycc(>(hac) acid HO\)J\ 70 3.83 Dinémica
OH
0
'—aCt("L?)aC'd %OH 85 3.86  Sigma Aldrich
OH
o} 0
Malczp/ll;:)amd M 99 5.70 ReagentPIus®
HO OH
O
SUCCZIgI:‘.) acid HONOH 99 5.635 Synth
o
(o]
Malic acid HON 99 5.03 Dinamica
[e) OH

2 PubChem database. *°
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2.2 Synthesis of PILs and their characterization

The following PILs were synthesized: 2-hydroxyethylammonium malonate
(HEAMn), 2-hydroxyethylammonium malate (HEAM), 2-hydroxyethylammonium
succinate (HEASu), 2-hydroxyethylammonium glycolate (HEAG), 2-
hydroxyethylammonium lactate (HEAL), bis(2-hydroxyethyl)ammonium lactate (BHEAL),
and tris(2-hydroxyethyl)ammonium lactate (THEAL). An acid-base reaction was
conducted to synthesize the PlLs. The acids and bases were weighted in stoichiometric
proportions. The base was placed in a bottom flask and stirred by a magnetic bar, while
an aqueous solution of acid was prepared and added dropwise to the base. An ice bath
was used to control the reaction temperature. The final solution was maintained over
stirring for 24 hours. The IL solution was then placed in a rotary evaporator to remove
any excess of water or reagents. The water content was determined using a Metrohm
831 Karl Fischer coulometer and these values were considered in the preparation of PIL
aqueous solutions. The PILs were characterized through 'H NMR, *C NMR and FT-IR

(Electronic Supplementary Information — ESI).

For NMR analysis, IL samples were dissolved in deuterated DMSO (DMSO-d6)
as solvent and tetramethylsilane (TMS) as an internal reference. All spectra were
recorded by a Bruker AVANCE 300 NMR at 300 MHz (Figures S8-S21 in ESI).

For the FT-IR analysis, a PerkinElmer spectrometer (Spectrum BX) equipped
with a single horizontal Golden Gate ATR cell (attenuated total reflectance) and
diamond crystal was used. All spectra were acquired with 32 scans at 4 cm™ of
resolution and a wavenumber range between 4000 cm™ and 600 cm™ (Figures S1-S7 in
ESI).

2.3 Kraft lignin solubility in PILs aqueous solutions

Excess of Kraft lignin was added to 2.0 £ 0.05 g of each PlLs aqueous solutions
(5, 15, 25, 40, 50, 60, 75, 80, 85, 87.5, 90, 92.5 and 95 wt% of PIL) or pure water in
glass vials. The vials were sealed and placed on a specific aluminum disk support,
which was transferred to a stirring plate with heat control Pt1000 (HO3D Series from LBX
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Instruments). The aluminum disk support was maintained at constant temperature
(813.15, 323.15, 333.15 or 353.15 K) and the samples were kept under constant
agitation (200 rpm - provided by magnetic bar stir) until saturation. The influence of time
on the Kraft lignin solubility was also evaluated and the same methodology was
performed at different periods of time (1, 2, 4, 8, 16, 24 and 48 hours). The solid phases
were then separated from the liquid phases using PTFE filters (0.45 ym pore size). The
filtered liquid samples were diluted using dimethylsulfoxide (DMSQO) and the dissolved
lignin was quantified by UV-spectroscopy (SHIMADZU UV-1700, Pharma-Spec
spectrometer) at 280 nm wavelength. The lignin concentration was determined by
appropriate calibration curves (Table S1 in ESI). All experiments were made at least in

duplicate.

2.4 Kraft lignin solubility using ultrasonic water bath

The Kraft lignin dissolution in some neat PILs was also evaluated under an
ultrasonic heating method (Model 1400 A, Unique, Brazil). The ultrasonic water bath was
rated at 135 W with a resonating frequency of 40 kHz, while water was recirculated
ensuring constant temperature during the assays. The temperature was monitored with
a thermometer (PT-100 temperature sensor (x 0.1 K)) and the experiments were
performed with satisfactory temperature control (+ 0.5 K). The sample preparation and
the determination of lignin solubility in PILs were performed as described in section 2.3.

2.5 neat PILs viscosity

The viscosities of neat PlLs (5 wt%) at different temperatures (303.15 to 333.15
K) were measured using an automated micro viscosimeter (Anton Paar, AMVn,
Germany), applying the falling ball method. The water content was determined (Metrohm
831 Karl Fischer coulometer) before each viscosity trial. During the viscosimeter
operation the temperature was kept constant within £0.01 K.
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2.6 PIL recycling

Deionised water was added to the mixture of HEAM aqueous solution saturated
with lignin to promote lignin precipitation. An ice bath (278.15 K) was used to decrease
the temperature of the solution favouring the precipitation process. The precipitated
lignin was separated by vacuum filtration, washed with water and the resulting PIL
aqueous solution was subjected to rotary vacuum evaporation process (333.15 K and 10
kPa for 2.0 hours) until 5 wt% water content was achieved. The recovered HEAM
aqueous solution was reused in lignin solubility assays as described in Section 2.3.

3. RESULTS AND DISCUSSION
3.1  The effect of anion structure on Kraft lignin solubility

The chemical nature of the anionic part of aprotic ionic liquids (AlLs) has been
shown to play a major role on the lignin solubility mechanism.***® To stress out this
effect on PILs, 2-hydroxyethylammonium-based PILs composed of mono and
dicarboxylic anions with different carbon chain lengths (C2 to C4) in presence or
absence of a hydroxyl group were tested for Kraft lignin solubility at 323.15 K. The
obtained solubility values are depicted in Figure 1 and Table S2 (along with the
corresponding standard deviations) in ESI.
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Figure 1 - Kraft lignin solubility in neat PILs (5 wt% of water) and HEASu aqueous
solution (20 wt% of water) at 323.15 K. 2 The solubility in HEASu was determined in
aqueous solution containing 20 wt% of water since it is solid for water contents lower
than this value.

The results reported in Figure 1 shows that structure and chemical properties of
the anion have high impact on Kraft lignin solubility in PILs. Amongst studied solvents,
HEAL showed the best performance for lignin solubility reaching a value of 23.33 wt%,
which was more than 2-fold the solubility value from HEAG (10.26 wt%). The Kraft lignin
solubility obtained with HEAL is also comparable to that from neat 2-
hydroxyethylammonium propionate (HEAP) at the same temperature (> 30 wit%)
reported elsewhere. ** Regarding to dicarboxylic-based PILs, HEAM achieved 15.25
wi% lignin solubility, while HEAMn presented the lowest solubility (6.83 wt%) among all.
In case of HEASu, mixtures containing more than 80 wi% HEASu content were found as
solid phase at 323.15 K, thus lignin solubility at these conditions were not determined.
For this system, the best result was achieved at 80 wt% HEASu content, resulting in
14.15 wt% of lignin solubility.
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Therefore, the performance of examined neat PILs (5 wt% water content) for
Kraft lignin solubility can be ordered as follows: HEAL > HEAM > HEAG > HEAMn. From
these results it can be inferred that increasing the carbon chain length of the anion from
C2 to C3, particularly from glycolate to lactate, better lignin solubility is obtained. For
dicarboxylic anions, the increase of carbon chain length of the anion from C3 (malonate)
to C4 (succinate and malate) and the presence of a hydroxyl group (malate) seemed to

favor lignin solubility.

Some authors have investigated the relation between the lignin solubility and the
alkyl chain length effect of the anion. Hou et al. (2015) demonstrated that lignin solubility
was favored by the increasing of the chain length of alkanoate anions using different
cholinium-based ILs. ¥ Soares et al. (2017) have reported that an increasing alkyl chain
length resulted in an increasing of the lignin monomeric model compounds using deep
eutectic solvent aqueous solutions. ¥ Recently, Dias et al. (2020) also showed this
phenomenon and revealed that the larger the alkyl chain length of carboxylate anions in
monoethanolammonium-based PILs, the higher is the solubility of lignin in these
solvents, which is related to a better affinity between lignin-PILs. ** According to Xu et al.
(2017) the alkyl chain in anion structure is able to interact with lignin. The authors
supported this information observing the increasing in the electron cloud density in the
alkyl chain anion part, which is an indication that interactions between this anionic part
and lignin were established. ® So, it is expected that an increasing in the alkyl chain
would favor the lignin dissolution since allows more interactions between lignin and ILs.
Concluding, the lignin solubility increases with the increasing of the alkyl chain length of
the anion. Therefore, when the abilities of HEASu-HEAMn, and HEAL-HEAG to
dissolve lignin are compared, the alkyl chain length may be the reason to succinate and

lactate—based PIL exhibited higher solubility lignin values, as explained before.

In our previous study we determined the solubility of Kraft lignin in neat 2-
hydroxyethylammonium acetate (HEAA; 22.12 wt%) and 2-hydroxyethylammonium
propionate (HEAP; 30.86 wt%) at 323.15 K. * When comparing the lignin solubility in
neat PILs (HEAA-HEAG, and HEAP-HEAL), it reveals that the presence of an extra
hydroxyl group in anionic part of PlLs decreases the ability of these solvents to dissolve
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lignin. This extra hydroxyl group presents in HEAG and HEAL turns these PILs too polar
and induces the formation of a network of hydrogen bonds between the PIL molecules
or between PIL and water molecules, which reduces the interactions between lignin-PIL,
resulting in a decreasing of the solubility. This behavior was previously reported using
deep eutectic solvents to dissolve lignin monomeric model compounds and toluene by
Soares et al. (2017) and Wang et al. (2016), respectively.

Regarding the water effect on lignin solubility (Figure 2 and Table S2 in ESI), the
addition of water to PlLs demonstrated different behaviors on their ability to dissolve
lignin. The solubility curves of HEAM presented an abrupt decrease of lignin solubility
with increased water content: this PIL dissolved 1.54 wt% of lignin when 15 wt% of water
is presented in its solution. On the other hand, for HEASu, HEAMn, HEAL, and HEAG
the anti-solvent role of water is less pronounced, but still important, and an increasing of
water content reduced the solubility. As expected, a negligible value of lignin solubility

on pure water (0.10 wt%) was reported at 323.15 K.
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Figure 2 — Kraft lignin solubility in HEAL, HEASu, HEAMn, HEAM, and HEAG aqueous

solutions and pure water at 323.15 K.
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Indeed, some authors have also reported the negative effect of water on the Kraft
lignin solubility in PILs, reducing their ability to dissolve lignin.">'®% Xy et al.(2017) ™
reported that the cation and anion of the IL are solvated by water and this phenomenon
impairs the interactions between IL and lignin. The obtained data shows that negative
impact of water on lignin solubility seems to be more pronounced for dicarboxylic-based
PILs than for monocarboxylic-based. It suggests that water strongly crowd the hydrogen
bond accepting sites of malate, malonate, or succinate, and prevent these anions to
make interactions with lignin. Ji et al. (2012) * investigated the interactions between
water—IL-lignin applying theoretical calculations and concluded that the interaction
energy and the active sites of IL and lignin decrease with the addition of water, making
the bonds between them weaker or even destroyed. For instance, the lignin solubility
decrease with increasing water content was steeper for HEAMn than for HEAL.
Therefore, the interactions between water and the dicarboxylic—based PILs could be
stronger than that of monocarboxylic-based.*’ In other words, an extra COO- group in
the anion structure makes strong interactions with water and disables the possibility to
interact with lignin in aqueous solutions. When these PlLs are weakly hydrated, they are
able to establish interactions with lignin and its solubility increases.®

The results also demonstrated that HEAM presented poor ability to dissolve
lignin when compared to HEASu at the same water content. The presence of an extra
hydroxyl group on malate molecule may make the anionic part too polar, inducing the
formation of hydrogen bond networks between water—PILs which impair the interactions
between the anion and the lignin, reducing its ability to dissolve lignin. 3%*' Similar

results were also observed by Xu et al. (2017) *2

applying choline carboxylate ILs
aqueous solutions (derived from mono, di, and tricarboxylic acids as hydrogen bond
donor — HBD, and choline chloride as hydrogen bond acceptor — HBA) to dissolve lignin,
and according to the results obtained, the authors concluded that the presence of extra
—OH groups enhances the hydrophilicity of these ILs, which strengthens the interactions
between water—ILs, decreasing the lignin solubility. The negative impact of the presence
of extra hydroxyl groups was also observed using deep eutectic solvents (derived from

carboxylic acids, urea, alcohols, and sugars as HBD, and choline chloride, L(-)-proline,
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betaine, and urea as hydrogen bond acceptor — HBA) to dissolve syringic acid (lignin

monomeric model) by Soares et al. (2017) *°

3.2 Kraft lignin solubility and cation structure effect

To investigate the influence of the PIL cationic part in the Kraft lignin solubility
lactate was chosen, since it was the best anion between the tested in this study. The
results of Kraft lignin solubility in BHEAL and THEAL at 323.15 K are presented in
Figure 3. The Kraft lignin solubility values, and the respective standard deviations, are
presented in Table S3 in ESI.
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35.0 A 34.14

30.0 1 27.06
23.33

25.0 -
20.0 -
15.0 -

Lignin solubility (wt%)

10.0 A
5.0 -

0.0 -
EHEAL mBHEAL OTHEAL

Figure 3 - Kraft lignin solubility in neat HEAL, BHEAL, and THEAL (5 wit% of water) at
323.15 K.

The results presented in Figure 3 shows a clear trend on the PILs capacity to
dissolve Kraft lignin demonstrating that solubility is affected by the cationic part of the
PIL, as well. The Kraft lignin solubility increases in the following sequence: THEAL >
BHEAL > HEAL,; indicating that larger cations of alkanolammonium based PILs using
lactate as the anion are capable of dissolving more lignin. In our previous article we
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have demonstrated that decreasing the cationic part of alkanolammonium-based PILs
using propionic acid as precursor resulted in an increasing on the Kraft lignin solubility
values, and that tris(2-hydroxyethyl)amine) propionate (THEAP) presented lower ability
to dissolve lignin than 2-hydroxyethylamine propionate (HEAP). Interestingly, an
opposite conclusion is reported here using lactate as the anion what lead us to further
investigation about this behavior.

It is known that PILs are in equilibrium with neutral species, ?° therefore, the
lignin solubility may be related mainly with the PILs interactions and in minor proportions
with their neutral species (acid and base precursors) since in the final solution these
neutral compounds are present in small fractions. Some studies demonstrated that the
extension of proton transfer may be associated with the pKa values of the neutral
species (acid and base), and that a large ApKa (pKa(base)-pKa(acid)) is usually
suggestive of good proton transfer. **** As reported in Table 1 comparing the bases
used, the 2-hydroxyethylamine presented the highest pKa (9.5), while tris(2-
hydroxyethyl)amine presented the lowest value (7.76). Based on this fact, it is expected
that the reaction of PIL synthesis would be more driven to produce PILs in 2-
hydroxyethylamine than in tris(2-hydroxyethyl)amine)-based PILs. This supposition is
supported by Stoimenovski et al. (2010) that investigated the extent of proton transfer
during the synthesis of primary and ternary amine-based PlLs using acetic acid as
precursor. The authors concluded that primary amines resulted in full proton transfer,
while ternary amines presented poor proton transfer. These conclusions were
qualitatively supported by Walden plot and by the deprotonation of an indicator acid by
the authors. *° Therefore, comparing the lactate and propionate-based PILs, it would be
expected that more fractions of ions is present in HEAL and HEAP, while more neutral
species would be present in THEAL and THEAP.

To exploit the role of neutral and ionic species on solubility, the ability of pure
solvents (propionic and lactic acids, and 2-hydroxyethylamine, bis(2-hydroxyethyl)amine,
and tris(2-hydroxyethyl)amine bases) to dissolve lignin was evaluated and the lignin
solubility in these solvents are reported in Table S4 in ESI. The results revealed that
propionic acid presented poor ability to dissolve lignin (14.76 wt%), however, the lactic
acid was capable of dissolving more than 33.0 wt% of lignin at 323.15 K. The difference
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between lactic and propionic acids ability to dissolve lignin is related with the presence
of an extra hydroxyl group in the chemical structure of lactic acid. This extra hydroxyl
group in absence of water may favor the dissolution of lignin due to the ability of these
groups to establish hydrogen bond networks with lignin. “¢*’ Based on these
observations, we concluded that the increase of lignin solubility when small cation and
lower number of hydroxyalkyl chains using propionate-based PlLs and the opposite
behavior of lignin solubility using acid lactic as precursor of PILs is due to the incomplete
proton transfer during the synthesis of PILs. The neutral species will be more available
to establish interactions with lignin when ternary amines are used to produce PlLs, and
because pure lactic acid presented high ability to dissolve lignin, the following sequence
is observed and expected: THEAL > BHEAL > HEAL. On the other hand, pure propionic
acid was poorly capable of dissolving lignin, and therefore, the ability of dissolving lignin
is as follow: HEAP > BHEAP > THEAP.

Concerning the water effect on lignin solubility (Figure 4 and Table S3), once
more the anti-solvent role of water and its negative influence on lignin solubility is
reported. Besides, no significant differences between the PILs aqueous solutions ability
to dissolve lignin was observed to water content higher than 40 wt%, what lead us to
conclude that the cationic part of PIL affect mainly the solubility when it is presented in
high amounts (= 75 wt%). ** Based on that, the cationic part plays a secondary role,
while the anionic part (Section 3.1) has a major role in the lignin dissolution process, as

previously reported. 32394849
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Figure 4 — Kraft lignin solubility in HEAL, BHEAL and THEAL aqueous solutions and
pure water at 323.15 K.

Since THEAL presented the best ability to dissolve Kraft lignin, it was chosen to
investigate the temperature effect in lignin solubility.

3.3 Kraft lignin solubility and temperature effect

The lignin solubility in pure water, in THEAL and its aqueous solutions at 313.15,
323.15, 333.15 and 353.15 K are shown in Figure 5. The Kraft lignin solubility values,
and the respective standard deviations, are presented in Table S5 in ESI.
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Figure 5 — Kraft lignin solubility in THEAL aqueous solutions and pure water at 313.15,
323.15, 333.15 and 353.15 K

As depicted in Figure 5, all solubility lignin curves presented the same trend: the
temperature increase enhanced the dissolution process for higher PIL content,
especially at contents superior to 75 wt%. On the other hand, the lignin solubility is
slightly sensitive to the increasing of temperature to solutions containing high content of
water (> 40 wt%) to all temperature tested. As expected, the temperature increase
favored the dissolution process to all range of composition, since the addition of energy
promotes the break of bonds in the solid phase, inducing the dissolution (endothermic

process). '>1®

The trends observed in solubility curves may be due the fact that water poorly
dissolves lignin, and plays as anti-solvent role solvating the PILs molecules, what would
hindrance the interactions between PIL-lignin. Therefore, to cases containing high water
content in the solution, the temperature would not impact significantly on lignin solubility.
On the other hand, when low contents of water are present in the solution, the PIL

molecules, which presented high ability to dissolve lignin as previously demonstrated
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(Sections 3.1 and 3.2), would be able to establish connections with the lignin, leading to

a sharp increase in the solubility to this range of PIL content.

The HTEAL as media solvent was able to dissolve over than 30 wt% of lignin at
313.15 K after 24h, which is a noteworthy mark. Moreover, the best solubility result
obtained in this study was (> 47 wt%) at 353.15 K using HTEAL, which was achieved

16,35,50-53

using lower temperature in comparison to similar studies and proves this PIL

ability of dissolving considerable amounts of Kraft lignin.

3.4Time-dependence of Kraft lignin dissolution in PIlLs

Time is a key factor to achieve economical success in industrial-scale
processes, which the goal is achieve a maximum yield in the shortest time. To
investigate the factor time, we have evaluated its influence on lignin dissolution in the

neat PlLs tested in this study.

The influence of the time on lignin dissolution is presented in Figure 6. The
assays were performed with PlLs aqueous solutions containing 5 wt% of water at
323.15 K, because this was the condition that present the maximum lignin solubility to all
PILs used except HEASu, which is solid at these conditions. To HEASu, the water
content was equal to 20 wt%. The Kraft lignin solubility, and the respective standard

deviations, is presented in Table S6 in ESI.
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Figure 6 — Time-dependent solubility of lignin in PILs (95 wt%) at 323.15 K and different

periods of time

Two different dissolution behaviors can be observed in Figure 6: the HEAG,
HEAM, HEAMn and HEASu PILs reached the maximum solubility after 8 hours of assay,
while the lactate-based PILs took longer time (24 hours) to achieve the saturation state.
The lignin dissolution in HEASu presented a quick dissolution rate in which more than
81% of maximum solubility was reached within only 1 hour, and achieving the saturation
after 4 hours, despite the fact that this PIL presented a significant solubility (14.15 wt%)
when compared to 2-hydroxyethylammonium based PILs. The HEAM also exhibited this
behavior, presenting an initial fast dissolution, achieving more than 96% of maximum
solubility within 1 hour of assay, and a progressive but slower dissolution rate within 1 to
8 hours, reaching 15.20 wt% after this time.

A slow dissolution rate was observed to HEAG and more pronounced to
HEAMnN, and this behavior may be attributed to the poor ability of these PlLs to dissolve
lignin, and also, to their viscosity (Table S7 - ESI). Since HEAMn presents higher

viscosity than HEAG it is expected that the lignin dissolution process would take longer
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time to achieve the dissolution plateau. The HEAM achieves the saturation state through
a slow and progressive dissolution step, and this behavior may be attributed to the
notorious viscosity of HEAM which has greater viscosity at 323.15 K (almost 3-fold)
when compared to any other PIL used in this study. This elevated viscosity may impair
the mass transfer process, and consequently decreases the lignin dissolution rate at this
final step. >*°

To reach the dissolution plateau, the lactate-based PILs have taken longer time
when compared to the other PILs studied. Indeed, PlLs formed by lactic acid as
precursor (HEAL, BHEAL and THEAL) were able to dissolve more than 23 wt% of lignin,
as demonstrated in Section 3.1, and due to this fact, a longer time was required to
finalize the dissolution process (24 hours). The ability of lactate-PILs to dissolve lignin
can be ordered as following: THEAL > BHEAL > HEAL; and the same trend in lignin
dissolution curves is observed. Besides, the viscosity of these PILs (ESI - Table S7) can
be ordered in the same sequence, therefore, the trend observed is explained by the
viscosity and also by their ability to dissolve lignin.

As presented, some assays took long time (over than 24 hours) to dissolve
completely the lignin in neat PILs using magnetic bar agitation (MBA), and this long
period could be associated to a not efficient agitation provided by the MBA. Therefore, to
investigate the possibility of decreasing the time required to fully dissolve lignin, some
assays were performed using an ultrasound water bath (UWB) at 323.15 K to achieve
the saturation state quicker.

To perform this study, some neat PILs which presented a slow dissolution rate,
as demonstrated in Figure 7, were chosen: HEAMn, HEAG and THEAL. The PILs were
dopped with 5 wi% of water since they presented maximum solubility at this
composition, between the water proportions verified previously in this study. The lignin
dissolution values are presented in Table S8 in ESI along with the respective standard
deviations. The results of this study are presented in Figure 7.
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Figure 7 — Time-dependent solubility of lignin in PILs (95 wt%) at 323.15 K and different
periods of time: using an Ultrasound Water Bath (UWB)

As described before, the HEAG and HEAMn reached the saturation value after
8h of constant agitation (200 rpm) provided by a MBA, while THEAL took 24h to attain
saturation limit. In contrast, the saturation state was achieved within 1.25 hours to
HEAG, and 4 hours to HEAMn and THEAL systems using the UWB. Besides, assays
that took longer than 4 hours of sonication did not indicated signals of supersaturation
since the lignin solubility reached a plateu state, as observed to THEAL and HEAMn
systems.

As depicted in Figure 7, the UWB even in the absence of significant physical
bulk movement of particles, enhanced the dissolution rate, when compared to the MBA.
%758 Some authors have reported that ultrasound has the effect of fragmenting the solid
particles by microjets that are created by the acoustic field, thus, the improvement in
lignin dissolution observed in this study may be related to the fragmentation

phenomenon. These solid particles fragmentation enhances the mass transfer rates due
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to the increase of interfacial area available for the transport process promoted by the
ultrasound. °°° In other words, when an ultrasonic wave is applied in a liquid phase,
cavitation bubbles are formed. These bubbles collapse and produce shock waves,
resulting in a microscopic turbulence around the solid particles reducing the boundary

layer, which favors the mass transfer. *-°

An improvement in dissolution time was demonstrated and, as a result, the
saturation (mass transfer process) was accelerated. The saturation was reached within
4 hours using the UWB apparatus, while it took 24 hours using the MBA, both with
THEAL as media solvent at 323.15 K. Therefore, the use of PILs in combination with
ultrasound technique is a quick and efficient method to dissolve Kraft lignin at low
temperature (323.15 K).

3.5Recycling of PIL

The recycling of PILs is a crucial step to achieve an economical and sustainable
process. Some authors have reported the recovering of PlLs after lignin extraction or
dissolution through vacuum distillation.'*'>¢"%2 The HEAM and THEAL were chosen to
demonstrate the possibility of reusing PlLs after lignin dissolution since this neat PIL has
great ability to dissolve lignin and negligible capacity when water content is up to 50
wit%. This behavior favors the recyclability because additions of water precipitates

almost all the lignin dissolved, and this amount of water can be easily distillated.

The recycling step was performed as described in Section 2.6. It was recovered
up to 93 wt% of HEAM and 96 wt% of THEAL of the initial IL mass after the distillation
process, which represents the recyclability potential of these PILs. The recovered PIL
was applied for three cycles of lignin solubility. The assays presented an efficiency of
99.81, 99.69 and 99.56% for cycles 1, 2, and 3, respectively, when compared to the
fresh HEAM initially used, and an efficiency of 99.83, 98.28, and 97.35% for cycles 1, 2,
and 3, respectively, when compared to the fresh THEAL initially used (Figure 8).
Therefore, we demonstrated, as proof of concept, a negligible loss in dissolution
efficiencies. Besides, a residual lignin content of 0.29, 0.32, and 2.44 wt% presented in
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HEAM was found in cycles 1, 2, and 3, respectively, and 2.96, 5.58, and 7.04 wt%
presented in THEAL in cycles 1, 2, and 3, respectively, which is an indication that low
molecular weight lignin fractions remained dissolved in HEAM and THEAL solution after

the addition of water, as reported in our previous study.

100.0

- 14.0 .
9 1 Efficiency
Z 99.0 1 - 120 @ (THEAL)
2 3
o 10.0 = .
o 98.0 A £ mmmEfficiency
i 80 5§  (HEAM)
& 97.0 A 60 S o
5 5 =o—Residual lignin
o 40 2 (HEAM)
3 96.0 o
a 2.0 _ o
=o=Residual lignin
95.0 . 0.0 (THEAL)

0 1 2 3
No. of Recycles

Figure 8 — Dissolution efficiency of lignin in fresh HEAM (95 wt%,), fresh THEAL (95
wi%), recycled HEAM (95 wt%), recycled THEAL (95 wt%), and residual lignin

The recyclability was well performed and no significant loss in dissolution ability
of HEAM and THEAL was observed, which demonstrated that these PlLs are suitable

candidates to realize this process.

4. CONCLUSIONS

A comprehensive study about the ability of alkanolammonium PILs and their
aqueous solutions to dissolve Kraft lignin at low temperatures was performed. The
results showed that PILs were solvated by water that impaired the interactions between
PILs and lignin, and consequently its dissolution. The anionic part of PILs affected more
significantly the lignin dissolution process, while the cationic part played a secondary
role in this phenomenon. The THEAL was the best PIL tested in this work to dissolve
Kraft lignin, achieving more than 47 wt% of lignin solubility at 353.15 K. The effect of the
temperature was also demonstrated using THEAL and their agqueous solutions, and as
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expected, the temperature favored the lignin dissolution. The kinetics of dissolution was

investigated and the saturation state was achieved within 8 hours to all PlLs tested in

study, except to lactate-based PlLs, which needed 24 hours to finalize the dissolution

process. Also, an UWB was used to realize the dissolution of lignin, and presented

faster lignin dissolution, when compared to the MBA. The UWB was capable of finalizing

the dissolution process within 4 hours, while MBA achieved the same saturation state

within, at least, 8 hours. Lastly, the recycle and reuse of HEAM and THEAL was

successfully demonstrated, at least for 3 cycles, without losing its efficiency.
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Figure S13 — °C-NMR (HEASu)
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Figure S14 — 'H-NMR (HEAG)
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Figure S15 — >C-NMR (HEAG)
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Figure S19 — >’C-NMR (BHEAL)
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Figure S20 — 'H-NMR (THEAL)
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Calibration Curves — Kraft lignin

PIL at* bt R?
HEAG 25409 0.0782 0.9977
HEAM 22078 0.1462 0.9934
HEAMnN 24314 0.0216 0.9964
HEASu 24148 0.0762 0.9943

HEAL 23428 0.0050 0.9946
BHEAL 22948 0.1132 0.9925
THEAL 23681 0.0049 0.9978

Table S1 — Kraft lignin calibration curves in HEAG, HEAM, HEAMn, HEASu, HEAL,
BHEAL and THEAL. (1 ABS = a*xlignin (mass) + b)

Kraft lignin solubility in PILs aqueous solutions and organic solvents at 323.15 K

Water (wi%) HEAG HEAL HEAM HEAMnN HEASu

100 0.10 + 0.003

95 1.16 £ 0.01 - - - -

85 1.51 £ 0.01 - - - -

75 1.94+0.03 088+0.06 0.12+0.01 0.20+0.07 0.35+0.02
60 224+0.02 152+008 0.17+0.01 053%+0.17 0.63+0.02
50 268+0.14 287+028 0.17+0.02 0.95+0.20 1.16+0.02
40 413+0.04 431020 0.19+x0.02 1.04+0.01 2.16+0.06
25 8.04+0.10 14.74+0.55 0.21+0.01 1.32+0.56 4.73+0.10
20 8.66 +0.04 18.02+0.72 0.24+0.01 2.19%0.15 14.15+0.36
15 9.59+0.04 23.07+125 154+0.10 2.47+0.10 -
12.5 - - 7.92+0.2 - -

10 - - - 3.45 + 0.01

7.5 - - 11.14 £0.14 - -

5 10.26 +0.17 23.33+1.32 15.25+0.33 6.83 +0.08 -

Table S2 — Kraft lignin solubility (wt%) in HEAG, HEAL, HEAM, HEAMn and HEASu
aqueous solutions at 323.15 K
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Water (wt%) HEAL BHEAL THEAL
100 0.10 £ 0.003
75 0.88 +0.06 1.00 £0.02 1.56 + 0.01
60 1.52 £ 0.08 1.73 £ 0.01 1.74 £ 0.01
50 2.87 +0.28 2.51 +0.01 2.38 + 0.01
40 4.31+0.20 4.89 + 0.01 5.21 +0.08
25 14.74 + 0.55 19.85 £ 0.17 22.88 +0.08
20 18.02 +0.72 23.23 +0.49 27.68 +0.50
15 23.07 +1.25 25.07 +0.37 29.16 +0.35
5 23.33 +1.32 27.06 +0.30 34.14 + 0.56

Table S3 - Kraft lignin solubility (wt%) in HEAL, BHEAL and THEAL aqueous solutions

at 323.15 K

Solvents

Lignin solubility (wt %)

Propionic acid

Lactic acidt
2-hydroxyethylamine
bis(2-hydroxyethyl)amine
tris(2-hydroxyethyl)amine

14.76 +0.29
33.00 +0.43
31.04 £0.50
28.56 +0.06
28.32 £ 0.55

Table S4 —Kraft lignin solubility (wt%) in pure solvents at 323.15 K. tDopped with 2 wt%

of water.

Kraft lignin solubility in THEAL aqueous solutions at 313.15, 323.15, 333.15 and

353.15 K

Water (wt%) 313.15 K 323.15 K 333.15 K 353.15 K
100 0.09 +0.01 0.10 + 0.01 0.13 + 0.01 0.20 +0.02
75 1.47 £ 0.01 1.56 + 0.01 2.76 +0.06 2.65+0.17
60 1.66 £0.02 1.74 £ 0.01 4.56 + 0.01 4.56 + 0.01
50 2.06 +0.03 2.38 + 0.01 5.43 +0.03 5.42 + 0.01
40 4.63 +0.08 5.21 +£0.08 6.58 + 0.03 7.05 +0.04
25 21.02 +0.01 22.88 +0.08 25.90 = 0.01 29.00 £0.05
20 23.51 +£0.17 27.68 £ 0.50 32.61 £0.07 41.87 +£0.10
15 26.08 +0.07 29.16 +0.35 39.76 £ 0.16 43.76 + 0.44
5 30.30 +0.38 34.14 + 0.56 42.80 +0.23 47.09 +0.43

Table S5 — Kraft lignin solubility in THEAL aqueous solutions at 313.15, 323.15, 333.15

and 353.15 K
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hours HEAG HEAM HEAMn HEASu HEAL BHEAL THEAL

, 237+ 1470+ 068+ 11556t 827+ 937+ 1236¢
014 008 009 026 006 023  0.08

, 631+ 1479+ 210+ 1384+ 1099+ 1343+ 1616+
009 012 013 032 066 049 029

, 1025 1492+ 529+ 1423+ 1686+ 2025+ 2158+
£+013 013 006 022 051 032 003

g 1015 1520+ 680+ 1439+ 1886+ 2219+ 24.81%
+0.14 006 008 023 057 015  0.62

. ] ] 1434+ 2040+ 2447+ 2837+
0.14  0.31 027 045

oq 1026 1525+ 683+ 1415+ 2308+ 2697+ B34.01¢
£+017 033 008 036 066 015  0.58

18 ] ] ] 2333+ 27.06+ 34.14%
132 030 056

Table S6 — Kinetics of lignin dissolution at time using a magnetic bar agitation at
323.15K

Viscosity of PILs at different temperatures

T(°C) HEAM HEAMnN HEASu HEAG HEAL BHEAL THEAL

30 i 1894.0715 192.8507 1028.3958 1639.3034 1949.2310 1999.8115
+4.1705 *+0.0445 +59493 +£3.9246 +4.0732 +5.2763

40 i 865.7696 112.0667 481.7131 703.6399 990.6089 1039.7802
+1.5461 +0.3510 +0.7612 +2.7835 +1.9889 +4.2480

50 1254.0151 442.0733 69.8481 249.8034 340.4312 473.7678 499.02426
+7.9540 +0.9056 +0.0996 +0.4907 +0.7467 +0.2476 +1.1719

60 593.9915 248.8409 46.3664 143.1802 183.2720 249.8837 267.6305
+13.1270 +0.8006 +0.0779 +0.2876 +0.1143 +0.1468 +0.8635

Table S7 — Viscosity of PILs at 303.15, 313.15, 323.15 and 333.15 K (mPa.s)



Kinetics of lignin dissolution using ultrasound water bath
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hours HEAG HEAMnN THEAL
0.25 2.32+0.22 0.52+0.10 8.49 + 0.43
0.50 5.88 £0.19 0.82 +£0.11 16.49 £ 0.57
1.00 9.57 £ 0.25 1.76 +0.15 25.26 + 0.51
1.25 10.01 £0.22 - -

2.00 10.00 £0.30 3.95+0.14 30.06 + 0.46
4.00 - 6.76 + 0.23 33.73 + 0.60
6.00 - 6.84 +0.12 34.10 +0.58

Table S8 - Kinetics of lignin dissolution at time using an ultrasound water bath at

323.15K
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Consideracoes do Capitulo 6 e Objetivos Capitulo 7

Neste capitulo foi demonstrado que o anion tem papel primordial na solubilidade
da lignina, enquanto o cation apresenta papel secundario. Além disso, o efeito anti-
solvente da 4gua na lignina foi demonstrado através de sucessivos experimentos para
os LIPs usados. Métodos diferentes de agitagdo mecénica, ultrassom e agitacao por
barra magnética, foram utilizados e os resultados mostram que a primeira apresentou
vantagens em relagdo ao tempo quando comparada com a agitacdo por barra
magnética. Finalmente, foi demostrado que é possivel reciclar os LIPs pela realizagao
de sucessivos ensaios de dissolucao de lignina, precipitacdo da macromolécula por
adicdo de agua, e evaporacdo da agua excedente obtendo um LIP com baixo teor de

umidade que foi usado novamente reiniciando-se o todo o processo.

Depois de demonstrada a capacidade das solugdes aquosas de LIPs em
dissolver quantidades consideraveis de lignina a baixas e moderadas temperaturas, e
de se avaliar de qual forma paradmetros como estrutura do LIP (cation e anion), a
quantidade de agua (naturalmente presente na biomassa lignocelulésica e nos LIPs por
serem higroscépicos) e a temperatura, por exemplo, influenciam na solubilidade, esta
Tese teve como objetivo seguinte avaliar a estrutura da lignina recuperada depois de
ser dissolvida nos LIPs, além de aprofundar o estudo a cerca da influencia do cétion e
do anion na solubilidade dessa macromolécula. As andlises e conclusées dos

resultados estdo descritas no Capitulo 7.
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ABSTRACT

The present study scrutinized in depth the ability of alkanolammonium-based Protic Ionic Liquids (PILs) with
carboxylate anions to dissolve Kraft lignin at 323.15 K. A focus was put on understanding the role of both PIL
ions and water on the dissolution process. The results demonstrated that the anion plays a more important role in
lignin dissolution than the cation. Furthermore, lignin dissolution was favored by increasing the alkyl chain of
the carboxylate anion, while a smaller cation with lower number of hydroxyalkyl groups performed better.
Among the studied solvents, the 2-hydroxyethylammonium hexanoate (HEAH) displayed the highest lignin
solubility (37 wt%). In general, the addition of water had a negative influence on lignin solubility with the tested
PILs. A sharp decrease in lignin solubility curves of 2-hydroxyethylammonium formate (HEAF) and acetate
(HEAA) was observed, while a more softly effect was observed for 2-hydroxyethylammonium propionate (HEAP)
and HEAH with the addition of water. However, a distinct behavior was observed for 2-hydroxyethylammonium
octanoate (HEAO) that acted as hydrotrope enhancing lignin solubility in aqueous solutions to a maximum value
at 40 wt% water content. Furthermore, by increasing the temperature, the lignin solubility was favored due to
endothermic behavior of lignin dissolution process.

The dissolution of Kraft lignin was also performed at 393.15K to unravel any lignin modification unleashed
by PILs. GPC, FTIR-ATR and 2D NMR were employed for lignin characterization and the changes observed
between native lignin and recovered lignin samples were negligible demonstrating the non-derivatizing char-
acter of the PILs. Moreover, the recycle of 2-hydroxyethylammonium propionate (HEAP) was successfully de-
monstrated for at least 3 cycles. In this way, PILs are herein revealed as promising solvents to apply in lignin
valorization towards more efficient and eco-friendly processes.

1. Introduction

cellulosic waste, among other streams. The worldwide production of
these raw materials is estimated at 200 billion tons annually, making

The current concerns about the environmental impact associated to
fossil fuel consumption, the high energy demand and the growing need
for commodities have been pushing the interest to use renewable re-
sources, such as biomass, to provide biobased and sustainable products
(Chang et al., 2017). In this context, the implementation of the bior-
efinery concept that relies on the use of biomass as feedstock to produce
a wide range of biofuels, biobased chemicals and materials, has been
attracting attention as a sustainable solution (Silveira et al., 2015).

Lignocellulosic biomass is a renewable and abundant resource
comprising wood, agricultural and forestry residues, energy crops,

* Corresponding author.
E-mail address: andremcl@ua.pt (A.M. da Costa Lopes).

https://doi.org/10.1016/j.indcrop.2019.111866

them suitable feedstocks for further processing and valorization
(Dahmen et al., 2019). This type of biomass is composed of three major
macromolecular components, namely cellulose (30-50 %) hemi-
celluloses (20-35 %) and lignin (15-30 %). The first two components
make the polysaccharide fraction of biomass and assume a structural
role in plant biomass, whereas lignin gives rigidity and protection
against microbial attack. All these components are tightly bounded and
organized in a rigid and complex structure hindering an efficient frac-
tionation. Therefore, the chief challenge in biomass valorization lies on
surpassing its recalcitrance and separating the macromolecular
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fractions for further conversion by efficient and sustainable methods
(Da Costa Lopes and Bogel-Lukasik, 2015). In particular, the selective
biomass delignification and lignin dissolution steps are key examples
that must be improved towards an efficient lignin valorization. The
aromatic nature of this macromolecule is of extreme importance for a
forecasted replacement of aromatic chemicals and products coming
from fossil-based resources (Hu et al., 2018).

Amongst biomass components, lignin is the less susceptible to che-
mical and biological treatments hindering its fractionation and con-
version. Several technologies, including Kraft, soda, organosolv, mi-
crowave or ultrasound, have been applied in delignification and lignin
dissolution processes. However, these technologies present low effi-
ciency, high expenditures and some of them are not considered en-
vironmentally friendly, hampering their implementation to large-scale
processes. The application of selective and benign solvents could be a
more sustainable approach and ionic liquids (ILs) stand as promising
green solvents for biomass delignification and lignin dissolution (Zhu
et al., 2018).

ILs are organic salts with melting point below 373.15K and are
composed by cations and anions. They present remarkable features,
such as non-flammability, negligible vapor pressure, high chemical and
thermal stabilities, among others (Welton, 2018). Furthermore, physi-
cochemical properties like density, viscosity and solvation power can be
tailored by changing the anion or cation. For this reason, ILs are con-
sidered designer solvents to apply in a myriad of tasks (Welton, 2018).
ILs can be roughly divided in aprotic ionic liquids (AILs) or protic ionic
liquids (PILs) and can be distinguished by the permanency of the po-
sitive cation charge after synthesis. For AlLs, the positive charge of the
cation is kept, and it is not in equilibrium with the corresponding
neutral species. The contrary is observed for PILs, in which charged and
neutral species are present at equilibrium. PILs have the advantage of
being easier to prepare, since a simple neutralization between a base
and an organic acid is required.

The study of PILs as sustainable solvents for lignin dissolution and
biomass delignification has been addressed by several authors. Merino
et al. (2018) evaluated the ability of eighteen protic multiaromatic ILs
for Kraft lignin dissolution. According to authors, 1,2,4,5-tetraphenyl-
1H-imidazolium methanesulfonate ([TPIM][MeSO3]) was able to dis-
solve 42 wt% lignin under microwave irradiation at 363.15K (Merino
et al., 2018). Rashid et al. (2016) examined the dissolution of Kraft
lignin in three pyridinium PILs, namely pyridinium formate ([Py]
[For]), pyridinium acetate ([Py][Ac]) and pyridinium propionate ([Py]
[Pro]). The highest lignin solubility was obtained with [Py][For] at
348.15K reaching a value of 70 wt% (Rashid et al., 2016). The good
performance of this PIL was confirmed with the successful lignin ex-
traction from palm oil plant biomass (Rashid et al., 2018). In another
work, Achinivu et al. (2014) demonstrated the extraction of > 70 wt%
of the initial lignin content from corn stover using pyrrolidinium
acetate ([Pyrr][Ac]) without significant impact on cellulose fibers
(Achinivu et al.,, 2014). More recently, Miranda et al. (2019) in-
vestigated 12 ammonium-based PILs to perform pineapple crown de-
lignification. In particular, bis(2-hydroxyethyl)ammonium propionate
[BHEAP] showed > 90 wt% lignin extraction, which clearly demon-
strates the outstanding capacity of ammonium-based ILs for this pur-
pose (Miranda et al., 2019).

126

Industrial Crops & Products 143 (2020) 111866

The presence of water seems to have impact on delignification
process using PILs. A high delignification yield (85 wt%) was achieved
in the treatment of Miscanthus giganteus at 393.15K with aqueous
triethylammonium hydrogen sulphate ([TEA][HSO,]) solution (20 wt%
water content) (Brandt-Talbot et al.,, 2017). Similar results were
achieved in sugarcane bagasse delignification using the same PIL aqu-
eous solution (Chambon et al., 2018). Less effective delignification was
attained with an aqueous solution of 1-butylimidazolium hydrogen
sulphate [HBIM][HSO,], which removed 35 wt% of the initial lignin
content from cotton stalks (Semerci and Giiler, 2018).

The state-of-the-art shows good results in the application of neat
PILs or their aqueous solutions to dissolve lignin and to achieve efficient
and sustainable biomass delignification. However, there is still lack of
detailed knowledge regarding the mechanisms and interactions be-
tween lignin and PILs that take place during the dissolution process.
The influence of both PIL cation and anion on lignin dissolution is a key
factor that must be scrutinized as well as the impact of water on this
process that is far from being understood. Furthermore, limited in-
formation regarding the structural modifications of the recovered lignin
has been provided in literature. In this sense, the present work con-
tributes to suppress all these gaps by giving a comprehensive under-
standing of the solubility of Kraft lignin (as a model macromolecule) in
PILs aqueous solutions composed of alkanolammonium cations and
carboxylate anions with different aliphatic chain lengths. Moreover,
lignin was dissolved in PILs at high temperature to simulate conditions
often applied in biomass delignification and recovered lignin was
characterized in detail to unveil structural modifications triggered by
those solvents. The recovery and reuse of PIL was also addressed in this
work.

2. Experimental
2.1. Chemicals

All acid and base precursors employed for the synthesis of PILs
examined in this work are represented in Fig. 1. The compounds 2-
hydroxyethylamine (=98 %), bis(2-hydroxyethyl)amine (=98 %) and
tris(2-hydroxyethyl)amine (=98 %) were purchased from Sigma-Al-
drich. Formic (=98 %) and acetic acids (> 99 %) were purchased from
Merck. Propionic acid (=99 %) was purchased from Acros Organics,
while hexanoic (=98 %) and octanoic acid (=98 %) were supplied by
Sigma Aldrich. All reagents were used as purchased.

Kraft lignin from E. globulus was directly supplied by Suzano Papel &
Celulose (Brazil) after employing carbon dioxide (CO,) to the industrial
black liquor.

2.2. PILs synthesis and characterization

The following PILs were synthesized: 2-hydroxyethylammonium
formate (HEAF), 2-hydroxyethylammonium acetate (HEAA), 2-hydro-
xyethylammonium propionate (HEAP), 2-hydroxyethylammonium
hexanoate (HEAH), 2-hydroxyethylammonium octanoate (HEAQ), bis
(2-hydroxyethyl)ammonium propionate (BHEAP) and tris(2-hydro-
xyethyl)ammonium propionate (THEAP).

PILs were prepared according to the methodology described by

Acids Bases Fig. 1. Acid and base precursors used in this work to perform
PILs synthesis.
o o o
H
N
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Alvarez et al. (2010) and Iglesias et al. (2010). The amine was placed
inside a three-necked flask equipped with a reflux condenser, a PT-100
temperature sensor for monitoring the temperature and a dropping
funnel. Since the reaction is exothermic, a thermostatic bath (283.15K)
covering the three-necked flask was needed to avoid temperature in-
crease during the reaction. The organic acid (formic, acetic, propionic,
hexanoic or octanoic) was added dropwise to the flask and the solution
was continuously stirred with a magnetic bar up to 24 h at room tem-
perature. No solid precipitate or crystals in the mixture were observed
during PILs’ synthesis. PILs were then submitted to vacuum (70.0 Pa
absolute pressure) with slight heating (333.15K) and agitation to re-
move water and excess of reagents. The water content was measured
after this step using a Metrohm 831 Karl Fischer coulometer and de-
termined values were considered in the preparation of PILs aqueous
solutions.

The success of PILs synthesis was confirmed by FTIR-ATR analysis
and by both '"H NMR and '*C NMR techniques (Figs $1-S21 in electronic
supporting information - ESI).

2.3. Lignin solubility assays

Kraft lignin in excess amount was added to 1.0 = 0.05 g of each PIL
aqueous solution (10, 25, 40, 50, 60, 75, 80, 85 and 97 wt%) or pure
water in glass vials. The vials were sealed and placed on a specific
aluminum disk support, which was transferred to a stirring plate with
heat control Pt1000 (HO3D Series from LBX Instruments). The solubility
assays were performed at 323.15 K under constant agitation of 200 rpm.
After saturation was reached, the samples were filtered using PTFE
filters (0.45 um pore size) allowing separation of the undissolved lignin
from the liquid phase. Afterwards, the liquid phase was diluted with
dimethylsulfoxide (DMSO) and the amount of dissolved lignin was
quantified by UV-spectroscopy (SHIMADZU UV-1700, Pharma-Spec
spectrometer) at a wavelength of 280 nm. Quantitative determination
was assisted by appropriate calibration curves (Table S1 in ESI). All
experiments were performed at least in duplicate and results were ex-
pressed as means (less than 5% variation).

2.4. Lignin recovery and PIL recycling

Deionized water was added to lignin/PIL solution and stirred for
lignin precipitation. The solution was then introduced in an ice bath
(278.15K) to increase the efficiency of precipitation. The recovered
lignin was separated by vacuum filtration and washed with deionized
water to ensure that all PIL has been washed out. Precipitated lignin
was dried under vacuum at 303.15K for 24 h and the amount of lignin
was determined gravimetrically. The resulting PIL aqueous solution
from washing step was collected for recycle/reuse purposes. The solu-
tion was submitted to a simple distillation process at ambient pressure
to remove major water fraction. Afterwards, the resulting solution was
submitted to a vacuum evaporation process (333.15 K and 10 kPa) until
approximately 15 wt% water content was achieved. The remaining PIL
aqueous solution was reused in lignin solubility assays as described in
Section 2.3,

2.5. Gel permeation chromatography (GPC)

Gel Permeation Chromatography was carried out with a PL-GPC 110
chromatograph (Polymer Laboratories, UK) equipped with two columns
PL gel MIXED-D 5pm (300 x 7.5 mm) protected by a PL aqua gel-OH
Guard 5 pm pre-column. The columns, injector system and the detector
(RI) were maintained at 343.15 K during the analysis. A solution of LiCl
in dimethylformamide (0.1 mol L™ ') was prepared and used as eluent.
Lignin samples were dissolved in the eluent solution to a concentration
of about 1wt% (10 mgmL~'). The injection volume of samples was
100 pL and the eluent was pumped at a flow rate of 0.9 mL min ™~ ', The
analytical columns were calibrated with lignin model compounds
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(monomer, dimmer and tetramer) with known molecular weight in the
range of 1-4 kDa. The following equation was determined as the cali-
bration curve: LogM = 6.283 - 0.2149 * T.

2.6. Fourier transform infrared analysis (FTIR-ATR)

FTIR spectra of PILs and lignin samples were acquired by a Perkin
Elmer spectrometer (Spectrum BX) equipped with a single horizontal
Golden Gate ATR cell (attenuated total reflectance) and a diamond
crystal. The data was recorded with 32 scans at a resolution of 4 cm ™!
and a wavenumber range between 4000 cm ™! and 600 cm ™.

2.7. Nuclear magnetic resonance (NMR) spectroscopy

2.7.1. 'H and "*c NMR

The 'H and '>*C NMR spectra of ILs were recorded by a Bruker
AVANCE 300 MHz NMR at 300.13 MHz and 75.47 MHz, respectively,
using deuterated dimethylsulfoxide (DMSO-d6) as solvent and tetra-
methylsilane (TMS) as the internal reference.

2.7.2. 2D HSQC NMR

In sample preparation, 50 mg of lignin was dissolved in 500 pL of
DMSO-d6é with TMS as the internal reference and transferred to NMR
tubes. 2D HSQC NMR spectra were acquired by a Bruker AVANCE
500 MHz NMR spectrometer equipped with an inverse gradient 5 mm
TXI *H/*3C/'°N cryoprobe. 'H-'°C correlation spectra were measured
with the following Bruker standard pulse program: “hsqcetgpsi” se-
quence with 2D H-1/X correlation via double inept transfer (trim
pulses), Echo/Antiecho-TPPI gradient selection for phase sensitivity
improvement, and decoupling during acquisition. The chemical shifts
were referenced to the central DMSO solvent peak (8C 39.5 ppm, 8H
2.49 ppm). All the experiments were carried out at 298,15K with the
following parameters: spectral width of 11 ppm in the F2 ('H) dimen-
sion and 165 ppm in the F1 (**C) with 1024 data points, 194 scans and
recycle delay of 1.5s.

For semi-quantitative analysis, phase and baseline correction were
performed to all HSQC spectra. The relative abundance of main inter-
unit linkages and lignin substructures was determined as the percentage
of total side chains from integration of *>C-'H cross signals in the HSQC
spectra.

3. Results and discussion
3.1. The influence of water and PIL cation on lignin solubility

The presence of water in IL decreases its viscosity, reduces the
amount of IL required for a dissolution process and saves costs in IL
production (and recycling), since an energy-intensive drying step would
be avoided. Therefore, the influence of water on the ability of PILs to
dissolve lignin should be comprehensively scrutinized.

The importance of water and PIL cation in the solubility of Kraft
lignin was first evaluated. Neat and aqueous solutions of HEAP, BHEAP
and THEAP that share propionate anion were examined for Kraft lignin
dissolution. The solubility values as function of PIL water content at
323.15K are presented in Fig. 2 and Table S2 (ESI).

At first glance, the results showed a negative impact of water on the
performance of PILs to dissolve Kraft lignin, ie., the higher water
content, the lower is the solubility of lignin in the solvent. Adding water
to PILs between 15.0 wt% and 75.0 wt% sharply decreases lignin so-
lubility in all cases and when water content becomes higher than
75.0 wt%, lignin solubility is < 2.0 wt%. This trend was also observed
in the Kraft lignin solubility with pyridinium-based PILs reported by
Rashid et al. (2016). It is an expected behavior since water is usually
employed as lignin anti-solvent in biomass fractionation processes with
ILs (Brandt et al., 2015; Prado et al., 2013).

Regarding the PILs performance, HEAP depicted higher ability to
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Fig. 2. Kraft lignin solubility (wt%) in HEAP, BHEAP, THEAP and their aqueous
solutions at 323.15 K. Lines are guide for the eye.

dissolve Kraft lignin than BHEAP and THEAP for water contents
=25 wt%. This can be attributed to the number of hydroxyalkyl chains
in cation structure and the cation size as well. These factors seem to
influence the lignin solubility for neat PIL and PIL aqueous solutions at
low water content, in which lignin solubility is favored by a smaller
cation size and a lower number of hydroxyalkyl groups provided by
HEAP. The steric hindrance provided by higher number of carbon
chains and cation size might occur and the lignin-cation interaction
could be reduced, which may explain the decrease in lignin solubility
(Hart et al., 2015).

However, no relevant differences were observed between the PILs
for water content higher than 40 wt%. This means that adding water to
these PILs at a certain point masks the influence of IL cation mentioned
above, and thus, it can be concluded that the PIL cation plays a minor
role in lignin solubility. This is also corroborated by results of several
previous works that showed a major influence of IL anionic part on
lignin solubility (Achinivu, 2018; Ji et al., 2012; Merino et al., 2018; Pu
et al., 2007; Zhang et al., 2017).

3.2. The influence of PIL anion on lignin solubility

The impact of PIL anion on lignin solubility was also studied and 2-
hydroxyethylammonium cation was chosen as reference to the detri-
ment of other cations that presented lower performance. The solubility
of Kraft lignin was tested in five PILs (neat and aqueous solutions)
composed of anions with different alkyl chain length, namely formate
(HEAF), acetate (HEAA), propionate (HEAP), hexanoate (HEAH) and
octanoate (HEAO) at 323.15 K. The solubility results are depicted in
Fig. 3 and Table S3 (ESI).
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Fig. 3. Kraft lignin solubility (wt%) in HEAF, HEAA, HEAP, HEAH and HEAO
their aqueous solutions at 323.15 K. Lines are guide for the eye.
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The ability of neat PILs to dissolve lignin can be ordered as the
following: HEAH > HEAP > HEAA > HEAF = HEAO. Among ex-
amined PILs, HEAH stand as the best lignin solvent achieving a solu-
bility value of 37.77 wt% at 323.15 K, which is similar to Kraft lignin
solubility in other solvents at similar or even higher temperatures
(Achinivu, 2018; Hart et al., 2015; Merino et al., 2018; Pu et al., 2007;
Soares et al., 2019). Imidazolium-based ILs were tested by Pu et al.
(2007) and Hart et al. (2015), and the best ILs were found to dissolve
344 g/L of Kraft lignin at 323.15K, and 55wt% of Kraft lignin at
298.15 K, respectively. Merino et al. (2018) evaluated several multi-
aromatic PILs for kraft lignin dissolution task, achieving 42 wt% of
solubility at 363.15K, while Soares et al. (2019) demonstrated that
aqueous solutions of DES formed by propionic acid:urea (2:1) reached
more than 27 wt% of kraft lignin solubility at 353.15K. The results
obtained in this study evidence the strong capacity of these PILs to
dissolve lignin at mild conditions (323.15 K), and are fairly comparable
with AlLs (Hart et al., 2015; Pu et al., 2007), other PILs (Achinivu,
2018; Merino et al., 2018), and also DES aqueous solutions (Soares
et al., 2019).

When water is added to PILs different trends in lignin solubility
were observed. For PILs with short alkyl chain anions (formate and
acetate), the negative influence of water on lignin solubility is even
higher than that observed for HEAP and HEAH. A sharp decrease of
lignin solubility is achieved to water contents between 15.0 wt% and
40.0 wt% for HEAF and HEAA, while it softly decreases for both HEAP
and HEAH at the same range of water content. Some authors have also
reported the negative effect of water on lignin dissolution using ILs
(Akiba et al., 2017; Rashid et al., 2016; Xu et al., 2017). According to
Xu et al. (2017), the water crowd the hydrogen bond accepting sites of
IL anions and impairs the interactions between lignin and ILs, resulting
in the reduction of PILs dissolution ability (Xu et al., 2017). Theorical
calculations were performed by Ji et al. (2012) to investigate the in-
teractions between lignin-water-ILs. The authors have concluded that
the active sites and the interaction energy of ILs-lignin are impaired by
the presence of water making the bonds weaker or disrupted (Ji et al.,
2012). However, there are some cases in which water does not sig-
nificantly decrease the lignin solubility, as can be seen for HEAH, up to
15 wt% water content. This behavior was not observed for any other PIL
studied. It is also surprising that 4.35 wt% lignin solubility was reached
at highly diluted HEAH solutions (90 wt% water). Therefore, a higher
alkyl chain length of the carboxylate anion allows a better affinity for
lignin dissolution and the anti-solvent role of water is reduced, at least
up to a six-carbon chain length. This is in agreement with lignin solu-
bility results achieved with cholinium-based ILs containing different
chain length alkanoate anions as reported by Hou et al. (2015). How-
ever, an opposite conclusion was disclosed by Rashid et al. (2016) when
performing lignin solubility trials with pyridinium-based ILs. The re-
searchers showed pyridinium formate as the best performing IL for
lignin dissolution in comparison with the acetate and propionate
counterparts (Rashid et al., 2016). Nevertheless, it is important to
highlight that the same study also shows that molecular pyridine can
reach a lignin solubility more than twice as that observed for formic
acid (Rashid et al., 2016). Therefore, pyridinium cation may play a
major role in lignin solubility in these type of ILs, which is explained by
the m—m interactions established between IL cation and lignin aromatic
rings. All these results lead us to conclude that the combination of IL
cation and anion interferes with the individual role of each IL compo-
nent in lignin dissolution.

On the other hand, a remarkably different behavior was observed
for octanoate-based PIL (HEAO). As can be seen in Fig. 3, lignin solu-
bility in neat HEAO is almost half of that observed for neat HEAH. In
aqueous solutions, it can be noted that HEAO dissolves more lignin than
other PILs for water contents > 40 wt%, reaching 23.27 wt% maximum
lignin solubility. But suddenly, lignin solubility reduces in solutions
containing higher water content. Indeed, the shape of the lignin solu-
bility curve of HEAO is characterized by a maximum between pure
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water and neat HEAO, suggesting that the solubility of lignin in this
case is driven by a hydrotropic mechanism. Basically, the HEAO ions
self-arrange in water and act as hydrotrope enhancing lignin solubility
in aqueous solutions. This phenomenon was previously reported in the
dissolution of phenolic compounds in IL aqueous solutions by Cliudio
et al. (2015) and in the dissolution of lignin monomeric model com-
pounds in deep eutectic solvent aqueous solutions by Soares et al.
(2017).

Hence, it was demonstrated that increasing alkyl chain length of the
anion in ethanoclammonium-based ILs enhances lignin solubility, while
water acts as lignin anti-solvent. This means that the hydrophobicity of
the anion could play a positive role in lignin dissolution and, at certain
point, the dissolution mechanism changes as consequence of the self-
arrangement of amphiphilic IL anions (e.g. octanoate) around lignin
macromolecules increasing its solubility in aqueous solutions.

Although water decreases lignin solubility, the use of PIL aqueous
solutions at low water content (e.g. 15 wt%) may be beneficial for
certain purposes, as for example, in biomass delignification processes.
As shown elsewhere (Brandt-Talbot et al., 2017), 20 wt% water content
improved the efficiency of [TEA][HSO4] to extract lignin from Mis-
canthus giganteus reaching > 85 wt% delignification yield at 393.15K.
The low amount of water reduces the PIL viscosity, improving lignin
extraction yields. Water is thus important to improve mass transfer
during lignin extraction, but a low water content is desirable to not
significantly affect lignin solubility.

3.3. The effect of temperature on lignin solubility

The HEAP was chosen, as proof of concept, to evaluate the influence
of temperature in lignin solubility. The dissolution of lignin in HEAP
aqueous solutions was evaluated at 313.15, 323.15, 333.15, and
353.15K (Fig. 4 and Table 54).

In general, the same trend was observed to all solubility lignin
curves: the lignin solubility softly decreases with the addition of water,
as mentioned before. The increase of temperature favored the lignin
dissolution as a result of the kinetic energy increase, allowing PIL
molecules to break apart easily the lignin molecules enhancing the
solubility. This behavior is in agreement with the general solubility rule
(endothermic processes) (Fathi-Azarjbayjani et al., 2016; Kim et al.,
2018; Long et al., 2017). A maximum lignin solubility of 38.15 wt% was
observed in neat HEAP at 353.15K.

Some authors have reported ILs ability to dissolve Kraft lignin at
different temperatures. Glas et al. (2015) screened a series of ammo-
nium-, phosphonium-, and pyrrolidinium-based ILs and achieved
460 g/L lignin solubility at 363.15 K using tributylmethylphosphonium
methylsulfate ([P4441][MeS0O,4]) as solvent medium. Mu et al. (2015)
synthesized and tested several ILs formed by N-methyl-2-pyrrolidone
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Fig. 4. Kraft lignin solubility (wt%) in HEAP aqueous solutions and in pure
water at 313.15, 323.15, 333.15 and 353.15K. Lines are guide for the eye.
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and carboxylic acids and reported that this kind of ILs can reach
35-60 wt% of lignin solubility at 363.15 K. Regarding the ability of PILs
to dissolve Kraft lignin, Rashid et al. (2016) achieved more than 70 wt%
of lignin solubility using pyridinium formate ([Py][For]) at 348.15K.
Therefore, HEAP presents good capacity to dissolve Kraft lignin when
compared with literature data (Glas et al., 2015; Mu et al., 2015; Rashid
et al., 2016; Soares et al., 2019).

3.4. Structural characterization of lignin submitted at high temperature in
PILs

After careful evaluation of the potentialities of examined PILs to
dissolve lignin at 323.15K, a comprehensive lignin characterization
was performed. At this stage, lignin was dissolved in neat PILs at
393.15K for 6 h followed by its precipitation with water. These con-
ditions were intended to simulate those usually applied in biomass
delignification processes and to unveil any structural modification in
lignin induced by PILs. A series of techniques, including GPC, FTIR-ATR
and 2D-NMR were performed for the analysis of native Kraft lignin and
recovered lignins. Given the limited technical resources and time con-
suming of analyses, recovered lignins from HEAF, HEAP and THEAP
media were selected as representative samples to screen the influence of
the PIL ions on lignin modification.

The impact of selected PILs on lignin molecular weight was first
evaluated. The weight average molecular weight (Mw), the number
average molecular weight (Mn) and the polydispersity index (PDI) of
native Kraft lignin and recovered lignins from HEAF, HEAP and THEAP
are presented in Table 1. The corresponding molecular weight dis-
tributions of all lignin samples are presented in Fig. $23 (in ESI).

The GPC data revealed a native Kraft lignin characterized by low
molecular weight and narrow molecular weight distribution (low
polydispersity). The process of Kraft pulping is in general a severe
process, thus a drastic reduction of lignin molecular weight is expected
(Hu et al,, 2018). Contrasting to literature, the obtained values are
consistent with those reported for E. globulus Kraft lignins (Tolbert
et al.,, 2014). On the other hand, the thermal treatment of this lignin in
PILs demonstrated a slight increase of Mw, Mn and PDI values in all
cases. Hence, low chemical modification in lignin occurred or simply
low molecular weight lignin fractions (oligomers) remained solvated
after dissolution/precipitation steps. In order to better sort out these
effects and to address any chemical modifications in recovered lignins,
FTIR-ATR and 2D-NMR analyses were performed.

The acquired FTIR spectra of native Kraft lignin and recovered lig-
nins after dissolution in HEAF, HEAP or HTEAP are presented in Fig. 5.
The samples were analyzed according to lignin infrared characteriza-
tion reported in literature (Cachet et al., 2014; Cademartori et al., 2013;
Garcia et al., 2012; Gordobil et al., 2015; Nevrez et al., 2011; Pandey
and Pitman, 2003; Sun et al., 2012). Typical Kraft lignin absorption
bands were observed in the region of 1800-750 cm ~ ! with remarkable
high intensities at 838, 1109, 1212, 1327, 1456, 1514, 1600 and
2937 cm ', The characteristic lignin assignments are presented in de-
tail in Table S5 (ESI).

The spectra of the native Kraft lignin and recovered lignins are
comparable and only minor differences are noticeable. No extra vi-
brational bands were observed in spectra of HEAF and HEAP lignins,

Table 1
Calculated molecular weight numbers of native Kraft lignin and recovered
lignin samples achieved by GPC analysis.

Lignin Sample Mw (gmol ") Mn (gmol™ ") PDI
Native Kraft 1520 1345 1.13
HEAF 1725 1465 118
HEAP 1600 1395 1.15
THEAP 1650 1440 1.15
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Fig. 5. FTIR-ATR spectra of native Kraft lignin and recovered lignins from
HEAF, HEAP and THEAP. Recovered lignins were obtained after dissolution in
PILs at 393.15K and further precipitation with water.

but a band at 1700em ™' seems to disappear in these samples. This
band can be attributed to C=0O stretching in conjugated carbonyl
groups present in lignin structure (Cachet et al., 2014), but also to
moisture (water bending vibration) and protein impurities (Popescu
et al., 2006) that could be removed after PIL treatment. On the other
hand, the appearance of vibrational band at 1725 cm ™! is highlighted
only in THEAP lignin spectrum that could be associated to C=0
stretching in ester groups. Overall FTIR analysis showed small mod-
ifications in lignin chemical linkages and functional groups, but this
technique alone gives limited and inconclusive information. Therefore,
a more in-depth structural analysis was performed with 2D HQSC NMR
technique.

Each lignin HSQC spectrum can be divided in three distinct regions,
namely aliphatic side chain (8-/8y 5.0-35/0.5-2.5), oxygenated ali-
phatic side chain (8c/8y 50-95/2.5-5.0) and aromatic (8c/8y
100-135/6.0-8.5) regions (Fernandez-Costas et al., 2014; Ralph and
Landucci, 2010). The nonoxygenated aliphatic side chain region pre-
sents signals of lipids, degraded products of lignin and other organic
et al., 2003). Therefore, a higher focus was given to oxygenated ali-
phatic and aromatic regions. For example, these spectra regions of
native Kraft lignin and HEAP lignin are depicted in Fig. 6.

The 'H-'?C cross signals presented in the HSQC spectra were as-
signed by contrasting it with literature data (Ibarra et al., 2007; Wen
et al.,, 2015, 2012; Yuan et al., 2011; Zhang et al., 2010). All assign-
ments are depicted in Table S6 and cross signals from the different
lignin subunits, including alkyl-aryl ether structures (B-0-4), resinols
(B-B), phenylcoumaran (pB-1), spirodienone (3-5) among others, are
shown in Fig. 6. The identification of some of these subunits was also
confirmed by 2D HMBC NMR technique (data not shown).

At first glance, both HSQC regions from native Kraft lignin and
HEAP lignin (Fig. 6) as well as HEAF and THEAP lignins (Figure S22 in
ESI) presented the same cross signals. This is indicative of null or low
chemical modification of main inter-unit linkages present in lignin
structure, confirming FTIR results. Nevertheless, a semi-quantitative
analysis was attempted to stress out the effect of each PIL on the re-
lative abundance of identified lignin subunits after its dissolution/pre-
cipitation steps. The obtained data is depicted in Table 2.

The HSQC semi-quantitative characterization of the side chains of
native Kraft lignin structure demonstrated a high abundance in 3-0-4
alkyl-aryl ether (48.6 %) and P-B resinol subunits (35.8 %). On the
other hand, phenylcoumaran (2.6 %) and spirodienone (8.6 %) sub-
structures represent a lower fraction of lignin. The remaining content
(4.4 %) refers to p-hydroxycinnamyl derived subunits. These results are
in agreement with literature data shown by NMR analysis of other Kraft
lignins from E. globulus wood (Martinez et al., 2010). The relative
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analysis between each sample demonstrated that treating native Kraft
lignin with PILs at 393.15K followed by its precipitation have only a
minor impact on its composition. In all cases, 3-O-4 alkyl-ether sub-
structures content in recovered lignins increased (between 13.1 and
34.4 % increase), while the opposite was observed for other lignin
subunits, especially for 3-f resinol type (between 10.6 % and 33.4 %
reduction).

A major difference observed in B-O-4 and B-p contents can be
contrasted with literature data and correlated with GPC results.
Ragauskas et al. have shown in a recent study based on lignin fractio-
nation by organic solvents (Wang et al., 2018) that high molecular
weight lignin molecules tend to possess more B-O-4 linkages, while the
subunits of oligomeric lignin molecules are preferably linked through
C—C bonds (as consequence of intense a-O-4 and 3-0-4 ether cleavage).
As aforementioned, the treatment with PILs allowed the removal of low
molecular weight lignin molecules, leading to a slight increase of Mw,
Mn and PDI of the recovered lignin samples. Therefore, the reduction of
B-p resinol subunits in lignin structure could be explained by this be-
havior. Although HSQC semi-quantitative analysis demonstrated dif-
ferences in lignin structure between native Kraft lignin and PILs sam-
ples, this should be looked as little modification in agreement with GPC
and FTIR results. It can be stated that lignin dissolution mechanism in
examined PILs is mostly governed by the disruption of the in-
tramolecular bonding of lignin macromolecules and the establishment
of intermolecular non-covalent bonds with PILs, specially with the
anionic part.

Regarding the PIL contamination in recovered lignin samples, NMR
spectra showed very low intensity of characteristic chemical shifts from
HEAF (8¢/8y 40/3.20) and HEAP (8./8y 42/3.15). On the contrary, the
contamination of THEAP in recovered lignin was higher and it was
identified as multiple derived compounds from esterification between
the three hydroxyl groups in tris(2-hydroxyethyl)amine and propionic
acid. This is in agreement with FTIR spectrum obtained for THEAP
lignin showing the appearance of a vibrational band at 1725 cm ™" as-
sociated to C=O0 stretching in ester groups.

3.5. Recycling of PIL

The recycling of ILs are fundamental to obtain a sustainable and
economical process. To achieve this goal, an easy way to extract lignin
from lignocellulosic biomass is needed and afterwards an efficient se-
paration of lignin from the IL medium is of utmost importance. In this
work, we demonstrated the recovery of HEAP using distillation and
evaporation under reduced pressure. Particularly, the recovery of HEAP
is beneficial as it presents high and similar lignin solubility for neat PIL
and for PIL at 15 wt% water content, while negligible lignin solubility is
noticed for water content higher than 75 wt% (Fig. 3). This means that
PIL with low water content can be used, avoiding a prior PIL drying
step, and practically all lignin dissolved in the PIL can be precipitated
with the addition of water. The key step comes with an efficient water
evaporation. The recovered solvent was first submitted to a distillation
process at ambient pressure achieving approximately 41 wt% water
content, where no vapor was observed after this point. Afterwards, the
solution was submitted to a vacuum evaporation process (333.15 K and
10kPa for 1h) to remove the remaining water and to reach 15 wt%
water content. This method allowed successful HEAP recovery up to 95
% of the initial IL mass.

Lignin solubility in recovered HEAP (15 wt% water content) was
then examined up to three cycles of PIL recovery/reuse. The solubility
efficiencies contrasting to neat PIL were 99.6, 99.1 and 98.7 % for re-
cycling cycles 1, 2 and 3, respectively (Fig. 7). Only a very minor de-
crease in the dissolution efficiency was observed in these recycle assays,
showing that HEAP can be reused without significantly losing its per-
formance.
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Fig. 6. 2D HSQC NMR of native Kraft lignin (NKL) and recovered lignin from HEAP (393.15 K) with corresponding '*C-'H cross signal assignments to main lignin
subunits. The lignin substructures are the following: (A) f-0-4’ linkages; (B) Resinol (B-p"); (C) Phenylcoumaran (8-5; (D) Spirodienone (B-1"); (E) cinnamyl acetate
end-groups; (F) Ar-CHOH-COOH unit (C4-H,); (G) Guaiacyl unit; (G’) oxidized Guaiacyl unit with a C, ketone or carboxyl group; (H) p-hydroxycynnamyl alcohol,
aldehyde or carboxylic (aromatic and end groups); (I) p-O-4’ substructure C, etherified to carbohydrate (R, polysaccharide; R’, H); (J) B-O-4’ substructure C,
etherified to carbohydrate (R, H; R’, polysaccharide); (S,) Syringyl unit; (§’,) oxidized syringyl unit with a C, ketone (phenolic); (X) Xylan.
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Relative abundance of main inter-unit linkages and lignin substructures as a percentage of total side chains from integration of *C-"H cross signals in the HSQC

spectra of native Kraft lignin and recovered lignins from PILs.

Linkage (Substructure) Type Relative abundance % (*)

Native Kraft lignin HEAF lignin HEAP lignin THEAP lignin
B-0-4 (A) 48.6 (0.0) 62,7 (+22.5) 65.3 (+34.4) 55.0 (+13.1)
BB ® 35.8 (0.0) 25,5 (-28.8) 23.8 (—33.4) 32.0 (—10.6)
B-5(C) 2.6 (0.0 25 (-54) 2.2 (-15.3) 1.3 (-50.0)
B-1(D) 8.6 (0.0) 5.6 (—34.8) 5.6 (—35.3) 7.8(-9.4)
Others 4.4 (0.0) 3.7 (-15.3) 3.1 (-30.7) 3.9(-10.9)

" Relative percentage deviation contrasting to the initial native Kraft lignin content.
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Fig. 7. Dissolution efficiency of lignin in HEAP (85 wt%) and recycled HEAP
(85 wWit%).

4. Conclusions

This work demonstrates the outstanding ability of alkylammonium
PILs and their aqueous solutions to dissolve Kraft lignin at low tem-
perature. The anion showed to play a major role in lignin dissolution
than the cationic counterpart. The smaller cation with lower number of
hydroxyalkyl groups favored the lignin dissolution process. On the
other hand, the larger the alkyl carbon chain of the anion, the higher is
the solubility of lignin in PIL. The results show that the presence of
water is an important factor affecting the capacity of the PIL to dissolve
this macromolecule. In general, the addition of water has a negative
influence on the solubility process. Amongst examined solvents, hex-
anoate-based PIL (HEAH) presented the best performance for Kraft
lignin dissolution allowing 37.7 wt% solubility at 323.15K. On the
other hand, HEAO stands as an exception, where the octanoate anion
acts as hydrotropic agent promoting the lignin dissolution in water with
a maximum solubility value at 40 wt% water content. A sharp decrease
was observed using HEAF and HEAA as solvent media, while HEAP and
HEAH present a softer reduction on lignin solubility with the addition
of water. Regarding the temperature effect, the lignin dissolution was
favored by temperature increase revealing the endothermic nature of
the lignin dissolution process.

A comprehensive characterization of recovered lignin samples was
performed after submitting lignin at 393.15K for 6 h in selected PILs.
As major conclusion, the molecular weight and relative abundance of
lignin subunits slightly changed between native Kraft lignin and re-
covered lignin samples and seems to be connected. However, the
modification is minimal, making PILs excellent non-derivatizing sol-
vents of lignin. Moreover, consecutive steps of simple distillation and
evaporation under reduced pressure allowed up to 95 % PIL recovery
and the reuse of the solvent was accomplished for at least 3 cycles
without losing its performance.

The disclosed results demonstrate a massive potential of PILs for
application in biomass delignification and lignin dissolution processes
and are in the way to accomplish higher sustainability in lignin valor-
ization than traditional technologies.
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PILs characterization

FTIR-ATR
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Figure S2. FTIR spectrum of HEAA
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Figure S3. FTIR spectrum of HEAP
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Figure S7. FTIR spectrum of THEAP
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1H and 13C NMR
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Figure S9. °C NMR spectrum of HEAF
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T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
ppm

Figure S13. >C NMR spectrum of HEAP

142



143

T T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

Figure S14. '"H NMR spectrum of HEAH
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Table S1. Kraft lignin calibration curves in HEAF, HEAA, HEAP, BHEAP, THEAP, HEAH and HEAO

(1M and 4M solutions). y = mx + b, where y corresponds to lignin absorbance and x to lignin mass (g).

Solution m b R?

HEAF (1M) 12867 0.1821 0.9992
HEAF (4M) 12788 0.1820 0.9976
HEAA (1M) 13149 0.1693 0.9991
HEAA (4M) 13106 0.1780 0.9976
HEAP (1M) 12960 0.2293 0.9956
HEAP (4M) 13186 0.2295 0.9963
HDEAP (1M) 13740 0.0641 0.9952
HDEAP (4M) 13100 0.1272 0.9990
HTEAP (1M) 12866 0.2977 0.9963
HTEAP (4M) 13056 0.2947 0.9929
HEAH (1M) 13825 0.1735 0.9975
HEAH (4M) 13326 0.0979 0.9960
HEAO (1M) 13645 0.1317 0.9967
HEAO (4M) 13454 0.0956 0.9974
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Kraft lignin solubility values in PILs aqueous solutions

Table S2. Kraft lignin solubility values in HEAP, BHEAP and THEAP aqueous solutions at 323.15 K.

The values are expressed as means.

Water (wt%) HEAP BHEAP THEAP
100.0 0.10+0.01

75.0 132+0.12 1.43+0.12 0.87+0.02
60.0 6.12+£0.04 598+0.02 5.67+0.09
50.0 9.85+£0.20 9.82+0.68 10.27+1.16
40.0 17.13+£0.08 16.72 +0.17 16.95+0.38
25.0 23.43+£0.34 21.51+£0.57 21.45+0.39
20.0 25.11+0.12 24.04 £0.42 22.88 £0.66
15.0 29.49+£0.30 27.41+£0.11 23.65+0.16
3.0 30.86 £0.76 28.01 +£0.33 24.02 +0.40

323.15 K. The values are expressed as means.

Water (wt%)  HEAF HEAA HEAP HEAH HEAO
100.0 0.10+ 0.01

90.0 - - - 435+049 8.25+0.62
75.0 046+0.02 047003 132+0.12 944+0.52 16.27+0.20
60.0 0.78£0.01 0.84+0.03 6.12+0.04 1397+0.71 2142+£1.04
50.0 0.77+0.01 1.53+0.18 9.85+0.20 19.08 +£0.39 22.68 +0.94
40.0 1.60£0.08 2.45+0.15 17.13+0.08 22.12+0.24 23.27+0.17
25.0 523+£0.32 11.98+0.27 23.43+0.34 29.90+0.32 23.04+1.21
20.0 8.68 £0.32 18.57+0.21 25.11+0.12 35.36+0.26 22.33 +0.18
15.0 14.80 +£0.20 19.50+0.49 29.49+0.30 37.65+0.51 22.82+0.31
3.0 20.27+1.07 22.12+0.37 30.86+£0.76 37.77+0.20 20.40 +0.47

Table S3. Kraft lignin solubility values in HEAF, HEAA, HEAP, HEAH and HEAO aqueous solutions at
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Table S4. Kraft lignin solubility values in HEAP aqueous solutions at 313.15, 323.15, 333.15, and 353.15

K. The values are expressed as means.

Water (wt%) 313.15K 323.15K 333.15K 353.15K
100.0 0.09+£0.01 0.10+0.01 0.13+£0.01 0.20+0.02
75.0 127+£0.08 132+0.12 1.28+0.04 1.28+0.02
60.0 229036 6.12+0.04 9.11+x041 10.34 +0.06
50.0 544£0.15 9.85+£0.20 12.97+0.12 17.71 £0.29
40.0 1535+0.05 17.13+0.08 19.57+0.35 22.72+0.48
25.0 19.68 £0.38 23.43 +0.34 25.33£0.17 28.38+0.22
20.0 23.11+0.14 25.11 £0.12 28.57+£0.32 32.63 £0.46
15.0 25.59+0.32 29.49 +0.30 32.07+0.03 36.05+0.72
3.0 26.24 £0.98 30.86 +0.76 33.17+0.97 38.15+0.34
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Lignin characterization

FTIR-ATR
Table S5. FTIR vibrational bands/regions and corresponding assignments for Kraft lignin.

Vibrational

band/region (cm™) Assignments

3200-3500 O-H vibrations. (NEVREZ et al., 2011)

2844-2980 Aliphatic C-H and CH, stretching vibrations. (NEVREZ et al., 2011)

1700 Unconjugated C=0 (ketone, carboxyl or ester stretching). (CACHET et al.,
2014,CADEMARTORI et al., 2013;PANDEY; PITMAN, 2003)

1600 Aromatic skeletal vibration. (GARCIA et al., 2012;SUN, S. N. et al., 2012)

1514 Aromatic skeletal vibration. (GARCfA et al., 2012;SUN, S. N. et al., 2012)
Aromatic skeletal vibration and C-H deformations. (GARCIA et al., 2012;SUN, S.

1456
N. et al., 2012)

1425 Aromatic skeletal vibrations combined with C-H in-plane deformation. (GARCIA
et al., 2012;SUN, S. N. et al., 2012)

1327 Syringyl unit breathing with C=0 stretching and condensed Guaiacyl rings.
(GARCIA et al., 2012;SUN, S. N. et al., 2012)

1212 C-C plus C-O plus C=0 stretch; Guaiacyl condensed > Guaiacyl etherified.
(GARCIA et al., 2012;SUN, S. N. et al., 2012)

1109 Contribution of C-H in a plane deformation, C=0 stretching of syringyl units and
secondary alcohols. (GARCfA et al., 2012;SUN, S. N. et al., 2012)
Aromatic C H in-plane deformation (Guaiacyl > Syringyl) plus C-O deformation in

1040 primary alcohols plus C=0 stretch (unconjugated). (GARCIA et al., 2012;SUN, S.
N. et al., 2012)

925 Aromatic C-H out-of-plane. (SUN, S. N. et al., 2012)

238 Aromatic C-H out-of-plane deformation in Guaiacyl and Syringyl units.

(GORDOBIL et al., 2015)




2D HSQC NMR
Table S6. Assignments of main native Kraft lignin 'H-"C correlation signals found in the HSQC spectra.
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Chemical Shift (ppm)
Labels Assignments I f
C H

MeO  CH in methoxyl groups 56.06 3.75
A, C,H, in B-O-4" substructures (A) 59.00 3.20
A, C,H, in B-O-4" substructures (A) 59.87 3.71
A, C.H, in B-O-4’ substructures (A) 71.62 491
Ap(G) CgHpin B-O-4’ linked to G units 83.96 4.31
Ap(S) CgHgin B-O-4’ linked to S units 87.23 3.96
B, C,H, in resinol substructures (B) 71.07 3.79
B, C,H, in resinol substructures (B) 71.14 4.20
B, C,H, in resinol substructures (B) 85.30 4.67
Bg CgHjg in resinol substructures (B) 53.50 3.07
B’ CgHg in epiresinol substructures (B) 54.20 2.82
B’ CgHp in epiresinol substructures (B) 70.56 4.09
B’, C,H, in epiresinol substructures (B) 81.36 4.78
B’, C,H, in epiresinol substructures (B) 87.22 4.33
Cs CgHgin -5 phenylcoumaran 53.71 3.46
C, C.,H, in B-5 phenylcoumaran 82.92 5.51
C, C,H, in B-5 phenylcoumaran 63.26 3.89
Dy CgHg in -1’ spirodienone substructures (D) 49.61 3.39
Dy’ CgHg in -1’ spirodienone substructures (D) 86.89 4.44
D, C,H, in B-1" spirodienone substructures (D) 68.89 3.79
D, C,H, in B-1" spirodienone substructures (D) 68.92 3.13
E, C,H, in p-hydroxycinnamyl alcohol 63.16 4.64
F, Cy-H, in Ar-CHOH-COOH unit 74.18 4.43
H, C,H, in p-hydroxycynnamyl alcohol 61.59 4.11
I, C,-H, in B-O-4’ C,- etherified with carbohydrate 83.41 4.83
J, C,H, in B-O-4’ C,- etherified with carbohydrate 66.88 4.28
X; CiH, in xylan 101.80 4.29
X, C,H, in xylan 75.84 3.53
X; C;Hj; in xylan 74.28 3.28
Xy C4H, in xylan 72.85 3.06
X; CsHs in xylan 63.63 3.28
S26 C,6H, 6 in Siringyl units (S) 105.22 6.47



S’ C,6Ha 6 in oxidized Syringyl units (S’) 104.88 7.07
G, C,H, in Guaiacyl units (G) 111.00 6.95
Gy’ C,H, in oxidized Guaiacyl units (G) 111.04 7.33
Gs CsHs in Guaiacyl units (G) 115.00 6.75
G Cg¢Hg in Guaiacyl units (G) 119.00 6.75
G¢’ CgHg in oxidized Guaiacyl units (G) 120.14 7.24
H Cynnamyl alcohols, aldehydes or acids (aromatic and end groups) 122.98 7.56
H Cynnamyl alcohols, aldehydes or acids (aromatic and end groups) 125.53 7.79
H Cynnamy]l alcohols, aldehydes or acids (aromatic and end groups) 126.16 4.00
H Cynnamy]l alcohols, aldehydes or acids (aromatic and end groups) 127.01 7.35
H Cynnamy]l alcohols, aldehydes or acids (aromatic and end groups) 128.42 8.09
H Cynnamyl alcohols, aldehydes or acids (aromatic and end groups) 131.29 8.23
H Cynnamyl alcohols, aldehydes or acids (aromatic and end groups) 145.73 8.80

HEAF oo s & B, THEAP MeO ;ﬁ : EE?_

AV\&C ' : A, = .
A, J B, 3By
B, B 5 b
c Iy % Ag [ ¢! Ay
HEAF X / THEAP 5 /
=

Figure S22. 2D HSQC NMR spectra of recovered lignins from HEAF and THEAP after thermal
treatment at 393.15 K for 6h. Aliphatic oxygenated region at the top and aromatic region at the

bottom.



153

GPC
1200+
960
i
@ 720+
a
o d)
o
480+ C)
2404 b)
a)
D T T T T 1
10,0 1.6 13.2 14.8 16.4 18.0

Minutes

Figure S23. GPC chromatograms of native Kraft lignin (a); and recovered lignins from HEAF (b)
HEAP (c) and THEAP (d) after thermal treatment at 393.15 K for 6 h.
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Consideracoes — Capitulo 7

Novamente, foi demonstrada a capacidade de dissolver uma quantidade
consideravel de lignina nas solucbes aquosas de LIPs, e que 0 aumento da cadeia
carbdnica da parte anidnica dos LIPs favorece a dissolucdao da lignina nesses
solventes. Além disso, foi verificado uma mudangca no mecanismo de dissolu¢cao da
lignina com o aumento dessa cadeia (efeito hidrotrépico), em que altas concentracoes
de lignina foram dissolvidas na presenca de grande quantidade de agua no LIP
octanoato de 2-hidroxietilaménio. A lignina recuperada demonstrou pequena
modificacdo estrutural, e em geral, baixas fracbes moleculares da lignina
permaneceram dissolvidas. Finalmente, o reciclo do HEAP foi demonstrado por 3 ciclos
sem que perdas significativas na eficiéncia de dissolucdo fossem observadas.
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8. Discussao Geral

No atual cenario mundial, sabe-se que a busca por alternativas mais
sustentaveis no ambito de materiais renovaveis e também combustiveis se faz
necessaria. Neste contexto, surge a biorrefinaria, sendo a aplicagédo de biomassa uma
solucdo promissora. Sabe-se que biomassa lignocelulésica € formada por celulose,
hemicelulose e lignina, e que cada fragcao desta biomassa pode ser potencialmente
convertida em produtos de alto-valor agregado, bem como combustiveis renovaveis.
Entretanto, alguns gargalos necessitam ser resolvidos para que a transformacéo da
biomassa se torne cada vez mais eficiente, notadamente encontrar solventes capazes
de dissolver significativamente e seletivamente os componentes da biomassa, 0 que
acarretaria no desenvolvimento de novas tecnologias. Em destaque se encontra a
lignina, que, dentre os componentes da biomassa, € a que menos tem aplicacdo
desenvolvida, além de ser a menos suscetivel a tratamentos quimicos/biolégicos, o que
dificulta um processo eficiente de fracionamento e posterior conversdo dos
componentes. Em vista disso, nesta Tese foi avaliada a possibilidade de se usar os
LIPs, considerados solventes de facil sintese, para dissolver os principais componentes

da biomassa.

Em um estudo preliminar (Capitulo 5), trés LIPs (HEAF, HEAA, e HEAP)
foram sintetizados e caracterizados, e sua capacidade de dissolver a biomassa foi
testada em compostos modelo (a-celulose, D-(+)-xilose, e Lignina Alcali), usando a
técnica de microscopia éptica de luz polarizada (MOP). Neste estudo preliminar, foram
constatadas as capacidades destes LIPs em dissolver seletivamente os componentes

testados (Figura 8).
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Figura 8 — Dissolugé&o de compostos modelo da biomassa lignocelulésica em LIPs
utilizando a técnica de MOP com diferentes taxas de aquecimento

Inicio Final

1% em massa
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(D-~(+)-xilose

15% em massa
(lignina alcali)

(Acervo Pessoal)

Como observado, os LIPs ndo sao capazes de dissolver celulose, mas sao
capazes de dissolver xilose (monémero de hemicelulose) e lignina, o que pode indicar
uma potencial aplicagéo destes solventes para produgéo de etanol de 22 geragéo (2G).
De fato, alguns estudos na literatura apontam para esta aplicacao (Pin et al., 2019; Reis
et al., 2017; Rocha et al., 2009).

Para investigar o potencial dos LIPs em dissolver xilose e lignina alcali,
diferentes taxas de aquecimento foram aplicadas e constatou-se que taxas de
aquecimento mais altas eram capazes de dissolver estes compostos mais rapidamente,
entretanto, fez-se necessaria uma temperatura final mais alta também para que os
componentes fossem dissolvidos completamente. Tal fator € importante de ser
analisado, visto que, embora seja mais rapido dissolver com taxas mais elevadas, uma
temperatura maior € necessaria, 0 que acarreta elevacdo nos custos energéticos,
porém, 0 processo apresenta a vantagem de ser um processo mais rapido. Assim, uma

analise de custo por tempo poderia ser interessante em estudos futuros.
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Na tentativa de entender como a estrutura dos LIPs influencia na velocidade
de dissolucdo dos compostos analisados, as propriedades dos LIPs, tais como
densidade, viscosidade, e condutividade, foram relacionadas com a velocidade de
dissolucdo destes componentes através do diagrama de Walden. Este diagrama
permite uma analise qualitativa da “ionicidade” dos LIPs, uma medida que avalia a
fracdo de ions disponiveis para participar do processo de conducao. Assim, conclui-se
que quanto maior a ionicidade do LIP, mais rapidamente ele era capaz de dissolver os
componentes da biomassa, embora todos os LIPs testados fossem considerados “maus
liquidos i6nicos” (do inglés, Poor lonic Liquids), assim como a maioria dos LIPs
(YOSHIZAWA; XU; ANGELL, 2003).

Uma vez detectada a capacidade dos LIPs de dissolver seletivamente xilose
e lignina, a proxima etapa consistiu em avaliar a possibilidade de se utilizar os LIPs na
dissolugdo da lignina, visando desenvolver um processo industrial baseado em utilizar
LIPs como meio solvente da lignina, uma vez que tal macromolécula é pouco explorada

industrial e comercialmente.

Dessa forma, a continuidade da Tese teve como objetivo avaliar de que
forma as estruturas dos LIPs (anion e cation) afetam a capacidade de dissolucao de
lignina Kraft, gentiimente fornecida pela empresa Suzano Papel & Celulose, a fim de se
obter altos valores de solubilidade de uma lignina produzida industrialmente. Além da
estrutura do LIP, fatores como temperatura, tempo e também teor de agua presente na
solugéo foram analisados. Para isso, quatorze LIPs foram sintetizados e caracterizados,
e suas solucdes aquosas testadas quanto a capacidade de dissolver a lignina Kraft.
Tais LIPs foram selecionados visando analisar uma ampla gama de variaveis presentes
nas estruturas dos solventes. No total, 3 bases (monoetanolamina, dietanolamina, e
trietanolamina) e 10 &cidos orgéanicos (glicélico, latico, malico, malénico, sucinico,
férmico, acético, propiénico, hexandico, e octandico) foram utilizados para sintetizar os
LIPs aplicados nesse estudo.

De forma geral, o aumento da cadeia carbbnica do anion favorece a
dissolucao de lignina (PU; JIANG; RAGAUSKAS, 2007; Xu et al., 2017). De acordo com

Xu et al. (2017), as interacoes entre os grupos carboxilicos e a lignina sao



160

interrompidas devido a presenca da agua, e por isso, as interacdes entre a lignina e os
LIPs sao realizadas principalmente pela cadeia carbénica alquilica presente no anion.
Sendo assim, a cadeia alquilica tem papel principal na dissolugdo da lignina, enquanto
0s grupos carboxilicos tém pouca participagdo neste processo. Tal fato foi observado
também nos estudos desenvolvidos nesta Tese, e se espera que quanto maior a cadeia
alquilica do anion, maior sera a solubilidade de lignina neste solvente, uma vez que
mais interagdes entre o LIP e a lignina serao realizadas. Apesar de um aumento da
cadeia carbdnica acarretar o aumento da solubilidade da lignina, alguns estudos ja
reportaram o efeito hidrotrépico da solubilidade de compostos fendlicos em LIAs e na
dissolucdo de compostos modelo da lignina em solugbes aquosas de deep eutetic
solvents. Nos estudos desenvolvidos nesta Tese, foi demonstrado que, de fato, o
aumento da cadeia alquilica induz o aumento da solubilidade da lignina, entretanto, o
mecanismo de dissolucao se altera em consequéncia de um “auto-arranjo” da parte
anfifilica do anion em torno das macromoléculas de lignina, que fica evidente quando se
observam as tendéncias das curvas de solubilidade determinadas nos LIPs HEAH e
HEAO. Assim, desde que nao haja efeito hidrotrdpico, havera aumento da solubilidade
com o aumento da cadeia carbbnica da parte anibnica, entretanto, havera maior
probabilidade de ocorrer efeito hidrotrépico com o aumento desta cadeia, o que resulta
em queda significativa da solubilidade da lignina.

Na literatura existem estudos reportando o papel principal da parte aniénica
do LI na dissolucao de lignina (Lateef et al., 2009; PU; JIANG; RAGAUSKAS, 2007).
Nesta Tese, 0 mesmo se comprova, sendo atribuido ao cation um papel secundario na
dissolucao da lignina, por isso, foi destinada uma menor énfase no papel do cation.

A agua, na auséncia do efeito hidrotropico, sempre prejudica a formagéo de
interagGes entre a lignina e o LIPs, entretanto, é importante avaliar o seu efeito, visto
que ela esta naturalmente presente na estrutura da biomassa lignocelulésica, e
possivelmente em todos os processos envolvendo esta matéria-prima. Diferentes
tendéncias nas curvas de solubilidade foram observadas, e, tais diferencas estéao
relacionadas ao poder de solvatacdo da agua nos LIPs. Para os casos em que ocorre

menor solvatacdo e também ha presenca de efeito hidrotrépico, altas solubilidades
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foram obtidas com pouca quantidade de LIPs (notadamente em HEAP, HEAH, e
HEAOQ). O contrério esta bem definido nas tendéncias das curvas de solubilidade dos
outros LIPs, em especial nos LIPs baseados em dicarboxilicos (HEAM, HEAMn, e
HEASu), o que sugere maior solvatagéo destes LIPs pela agua.

Quanto a temperatura, sabe-se que esse fator tem papel fundamental nos
valores de solubilidade da lignina alcancados, e que quanto maior for seu valor, maiores
serdo os valores de solubilidade obtidos (PU; JIANG; RAGAUSKAS, 2007; Rashid et
al., 2016). Nesta Tese, temperaturas baixas e brandas foram aplicadas nos ensaios,
visto que, a principio, desejou-se avaliar a capacidade dos LIPs em dissolver lignina a
baixas temperaturas, o que acarreta em menor gasto energético. Entretanto, para
efeitos demonstrativos, um estudo da influéncia da temperatura foi realizado com HEAP
e THEAL, alguns dos melhores LIPs testados, a fim de demonstrar o potencial de
aplicacao dos LIPs na dissolucao de altas quantidades de lignina. Como demonstrado,
a 80 °C, o THEAL foi capaz de dissolver mais de 47%, e o HEAP dissolveu mais de
38%, em massa, de lignina Kraft, o que € uma notavel realizagdo, e comparavel com
valores de solubilidade de lignina Kraft obtidos em outros estudos utilizando LIAs (Glas
et al., 2015) e LIPs (ACHINIVU, 2018; Merino et al., 2018) a temperaturas mais altas
(90 °C). De todo modo, o efeito da temperatura jA se encontra bem difundido e
reportado na literatura (Casas et al., 2012; Glas et al., 2015; Lateef et al., 2009; Rashid

et al., 2016), por isso, ndo foi dado grande enfoque quanto a esta questao nesta Tese.

Ademais, a influéncia do tempo na dissolugao de lignina Kraft a temperatura
constante (50 °C) também foi avaliada para alguns LIPs (HEAG, HEAMn, e THEAL) que
apresentavam cinética de dissolugéo lenta através do comparativo de dois métodos:
Banho Ultrassénico (BU), e Agitacédo por Barra Magnética (ABM). Quando comparados,
o BU apresentou capacidade de dissolver a lignina mais rapidamente, e isso, de acordo
com Krishna Sandilya; Kannan (2010), e Thompson; Doraiswamy (1999) se deve ao
colapso das bolhas de cavitacdo que produzem ondas de choque que resultam em uma
turbuléncia microscopica em volta das particulas sélidas de lignina reduzindo a camada
limite. Tal turbuléncia auxilia no contato entre o LIP e a lignina, e provoca um aumento

da velocidade de sua dissolucdao nos LIPs. No geral, 8 horas foram necessarias
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utilizando a ABM para que toda a lignina fosse dissolvida, com excecao dos LIPs a
base de acido latico (24 horas), e isso se deve a sua elevada capacidade
(significativamente maior que outros LIPs avaliados) de dissolver lignina Kraft, e
também de sua viscosidade. Ja nos casos aplicando BU, foram necessarias, no
maximo, 4 horas para que a saturagédo do sistema fosse atingida, mesmo no caso em
que se aplica LIPs a base de &cido latico. Tal fato demonstra a possibilidade de se
aplicar BU na dissolucdo de lignina Kraft com uma velocidade significativamente maior
gue nos casos em que ha agitagdo mecanica tradicional, o que aponta para um
possivel avanco tecnoldgico nesta tarefa.

Avaliar a possibilidade de reciclo dos LIPs ap6s a sua aplicagdo na
dissolugdo de lignina é um passo crucial na busca por um processo industrial
sustentavel ambiental e economicamente. Assim, foram feitos experimentos nos quais
foi investigado o reciclo de trés LIPs (THEAL, HEAM e HEAP). Esses LIPs foram
escolhidos devido a sua elevada capacidade de dissolver lignina Kraft com pouca agua
no sistema, e devido sua pouca habilidade de dissolver lignina quando o sistema
apresenta elevados teores de agua. Tal fator facilita o processo de separagéo da lignina
do restante da solucéao, visto que a sua recuperacao foi feita através da adicao de agua
ao sistema, o que induz a sua precipitacdo, uma vez que agua atua como um
antissolvente. Uma vez separada a lignina da solucdo, a agua presente na mesma foi
evaporada utilizando um rotaevaporador, a principio a pressdo ambiente, e
posteriormente com vacuo, acarretando na recuperacao dos LIPs testados. Aplicando
tal procedimento, foi demonstrada a possibilidade de se recuperar estes LIPs por, pelo
menos trés ciclos (Tabela 5), sem perda significante da sua eficiéncia, o que viabiliza o
potencial uso dos LIPs em processos industriais através do seu reciclo e reuso.
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Tabela 5 — Eficiéncia na reutilizagdo dos LIPs no processo de dissolugao de lignina

Kraft
% solubilidade (em ] ) ]
LIP 1° Ciclo (%) 2° Ciclo (%) 3° Ciclo (%)
massa)
HEAM 15,25% (5% agua) 99,8 99,7 99,6
HEAP 29,49% (15% agua) 99,6 99,1 98,7
THEAL 34,14% (5% agua) 99,8 98,3 97,4

(Acervo Pessoal)

Finalmente, a lignina recuperada apds sua dissolucdo em LIPs foi
caracterizada e comparada com a lignina sem qualquer tipo de tratamento (nativa).
Inicialmente, a estrutura da lignina foi investigada através de GPC, que demonstrou um
leve aumento na massa molar média, e no indice de polidispersividade. Tal observacao
indica que baixas modificagcdes quimicas podem ter ocorrido, ou que fracdes de baixa
massa molar da lignina (oligbmeros) podem ter permanecido dissolvidas nos LIPs.
Assim, outras técnicas (FT-IR e RMN 2D HSQC) se fizeram necessarias para
caracterizar completamente a lignina. De forma geral, a técnica de FT-IR demonstrou
pequenas alteracdes na estrutura da lignina, ainda inconclusivas quanto a modificacao
que possa ter ocorrido. Por fim, uma caracterizagdo semi-quantitativa dos principais
grupos presentes na lignina foi feita utilizando os espectros obtidos através de RMN 2D
HSQC. Foi observado um aumento relativo no nimero de subestruturas contendo B-O-
4, enquanto que o contrario foi observado para as outras estruturas, notadamente para
resinol B-B. Tal observacdo estd associada a permanéncia de mais espécies de alta
massa molar da lignina, que possuem mais ligacées B-O-4, como corroborado pela
analise de GPC (Wang et al., 2018). Assim, pequenas modificacdes na lignina foram
observadas, em especial, espécies de baixa massa molar permaneceram dissolvidas no
LIP.

Em suma, os resultados obtidos nesta Tese demonstram a capacidade dos

LIPs em dissolver seletivamente os componentes da biomassa, notadamente lignina,
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além de explorar o potencial destes LIPs em futuras aplicacbes em processos
industriais como meio solvente da lignina sem que sua estrutura seja significativamente

afetada.
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PARTE 3

CONCLUSOES GERAIS E DESAFIOS FUTUROS
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CAPITULO 9 - CONCLUSOES GERAIS E DESAFIOS
FUTUROS

9. Conclusoes

o Os LIPs testados nesta Tese, produzidos a partir de alcanolaminas e acidos
organicos como precursores, foram capazes de dissolver os principais componentes da
biomassa, com exce¢édo da celulose. Esse fator corrobora com alguns trabalhos na
literatura que investigam suas aplicagdes no pré-tratamento da biomassa, seguida de
hidrélise enzimatica, para a producao de etanol 2G;

o A estrutura dos LIPs tem papel crucial na dissolucao da lignina. Constatou-se
que a parte anidnica tem papel majoritario, enquanto a parte catidénica tem participacao
secundaria na dissolucao da lignina, ou seja, nas interacoes realizadas entre os LIPs e
a lignina;

o O aumento da cadeia aquilica da parte aniénica dos LIPs favorece a dissolugéo
da lignina, entretanto, tal aumento pode acarretar alteracbes do mecanismo de
interacdo entre agua-lignina-LIP (efeito hidrotropico) e reduzir as interagbes entre a
lignina e os LIPs prejudicando a sua dissolucéo;

o A agua atua como antissolvente na dissolucdo da lignina, reduzindo as
interacdes entre os LIPs e a lignina (solvatacao);

o Valores de solubilidade de lignina comparaveis com a literatura utilizando LIAs e
outros LIPs foram obtidos nesta Tese, aplicando temperaturas mais baixas. O aumento
da temperatura favorece o fendmeno de dissolugdo da lignina, embora isto acarrete
maiores gastos energéticos em um possivel processo industrial;

. A influéncia do tempo foi comparada através de dois metodos: Banho
Ultrass6nico (BU) e Agitacao por Barra Magnética (ABM), sendo que o BU apresentou
significativa diminuicdo no tempo necessario para atingir o estado de saturacdo do
sistema (solubilidade da lignina);

o O reciclo de trés LIPs foi demonstrado através de trés ciclos, utilizando
destilacdo a pressdo ambiente e rotaevaporagao a vacuo. Foi possivel reutilizar os LIPs
sem que houvesse significativa perda de eficiéncia no processo de dissolugcdo da

lignina;
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o A lignina dissolvida nos LIPs e recuperada por precipitagdo com agua
apresentou pequenas modificagdes, o que foi constatado pelas técnicas de GPC, FT-IR
e RMN 2D HSQC. As fragdes de maior massa molar foram recuperadas, enquanto as
de mais baixa massa molar permaneceram dissolvidas nos LIPs;

o Os LIPs podem ser considerados potenciais solventes na dissolu¢ao da lignina,
sem que isso acarrete profundas modificacées estruturais da lignina.

Desafios futuros

Os desafios futuros sédo entender as alteracbes provocadas pelos LIPs na
estrutura da lignina. Para isso, sugere-se a aplicacdo de técnicas como Difracdo de
Raio-X, Analise Elementar (C,H,N), DSC, TGA, além de outros tipos de RMN, tal como
HMBC.

Outro ponto interessante a ser estudado € a alteracao do cation (base), visto
que, embora este fator tenha influéncia secundaria nas interacbes com a lignina, a
forma com que ele afeta estas interagdes foi pouco explorado nesta Tese.

Além disso, realizar simulacdo molecular, tal como a utilizagdo de modelos e
softwares capazes de predizer o comportamento da lignina em solventes como os LIPs,
podem auxiliar na obtencéo de solventes mais efetivos na tarefa de dissolver a lignina.
Nesse sentido, a simulagdo molecular deve ser explorada para dar suporte a trabalhos
futuros.

Finalmente, avaliar a possibilidade de aplicacao de dissolucdo da lignina em
solugbes aquosas de LIPs em escala industrial, avaliando os parametros que
influenciam no processo em grande escala, tal como agitacdo, temperatura,
concentracao de lignina. Assim como a viabilidade econémica do processo pela
recuperacao dos LIPs e seu posterior reuso.
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