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RESUMO

A biomassa lignocelulésica € uma fonte renovavel abundante de matérias-
primas no contexto de economia sustentavel. Seu fracionamento e o
processamento de seus constituintes macromoleculares  (celulose,
hemiceluloses e lignina) sdo importantes para sua exploragéo. O fracionamento
da biomassa lignoceluldsica envolve principalmente a remogao da lignina para
produzir um substrato celuldsico. Porém esses constituintes estdo fortemente
interligados em um arranjo estrutural de natureza recalcitrante de dificil ruptura.
Para quebrar essa estrutura tem sido proposto a utilizacado de solventes eutéticos
(ESs) como meio deslignificante para separagdao desses trés componentes.
Outrossim, a lignina é um subproduto da producéo de celulose excedendo 70
milhdes de toneladas por ano, que sao usadas principalmente como combustivel
para geracédo de energia. Sua abundancia e caracteristicas estruturais unicas
despertam o interesse para sua valorizagdo de forma que possa ser utilizada
como fonte de materiais e produtos quimicos de maior valor agregado. No
entanto, devido a sua heterogeneidade estrutural e a falta de processos de
conversao eficientes, apenas 2% da lignina disponivel no mundo esta sendo
usada para producdo de compostos de maior valor, como por exemplo,
compostos aromaticos. Sendo assim, este estudo avaliou a capacidade de uma
série de ESs preparados a partir da combinacao de cloreto de colina e alcoois
ou acidos carboxilicos, e suas solugbes aquosas de dissolver a lignina Kraft
através da determinacgdo da solubilidade a temperatura constante (40°C). Foi
demonstrado a influéncia do doador de ligagao de hidrogénio (HBD) assim como
o efeito antissolvente da agua. Entre os solventes estudados, [Ch]CI:HEXA (1,6-
hexanodiol) e [Ch]Cl:MaleA (acido maleico) foram os melhores solventes para a
dissolugao da lignina Kraft, permitindo 32,99 e 34,97% m/m de solubilidade a
40°C, respectivamente.Os dados de solubilidade obtidos experimentalmente
foram comparados com os resultados obtidos com a modelagem termodinamica
utilizando o modelo COSMO-RS. Também foi feito um mapeamento do potencial
de dissolugao da lignina utilizando diversos ESs. Além disso, os ESs baseados
em alcoois ndo modificaram significativamente a estrutura da lignina Kraft
durante o processo de solubilizagdo (120 °C), e podem ser considerados
solventes nao-derivatizantes. Por outro lado, os ESs a base de acidos
carboxilicos modificaram a estrutura da lignina Kraft, removendo a contaminagéo
por carboidratos e clivando principalmente as ligagdes (-O-4’. Entdo, o ES
formado por cloreto de colina e acido oxalico (1:1) foi utilizado como solvente
para a despolimerizagao de dois tipos de ligninas técnicas, Kraft e Organossolve,
mediada por perdéxido de hidrogénio ou acido sulfurico em condigdes amenas
(pressao ambiente e temperatura de 80 °C). Nestes ensaios foram produzidos
compostos aromaticos de baixa massa molecular (vanilina, guaiacol, siringol) e
as amostras de lignina regenerada apds despolimerizagdo revelaram
caracteristicas diferentes em contraste com a lignina sem o tratamento. Assim
sendo, os ESs baseados em alcoois se mostraram meios promissores para
dissolugdo da lignina, sem causar grandes alteragcbes em sua estrutura,
mostrando-se, entéo, solventes interessantes para aplicagcdes industriais em que
se deseja apenas solubilizar a lignina. J&a os ESs baseados em acidos
carboxilicos se mostraram meios promissores para a dissolugao e modificacao
quimica e estrutural da lignina (despolimerizagao).



Palavras-chave: Solventes eutéticos (ESs), Lignina Kraft e Organossolve,
solubilizacao, despolimerizacdo, COSMO-RS, biorrefinaria.



ABSTRACT

Lignocellulosic biomass is an abundant renewable source of raw materials
in a context of sustainable economy. Its fractionation and the processing of its
constituents (cellulose, hemicelluloses and lignin) are of immense importance for
its exploration. Fractionation mainly involves removing lignin to produce a very
pure cellulosic substrate. However, these constituents are strongly
interconnected in a crystalline arrangement that is difficult to break. In order to
break this structure, the use of eutectic solvents (ESs) has been proposed as
media for delignification to separate these three components. Furthermore, lignin
is a by-product of pulp production processes that worldwide exceed 70 million
tons per year, which is used mainly as a fuel for power generation. The
abundance and unique structural characteristics of lignin can lead to an enhanced
recovery as a source of value-added materials and chemicals. However, due to
its structural heterogeneity and the lack of efficient conversion processes, only
2% of the available lignin is being used in some specific low volume applications.
Thus, the present study evaluated the ability of a series of ESs prepared from a
combination of choline chloride and alcohols or carboxylic acids, and their
aqueous solutions, to dissolve Kraft lignin by determining the solubility at constant
temperature (40°C). The influence of the hydrogen bond donor has been
demonstrated as well as the anti-solvent effect of water. Among the studied
solvents, [Ch]Cl:HEXA (1,6-hexanediol) and [Ch]Cl:MaleA (maleic acid) were the
best solvents for Kraft lignin dissolution, allowing 32.99 and 34.97 wt % solubility
at 313.15 K, respectively. The lignin solubility data obtained experimentally were
compared with the results obtained using the COSMO-RS model and mapping of
the dissolution potential with several ES was obtained. Besides, alcohol-based
ESs do not significantly modify the structure of lignin during the solubilization
process (120 °C) and can be considered a non-derivatizing solvent. On the other
hand, carboxylic acids-based ESs modify the lignin structure, removing
contamination by carbohydrates and interrupting 3-O-4' bonds. In this regard, the
ES formed by choline chloride and oxalic acid (1:1) was used as a solvent for the
depolymerization of two types of technical lignins, Kraft and Organosolv,
mediated by hydrogen peroxide or sulfuric acid at mild conditions (ambient
pressure and temperature of 80 ° C). In this stage, low molecular weight aromatic
compounds (vanillin, guaiacol, syringol) were produced and the regenerated
lignin samples after depolymerization disclosed different characteristics in
contrast to their precedent technical lignins. Therefore, alcohol-based ESs have
shown to be promising ways to dissolve lignin, without causing major changes in
its structure, thus proving to be interesting solvents for industrial applications in
which it is only desired to dissolve lignin. ESs based on carboxylic acids have
shown to be promising means for dissolving and modifying lignin
(depolymerization), then promising solvents for lignin valorization/modification
applications.

Keywords: Eutectic solvents (ESs), Kraft and Organosolv lignin, solubilization,
depolymerization, COSMO-RS, biorefinery.
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PARTE 1

INTRODUGAO GERAL, OBJETIVOS E ESTRUTURA DA TESE, REVISAO
BIBLIOGRAFICA E MATERIAIS E METODOS



13

CAPITULO 1 — INTRODUCAO

1. INTRODUGAO

O alto consumo de energia e de matérias-primas de fontes ndo renovaveis
preocupa os lideres mundiais e a comunidade cientifica no que diz respeito as
dificuldades no gerenciamento do suprimento de energia e dos severos impactos
ambientais. Essas preocupacdes tém fomentado o estudo sobre o uso e a
aplicagcao de energias renovaveis e produtos de base biolégica (MOUSTAKAS
et al., 2020). Por exemplo, os governos comegaram a buscar alternativas aos
combustiveis fosseis, especialmente combustiveis de fontes renovaveis
oriundos da biomassa, incluindo biodiesel e bioetanol, que ja sdo produzidos em
larga escala (STRASSBERGER; TANASE; ROTHENBERG, 2014; SHEN et al.,
2020).

Com uma produgdo mundial aproximada de 2x10"" toneladas por ano, a
biomassa lignocelulésica € uma das matérias-primas mais abundantes
disponiveis no mundo e pode ser considerada a matéria-prima ideal para criar
uma cadeia de producéo sustentavel (LUO; FANG; SMITH, 2014; ZHANG et al.,
2020). A biomassa lignoceluldsica € essencialmente composta de celulose,
hemiceluloses, lignina, suberina além das outras fragdes minoritarias (extrativos)
(FIGUEIREDO et al 2019; YAN et al., 2020). A separagao e conversao desses
componentes em uma plataforma integrada é essencial para obter combustiveis,
materiais e produtos quimicos de valor agregado. Esta plataforma integrada
define o conceito de biorrefinaria (TIAN et al., 2017; KUMAR et al, 2020). Esse
conceito envolve o processamento dos polissacarideos e da lignina oriundos da
biomassa e sua subsequente transformacado em derivados e produtos quimicos
de valor agregado como por exemplo biocombustiveis (etanol 2G) e produtos
aromaticos (vanilina, siringol, guaiacol) (JIN et al., 2018).

Atualmente as industrias com maior potencial para a implementagao do
conceito de biorrefinaria sdo a industria de papel e celulose e a industria de
etanol de segunda geragéo (E2G). A lignina € um de seus principais subprodutos
e atualmente é queimada para geracdo de energia. Entretanto, devido a
heterogeneidade da lignina, seu uso de forma mais eficiente ainda € um grande

desafio para a industria de papel e celulose, bem como para as usinas de E2G,
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a fim de se tornarem excelentes modelos de biorrefinarias (BRUIJNINCX;
RINALDI; WECKHUYSEN, 2015).

O uso da lignina como precursor da produ¢cado de materiais e produtos
quimicos de alto valor agregado € atraente, mas ainda € um desafio devido sua
complexidade e variedade estrutural. Apesar do carater aromatico da lignina e
suas inumeras vantagens, como alta estabilidade térmica, alto teor de carbono
e rigidez favoravel, os processos para sua valorizagdo nao sdo completamente
viaveis. A falta de solventes baratos e eficientes para a dissolug&o da lignina esta
impedindo o desenvolvimento bem-sucedido da maioria dessas aplicacbes e
somente uma pequena fragao da lignina disponivel é comercializada (BERLIN;
BALAKSHIN, 2014).

Uma abordagem promissora para a dissolugdo da lignina € o uso de
solventes eutéticos (ESs). O ESs podem ser definidos como uma mistura de dois
ou mais compostos capazes de se associar por meio de interagdes de ligacdes
de hidrogénio resultando numa mistura com temperatura de fusao inferior a
temperatura de fusdo dos compostos puros (ABBOTT et al., 2004; MARTINS et
al., 2018).

Os aceitadores de ligacao de hidrogénio (HBA do inglés hydrogen bond
acceptor) mais comumente usados sdo sais de aménio quaternario,
principalmente cloreto de colina ([Ch]Cl), devido ao seu baixo prego, ndo
toxicidade, biodegradabilidade e sintese econémica (DE MORAIS et al., 2015).
Substancias como ureia, glicerol, alcoois graxos ou acidos graxos, alcoois,
agucares e acidos carboxilicos sao normalmente usados como doadores de
ligacdo de hidrogénio (HBD do inglés hydrogen bond donor) (ABBOTT et al.,
2004b; CRESPO et al., 2017; MARTINS; PINHO; COUTINHO, 2018).

Recentemente, os ESs tém sido aplicados no pré-tratamento da biomassa
lignoceluldsica para dissolugdo da lignina, se mostrando uma alternativa aos
meétodos ja existentes e com alto potencial de uso na problematica exposta
(FRANCISCO; VAN DEN BRUINHORST; KROON, 2012; LYNAM; KUMAR;
WONG, 2017; MELRO et al., 2018; SOARES et al., 2017a). Ademais, sabe-se
que alguns ESs sao capazes de alterar a estrutura quimica da lignina, o que
pode culminar em aplicagcdes mais atrativas desta macromolécula, visto que a
mesma apresenta menor suscetibilidade a tratamentos quimicos e bioldgicos,

além de ser, quase em sua totalidade, queimada como combustivel (DA COSTA
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LOPES et al., 2020; DAS et al., 2018; MULEY et al., 2019; SILVA et al., 2009).
Sendo assim, estudar a solubilidade da lignina em ESs e verificar suas
caracteristicas apds a dissolugao pode abrir novas perspectivas para seu uso
em processos de valorizag&o de lignina.

Considerando o exposto, o presente trabalho teve como objetivo avaliar
os efeitos e as interagdes entre a lignina e solu¢des aquosas de ESs para futuras
aplicagdes industriais destes solventes, assim como a possibilidade de utiliza-los
na valorizagéo e/ou partigdo da lignina. Para tal, foi avaliada a capacidade dos
ESs em dissolver a celulose, xilose e lignina, além da solubilidade da lignina Kraft
em solugcdes aquosas de diferentes familias de ESs com diferentes
concentracdées e razdes molares de HBD/HBA. Também foi realizada a
caracterizacgao da lignina antes e depois do processo de dissolugao nos ESs por
técnicas como, espetroscopia de infravermelho por transformada de Fourier (FT-
IR), espectroscopia de ressonancia magnética nuclear bidimensional quantica
unica heteronuclear (RMN HSQC), andlise elementar e analise térmica a fim de
verificar potencial dos ESs em modificar a lignina. Além disso, foi estudado a
despolimerizag&o de duas ligninas técnicas (Kraft e Organossolve) utilizando um
ES acido composto por [Ch]Cl e acido oxalico (Oxa), na razao molar 1:1.
Também foram avaliados a adigdo de perdxido de hidrogénio ou acido sulfurico
como agentes de co-despolimerizagado e os mecanismos por tras de cada reagao

foram avaliados.
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CAPITULO 2 — OBJETIVOS

2. OBJETIVOS

Este trabalho teve como objetivo avaliar o potencial dos solventes

eutéticos (ESs) preparados a partir da combinagdo de cloreto de colina e

diferentes familias de HBD (acidos carboxilicos e alcoois), além de suas

solugdes aquosas, de dissolver e/ou modificar a lignina visando sua valorizagao.

A fim de realizar um estudo completo do potencial dos ESs como meio

para valorizagdo da lignina, os seguintes objetivos especificos foram

desenvolvidos:

Avaliar a capacidade dos ESs em dissolver as fragcbes que compdem a
biomassa lignoceluldésica. Nesta etapa foi analisado a dissolugéo de
celulose (a-celulose e celulose microcristalina), xilose (um mondmero das
hemiceluloses) e lignina alcalina (com baixo teor de sulfonato) em ESs
composto por cloreto de colina e glicerol, etilenoglicol, 1,3-propanodiol,
acido oxalico, acido lactico e ureia, utilizando uma técnica precisa e
eficiente, a microscopia 6ptica com ou sem lentes polarizadas. Além
disso, avaliar se a dissolucdo destes componentes esta relacionada a
variacao da familia do HBD utilizado no preparo dos ESs;

Determinar a solubilidade de lignina Kraft (lignina técnica) em solugdes
aquosas de ESs formados por cloreto de colina e polidis (glicerol,
etilenoglicol, 1,3-propanodiol, 1,4-butanodiol, 1,5-pentanodiol e 1,6-
hexanodiol) ou &acidos carboxilicos (acido latico, acido oxalico, acido
malico, acido malbnico, acido maleico) a baixa temperatura (40°C), além
de avaliar a influéncia da razdo molar HBA/HBD e da concentracido de

agua neste processo de dissolugao;

Verificar se ocorrem modificagdes estruturais (e/ou o fracionamento) na
lignina Kraft recuperada apds o processo de dissolugdo nos ESs em uma
temperatura tipica de despolimerizagdo (120 °C) através de técnicas

como termogravimetria (TGA), analise elementar, FT-IR e RMN HSQC.
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Avaliar a capacidade do ES formado por [Ch]CI e acido oxalico, o ES
identificado na etapa anterior com o maior potencial de modificacdo da
lignina Kraft, como meio reacional para despolimerizagdo de ligninas
técnicas (Kraft e Organossolve), além de avaliar o efeito da adigdo de
perdéxido de hidrogénio ou acido sulfurico na reagéo de despolimerizagéo,
totalizando trés diferentes meios de reacgao.

Avaliar se o COSMO-RS, um modelo preditivo, pode ser usado como
ferramenta para desenho de novos ESs, ou seja, novas combinagdes de

HBA:HBD que tenham grande capacidade de dissolver a lignina.
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CAPITULO 3 — ESTRUTURA DA TESE

3. ESTRUTURA DO TRABALHO

Este trabalho esta dividido em trés partes que por sua vez foram subdivididas

em doze capitulos que abordam os seguintes topicos:

PARTE 1

Capitulo 1 — Introducéo;

Capitulo 2 — Objetivos gerais e especificos;

Capitulo 3 — Estrutura do trabalho;

Capitulo 4 — Revisao da literatura: este capitulo apresenta o estado da arte sobre
a biomassa lignocelulésica e a valorizagao da lignina. A literatura sobre ESs e
suas aplicagdbes no processo de solubilizagcdo de lignina também foram
revisadas, bem como trabalhos sobre as modificagdes quimicas e estruturais da
lignina e a utilizagdo do modelo COSMO-RS como ferramenta preditiva para

busca de ESs com capacidade de solubilizar a lignina.

Capitulo 5 — Material e Métodos: este capitulo apresenta a metodologia
empregada na preparagdo dos ESs, nos ensaios de dissolugdo de celulose,
xilose e lignina nos ESs, bem como nos ensaios de solubilidade de lignina nas
solugdes aquosas de ES, as técnicas empregadas para a caracterizagdo da
lignina e de suas fragdes, além da metodologia utilizada para a despolimerizagédo
da lignina.

PARTE 2

Capitulo 6 — Fast and efficient method to evaluate the potential of eutectic
solvents to dissolve lignocellulosic components: o objetivo deste trabalho foi
avaliar a capacidade de seis diferentes ESs de dissolver os principais
componentes da biomassa lignocelulésica, neste estudo representados pela

celulose, pela xilose (um mondmero das hemiceluloses) e pela lignina Alcali,
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utilizando a técnica de microscopia optica com ou sem luz polarizada. Os

resultados referentes a este capitulo foram publicados na revista Sustainability.

Capitulo 7 — Kraft lignin solubility and its chemical modification in deep eutectic
solventes: o objetivo do trabalho apresentado neste capitulo foi determinar a
solubilidade da lignina Kraft em solugbes aquosas de 11 diferentes ESs em
temperaturas brandas (40°C). Foi possivel verificar a influéncia da agua, do HBD
e da razdo molar do HBA:HBD na solubilidade da lignina. Também foi realizada
a caracterizagcdo de amostras de lignina recuperadas apos o processo de
dissolucdo. Como conclusdo principal foram observadas mudancas nas
estruturas das ligninas tratadas com [Ch]Cl:acido oxalico e [Ch]Cl:acido maléico.
Esses resultados foram publicados na revista ACS Sustainable Chemistry &
Engineering.

Capitulo 8 - Conversion of Organosolv and Kraft lignins into value-added
compounds at mild conditions assisted by an acidic deep eutectic solvent. neste
trabalho foi feita a despolimeriazagao da lignina Kraft e Organossolve usando o
ES formado por [Ch]CI e acido oxalico e agentes de co-despolimerizagéo (acido
sulfurico e peroxido de hidrogénio). Os resultados obtidos nos permitiram
verificar o potencial do ES em despolimerizar a lignina, além dos mecanismos
de despolimerizacdo em ambientes acidos e oxidativos de diferentes tipos de
lignina usando ES. Os resultados estdo sendo analisados e organizados para

serem submetidos a revista Green Chemistry.

Capitulo 9 — COSMO-RS screening: neste capitulo foi determinado o coeficiente
de atividade a diluigdo infinita da lignina para diferentes combinagcbes de
HBA:HBD utilizando o modelo COSMO-RS;

Capitulo 10 — Discussao Geral: neste capitulo € apresentada uma discussao dos
principais resultados obtidos nos trabalhos realizados.

PARTE 3
Capitulo 11 — Conclusdes e Desafios futuros: neste capitulo sao listadas as
principais conclusbes observadas e sugestdes para trabalhos futuros
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relacionados ao tema desenvolvido neste trabalho;

Capitulo 12 — Producgao no periodo do doutorado: neste capitulo estao listados

os artigos e trabalhos apresentados durante o desenvolvimento desta tese.

Capitulo 13 — Referéncias bibliograficas.
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CAPITULO 4 — REVISAO DA LITERATURA

4. REVISAO DA LITERATURA

Neste capitulo sdo apresentadas as informagdes mais relevantes,
disponiveis na literatura referentes aos assuntos abordados neste trabalho. Esta
fundamentagao contempla conteudos acerca dos seguintes temas: biorrefinaria,
biomassa lignoceluldsica, pré-tratamento da biomassa lignoceluldsica, os

solventes eutéticos e por fim o estado da arte para o tema em questao.

4.1.BIORREFINARIA

Uma grande fracdo dos produtos, materiais e energia consumida
atualmente vem de refinarias de combustiveis fésseis n&o renovaveis. Devido ao
aumento continuo dos pregos dos recursos fésseis, sua disponibilidade incerta
e preocupacdes ambientais, prevé-se que a viabilidade da exploracdo de
petréleo diminua no futuro proximo. Portanto, devem ser promovidas solug¢des
alternativas capazes de suavizar as mudangas climaticas e reduzir o consumo
de combustiveis n&o renovaveis (GUNEY, 2019). A substituicdo do petrdleo, por
exemplo, por biomassa lignocelulésica como matéria-prima na produgado de
combustiveis e produtos quimicos € uma opc¢ao interessante dentro do contexto
das biorrefinarias (BRUIJNINCX et al. 2015; KUMAR et al., 2020).

“Biorrefino” € um conceito que pode ser definido como o “processamento
sustentavel da biomassa em um espectro de produtos e energia
comercializaveis” (CHERUBINI et al. 2009, FERREIRA et al.,2017). Portanto,
podemos definir a biorrefinaria como uma instalagdo (ou um complexo de
instalagdes) que integra processos e equipamentos de conversdo total da
biomassa para produzir produtos de valor agregado. Esse conceito é analogo ao
da refinaria de petroleo atual, que produz varios combustiveis e produtos
derivados a partir do petréleo.

De forma particular, o conceito de biorrefinaria lignoceluldsica, refere-se
a uma ampla gama de tecnologias capaz de separar recursos de biomassa
lignoceluldsica (cavaco de madeira, gramineas, palha de milho, milho, residuos
do algodédo, bagago de cana-de-agucar) em suas fragdes principais (celulose,

hemiceluloses e lignina) que podem ser convertidos em produtos de valor
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agregado como por exemplo biocombustiveis, produtos quimicos e energia
(KUMAR et al., 2020) (Figura 1).

Figura 1 - Representagcédo esquematica do conceito de biorrefinaria.

Bioenergia

ﬂiomassa ﬂiorrefinaria ﬂ’rodutos
’ (

(Acervo pessoal)

Atualmente, a maioria dos biocombustiveis e produtos bioquimicos
existentes sao produzidos em cadeias de producao diversas, dentro do conceito
de biorrefinarias, entretanto nem todas as fragdes sao utilizadas da forma mais
eficiente possivel, ou seja, ainda é necessario otimizar os processos. Nesse
contexto, varias bioindustrias podem combinar seus fluxos de materiais para
alcancar a utilizagdo completa de todos os componentes da biomassa,
agregando assim valor aos seus processos (STRASSBERGER, TANASE e
ROTHENBERG, 2014). Podemos citar como um exemplo, uma planta de
produgéo de etanol de segunda geragéo (E2G) que gera como subproduto a
lignina que, por sua vez, pode ser usada como matéria-prima para outros
processos pelos quais pode-se obter compostos aromaticos de valor agregado,
dando origem a sistemas bioindustriais integrados (BRUIJNINCX et al. 2015).
Alguns exemplos de industrias de biorrefinaria e de biomassa ndo convencionais

que ja sdo competitivos no mercado s&o apresentados na Tabela 1.
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Tabela 1 - Alguns exemplos de biorrefinarias que estdo em operagao.

Descricao

Nome da industria, Foto do complexo
Pais

Biorrefinaria de celulose,
gas, eletricidade e calor
para a produgido de
celulose Kraft, biometanol,
eletricidade e calor a partir
de lascas de madeira.

Uma planta piloto de
biorrefinaria para a
producao de combustiveis
e produtos quimicos a
partir de residuos
lignocelulésicos.

Biorefinaria de producéao
de acgucares (C5 e C6),
lignina e geracdo de
energia e calor.

Biorrefinaria de soro de
leite para etanol e
produtos alimentares a
base de proteina do leite.

Unidade de produgao de
etanol de segunda
geragao.

Unidade de produgao de
papel e celulose e uma
planta de lignina industrial.

Alpac Forest Products
Inc., Canada

Biolig, Alemanha

Inbicon, Dinamarca

Edgecumbe - Fonterra
Cooperative Group,
Nova Zelanida

Raizen, Brasil

Suzano,Brasil

(Acervo Pessoal)

4.2.A BIOMASSA LIGNOCELULOSICA

A biomassa lignoceluldsica € a biomassa mais abundante e renovavel na

terra. Estudos recentes demonstraram que a biomassa lignocelulésica detém
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enorme potencial para a produgdo sustentavel de insumos quimicos e
combustiveis. Além disso, € uma matéria-prima renovavel em abundancia e esta
disponivel em todo o mundo (POPA, 2018; REMPEL et al., 2019).

A biomassa lignoceluldsica pode ser encontrada em florestas, residuos
da agricultura, cultivos agricolas e residuos industriais sendo sua produgao
mundial estimada em 17-19 Mt/ano (WANG et al., 2021; PINALES-MARQUEZ
et al., 2021).

A biomassa lignocelulésica € composta principalmente por celulose,
hemiceluloses, lignina (Figura 2) e suberina, juntamente com pequenas
quantidades de outros componentes, como minerais, substituintes fendlicos e

extrativos.

Figura 2 - A biomassa lignocelul6sica e sua composicao.

Lignina

Hemicelulose

(adaptado de Nishimura et al., 2018).

Dependendo do tipo da biomassa lignocelulosica, essas moléculas
podem ser organizadas em complexas estruturas tridimensionais ndo uniformes
em diferentes graus e composicao variavel. A estrutura e a quantidade destes
componentes da parede celular da planta variam de acordo com as espécies
e/ou maturidade da parede celular (TADESSE; LUQUE, 2011). Além disso, a
variagdo desses componentes pode ser influenciada por fatores geograficos ou
ambientais (FARACO; HADAR, 2011). Geralmente, a biomassa lignocelulosica
consiste em 35 a 50% de celulose, 20 a 35% de hemiceluloses e 10 a 25% de

lignina, em massa (YAN et al., 2020).
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Mais detalhes sobre a estrutura e as principais aplicacdes das fracdes da
biomassa (celulose, hemiceluloses e lignina) estao fornecidos nas sec¢des 4.2.1,

4.2.2, e 4.2.3, respectivamente.

4.2.1. Celulose

A celulose € considerada o polimero mais abundante de ocorréncia
natural. E uma fibra resistente encontrada nas paredes celulares das plantas,
principalmente nos talos, caules e troncos (SERT et al., 2018). A celulose trata-
se de um polimero caracterizado por regides cristalinas entrecortadas por zonas
amorfas, resultantes da ma formacdo da estrutura devido a alteracdo no
processo de cristalizaggo (BONDENSON et al, 2006). E um
homopolissacarideo' de cadeia linear, formada através de ligagées do tipo 3-1,4-
glicosidicas (Figura 3), formando cadeias poliméricas lineares, cuja unidade
repetitiva € a celobiose, nas quais a unidade de glicose encontra-se rotacionada
180 graus em relacdo a unidade anterior (SERT et al., 2018).

Figura 3 - Unidades de repeticao da celulose, a celobiose.

— CH,0H

CH,OH

(adaptado de SERT et al., 2018)

As cadeias celulésicas sao formadas por fitas planas que se mantém
unidas por interacbes de van der Waals e por ligagdes de hidrogénio
intramolecular e intermoleculares, levando a um arranjo cristalino regular.
Naturalmente, apresentam-se na forma de um arranjo cristalino de inumeras
cadeias paralelas formando a unidade estrutural primordial da celulose, a
microfibrila (VELIOGLU et al., 2014).

Em relacdo a solubilidade, a celulose € insoluvel em agua e na maioria dos

solventes organicos (GRANT, 1942) o que se deve ao fato da soma das ligagbes

" Homopolissacarideos (ou glucanos) sdo moléculas compostas por monémeros da mesma
espécie.
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de hidrogénio intermolecular e intramoleculares ser energeticamente muito alta
(KRASSIG, 1985). Portanto, a degradagao da celulose é um processo dificil, pois
suas moléculas estdo firmemente empacotadas e as microfibrilas extensivamente
conectadas por ligagdes de hidrogénio, e estas estdo incorporadas na matriz da
parede celular da planta (SAMIR et al., 2005).

Atualmente, a celulose é amplamente empregada na industria de papel e
na industria téxtil, sendo utilizada na producdo de uma variedade de
manufaturados (metil celulose, hidroxietil celulose, carboximetil celulose, éter de
celulose). A celulose também é utilizada como matéria prima para producao de
biocombustiveis via sacarificacdo enzimatica (GANDLA; MARTIN; JONSSON,
2018) e como matéria prima para produgao de produtos de alto-valor agregado
(acidos carboxilicos, etanol, sorbitol, butanol) através de rotas bioquimicas, por
exemplo (KLEMM et al., 1998).

4.2.2. Hemiceluloses

Diferentemente da celulose, as hemiceluloses (Figura 4) sdo um
heteropolimeros? formados por cadeias ramificadas curtas e que apresentam
uma estrutura amorfa (GIiRIO et al., 2010).

Figura 4 - Estrutura tipica das hemiceluloses.

H,CO
HO H4C o]
OH \f
o 0
P & o} o} d

(MACHMUDAH et al., 2017).

Nas paredes celulares das plantas, as hemiceluloses sao as pontes para

conectar a celulose e a lignina. As hemiceluloses sdo compostas principalmente

?Heteropolimeros ou copolimeros sdo a unido de varios monémeros diferentes em uma cadeia.
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por hexoses, pentoses, acidos urdnicos e acucares acetilados que podem ser
divididos em trés subgrupos: xilanos, mananos e xiloglucanos (NAIDU;
HLANGOTHI; JOHN, 2018).

A aplicagdo direta de hemiceluloses como material é limitada,
principalmente devido ao baixo grau de polimerizagao e sua estrutura altamente
ramificada, o que faz com que ela seja facilmente degradada.

Logo as hemiceluloses sao geralmente utilizadas para a producédo de
agucares fermentesciveis por hidréolise com posterior conversdo quimica ou
biolégica (WYMAN, 1996). No entanto, as hemiceluloses também s&o de grande
importancia na biorrefinaria, porque sdo a segunda maior fracdo de
polissacarideos naturais e podem ser utilizados como matéria-prima para
obtencao de produtos como furfural, xilitol, acido levulinico, gama-valerolactona
(LUO et al., 2019) e sintese de polimeros (CHANDEL et al., 2018), por exemplo.

4.2.3. Lignina

Em conjunto com a celulose e a hemicelulose, a lignina é uma das
macromoléculas naturais mais abundantes de ocorréncia natural. Trata-se de
uma macromolécula aromatica ramificada, presente nas paredes celulares das
plantas e é conectada as fibras celulésicas formando o complexo lignoceluldsico
(LIN, 1992).

A lignina possui uma estrutura complexa (Figura 5) que pode variar
dependendo de sua origem. Também possui massa molecular variavel, uma
consequéncia da polimerizacdo reticulada aleatdria das porgdes fendlicas,
originada de reacbes de acoplamento de radicais entre os radicais fendlicos
(BOERJAN; RALPH; BAUCHER, 2003).

A composicéo e proporgao de lignina nas plantas varia dependendo das
espécies. Na madeira macia?, a lignina representa cerca de 30% da massa total,
enquanto na madeira de lei* a composigao cai para 20-25%, plantas herbaceas
apresentam valores baixos e variaveis (SARKANEN; LUDWIG, 1971).

8 Madeira macia é uma madeira de uma conifera (como pinheiro ou abeto), distinta da das
arvores de folhas largas.

4 Madeira de lei ou madeira dura é a madeira de uma arvore de folhas largas (como carvalho,
freixo ou faia), distinta das coniferas.
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Figura 5 — Representacéo da estrutura da lignina derivada de madeira dura
(hardwood).
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(adaptado de LIU et al., 2015).

A lignina é formada por uma estrutura complexa de redes tridimensionais,
que confere aos tecidos vegetais rigidez, impermeabilidade, resisténcia contra
microrganismos e possui natureza hidrofébica (SARKAR et al., 2012). Se
apresenta distribuida na parede celular, sendo ausente na parede celular
primaria e em grande concentracdo na parede celular secundaria
(GELLERSTEDT E HENRIKSSON, 2008). E composta de 3 componentes
fendlicos altamente ramificados, os chamados monoligndis, alcool p-cumarilico
(H), coniferilico (G) e sinapilico (S) ligados através de ligagdes C-O e C-C.
Devido as diversas ligacbes presentes na estrutura da lignina, os atomos de
carbono presentes na cadeia alifatica sao rotulados como a, B e y, enquanto os
presentes nas cadeias aromaticas sdo nomeados de 1 até 6 (Figura 6). Ademais,
as principais ligagdes encontradas entre essas unidades séo 3-O-4, B- e B-5,

além de ligagdes em menor quantidade, como a-0O-4 e 3-1 (RALPH, 2010).
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Figura 6 - Estruturas de unidades monomeéricas (H, S e G) da lignina.

1
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R;=H; R,=O0H; R;=H - P-hidroxifenila (H)
R;=R;=0CH;; R,=OH; R3=H - Siringila (S)
R, =H; R,=OH; R;= OCH; - Guaiacila (G)

(Acervo Pessoal)

A estrutura singular e as propriedades fisico-quimicas da lignina
permitem, a partir dela, a producdo 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).

4.3.0 PRE-TRATAMENTO DA BIOMASSA

O pré-tratamento da biomassa lignocelulosica tem por objetivo fracionar
seletivamente as suas fracdes. Ele pode ser utilizado por exemplo para remover
a lignina e facilitar o acesso dos biocatalisadores aos polissacarideos (celulose
e hemiceluloses) que podem ser convertidos em agucares fermentesciveis para
posterior conversao em biocombustivel (ZHANG et al., 2008).

Estudos tém mostrado que o pré-tratamento € a etapa determinante para
viabilizar a tecnologia de obtencao de bioprodutos e biocombustiveis a partir de
materiais lignoceluldsicos, isto porque esta etapa define o rendimento e o custo
do processo pelo qual os carboidratos de celulose e hemicelulose podem ser
convertidos em bioprodutos e biocombustiveis por exemplo (BALAT, BALAT e
CAHIDE, 2008).
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Existem diversos processos empregados para o pré-tratamento da
biomassa lignocelulésica, como, por exemplo, o pré-tratamento fisico (moagem
e sonicagcdo) no qual nao ocorre alteragdo da estrutura quimica dos
componentes da biomassa, fisico-quimicos (explosdo com vapor), quimicos
(hidrélise acida, hidrélise alcalina pré-tratamento oxidativo) e biologicos,
(microrganismos decompositores). Além dos pré-tratamentos citados, outros
tipos podem ser usados para obtencdo de produtos de interesse a partir de
materiais lignocelulésicos, como por exemplo o pré-tratamento utilizando
solventes (Organossolve) (AGBOR et al., 2011; MOSIER et al., 2005).

O processo de pré-tratamento ideal devera proporcionar desagregacgao da
estrutura do material lignoceluldsico, remover de forma eficiente a lignina e
preservar a celulose. Ele devera ser efetivo para uma grande variedade de
materiais lignocelulésicos e deve permitir a obtengdo de fragdes dos
componentes da biomassa que possam ser aproveitados, como por exemplo, a
geracao de lignina de maior valor agregado, elevando a eficiéncia de utilizagdo
integral da biomassa (FERNANDO et al., 2006).

Neste estudo, propdem-se 0 uso de uma nova classe de solventes verdes
chamados de solventes eutéticos (ESs), preparados, muitas vezes, com
componentes biodegradaveis e nao toxicos, com potencial para substituir
solventes organicos convencionais na etapa de pré-tratamento da biomassa afim
de tornar o processo mais ecologicamente correto. Além disso, alguns ESs s&o
capazes de alterar quimicamente a estrutura da lignina, tornando-a mais
interessante do ponto de vista econbmico e em termos de novas aplicagdes
(MULEY et al., 2019).

4.4.0 PROCESSO KRAFT E A LIGNINA

O processo Kraft € um processo de conversdo de madeira em uma polpa
celulésica, que consiste em fibras de celulose sendo estas o principal
componente do papel. O processo Kraft envolve o tratamento de cavacos de
madeira com uma mistura quente de agua, hidréxido de sédio e sulfeto de sodio,
conhecido como licor branco, que quebra as ligagdes entre a lignina, as
hemiceluloses e a celulose. O licor rico em lignina, hemiceluloses e extrativos da
madeira & conhecido como licor negro (AHMAD; PANT, 2018).
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A lignina contida no licor negro serve como combustivel para grande parte
da operagdao do processo Kraft. O licor negro € normalmente concentrado
através de evaporadores e depois queimado. A energia liberada (cerca de
14.000,00 J/kg de matéria seca) é usada para geragdo de vapor e energia
(KROTSCHECK et al., 2006). Parte desta energia liberada e uma fragéo do licor
negro sdo usados para conduzir a operagao de recuperagao quimica da planta
industrial. Este processo envolve a recuperagao dos reagentes quimicos do licor
branco (HOLLADAY et al., 2007). A lignina € um combustivel importante para os
fabricantes de papel e celulose, pois contribui fortemente para a autossuficiéncia
energética da industria de celulose, porém a quantidade gerada muitas vezes é
superior a quantidade necessaria para geragao de energia para a planta
industrial (ZHANG, 2008).

Em uma biorrefinaria, a lignina Kraft pode ser recuperada do licor negro
diminuindo o pH. Normalmente, isso é feito com diéxido de carbono capturado
da chaminé da caldeira ou com acidos minerais. Ao baixar o pH, uma porgao
substancial da lignina € precipitada e pode ser recuperada por filtracédo e
lavagem (MUTTUTI, PALMQVIST e LIDEN ,2014).

Essa lignina isolada, através do desenvolvimento da quimica de
aproveitamento e valorizacéo da lignina, pode ser utilizada como fonte de novas
matérias primas e insumos. Sendo assim possivel obter uma gama de produtos
baseados em lignina e ter um complexo de biorrefinaria florestal que integra
processos de conversdo de biomassa em insumos quimicos, e energia
(STRASSBERGER, TANASE e ROTHENBERG, 2014).

4.5.SOLVENTES EUTETICOS (ES)

O termo eutético foi utilizado pela primeira vez em 1884 pelo fisico
britAnico Frederick Guthrie para descrever "uma temperatura mais baixa de
liquefacdo do que aquela dada por qualquer outra propor¢ao dos compostos"
(GUTHRIE, 1884). Esta descrigédo evoluiu e hoje em dia o termo reagao eutética
€ definido como uma reagao isotérmica reversivel de uma fase liquida que é
entdo transformada durante o resfriamento em, no minimo, duas fases soélidas
diferentes. O ponto eutético do sistema € caracterizado em uma dada

composicao, pela menor temperatura de fusdo, demarcado pela interceptacao
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das curvas de fusdo dos compostos da mistura (linha liquidus) (GAMSJAGER et
al., 2008).

Assumindo a fase sélida pura e desprezando a influéncia da temperatura
nas capacidades calorificas, a termodinamica classica propde a equacgao 4.1
para descrever as curvas de fusdo de um sistema (PRAUSNITZ;
LICHTENTHALER; DE AZEVEDO, 1998).

oy = Srust (1 1Y BrusCp (Trus g Trus
In(xy;) = 2 (Tfus T) + =L ( s _ <L 1) (4.1)
onde y; é o coeficiente de atividade do composto /i em uma determinada
composicéo da fase liquida, x;, R € a constante universal dos gases, Ar, H € a
variagado da entalpia do composto puro, Tf,; € a temperatura de fusédo, T é a
temperatura absoluta e Ar,;C,, € a diferenga entre a capacidade calorifica molar

do composto i nas fases liquida e sdlida.

Em particular, quando a temperatura de equilibrio nao difere da
temperatura de fusdo do composto puro, o ultimo termo da equagao tem um valor
desprezivel quando comparado ao termo de entalpia de fusio e, portanto, pode
ser desconsiderado resultando na equagédo 4.2 (COUTINHO, ANDERSEN e
STENBY, 1995).

InGriy) = 228 (- 2) 4.2)
Esses solventes apresentam propriedades interessantes e tém sido
amplamente usados por se encontrarem na fase liquida em uma ampla faixa de
temperaturas e também por sua solubilidade aprimorada, proporcionadas pela
diminuicdo do ponto de fusdo da mistura quando comparada com a dos
constituintes puros de partida (HOANG PHAM, 2013; YONG et al., 2004).

Foi relatado que os ESs podem ser preparados facilmente através de um
procedimento de aquecimento brando, o que permite reduzir custos e evitar a
formacao de componentes secundarios indesejaveis, além disso, sao faceis de
manusear, pois a maioria deles ndo forma substancias toxicas quando em
contato com o ar e/ou a agua. Suas propriedades fisicas, quimicas e térmicas

podem ser ajustadas alterando seus precursores e suas proporgdes relativas,
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sendo assim considerados como solventes projetaveis (ABBOTT et al., 2004a;
GORKE; SRIENC; KAZLAUSKAS, 2010; ZHANG et al., 2012). Eles foram
propostos como uma alternativa mais barata e mais ecoldgica aos liquidos
idnicos (LIs) (FLORINDO et al. 2014; KHANDELWAL, TAILOR e KUMAR, 2015).

Em 2003, Abbot e colaboradores relataram que as misturas binarias de
ureia e varios sais quaternario de amonio eram liquidas a temperatura ambiente
e resultavam em um solvente com propriedades fisico-quimicas interessantes,
supostamente devido a formag&o de um complexo de ligagéo de hidrogénio entre
um doador de ligagdo de hidrogénio (HBD) e um aceitador de ligacdo de
hidrogénio (HBA) em uma proporgdo estequiométrica bem definida. Estas
misturas liquidas foram posteriormente denominadas de solvente eutéticos
profundos (do inglés deep eutectic solvents - DES,) (ABBOTT et al., 2004a).

Os DES geralmente s&o obtidos pela complexagcdo de um sal de aménio
quaternario com um sal metalico ou HBD e podem ser descritos pela formula

geral:

CatX~zY

onde Ca*é um cation de amoénio, fosfénio ou sulfénio; X € uma base de Lewis,
geralmente um &anion com haleto. As espécies anidnicas complexas séo
formadas entre X~ e um acido Lewis ou Bronsted Y, onde z se refere ao numero
de moléculas de Y que interagem com o anion.

Os DES séo geralmente classificados dependendo da natureza do agente
complexante utilizada, sendo classificados, até o momento, em 5 tipos principais.
Os DESs do tipo | sdo compostos por um sal quaternario de aménio (SQA) e um
cloreto de metal, os do tipo Il sdo compostos por uma SQA e um cloreto de metal
hidratado, os do tipo Ill sdo compostos por um SQA e um HBD e os do tipo IV
s&o compostos por um cloreto de metal e HBD (ABBOTT et al., 2004).
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Tabela 2 - Formula geral de classificagdo dos DES.

Categorias Foérmula Geral Termos
Tipo | Ca*tX~ zMCL, M = Zn, Sn, Fe, Al, Ga, In
Tipo Il Ca*X~ zMCl,.yH,0 M = Cr, Co, Cu, Ni, Fe
Tipo Il Ca*X~ zRZ Z = CONH2, COOH, OH
Tipo IV MCl, + RZ M = Al, Zn e Z = CONH2,0H
Tipo V Substancias moleculares nao ibnicas

Adaptado de Smith e Abbott (2014)

Mais recentemente Abranches et al., 2019 observaram para o sistema
timol-mentol uma forte interacdo decorrente da diferenga de acidez dos grupos
fendlicos e de grupos hidroxilas alifaticas. O grupo hidroxila liga-se diretamente
a um anel aromatico, ou seja, um composto fendlico, pode formar um DES
quando misturado com um aceitador de ligagao de hidrogénio, mesmo que esse
aceitador seja capaz de estabelecer ligagdes de hidrogénio com ele mesmo,
permitindo, assim, o projeto de novos DES n&o idnicos. Os DESs baseados
nesse tipo de ligacdo de hidrogénio foram classificados como um novo tipo de
DES, o tipo V, composto apenas de substancias moleculares (ABRANCHES et
al., 2019).

O prefixo profundo (deep) serviu para destacar uma temperatura muito
mais baixa que a temperatura de fusdo dos componentes puros. Entretanto,
somente a existéncia de um ponto eutético em uma mistura ndo pode ser usada
para definir um DES, uma vez que todas as misturas de compostos que séo
totais ou parcialmente imisciveis na fase solida apresentam um ponto eutético.
(MARTINS; PINHO; COUTINHO, 2018).

Como a temperatura eutética resultante de uma mistura néo é governada
apenas pelas interacdes especificas estabelecido entre seus componentes, mas
também pela fusdo de suas propriedades, o termo “profundo” deve ser usado
preferencialmente para enfatizar uma temperatura eutética muito menor do que
a que se prevé quando se assume um comportamento termodinamico ideal da
fase liquida. A temperatura eutética muito menor do que a temperatura calculada
pelo modelo ideal é resultante das interagcbes mais fortes entre os precursores
do DES do que aqueles presente nos compostos puros (MARTINS; PINHO;
COUTINHO, 2018; SMITH; ABBOTT; RYDER, 2014).
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Portanto, a diminuicdo da temperatura deve ser definida como a diferenca
(AT, ) entre o ponto eutético ideal (Tg ;4.4 ) € O real (T ) € ndo como a diferenga
(AT; ) entre a combinagao linear dos pontos de fusdo dos componentes puros e
0 ponto eutético real conforme esquematizado na Figura 7 (SMITH; ABBOTT;
RYDER, 2014). Uma vez que, se adotarmos AT; como parémetro para a
definicdo de um DES, ele abrangeria qualquer mistura de compostos, com
excecado daqueles que apresentam solucbes solidas completas ou formam
compostos intermediarios estaveis com pontos de fusdo comparaveis aos dos
precursores puros.

Assim, conforme definido por Martins et al., 2018, um "solvente eutético
profundo" € uma mistura de dois ou mais compostos puros para a qual a
temperatura do ponto eutético real esta abaixo da temperatura do ponto eutético
de uma mistura liquida ideal, apresentando desvios negativos significativos da
idealidade (AT, > 0).

Figura 7 - Representacado esquematica da comparagao do diagrama de equilibrio
sélido-liquido de uma mistura eutética ideal simples (---) e de uma mistura
eutética profunda (---).
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Onde T ; e Ty, representam a temperatura de fuséo do componente 1 e 2 puro,
respectivamente, T 4.4, @ temperatura eutética ideal, T; a temperatura eutética
real.

E importante ressaltar que a maioria dos estudos sobre DES concentra-
se em investigar a temperatura de fusdo de misturas estequiométricas
especificas, ou seja, a composicao eutética, e aplicacbes destes solventes
nessas composi¢cées sem antes, na maioria dos estudos, determinar o diagrama
de equilibrio sdlido-liquido. Isto dificulta qualquer conclusdo sobre o carater
“profundo” do sistema resultante, mesmo quando a mistura resulta em um liquido
estavel a temperatura ambiente.

Portanto, neste trabalho fez-se a escolha de usar a terminologia de
solvente eutético (ES) uma vez que o foco do trabalho esta na aplicagado desses
solventes para a valorizagéo da lignina e ndo foram obtidas informagdes acerca
do diagrama de fases, o que nao permite confirmar o carater profundo dos
solventes como discutido anteriormente.

Como foi demonstrado, os DESs e os ESs ndo sdo um novo composto
puro, mas sim uma mistura de componentes que estao fortemente ligados e, em
alguns casos, essas ligagées podem ser modificadas pela adigao de agua. Além
disso, a adicdo de agua também pode ser usada para melhorar suas
propriedades fisico-quimicas e para aumentar a faixa de temperatura no estado
liquido, por exemplo (SHAHBAZ et al., 2007).

4.6.0S SOLVENTES EUTETICOS E A BIOMASSA LIGNOCELULOSICA

Na busca por um processo eficiente e nao destrutivo para fracionamento
da biomassa lignoceluldsica, os ESs mostraram resultados promissores para
deslignificagdo da biomassa (PROCENTESE et al., 2015; KUMAR et al 2016;
VAN OSCH et al., 2017; TANG et al., 2017; LOOW et al., 2017; KUMAR et al
2016).

Em 2012, alguns ESs foram avaliados quanto a dissolugéo das fragoes
da biomassa, mostrando alta solubilidade da lignina em comparagdo com a
celulose (FRANCISCO et al., 2012). Mais precisamente o ES formado pela
combinacgao de cloreto de colina e acido latico apresentou alta solubilidade de
lignina, cerca de 12% (m/m), e baixa solubilidade de celulose. Além disso, o ES

constituido por prolina e acido malico também mostrou ser capaz de solubilizar



37

a lignina (15 % m/m). Estes resultados sugerem que os ESs podem ser usados
em um processo de extragao seletiva de lignina da biomassa lignocelulésica,
preservando as fragdes dos polissacarideos (celulose e hemiceluloses).

Kumar et al. (2015) relataram recentemente a extracdo de até 65% da
lignina total presente na biomassa (palha de arroz) numa extragao sélido-liquido
com carga de 10% de solidos utilizando como HBA o cloreto de colina ou a
betaina e como HBD o acido latico. Os autores verificaram que a deslignificagao
da palha de arroz utilizando os ESs nao resultou em efeito significativo sobre as
fragbes de celulose e hemiceluloses, ou seja, o processo foi seletivo.

Procentese et al. (2015) relataram uma diminuicdo de 88% (fracé&o
massica) da lignina insoluvel de amostras de biomassa (sabugo de milho) apds
o tratamento com ES (cloreto de colina e ureia) a uma temperatura de 150 °C
(PROCENTESE et al., 2015).

Recentemente, Alvarez-Vasco et al., (2016) também descobriram que
78% da lignina poderia ser extraida do alamo através do tratamento com ES
(cloreto de colina e acido latico) sob condigdes relativamente amenas (145 °C,
6h), e que a lignina dissolvida poderia ser prontamente precipitada a partir dos
ESs adicionando agua e/ou etanol como antissolvente. No entanto, foi detectada
uma quantidade consideravel de ES na lignina precipitada, o que poderia implicar
na formagé&o de fortes intera¢des entre DES e lignina (ALVAREZ VASCO et al.,
2016).

Como apresentado, trabalhos recentes confirmam que os ESs podem ser
usados na etapa de pré-tratamento da biomassa lignocelulésica com grande
eficacia na remocdo de lignina. Tal aplicagdo € um avango cientifico
relativamente recente, e com poucos trabalhos reportados na literatura. Portanto,
ainda nao se compreende de que forma os ESs interagem com a biomassa e
removem a lignina. Ou seja, faz-se necessario entender os mecanismos de
interacdo lignina-ES e quais os fatores que favorecem a dissolugéo de lignina
mais eficientemente. Uma maneira de se entender esse processo € através de
um estudo de solubilidade da lignina nesses solventes.

Portanto, a deslignificagdo da biomassa lignocelulésica utilizando os ESs
estd ainda nos estagios iniciais, e a eficiéncia da conversdo da lignina e a
seletividade do solvente precisam ser melhoradas. Logo, ainda falta
conhecimento fundamental sobre a formagéo dos ESs, tipos de HBA e HBD e
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suas propor¢des, e como isso implica na solubilidade da lignina, bem como as
interacdes que ocorrem entre os ESs e os solutos. Este trabalho se propés a

estudar de forma mais detalhada as interagdes dos ESs com a lignina.

4.7.A SOLUBILIDADE DA LIGNINA EM ES

O estudo da aplicagado dos ES para dissolugdo de lignina tem atraido
atencdo da comunidade cientifica, uma vez que os ESs sdo muito semelhantes
aos Lls, mas geralmente sdo mais baratos, menos toxicos e biodegradaveis
(KHANDELWAL; TAILOR; KUMAR, 2016).

Francisco et al. (2012) investigaram uma ampla gama de ESs para
dissolver lignina Kraft com baixo teor de sulfonato. Estes autores utilizaram
combinagdes de acido latico, malico e oxalico como doador de ligacdo de
hidrogénio (HBD) e alanina, betaina, cloreto de colina, glicina, histidina, prolina
e acido nicotinico como aceitador de ligac&do de hidrogénio (HBA) (Tabela 3). As
misturas de histidina com &acido malico, acido nicotinico e acido oxalico
mostraram baixo desempenho na dissolugdo da lignina. Para os sistemas
compostos por cloreto de colina e acido latico verificou-se bom desempenho para
dissolugdo da lignina e que o aumento da razdo molar HBD/HBA levou ao
aumento da solubilidade da lignina. Nesse sentido os autores mostraram que a
maioria das combinacdes selecionadas apresenta alta capacidade de solubilizar
a lignina e que o tipo de HBA e HBD, bem como a razdo molar HBA:HBD
influenciam diretamente na dissolugao de lignina.

Lynamet al. (2017) também estudaram a dissolugdo da lignina Kraft em
diferentes ESs, como as combinacdes de betaina ou prolina com acido latico,
cloreto de colina com acido férmico, acido latico ou acido acético (Tabela 3).
Todos os ESs preparados pelos autores mostraram capacidade de dissolver
lignina entre 9 e 14 % (m/m), apos o processo de dissolugdo a 60 °C por 3-5
horas, sendo a melhor combinagao a de cloreto de colina e acido férmico (1:2).

Soares et al. 2017 observaram que, ao contrario do que foi observado
para alguns Lls, o aumento da temperatura diminui a quantidade de lignina
solubilizada nos ESs, além de verificarem que para alguns ESs ha a
possibilidade de incorporar agua ao sistema sem que isso afete a dissolugéo.
Por exemplo, um sistema contendo 50 % (m/m) de ureia:acido propidnico (1:2)

e 50% de agua pode solubilizar 43 % (m/m) de lignina em uma temperatura de
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40 °C. Os resultados obtidos por Soares e colaboradores indicam que a

solubilidade da lignina em solugcbes aquosas de ESs € impulsionada por um

mecanismo hidrotrépico confirmado pelo espalhamento dindmico da luz.

Tabela 3 - Dados de solubilidade de lignina em solventes eutéticos reportados

na literatura.

Solvente Eutético

Solubilidade

Y% (m/m)

Condicao

Referéncia

Cloreto de Colina:Acido Formico (1:2)
Cloreto de Colina:Acido Acético (1:2)
Cloreto de Colina:Acido Latico (1 1 3)

Cloreto de Colina:Acido Latico
Cloreto de Colina:Acido Latico
Cloreto de Colina:Acido Latico

Cloreto de Colina:Acido Latico (1:1,3)
Cloreto de Colina:Acido Malico (1:1)

Cloreto de Colina:Acido Oxalico (1:1)
Cloreto de Colina:Acido Oxalico (1:1)

Ureia:Acido Propiénico (1:2)
Ureia:Acido Propiénico
Ureia:Acido Propiénico

*%

(1:
(1:2)
(1:2)
Ureia:Acido Propi6nico (1:2)
Alanina:Acido Latico (1:9)
Alanina:Acido Malico (1:1)
Betaina:Acido Latico (1:2)
Betaina:Acido Latico (1:2)
Betaina:Acido Oxalico* (1:1)
Betaina:Acido Malico (1:1)
Glicina:Acido Malico (1:1)
Glicina:Acido Latico (1:9)
Glicina:Acido Oxalico* (1:3)
Histidina:Acido Malico (1:3)
Histidina:Acido Oxalico* (1:9)
Histidina:Acido Latico (1:9)
Prolina:Acido Latico (1:2)
Prolina:Acido Lético (1:3,3)
Prolina:Acido Malico (1:1)
Prolina:Acido Malico (1:2)
Prolina:Acido Malico (1:3)
Prolina:Acido Oxalico* (1:1)
Prolina:Acido Oxalico (1:1)

Acido Nicotinico:Acido Malico (1:3)
Acido Nicotinico:Acido Oxalico* (1:9)

12,3
10,7
4.4
51
7,2
10,6
11,5
3,3
3,5
insoluvel
12,9
18,5
37,4
42,7
7,8
1,7
8,3
10,7
0,7
insoluvel
1,4
8,1
0,3
insoluvel
insoluvel
10,6
7,0
8,3
insoluvel
5,7
13,0
1,2
insoluvel
insoluvel
insoluvel

Agitacdo - 60 °C
Agitacao - 60 °C
Agitacdo - 60 °C
Agitacao - 60 °C
Agitacado - 60 °C
Agitacao - 60 °C
Agitacado - 60 °C
Agitacao - 100 °C
Agitacdo - 60 °C
Agitacao - 60 °C
Agitacdo - 50 °C
Agitacao - 40 °C
Agitacdo - 50 °C
Agitacao - 40 °C
Agitacdo - 60 °C
Agitacao - 100 °C
Agitacdo - 60 °C
Agitacao - 60 °C
Agitacado - 60 °C
Agitacao - 100 °C
Agitacéo - 100 °C
Agitacao - 60 °C
Agitacdo - 85 °C
Agitacdo - 85 °C
Agitacao - 60 °C
Agitacdo - 60 °C
Agitacao - 60 °C
Agitacdo - 60 °C
Agitacao - 100 °C
Agitagéo - 100 °C
Agitacao - 100 °C
Agitacéo - 60 °C
Agitacao - 60 °C
Agitacdo - 85 °C
Agitacao - 60 °C

(LYNAM et al., 2017)
(LYNAM et al., 2017)
(FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)
(LYNAM et al., 2017)
(FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)
(SOARES et al., 2017b)
(SOARES et al., 2017)
(SOARES et al., 2017)
(SOARES et al., 2017)
FRANCISCO et al., 2012)
FRANCISCO et al., 2012)
LYNAM et al., 2017)
FRANCISCO et al., 2012)
FRANCISCO et al., 2012)
FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)
)
)

~ o~ o~ o~ o~ o~

(FRANCISCO et al., 2012
(FRANCISCO et al., 2012
(FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)
(LYNAM et al., 2017)

(FRANCISCO et al., 2012
(FRANCISCO et al., 2012
(FRANCISCO et al., 2012
(FRANCISCO et al., 2012
(FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)
(FRANCISCO et al., 2012)

)
)
)
)

*Acido oxalico dihidratado; **Solucdo aquosa
(Acervo Pessoal)
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Como demonstrado nos paragrafos anteriores, existe uma grande
bibliografia relatando o uso e a aplicagdo de ESs para o processo de
solubilizacdo de lignina. Essa é uma alternativa possivel aos solventes
organicos, que geralmente sdo volateis, inflamaveis, explosivos e toxicos. No
entanto, a abordagem cientifica que esta sendo usada nao relata completamente
as interagdes que ocorrem durante o processo de dissolugéo da lignina no ES e,

portanto, um estudo mais aprofundado foi desenvolvido neste trabalho.

4.8.0S ESs E AS MODIFICACOES ESTRUTURAIS DA LIGNINA

A lignina é considerada uma fonte alternativa para a produgao de varios
polimeros e biomateriais por ser rica em compostos fendlicos. Como descrito na
secao 4.2 uma quantidade enorme de lignina esta sendo produzida diariamente
em todo o mundo. No entanto, sua estrutura complexa e sua baixa reatividade
limitam suas aplicagdes e atualmente a maior parte da lignina produzida (cerca
de 98%) €& queimada para gerar energia (BERLIN e BALAKSHIN, 2014).
Portanto, a despolimerizagéo da lignina € considerada um dos desafios para sua
valorizagdo (GELLERSTEDT e GUSTAFSSON, 1987; COSTA, PINTO e
RODRIGUES, 2014). Os métodos para despolimerizagao da lignina podem ser
divididos em tratamento termoquimico, tratamento mecanico, catalise quimica e
tratamento bioldgico.

O aumento da temperatura € um tratamento comum e eficaz para romper
as ligagdes quimicas, porém pouco seletivo. Os tratamentos termoquimicos
incluem pirdlise, hidrogendlise e hidrdlise, entre outros. Ja os tratamentos fisicos
nao se referem apenas ao tratamento mecanico, mas também incluem o uso de
outros equipamentos de assisténcia para melhorar a eficiéncia da
despolimerizagao, como tratamentos com o uso de ondas de ultrassom e micro-
ondas, e esses tratamentos geralmente precisam envolver outros catalisadores
para concluir a despolimerizagdo (PRADO et al., 2017).

A despolimerizagdo da lignina através da reacéo de catalise é estudada
deste 1943 (HEWSON e HIBBERT, 1943). Com base no trabalho de Wang et
al., (2013), os catalisadores quimicos empregados nas reagdes de
despolimerizagao da lignina podem ser divididos em cinco categorias diferentes,

que sédo: (1) catalisadores acidos, (2) catalisadores basicos, (3) catalisadores
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metalicos, (4) catalisadores a base de solventes verdes (LIs e ESs) e (5)
catalisadores assistidos por fluidos supercriticos.

Além dos exemplos citados, o perdxido de hidrogénio também é um dos
catalisadores comuns para despolimerizagdo da lignina. Os catalisadores
quimicos podem ser combinados ao mesmo tempo ou aplicados em um estagio
diferente do processo de despolimerizagcédo para melhorar a eficiéncia e gerar os
produtos desejados. Esses catalisadores tém suas proprias vantagens e
desvantagens. Comparado ao tratamento térmico, a condigdo da reagéo é mais
suave e a catalise tem maior seletividade.

O uso de biocatalisadores (tratamento bioldgico) tem sido considerado
como um método alternativo e mais ambientalmente correto para
despolimerizagdo da lignina, uma vez que as enzimas Ou microrganismos
envolvidos nos tratamentos bioldgicos geralmente vém da natureza e ndo séao
prejudiciais ao meio ambiente (FAWAL et al., 2012). Além disso, varias enzimas
podem catalisar reacdes especificas, assim o uso do biocatalisador pode
melhorar a seletividade da reagdo e suprimir reagdes indesejadas, como a
repolimerizagao, por exemplo (WANG et al 2013).

Os tratamentos termoquimicos, mecanicos, catalise quimica e biolégicos
tém mostrado potencial para uma despolimerizagcdo eficiente da lignina. No
entanto, muitos deles requerem condi¢cdes de reacgao relativamente severas,
incluindo altas temperaturas e pressao. Além disso, esses processos geralmente
tém alguns fatores de risco ambiental além de exigir uma quantidade enorme de
energia (MACKENZIE et al., 2015).

De forma a otimizar o processo de despolimerizagdo da lignina, Di Marino
et al., (2016) estudaram o uso de ESs puros para dissolver a lignina em
combinagdo com a despolimerizacdo oxidativa eletroquimica. Os autores
identificaram alguns produtos (guaiacol e vanilina) formados durante a reagao de
despolimerizacdo, indicando que foi alcangada uma despolimerizacdo bem-
sucedida da lignina.

Ja Muley et al., (2019) relataram em seu estudo que os ESs sao eficazes
em dissolver ativamente a lignina durante o fracionamento da biomassa e o uso
desses solventes em conjunto com o uso de micro-ondas melhora ainda mais o
processo através de taxas de aquecimento mais rapidas. Os autores verificaram

que a despolimerizacdo ocorreu durante o fracionamento da biomassa. Além
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disso, as analises dos resultados obtidos pelos autores demonstraram que o
aquecimento por micro-ondas pode ser efetivamente usado para a
desconstrugcao da biomassa, bem como despolimerizagao da lignina usando
ESs, reduzindo o tempo de processamento e aumentando a seletividade do
produto.

Como reportado na literatura, estudos mostram que os ESs tém grande
potencial para dissolver e despolimerizar a lignina e o uso de catalizadores,

sejam eles quimicos ou termoquimicos, podem melhorar o processo.

4.9.APLICACOES DA LIGNINA

O grande impedimento para ampla utilizagdo das ligninas como matéria
prima é a forte heterogeneidade das substancias no que diz respeito a estrutura
e propriedades, associadas tanto a origem da matéria-prima quanto as
condigdes de processamento. Assim, € necessario um processamento prévio
das ligninas geradas nos diversos processos industriais para a obtencédo de
materiais com propriedades padronizadas, o que aumenta o custo do produto
(TSVETKOV et al. 2018).

Varias substéncias podem ser produzidas a partir de ligninas, usando
principalmente duas abordagens. Na primeira abordagem, a natureza
macromolecular da lignina é preservada. Os produtos poliméricos preparados a
partir da lignina encontraram o uso mais amplo (aditivo para concreto, resinas
dispersante, aditivo de ragdo animal), embora os licores de sulfito sejam usados
para alguns fins sem nenhum tratamento (AGRAWAL et al., 2014). No entanto,
na maioria dos casos, as impurezas afetam negativamente as propriedades,
portanto, a purificacdo e ou modificagdo da lignina é necessario. Para melhorar
a dispersao, complexagao, adeséao e outras propriedades, as ligninas podem ser
submetidas a modificacdo quimica, como sulfonacdo, sulfoalquilagio,
dessulfonacdo, oxidacao, carboxilagcdo, alquilacdo, acilagdo, aminacao,
condensacao, despolimerizacdo, copolimerizacdo e métodos combinados
(ADLER et al., 1977).

No que diz respeito a primeira abordagem, uma aplicagao importante dos
polimeros de lignina é o acabamento de minério por flotagdo (LANGE, 1999). Os
licores de sulfito desempenham o papel de aglutinante na produgéo de fundigéo.

Uma aplicagdo relativamente nova de substancias de lignina na industria
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metalurgica estd aumentando o rendimento de metais de sulfeto e minérios
carboniferos. Na industria de extracdo de petrdleo, as ligninas sao usadas na
perfuracdo de pocgos de petréleo como componentes de fluidos de perfuracéo
(0,2-0,5%) e para desacelerar a cimentagdo e aumentar a produgédo de pogos
de petréleo (TSVETKOV et al., 2018).

A segunda abordagem consiste na preparacédo de substancias de baixa
massa molecular a partir de macromoléculas de lignina. No entanto, apesar de
numerosos estudos, a producao de produtos de baixa massa molecular a partir
da lignina ainda utilizada é pouco explorada. Apenas a vanilina é produzida
comercialmente a partir da lignina, porém o rendimento ainda € baixo, esta na
faixa de 6-12% (WALTON et al. 2003). Portanto, o presente estudo visa dar uma
contribui¢cdo importante e abrangente para melhor compreender os mecanismos
por tras desse processo utilizando os ESs, a fim de fornecer novas descobertas

sobre as vias de despolimerizag&o da lignina.

4.10. COSMO-RS

Sao muitos os componentes quimicos e inUmeras as combinagdes que
podem ser utilizadas para preparar os ESs, ou seja, as propriedades de tais
sistemas podem ser ajustadas para aplicagdes especificas (DAl et al., 2015).

Devido ao grande numero de combinagdes diferentes de HBA e HBD que
podem dar origem a um ES, uma ferramenta computacional rapida e precisa,
pode ser util para prever o poder de dissolucdo das combinag¢des de HBA:HBD
em misturas com as fragées da biomassa lignocelulésica.

Essa ferramenta € relevante para diversas areas da pesquisa,
principalmente considerando o recente estimulo a quimica verde na modificagéo
de biopolimeros como meio de bioprocessamento, especialmente como um
método de pré-tratamento para aprimorar a sacarificagao enzimatica da celulose
e a valorizag&o da lignina.

Frente ao exposto, o uso do COSMO-RS (COductor-like Screening MOdel
for Real Solvents), um método preditivo capaz de prever as propriedades
termodinamicas de misturas com base em calculos quimicos quanticos
unimoleculares para as moléculas individuais (Klamt et al, 2000), pode ser util

para se encontrar a combinag¢ao mais promissora de HBD e HBA. O COSMO-
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RS combina a quimica quéntica, com base no modelo de continuagéo dielétrico
conhecido como COSMO (COnductor-like Screening MOdel), com ciclos
iterativos de termodindmica estatistica para reduzir a termodinamica da mistura
a interacdo de uma mistura de segmentos de superficie individuais
(determinacdo do potencial quimico) e pode prever o potencial quimico de
compostos individuais em misturas liquidas (KLAMT et al., 2000).

De acordo com a literatura o COSMO-RS se mostra adequado para prever
propriedades dos sistemas de LIls e ESs, além de prever a solubilidade de
diversas biomoléculas em ESs (DIEDENHOFEN E KLAMT, 2010; JELINSKI et
al., 2017; AISSAOQUI et al., 2017; ZAINAL-ABIDIN et al. 2017; JELINSKI et al.,
2018; WOJEICCHOWSKI et al., 2020). Dessa forma, o COSMO-RS pode ser
usado para realizar triagens computacionais preliminares para selecionar os ESs
mais promissores que, em uma segunda etapa, podem ser testados em
laboratério como solventes da lignina. Uma caracteristica importante é que as
diferentes interagcdes intermoleculares (forgas eletrostaticas, ligagdes de
hidrogénio e forgcas de van der Waals) entre os componentes da mistura podem
ser quantificadas pelo COSMO-RS, contribuindo para a sele¢cédo racional dos
ESs com caracteristicas aprimoradas para aplicagdes especificas (NAVAS et al.,
2010).

Neste trabalho, foram determinados o coeficiente de atividade a diluigao
infinita de cada espécie na solucao resultante das interagdes entre uma molécula
modelo de lignina e as moléculas dos ESs, bem como suas solu¢des aquosas.
O coeficiente de atividade a diluigao infinita foi utilizado como parametro de
comparagao, uma vez que o coeficiente de atividade a dilui¢cao infinita de uma
espécie é frequentemente considerado como uma medida qualitativa do poder
de dissolugao desta espécie em um solvente (AISSAOUI AND ALNASHEF,
2017; BALAJl et al., 2012; JIA et al., 2010) e esse parametro ja foi utilizado com
eficiéncia em outros estudos (DIEDENHOFEN E KLAMT, 2010; JELINSKI et al.,
2018).

Esse método, por ser preditivo, oferece importantes vantagens
econdmicas e ambientais, acelerando o procedimento de triagem. Uma vez que
€ possivel estabelecer uma classificagao aproximada do potencial de dissolugao
dos ESs e assim escolher os mais promissores para testes experimentais,
reduzindo as quantidades de produtos quimicos e energia usados durante o



processo de selecdo do solvente ideal.

45



46

CAPITULO 5 —- MATERIAL E METODOS

5. MATERIAL E METODOS

Neste capitulo sdao apresentadas a estratégia de acéo, as descrigdes dos
reagentes bem como as metodologias usadas para o desenvolvimento deste

trabalho.

5.1. ESTRATEGIA DE ACAO

A Figura 8 resume as 3 principais etapas da estratégia de acao deste

projeto, sendo estas etapas detalhadas na Figura 9.

Figura 8 — Diagrama de blocos da estratégia de agao: visdo geral do trabalho.

: Etapa 1
Potencial de :
Dissolucdo dos ES. (Capitulo 6)

s

Obteng&o de dados de solubilidade de thpa 2
| lignina Kraft nos ESs e suas solugdes |  (Capitulo 7)
‘ aquosas. ‘
Etapa 3

Valorizacao da lignina (Kraft e z
Organosolv) utilizando os ESs.] (Capitulo 8)

(Acervo pessoal)

Inicialmente foi realizado um estudo sobre do potencial dos ESs de
dissolver celulose, xilose e lignina. Foram preparados 6 diferentes ESs
compostos por cloreto de colina e ureia, ou acido oxalico, ou glicerol, ou

etilenoglicol, ou 1,3-propanodiol ou &cido latico e realizado os ensaios de
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dissolucéao utilizando a técnica de microscopia 6ptica com e sem luz polarizada
(Etapa 1 — Capitulo 6).

Figura 9 - Diagrama de blocos da estratégia de acdo: visdo detalhada do
trabalho.

SOICHES MORIOS === mmmmmmm e e
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' Ho o > Non ﬁ)}\ Etapa 1
H OH OH 5
Biomassa Xilose , (Capitulo 6)

Lignocelulosica

E “ )]\ \/K/ HO/\/OH E
' HO OH :
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Solubilidade \
o
Efeito 9 l HO/\/O" oo N
-HBD ” " s L L S S OH
- Concentracdo ES AR e l— oH thpa 2
- Razdo HBD/HBA | | o | Ho on (Capitulo 7)
o OH
HO. 0 HO. “ /\/\/0“
‘ - ~F o " Sou OH HO
HO/\/N‘\ U 9 i foom o NN o
o X" NoH J\ J NN
k o~ " Sou  HO

- Agente de co-despolimerizago (Capitulo 8)
05
Vo Lignina
- H,S0,
= Organosolv

Despolimerizacdo
o
Efeito Lignina Kraft
- Tempo de reacio -HO Etapa 3
OH
o)

(Acervo pessoal).

A segunda etapa compreendeu um estudo mais detalhado sobre a
solubilidade da lignina Kraft em diversos ESs (combinagdes de cloreto de colina
e polidis ou acido carboxilicos) e suas solugdes aquosas. Nesta etapa foram
avaliados o efeito do tipo do HBD, do tamanho da cadeia carbdnica do HBD e da
concentragado do ES na solubilidade da lignina (Etapa 2 — Capitulo 7). Os dados
de solubilidade obtidos experimentalmente foram comparados com os resultados
obtidos com a modelagem termodindmica utilizando o modelo COSMO-RS.
Também nessa etapa foi realizado em estudo detalhado das modificagdes que
podem ocorrer na estrutura da lignina apdés a solubilizagdo nos ESs em
temperatura elevada (120 °C). Os resultados dessa etapa permitiram separar os
ESs em dois grupos, os derivatizantes e os nao-derivatizantes.

Em seguida, apds a separagéo dos solventes em derivatizantes e em nao-
derivatizantes, foi selecionado do primeiro grupo, o ES mais adequado para ser

utilizado com solvente despolimerizador da lignina (Kraft e Organossolve).
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Iniciou-se, enté&o, a terceira etapa (Etapa 3 — Capitulo 8) que consistiu no estudo
da despolimerizagdo da lignina, bem como a identificagcdo de possiveis
compostos gerados apds essa reagao. Nesta etapa também foram estudados os

mecanismos de despolimerizagdo da lignina em meio oxidativo e em meio acido.

5.2.MATERIAL

Os reagentes utilizados para a preparagdao dos ESs e os solventes
utilizados neste trabalho, assim como as suas massas molares, purezas e

fornecedor sdo apresentados na Tabela 4.

Tabela 4 - Substancias usadas neste trabalho, juntamente com seu numero CAS,
massa molecular, pureza e fornecedor.

Numero MM/g Purezal/

Substancia CAS mol  (m/m) % Fornecedor
Cloreto de Colina ([Ch]CI) 67-48-1 139,62 98,0  Acros Organics
Glicerol (GLY) 56-81-5 92,09 99,0  Acros Organics
Etilenoglicol (EGLY) 107-21-1 62,07 99,0 Fluka
Propano-1,3-diol (PROP) 504-63-2 76,10 98,0 Sigma
Butano-1,4-diol (BUT) 110-63-4 90,12 99,0  Alfa Aesar
Pentano-1,5-diol (PENT) 111-29-5 104,15 97,0  Alfa Aesar
Hexano-1,6-diol (HEXA) 629-11-8 118,16 97,0  Aldrich
Ureia (UREA) 57-13-6 60,06 99,0 Panreac
L(+)- Acido Latico (LacA) 79-33-4 90,08 92,0 Riedel de Haen
Acido Oxalico (OxaA) 144-62-7 90,03 99,5 Merck
DL — Acido Malico (MaliA) 617-48-1 134,09 99,5 Panreac
DL-Acido Malénico (MaloA) 141-82-2 104,06 >98,0 Fluka
Acido Maléico (MaleA) 110-16-7 116,07 99,0 Panreac
Dimetilsulféxido (DMSO) 67-68-5 78313 99,0 Dinamica
Metilisobutilcetona (MIBK) 108-10-4 100,16 99,0 Sigma-Aldrich

Peréxido de Hidrogénio 30%  722-84-1 34,10 99,0 Merck

(Acervo Pessoal)

As fragcdes da biomassa (ou seus monémeros) estdo apresentados na
Tabela 5, assim como numero CAS, a pureza, estado fisico e fornecedores.
Todos os reagentes foram utilizados sem qualquer preparagao ou purificagdo

prévia.
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Tabela 5 - Componentes modelo da biomassa utilizados neste trabalho.

Composto CAS Pureza Estado Fisico Fornecedor
a-celulose 0004-34-6 >99% obranco s Aldrich
(fibras)

Celulose Microcristalina  9004-34-6  >99% (Pcfi;g’};‘co Sigma-Aldrich
D-(+)-xilqse 58-86-6 299%  Po6 branco Sigma-Aldrich
Lignina Alcali 8068-05-1 >96% P46 marrom Sigma-Aldrich
Lignina Kraft ) o . Suzano Papel
(Eucalyptus urograndis) >95% PG marrom & Celulose
Lignina Organossolve Fraunhofer-

_ 0, A
(Fagus) >95%  Pomarrom o elischaft

(Acervo Pessoal)

5.3.PREPARACAO DOS SOLVENTES EUTETICOS (ESs)

Os ESs foram preparados misturando-se cloreto de colina com os HBDs
em diferentes proporcdes molares conforme descrito na Tabela 6. A mistura em
diferentes proporcoes foi feita para verificar a influéncia da razdo molar
HBA/HBD na solubilizagdo da lignina. Para preparagéo dos ESs foi utilizado a
metodologia de aquecimento brando (60°C) (ABBOTT et al., 2003; SMITH;
ABBOTT; RYDER, 2014).

A mistura dos dois componentes (HBD e HBA) foi colocada em um frasco
de vidro selado com uma barra de agitagdo magnética e aquecida em banho de
parafina a 60 + 0,01°C com agitagdo constante (200 rpm) por cerca de 2 horas
ou até a obtencdo de um liquido limpido e incolor sem a presencga de solidos.
Apds a formacéao do liquido, a mistura foi mantida a essa temperatura por cerca
de uma hora antes de retornar a temperatura ambiente. Apds a preparacéo, os
ESs foram acondicionados dentro de um dessecador para evitar a incorporagao
de agua.

O teor final de agua foi medido através de um Karl Fischer (Metrohm 831
Karl Fischer), e as solugdes aquosas de ESs foram preparadas considerando o
teor de umidade medido no Karl Fischer.



Tabela 6 - ES utilizados neste trabalho: estruturas quimicas dos HBA, HBDs,

abreviatura e razdo molar.

HBA HBD ES Razdo (HBA:
HBD)
Poliois
OH
HO\)\/OH [Ch]CI:GLY 2:1;1:1;1:2
Glicerol
OH
o N [Ch]CI:EGLY 2:1:1:1;1:2
Etilenoglicol
NN
HO . OH [Ch]Cl:PROP 1:2
1,3-propanodiol
SN
HO _ [Ch]CI:BUT 1:2
1,4-butanodiol
/\/\/\ . .
Ho 1. 5-pentanodiol OH [Ch]CI:PENT 1:2
/\/\/\/OH
HO ) [Ch]CI:HEXA 1:1;1:2
1,6-hexanodiol
Acidos Carboxilicos
[0}
HO.
/\/|L+/ \HJ\OH [Ch]Cl:OxaA 2:1;1:1;1:2
HO ™~ o
CI Aci 1
cido Oxalico
Cloreto de Colina o
HO
OH [Ch]Cl:MaliA 1:1;1:2
[e] i OH
Acido Malico
(o] (o]
M [Ch]Cl:MaloA 2:1;1:1;1:2
HO OH
Acido Malénico
HO. (0]
(o]
N [Ch]Cl:MaleA 2:1;1:1;1:2
OH
Acido Maleico
Referéncia
0
ﬁ)}\w [Ch]Cl:LacA 2:1;1:1;1:2
OH
Acido Latico

(Acervo Pessoal)

5.4.CARACTERIZACAO DOS ES
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Apos a preparagéo dos ESs, eles foram caracterizados pelas técnicas de
termogravimetria (TGA) e espectroscopia de infravermelho (FT-IR).
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5.4.1. Espectroscopia de infravermelho com transformada de Fourier (FT-
IR)

As analises de espectroscopia na regidao de infravermelho foram feitas
utilizando um Espectrofotdmetro Perkin Elmer (Spectrum BX), equipado com
uma célula cristal de diamante ATR (Reflectancia Atenuada Total) com feixe
unico horizontal. Espectros foram obtidos utilizando 32 scans e resolucéo de 4

cm™', e o nimero de onda entre 4000 cm™ e 600 cm™".

5.4.2. Termogravimetria (TGA)

As temperaturas de decomposigao térmica dos ESs foram determinadas
por um TGA/DSC Mettler Toledo (Schwerzenbach, Suiga). O equipamento foi
aquecido a uma taxa de 10 °C.min"' em uma faixa de temperatura de 30 - 500°C.
Aproximadamente 5 mg das amostras foram cuidadosamente colocadas em um
cadinho de aluminio e as amostras foram analisadas em atmosfera de nitrogénio

usando uma vazao de 50 ml. min'.

5.5.CARACTERIZACAO DA LIGNINA KRAFT

5.5.1. Espetroscopia de infravermelho por transformada de Fourier (FT-
IR)

As analises de FT-IR da lignina Kraft e da lignina obtida apds o tratamento
com os ESs foram conduzidas em um Espectrofotbmetro Perkin Elmer
(Spectrum BX), equipado com uma célula cristal de diamante ATR (Reflectancia
Atenuada Total) com feixe unico horizontal. Os espectros foram obtidos entre

4000 cm™' e 400 cm-" utilizando 32 scans com resolugédo de 4 cm™.

5.5.2. RMN HSQC (Correlagao quéntica unica heteronuclear)

Aproximadamente 60 mg de lignina Kraft nativa® ou recuperada foram
cuidadosamente misturados em 500 pL de DMSO-d6. Apds dissolucao
completa, a solucao resultante foi transferida para um tubo de RMN. As analises

de ressonancia magnética nuclear HSQC foram feitas em um espectrémetro

5 Material precipitado do licor negro gerado no processo Kraft. A precipitagdo foi induzida pela
adicao de dioxido de carbono.
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Bruker (AVANCE) com frequéncia de 500 MHz. O espectrometro € equipado com
gradiente inverso 5 mm TXI "H/**C/'5N crioprobe.

As correlagdes entre os espectros "H-"*C foram medidas com o programa
Bruker pulso padrao: “hsqcetgpshi” seguido de correlagdo 2D H-1/X através de
dupla transferéncia pulso (trim pulses), e selecdo do gradiente Echo/Antiecho-
TPPI para melhoria da sensitividade da fase, com dissociacdo durante a
aquisicao dos dados. Os picos quimicos foram referenciados com relagao ao
pico central do DMSO (6C 39.5 ppm, dH 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 resolugao e delay de reciclo de 1,5 segundos. Para as analises semi-
quantitativas, a correcao da linha base e de fase foram feitas em todo o espectro
HSQC.

5.5.3. Analise Elementar

Os teores de carbono, hidrogénio, nitrogénio e enxofre da lignina nativa e
recuperada foram determinados através da técnica de analise elementar. Os
ensaios foram realizados no equipamento Elementary Determiner Truspec série
630 (Michigan, EUA). O teor de cinzas foi determinado de acordo com o
procedimento NREL/TP-510-42622 (A. SLUITER et al., 2005). Esse método
abrange a determinagao de cinzas, expressa como a porcentagem de residuo
restante apds a oxidagao a seco entre 550 e 600°C. O conteudo de oxigénio foi
determinado pela diferenca dos elementos determinados pela analise elementar

e pela analise de cinzas.

5.5.4. Termogravimetria (TGA)

Os dados de decomposicdo foram obtidos em um analisador
termogravimétrico diferencial (TGA-50 Shimadzu). A temperatura onsef® e a
temperatura de decomposicao térmica das amostras foram determinados. O
equipamento foi aquecido a uma taxa de 10 °C.min"" em uma faixa de

temperatura de 30 a 700°C. Aproximadamente 5 mg das amostras foram

6 A temperatura onset corresponde ao inicio extrapolado do evento térmico. Na pratica é utilizada
nas analises das curvas, uma vez que € mais facilmente determinada do que a temperatura
inicial.
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colocadas em um cadinho de aluminio e as amostras foram analisadas sob um

fluxo de nitrogénio gasoso a uma taxa de 50 mL.min".

5.5.5. GC-MS (Cromatografia gasosa acoplada a espectrometria de

massa)

A cromatografia gasosa com espectrometro de massa (GC-MS),
conhecida também como detector seletivo de massas foi utilizada para analise
de concentragdes muito baixas além de fornecer as massas molares e os
padrdes de fragmentagao dos compostos a serem identificados.

As amostras obtidas apds a despolimerizagao da lignina foram analisadas
em um cromatégrafo gasoso com espectrdmetro de massa acoplado Shimadzu
QP2010 Ultra equipado com um amostrador automatico AOC-20i e filtro de
massa quadrupolo de alta performance. Foi usado para a separagdo dos
produtos uma coluna DB-5 ms (30 m de comprimento, 0,25 mm de didmetro
interno (ID do inglés internal Diameter) e 0,25 um de espessura de filme) com
hélio como gas de arraste com fluxo de 40 cm3.s-1. As condigbes cromatograficas
utilizadas foram as seguintes: isotérmica a 80 °C por 5 min, seguida de uma
rampa de 80 a 250 °C (8 °C min™'), e depois uma rampa de 250 a 300 °C (4 °C
min-'). Em seguida manteve-se isotérmico a 300 °C por 5 min; temperatura do
injetor de 320 °C; e raz&o de separagao (split ratio) igual a 1:10.

O espectrédmetro de massa foi operado no modo de impacto de elétrons
com uma energia de impacto de 70 eV e os dados foram coletados a uma taxa
de 1 scan por segundo em um intervalo de 50-1000 (m.z'). A fonte de ions foi
mantida a 200 °C e a temperatura de interface a 300 °C (DA COSTA LOPES et
al., 2020).

5.5.6. Cromatografia de permeacgao em gel (GPC/SEC)

A cromatografia de permeacdo em gel (GPC) das amostras de lignina
acetiladas foi feita em um sistema cromatografico de exclusdo por tamanho
equipado com um detector de UV ajustado a 280 nm. As analises foram
realizadas a temperatura ambiente utilizando tetraidrofurano (THF) como eluente
a uma taxa de fluxo de 1 cm3.min'. Foram injetadas cerca de 100 pL de cada

amostra dissolvida em THF (em uma concentragdo aproximada de 1,5 mg.cm3)
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em uma coluna GPC do tipo PLgel 3 um MIXED E 7,5 x 300 mm. As
especificacdes da coluna permitem a separagao de massas moleculares de até
3,0.10* g.mol'. O sistema cromatografico foi calibrado com padrées de
poliestireno e os dados cromatograficos foram processados com o software
WinSPC PSS (Polymer Standards Service).

5.6.EXPERIMENTOS DE DISSOLUGAO E SOLUBILIDADE

5.6.1. Experimentos de dissolugcdo de a-celulose, celulose

microcristalina, xilose e lignina alcali utilizando microscopia optica

A dissolugdo de a-celulose, celulose microcristalina (MCC do inglés
microcristaline cellulose), lignina alcali e xilose em ES foi estudada através da
implementagdo de um método baseado em microscopia optica (ANDANSON et
al., 2014). O procedimento experimental consiste em preparar uma suspensao
de ES/soluto, aproximadamente 500 mg. Posteriormente esta solugdo é
vigorosamente agitada e, cerca de 50 mg (uma gota), séo transferidos para uma
lamina de vidro concavo que é entédo colocada na placa de aquecimento (Linkam
LTS420, Reino Unido) do microscépio optico (Leica DM2700M, Alemanha) pré-
aquecido a 30 °C conforme o desenho esquematico apresentado na

Figura 10. A amostra foi aquecida de 30 a 100 °C a uma taxa 1,0 °C.min"
' e uma imagem com aumento de 50 vezes foi capturada a cada minuto.

A diluicdo das amostras de celulose e xilose foram monitoradas no proprio
microscopio (POM) usando dois filtros polarizadores, que sdo especificamente
sensiveis a esses solutos. O fundo escuro das imagens do microscopio € o ES
liquido, enquanto a celulose e a xilose se comportam como materiais
birrefringentes. Quando colocados entre duas lentes polarizadas, ambos os
solutos sao iluminados e ficam coloridos. Quando e se os solutos se dissolverem
no ES, as areas brilhantes diminuirdo com o passar do tempo ao longo do
experimento.

Nos experimentos de dissolugdo da lignina, foi utilizada microscopia
optica sem lentes polarizadas, uma vez que a lignina ndo é sensivel a luz
polarizada. Nesta configuragao, a lignina é observada como manchas escuras
nas imagens do microscopio, enquanto as areas de luz correspondem a fase

liquida do ES. Durante o experimento, o fundo se torna avermelhado como



55

consequéncia da dissolu¢do da lignina no ES.
A composigao geral da massa usada nesta etapa do trabalho é dada pela

equacao 5.1:

m
% em massa = 100 ——2e (5.1)
MsolutotMES

Figura 10 — Esquema do experimento de dissolugdo de a-celulose, celulose
microcristalina, xilose e lignina alcali utilizando microscopia optica com ou sem
luz polarizada.

Agitacao Vigorosa
Celulose

Solvente eutético

(Acervo Pessoal)

5.6.2. Ensaios de solubilidade e dissolugado de lignina Kraft utilizando
placa de aquecimento

Excesso de lignina Kraft (cerca de 1,2 g) foi adicionada a 2,0 + 0,01 g de
solucdo aquosa de ES. Os frascos foram selados e colocados em um suporte de
aluminio sobre um agitador magnético com aquecimento que permitia a agitagéo
e controle da temperatura através de um sensor de temperatura Pt1000 (HO3D
Series from LBX Instruments).

Os ensaios de solubilidade foram realizados a temperatura constante de
40 °C e agitacao de 150-200 rpm. Apds atingir a saturacao (entre 24 e 72 h), as
amostras foram filtradas utilizando filtros seringa PTFE (0,45 um de tamanho de
poro), permitindo a separagao da lignina insoluvel da fase liquida (ES + lignina
dissolvida) conforme ilustrado no esquema da Figura 11.
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No passo seguinte, a fase liquida, foi diluida com dimetilsulféxido
(99,98%, Fischer Scientific, EUA) e a concentracdo de lignina dissolvida foi
quantificada por espectroscopia UV (Synergy HTX Multi-Mode Reader da BioTek
Instruments) no comprimento de onda de 280 nm. A determinagdo quantitativa
foi feita com auxilio de curvas de calibracdo com misturas de diferentes ESs e
quantidade de lignina conhecida dissolvidas em dimetilsulfoxido. Todos os
experimentos foram feitos, pelo menos, em duplicata, e os resultados foram

expressos como médias dos experimentos (com desvio menor que 5%).

Figura 11 - Esquema do experimento de solubilidade da lignina Kraft.

Lignina Kraft ! Solvente eutético ' MSO
280 nm
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5.6.3. Ensaios do Tratamento térmico da lignina Kraft

Uma amostra de lignina Kraft (600 mg) foi adicionada a 3,00 £ 0,01 g de
ES (5% em peso de conteudo de agua) em um reator de tubo de vidro com uma
barra de agitacdo. Os tubos foram selados e colocados no Radleys Carousel
Tech (Radleys, Reino Unido) por 6 h a 120 °C e mantidos sob agitagéo. Apds o
tratamento, 15 mL de agua destilada fria (10 °C) foram adicionados a solugao
resultante e misturados em um agitador vortex (VWR international Reax Top)
para promover a precipitacdo da lignina. A solugéo foi entdo introduzida em um

banho de gelo para aumentar a eficiéncia da precipitagdo. A lignina precipitada
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foi filtrada por vacuo e lavada com agua destilada (200 mL) para assegurar a
remogao de ES. O sdlido obtido foi seco em estufa a 40 °C até se atingir peso
constante e a quantidade de lignina precipitada foi determinada
gravimetricamente. Um experimento em branco usando agua foi feito nas

mesmas condicoes.

5.6.4. Ensaios de despolimerizacéo da lignina Kraft e Organossolve

A lignina Kraft e a lignina Organossolve’ foram despolimerizadas em
reatores de vidro hermeticamente fechados, com agitagdo magnética e com
controle de temperatura.

A despolimerizacéo foi realizada utilizando o ES formado por cloreto de
colina e acido oxalico, identificado como o ES mais reativo no estudo 2 (capitulo
7), além de misturas deste ES com perdxido de hidrogénio e com acido sulfurico,
a fim de avaliar o efeito da presenca destes compostos na reacdo de
despolimerizacdo. O ES composto por cloreto de colina e acido oxalico foi
escolhido porque na etapa de tratamento térmico da lignina, esse ES foi o que
apresentou maior capacidade de modificagédo estrutural da lignina.

Nestes ensaios, foram misturados cerca de 300 mg de lignina com 6
gramas de ES, de modo a garantir a solubilizagdo completa da lignina. Os
ensaios foram conduzidos em 3 tempos diferente (1, 3 e 6 h) na temperatura de
80 °C. Apds o término da reagao, foram adicionados 20 ml de agua destilada
gelada (10 °C) para separagao da lignina conforme descrito na secgéo 5.6.3. A
lignina recuperada foi gravimétricamente quantificada e foi feita uma extragcéo
liquido-liquido da fase aquosa resultante utilizando um solvente orgéanico
(Metilisobutilcetona - MIBK) conforme reportado na literatura (Jia et al., 2010). O
processo de extragao liquido-liquido teve como objetivo transferir da fase aquosa
para a fase organica a maior parte dos possiveis compostos formados apos a
reacao de despolimerizagao, com o objetivo de concentrar estas amostras como
ilustrado na Figura 12.

As amostras da fase orgénica foram secas em um concentrador de
amostras a vacuo (miVac Duo Plus Package, Genecav, Londres) e depois
redissolvidas em tetraidrofurano (THF) para serem analisadas no CG-MS e GPC.

7 Organossolve € um processo que utiliza uma mistura de solvente organico e agua, em elevadas
temperaturas, para a remogao da hemicelulose e da lignina da biomassa lignoceluldsica.
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Figura 12 - Esquema do experimento de despolimerizagéo da lignina.
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5.6.5. Metodologia computacional COSMO-RS.

Neste estudo, o coeficiente de atividade da lignina a diluicdo infinita nos
ESs foi calculado usando o modelo COSMO-RS. A metodologia computacional
COSMO-RS consiste em criar uma superficie discreta em torno de cada
molécula, imersa em um condutor virtual ideal. Cada um dos segmentos de
superficie criados pode ser caracterizado por sua area e sua densidade de carga.
Trés contribuicbes desempenham um papel importante no calculo da energia
total de interagao entre espécies, sao eles o de ligagdo de hidrogénio, desajuste
eletrostatico e interagdes de van der Waals.

Esta etapa incluiu uma otimizagdo completa da geometria dos ESs (HBA
e HBD separadamente) e da molécula modelo de lignina usando o BP funcional
com o conjunto de bases def-TZVPD, seguido de calculos de ponto unico usando
o conjunto de bases def-TZPVD, conforme disponivel no TmoleX versao 4.4.1.
Esses calculos produziram perfis sigma que foram usados para modelar as
moléculas no estado liquido. As propriedades termodindmicas finais foram
calculadas usando o conjunto de parametrizagao BP_TZVP_18 disponivel no
software COSMOthermX 18 (COSMOlogic, 2018).
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Com esta abordagem, foi possivel verificar o potencial de solubilizagao da
lignina em diversos ESs. Como sabemos, para qualquer composto, sua
solubilidade em um solvente é inversamente proporcional ao seu coeficiente de
atividade no sistema. Como tal, o COSMO-RS foi usado para prever o coeficiente
de atividade de uma molécula modelo de lignina (Veratrilglicerol-3-guaiacil éter)
em 1584 ESs a 40 ° C e diluigao infinita.



PARTE 2

RESULTADOS E DISCUSAO

60



61

Objetivos do Capitulo 6

No Capitulo 6 da-se inicio a apresentagao dos resultados obtidos durante
o desenvolvimento deste trabalho. Neste capitulo foram exploradas as
habilidades de seis ESs de dissolver celulose, xilose (um mondémero das
hemiceluloses) e lignina.

Para isso, foi utilizada a técnica de microscopia Optica com e sem luz
polarizada em conjunto com o aquecimento controlado da amostra. Com este
estudo foi possivel confirmar o potencial dos ESs em dissolver seletivamente a
lignina e preservar a celulose, além de verificar a influéncia do HBD na

capacidade dos ESs de dissolver as fragdes da biomassa lignocelulésica.
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CAPITULO 6 — Fast and efficient method to evaluate the potential

of eutectic solvents to dissolve lignocellulosic components
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Abstract: The application of eutectic solvents (ESs) in lignocellulosic biomass fractionation has been
demonstrated as a promising approach to accomplish efficient and environmentally friendly biomass
valorization. In general, ESs are a combination of two components, a hydrogen-bonding donor
and a hydrogen-bonding acceptor, in which the melting point of the mixture is lower than that
of the individual components. Howevert, there are plenty of possible combinations to form ESs
with the potential to apply in biomass processing. Therefore, the development of fast and effective
screening methods to find combinations capable to dissolve the main biomass components—namely
cellulose, hemicelluloses, and lignin—is highly required. An accurate and simple technique based on
optical microscopy with or without polarized lenses was used in this study to quickly screen and
monitor the dissolution of cellulose, xylose (a monomer of hemicelluloses), and lignin in several
ESs. The dissolution of these solutes were investigated in different choline-chloride-based ESs
(ChCLUREA, ChCLPROP, ChCLEtGLY, ChCL:OXA, ChCLGLY, ChCL.LAC). Small amounts of solute
and solvent with temperature control were applied and the dissolution process was monitored in real
time. The results obtained in this study showed that cellulose was insoluble in these ESs, while lignin
and xylose were progressively dissolved.

Keywords: optical microscopy; eutectic solvents; dissolution; cellulose; xylose; lignin; biomass

1. Introduction

Renewable resources such as lignocellulosic biomass have called the attention of the academic
and industry communities because of their availability, low cost, and biodegradability. The use of
lignocellulosic feedstock materials could lead to the development of more sustainable chemical processes
as an alternative to the current exploitation of fossil-based resources [1]. In order to achieve this goal,
the biorefinery concept which contemplates the fractionation and processing of lignocellulosic biomass
components and their subsequent transformation into biofuels, biobased materials, and added-value
chemicals should be promoted [2—4].

Lignocellulosic biomass is mostly composed of cellulose (35 wt%-50 wt%), hemicelluloses
(20 wt?%-35 wt%), and lignin (5 wt%-30 wt%) [5], which are strongly bounded into an intricate solid
matrix difficult to process and fractionate. Therefore, this recalcitrance should be overcome through the
engagement of thermochemical [6], biological [7,8], or chemical processing platforms [9,10], allowing
turther fractionation and conversion into desired products. However, conventional processes require
high temperature, non-ecofriendly solvents, and toxic and harmful reagents which directly impact
economic viability and contravene environmental guidelines [11]. In addition, the reaction conditions
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applied in some processes can lead to degradation and/or reconditioning of hemicelluloses and lignin
fractions, decreasing the sustainability of biomass exploitation [12].

Therefore, the development of environmentally safe processes for the dissolution and/or selective
extraction of cellulose, hemicelluloses, and lignin from lignocellulosic materials is highly pursued.
A promising alternative to achieve selective dissolution of these biopolymers is the application of eutectic
solvents (ESs). This novel class of solvents is mixtures composed of at least one hydrogen-bonding
acceptor (HBA) and one hydrogen-bonding donor (HBD) species, which establish stronger hydrogen
bonds than those present in corresponding precursors, leading to significant depression of the melting
temperature when compared to that of the individual compounds [13-16]. This example allows a
mixture of two solids to be liquid at room temperature and act as a solvent for different solutes.

ESs have been studied in the development of new chemical processes because of their low volatility
and good recyclability [14]. Furthermore, they can be prepared easily by a mild heating procedure,
which can reduce costs and avoid the formation of undesirable secondary components [17]. In addition,
ESs are easy to handle, since most of them do not form toxic substances when in contact with air and/or
water [18]. Their physical, chemical, and thermal properties can be tuned by changing their precursors
and their relative proportions, thus they are considered design solvents [19].

In recent years, the use of ESshas been reported in several research areas, such as electrodeposition [20],
nanotechnology [21], biodiesel purification [22], and drugs dissolution [23]. More recently, they have been
used in lignocellulosic biomass processing, including delignification, fractionation, and detoxification
processes [24-26]. Although several studies have reported success using ESs in the fractionation of
several biomass matrices, such as corn residues [27], corn straw [28], rice straw [29], woodchip [30],
corn cob [31], and algae [32], there is still limited knowledge about their ability to dissolve each
macromolecular component. There are some studies that focused on evaluating the dissolution ability
of ESs for individual biomass components [24,29,33-36] and understanding the key factors governing
the dissolution process [33,37-3Y]. For instance, Morais et al. [35] demonstrated that xylans can be
solubilized in aqueous solutions of ESs. As proof of concept, further extraction of hemicelluloses from
wood (Eucalyptus globulus) with a higher yield than that obtained with aqueous or alkaline solutions
was accomplished successfully. In addition, the solubility of lignin model compounds and technical

lignins (Organosolv and Kraft) in ESs and their aqueous solutions were studied by Soares et al. [33].

The authors showed that these solvents can act either as hydrotropes or as co-solvents [36] increasing
lignin solubility.
The application of ESs in the fractionation of lignocellulosic biomass is still in its infancy and the

screening of these solvents for the dissclution of each macromolecular component is highly required.

Nevertheless, there are uncountable combinations of HBAs and HBDs that can mediate the formation
of novel ESs that better dissolve one or another fraction of the biomass.

The use of COSMO-RS as a tool to verify the potential for dissolution of biomass fractions using
ionic liquids (ILs) [40,41] and ESs [42] is described in the literature. However, this procedure requires a
precise definition of the solvent and solute and needs validation at the laboratory bench. Therefore,
the development of quick screening techniques to choose new ESs for selective biomass dissolution is a
valuable contribution.

The macroscopic inspection of cellulose, hemicelluloses, and/or lignin dissolution in different
solvents has been reported broadly in the literature. For instance, this kind of approach was used by
Swatloski et al. [43] in the determination of cellulose solubility in several aprotic ionic liquids (AILs)
as well as by Pu et al. [44] in the screening of lignin dissolution in different ILs. However, this is a
time-consuming procedure to screen the dissolution of solutes in a wide range of solvents. In this
context, the use of optical microscopy to evaluate the dissolution process offers a quick response

and more sensitivity, especially to cellulose and hemicelluloses, due to their birefringent nature [45].

Zavrel et al. [46] successfully used an optical microscope without temperature control to monitor the
dissolution of cellulose in 1-ethyl-3-methylimidazolium acetate over time. In other work, Fitzpatrick
et al. [45] used an optical microscope with temperature control to screen the dissolution of cellulose
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and lignin in two imidazolium-based ILs. The researchers demonstrated that optical microscopy in
the presence or absence of cross-polarized lenses can be used for a fast screening and monitoring of
cellulose and/or lignin dissolution in a wide range of ILs and non-IL solvents, using small amounts of
solvent and solute. Similarly, Andanson et al. [47] studied the cellulose dissolution in ILs and mixtures
of ILs + dimethylsulfoxide from 30 to 100 °C using a synthetic phase equilibrium method based on
polarized optical microscopy (POM). The authors measured the brightness of the microscope images,
which was used to qualitatively assess the biopolymer dissolution process. More recently, Dias and
coworkers [48,49] evaluated the potential of protic ionic liquids (PILs) to dissolve major lignocellulosic
components using POM.

In this study, the dissolution of cellulose, alkaline lignin, and xylose (one of the main units in
hemicelluloses) in different ESs based on choline chloride (ChCLI:UREA (1:2), ChCL:PROP (1:2),
ChCLEtGLY (1:2), ChCL:OXA (1:1), ChCLGLY (1:2), ChCLLAC (1:2)) was investigated through
POM (cellulose and xylose) or simple optical microscopy (lignin), both with temperature control.
This methodology was used as a fast screening approach to rapidly evaluate the dissolution of those
solutes and their kinetics rather than performing a macroscopic observation.

2. Materials and Methods

2.1. Chemicals

Microcrystalline cellulose (MCC) Avicel® PH-101 (~50 um particle size, 299%), a-cellulose (powder,
>99%), lignin-alkali (>96%) and D-(+)-xylose (>99%) were purchased from Sigma-Aldrich (St. Louis,
MO, USA); ethylene glycol (299%) from Merck (Darmstadt, Germany), urea (>99%) and glycerol
(=99%) from Anidrol (Diadema, Brazil), 1,3-propanediol (=9%) from Acros (Geel, Belgium), oxalic acid
(=99%) from Scharlau (Barcelona, Spain). All these reactants were used as received. Lactic acid (=85%)
from Aldrich (Darmstadt, Germany) and choline chloride (=98%) from Sigma-Aldrich were previously
dried using rotary evaporator (60 °C and 70.0 Pa absolute pressure) for 24 h and maintained in a glass
desiccator with silica gel until its use. Table 1 presents the chemical structures of HBD and quaternary
ammonium salt (HBA) used to prepare the ESs.

2.2. Eutectic Solvents Preparation

According to Table 1, ESs were prepared in molar ratios of choline chloride to HBDs using a mild
heating procedure, i.e., the precursors were stirred at 60 °C for 2 h or until a homogeneous transparent
liquid was formed [14]. The ESs” water content was measured by Karl Fischer (Karl Fischer Titrino
Plus 848, Metrohm, Herisau, Switzerland) and ranged from 2 wt% to 5 wt% as reported in Table S1
(Supplementary Material—SM).

2.3. Thermogravimetric Analysis (TGA)

ES thermal decomposition temperatures were determined by a TGA/DSC Mettler Toledo
~!in a temperature
range of 30-500 °C. Approximately 5 mg of the samples were carefully placed in an aluminum pan

and the samples were analyzed under nitrogen atmosphere using a flow rate of 50 mL min~!.

(Schwerzenbach, Switzerland). The equipment was heated at a rate of 10 °C-min

2.4. Dissolution of Solutes by Polarized Optical Microscopy or Simple Optical Microscopy

The dissolution of MCC, x-cellulose, alkaline lignin, and xylose in ES was studied by implementing
a method based on optical microscopy [47]. The experimental procedure to observe the dissolution
process was similar to that reported by Andanson et al. [47]. First, an ES/solute suspension (500 mg)
was prepared by shaking vigorously. Afterward, approximately 50 mg suspension was dropped in a
glass coverslip that was laid down on the heating plate (Linkam LTS420, Surrey, UK) of the optical
microscope (Leica DM2700M, Wetzlar, Germany) preheated to 30.0 °C. The sample was heated from
30.0t0 100.0°C at 1.0 °C'min ! and an image (2048 x 1536 pixels) was captured at each minute.
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Table 1. The hydrogen-bonding acceptor (HBA) and hydrogen-bonding donor (HBD) precursors used
in this work to prepare eutectic solvents (ESs).

Quaternary Ammonium Hydrogen-Bonding : - g
Salt (HBA) Donors (HBD) HBA:HBD (mol) Abbreviation
/\/OH
HO 1.2 ChCLEtGLY
ethyleneglycol
OH
HO OH 1:2 ChCLGLY
glycerol
Ho/\/\OH 1:2 ChCLPROP

1,3-propanediol

o
|‘|sl“*/ )‘L
1:2 ChCL.UREA
. W HoN NH;

Ccr
choline chloride

urea

@]
\‘HLOH 1.2 ChCLLAC
OH

lactic acid

(@]
HO
OH 1:1 ChCLOXA
(@]

oxalic acid

The dissolution changes in cellulose and xylose were monitored by polarized optical microscopy
(POM) using two polarizing filters, which are specifically sensitive to these solutes. A dark background
appeared in the microscope images representing the ES as liquid phase, while cellulose and xylose
behaved as birefringent materials. When placed between two polarized lenses, both solutes were
illuminated. If the solutes dissolved in ES, the bright areas decrease over the experiment.

In lignin dissolution tests, optical microscopy without polarized lenses was used, since lignin
macromolecules are not sensitive to polarized light. In this configuration, the lignin was observed as
dark spots in the microscope images, while the light areas corresponded to the ES liquid phase. During
the experiment, the background became red as consequence of lignin dissolution in ES.

The overall mass composition used in this work is given by the following equation:

wt% = 100 * mgolge / (Msolute + 11ES) (1)
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2.5. Dissolution Kinetics of Xylose

The kinetics of xylose dissolution was also evaluated through Image Pro-Premier® software (v.9.2,
Media Cybernetics, Berkshire, UK), which allowed quantifying the area occupied by the crystals as
function of temperature increase and time course as follows:

Crystal area(%) = (areay/ areay)+100 (2)

where area; represents the total area of the crystals at selected time and areayy represents the total area
of the crystals at initial time.

Image-Pro Premier® software was also used for image processing to highlight points of interest
and allow optimization of the area filled by crystals. In some cases, fluctuations in the values of
total area of the crystals were observed and it can be attributed to gaseous bubbles (larger, rounded,
and darker particles) created during dissolution or to the overlapping of xylose crystals reducing the
image brightness and consequently the calculated crystal area.

3. Results

In order to avoid any misunderstanding concerning the nomenclature used in this work, it is
important to emphasize that the term “solubility” refers to the ability of a solvent to dissolve a solute under
spedific environmental conditions. Solubility is a thermodynamic process in which the system evolves to
reach a point of lowest Gibbs energy as the most stable thermodynamically [46]. Therefore, it is understood
as an equilibrium state, where the solute is dissolved by a solvent and is independent of the speed at which
the phenomenon takes place. On the other hand, the term “dissolution” concerns a kinetic process that is
not necessarily synonymous with solubility, since dissolution might be fast, but low amount of solute
could be dissolved. Bearing all this in mind, this last term was tackled in this study.

Before performing the dissolution experiments, the thermal stability of all ESs studied in this work
was determined. The results obtained with TGA (Figure 51) showed an ES mass loss between 100 and
150 °C. Therefore, the dissolution experiments were performed at temperatures lower than 100 °C to
assure no ES mass loss and consequently no solvent decomposition over time for a proper screening,.

3.1. a-cellulose and Microcrystalline Cellulose Dissolution

Dissolution of two cellulose standards, «-cellulose and microcrystalline cellulose (MCC),
was monitored in six different ESs (ChCl:UREA, ChCl:PROP, ChCLEtGLY, ChCl:OXA, ChCL:GLY,
ChCI:LAC) through the POM technique. Characteristicimages of the dissolution process with ChCL.GLY
and ChCl:UREA were captured at the initial temperature (30.0 °C) and at the final temperature (100.0°C),
as shown in Figure 1 as examples. The colored areas correspond to insoluble cellulose (solid), while the
dark space corresponds to the ES as a liquid phase. Images captured for other tested ESs are presented
in the SM (Figure 52).

The obtained results showed no significant change between 30.0 °C and 100 °C, i.e., the area
occupied by cellulose crystals/fibers remained practically unchanged during the dissolution process,
demonstrating that none of the studied ESs is able to dissolve a-cellulose or MCC (1% by weight)
under the analyzed conditions. In order to corroborate these results, a solution of 0.25 wt% o-cellulose
and a solution of 0.25 wt% MCC were kept under stirring for 48 h at 60 °C in a ChCL:GLY solution
(out of the microscope) to reach the equilibrium. After this time, samples were collected and observed
by POM. MCC and «-cellulose were clearly observed in the ChCLGLY solution after 48 h at 60 °C
(Figure S3), contirming the inability of ChCl:GLY to solubilize cellulose.

The low solubility of cellulose in most of the existing solvents relies on the strong intra- and
intermolecular interactions between cellulose chains that offer a high degree of crystallinity and
ordered conformation [50-52]. The dissolution of cellulose involves the disruption of that network of
interactions and replacement with new intermolecular bonds established by the solvent. In this sense,
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if the intermolecular forces of cellulose—cellulose interactions are bigger than that existing between
cellulose and solvent, no dissolution will be carried out [52-54].

ChCI:GLY (100 0°C)%. 1. N

Figure 1. Polarized optical microscope images of 1 wt% cellulose in ES at 1.0 °C-min~! (magnification
of 50x). MCC—microcrystalline cellulose.

In the literature, an extensive number of ionic liquids (ILs) have been reported to dissolve cellulose,
explained by their ability to disrupt the strong hydrogen bond network of cellulose mediated by both
cationic and anionic species of the solvent. In fact, the high hydrogen-bond basicity of the anion

(e.g., chloride and acetate) was referred to play a major role in the dissolution process [9,50,52,54-57].

In the case of ESs, the obtained results allowed us to conclude that selected ESs were not able to

break up the intra- and intermolecular network of cellulose and alter its crystalline arrangements.

This is also reported in other studies, which demonstrated that MCC and «-cellulose are poorly soluble
in ESs [19,24,58,59]. Recently, Abbott and his co-worker Hikkinen explained possible differences
between ESs” and ILs" abilities of cellulose dissolution [60]. The superior solubility of cellulose in
some ILs was correlated with their highly ordered structure. This allows for enhanced solubility of the
macromolecule in ILs as a consequence of a greater degree of disorder in the system, i.e., an entropy
gain. On the other hand, the lower order conformation of ESs hinders the entropy gain of the solvent,
resulting in lower cellulose solubility [61].

3.2. Alkaline Lignin Dissolution

Contrary to cellulose dissolution trials, the lignin dissolution in ES was evaluated by simple optical
microscopy, since no birefringence property is exhibited by lignin macromolecules. Figure 2 shows
the images captured during the alkaline lignin dissolution process in ChCLEtGLY and ChCLLAC
at a heating rate of 1 °C-min~!. The images presented in the first column (initial time—t0) show the
undissolved lignin as dark solid agglomerates and the yellowish areas exhibit the ES as a liquid
phase with traces of dissolved lignin. During the experiment, as the temperature increased the ES
phase became reddish due to the alkaline lignin dissolution. Consequently, the number of dark spots
substantially decreased (intermediate time between t1 and t2). The stronger tones of red were observed
only for solutions with high lignin mass fractions, for example at 25 wt%. Furthermore, some images
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presented abnormal remaining dark spots (marked with red circles in Figure 2) and were identified as
gaseous bubbles initially retained and released during the heating method [45,47]. The identification
of gaseous bubbles instead of lignin can be performed because of their round shape with a bright
circle in the middle, which is noticeably different from the lignin dark agglomerates observed at lower
temperatures. These bubbles were also observed by Fitzpatrick et al. [45] as well as reported in a
previous study using protic ILs to dissolve lignin [45].

ChCLE(GLY (t,) -5 wt%

ChCLEtGLY (t,) - 25wt% QChCLEtGLY (t;) - 25wt%: WChCLEtGLY (t;) - 25 wt%

Figure 2. Optical microscope images of 5 wt% and 25 wt% of alkaline lignin in ES at 1 °C-min™"
(magnification of 50x).

According to the images presented in Figure 2, ChCLEtGLY demonstrated a high ability for
alkaline lignin dissolution, while ChCI:LAC was less efficient. In addition to gaseous bubbles, this last
ES presented a large number of agglomerates (highlighted with the blue arrows in Figure 2) indicating
incomplete lignin dissolution. The images of alkaline lignin dissolutions with other ESs can be seen in
the SM (Figures S4 and S5).

Table 2 summarizes the temperature and time at which complete alkaline lignin dissolution was
achieved in each ES at ditferent lignin mass fractions. The ESs’ dissolution abilities can be organized in
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the following order: ChCLEtGLY > ChCl:OXA = ChCLI:LAC > ChCl:UREA > ChCL:GLY > ChCl:PROF.
A comparative graph between each ES and the temperature and time to achieve complete alkaline
lignin dissolution are presented in the SM (Figure S8).

Table 2. Temperature (and time) required to dissolve alkaline lignin completely in ES at different lignin
mass fractions. The samples were heated from 30 to 100 °C at 1 °C-min~1.

ES 5 wit% 10 wit% 15 wt% 20 wi% 25 wt%
T(C t(min) T(C) t(min) T(CC) t(min) TEC t(min) TECO  t(min)
ChCl:GLY 58.6 28.6 66.5 36.5 844 544 * * *

ChCLEtGLY 50.8 20.8 56.6 26.5 63.5 33.5 68.7 387 77.1 47.1

ChCLPROP 914 61.4

% ®

£ % % & N &

ChCLUREA 80.4 50.5 544 544 91.3 61.3 100 70 *
ChCLLAC 50.8 20.8 57.6 27.6 715 41.5 86.5 56.5 *
ChCLOXA 49.6 19.6 59.5 295 72.6 426 824 524 *

* not fully dissolved.

In general, the dissolution of lignin in a selvent involves disrupting 7i-rt stacking interactions
between lignin aromatic groups and establishing strong intermolecular hydrogen bonds with hydrogen
bond acceptor and donor groups (e.g., hydroxyl groups) in lignin structure [62,63]. In this context and
by taking a close look at the obtained data, it can be observed that the chemical structure of HBDs
plays an important role in alkaline lignin dissolution. Among examined ESs, ChCL:EtGLY exhibited the
best performance for alkaline lignin dissolution, especially at high lignin mass fractions. This could be
associated with the synergy between the small size and the two hydroxyl groups of EtGLY allowing
for higher diffusion and stronger ability to form hydrogen bonds with lignin than in the cases of LAC,
UREA, GLY, and PROPF. Melro et al. [64] and Soares et al. [33] also demonstrated that EtGLY as an HBD
has better lignin dissolution performance compared to simple alcohols, due to the presence of two HBD
sites. Although GLY presents one more hydroxyl group than EtGLY, the high viscosity of the former
might hinder the mass transfer during lignin dissolution decreasing the performance of ChCLGLY.

3.3. Xylose Dissolution

The xylose dissolution in ESs was studied by the POM technique and the obtained results with
ChCLUREA and ChCL:OXA are presented in Figure 3 as examples. More images of other ESs are
presented in the SM (Figures S6 and S7). In Figure 3, the clear area corresponds to undissolved xylose
crystals, which disappear over time, while the dark area represents the ES (liquid phase). The complete
dissolution is observed when no clear area is detected, or in other words, when the image is completely
dark. Two mass fractions of xylose (5 wt% and 25 wt%) were applied in the dissolution trials and it can
be observed that the higher the concentration of xylose, the higher the number of crystals visualized in
the images (Figure 3).

Considering the temperature of total dissolution of xylose in ES, i.e., when the obtained image is
completely dark, the efficiency of the tested ES to dissolve xylose can be evaluated. The temperatures
of the complete dissolution of xylose at initial mass fractions of 5 wt% and 25 wt% are shown in
Figure 4 (also in Table S2 in the SM). At 5 wt% xylose, the efficiency of the ESs can be ordered as
follows: ChClL:EtGLY (46.9 °C) > ChCl:PROP (57.7 °C) > ChCl:GLY (59.2 °C) = ChCL:UREA (59.6 °C)
> ChCL:OXA (61.5 °C) =» ChCIL:LAC (80.3 °C). However, at a higher xylose mass fraction (25 wt%),
a different trend was observed. ChCLl:UREA (83.3 °C) was the fastest ES to dissolve all xylose content,
while other ESs needed more time to reach the same point (between 90 and 100 °C). On the other hand,
ChCL:LAC did not achieve total xylose dissolution.
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ChCLUREA (t,) - 25 wt%

F

LOXA(t) -Swit% "hCl: A () -5 wt%

-

XA (t;) -25wt%

Figure 3. Polarized optical microscope images of 5 wt% and 25 wt% xylose in ES at 1 °Cmin™!
(magnification of 50x). ty represent the initial time, t; represent the intermediate time and t> the final time.

B xylose at 5 wit% [l Xylose at 25 wt%

100

90

80

70+

60

Temperature (°C)
Time (min)

50

40

30-

ChCLGLY ChCIEtGLYChCIIPROPChCEUREA ChCILAC ChCLOXA

ES

Figure 4. Temperature and time required for xylose full dissolution in ES. The samples were heated
from 30 to 100 °C, 1 °C-min~!. Full xylose dissolution was not observed.
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These intriguing results led us to go deeper into this analysis and the kinetics of xylose dissolution
in ESs at different xylose mass fractions were determined. In this sense, Image-Pro Premier® software
was used as a tool to determine the total area of the xylose crystals over the course of the dissolution
trials. This data allowed us to obtain the results depicted in Figure 5 showing the decrease of the
total area of xylose crystals as a function of temperature and time in each ES at different xylose mass

fractions (5 wt%, 10 wt%, 15 wt%, 20 wt%, and 25 wt%).
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Figure 5. Dissolution kinetics of xylose at different mass fractions (5 wt%, 10 wt%, 15 wt%, 20 wt%,
and 25 wt%) in ChCl:GLY, ChCLEtGLY, ChCl:PROP, ChCL:UREA, ChCLLAC, ChCL:OXA at 1°C-min~!
in a temperature range from 30 to 100 °C.

Surprisingly, the dissolution behavior of ESs demonstrated different trends depending on the
initial xylose mass fraction. At 5% xylose mass fraction, ESs prepared with alcohols (ChCL:EtGLY,
ChCl:GLY, ChCL:PROP) presented a fast xylose dissolution rate demonstrating the best performance
among all. However, when increasing the xylose mass fraction, these alcohol-based ESs exhibited
low xylose dissolution rates at initial stages evidenced by the plateau of the xylose crystal area
during the experiment (Figure 4). Only at high temperatures did the dissolution rate substantially
increase. For example, ChCLEtGLY at 25 wt% xylose mass fraction showed a low dissolution
rate (0.40 arca% min 1) up to 74 °C (44 min), in which around 25% of the crystals were dissolved.
After this point, the dissolution rate increased sharply (1.21 area% min~') and the remaining amount
of xylose crystals (about 75%) were completely dissolved in less than 25 min. Taking into account
the factors affecting the dissclution process, a decrease of the xylose surface area provided by the
higher amount of the carbohydrate in the system may have hindered the interactions with the solvent.
This explains the difficulty of those ESs to dissolve xylose at high mass fractions. Furthermore,
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a higher number of solute-solute interactions that are competing with those between solute and
solvent are expected to occur. However, this “resistance” to dissolve xylose was not the same for all
studied ESs. The xylose dissolution rates in carboxylic-acid-based ESs (ChCl:OXA and ChCLLAC) varied
depending on the xylose mass fractions, but the differences between those trends were lower than those
of alcohol-based ES. These differences were even lower for ChCI:UREA, which was quicker to achieve
complete carbohydrate dissolution at the highest xylose mass fraction (25 wt%). In systems where no
agitation was promoted, the dissolution was highly dependent on the ability of ESs to interact with the
carbohydrate (surface area) with temperature increase. Somehow, ChCL:UREA allowed better dispersion

of xylose crystals than other ESs surpassing the solute-solute interactions at high xylose mass fractions.

The high performance of ChCl:UREA for xylose dissolution in this study is in agreement with the results
reported by Morais et al. [38] reporting the highest xylan solubility in this ES.

Seeking to better understand the results obtained with the dissolution kinetics, the average mass
transfer coefficient (ke) of xylose in each of the different ESs was calculated using the methodology described
in the SM (Section S5). The obtained results are presented in Figure 6 and are expressed as pixel-s._1 ;

2,5x10°

I chcietGLY [l ChClGLY [ ] ChCI:PROP
/I chcl-oXA [ chClLAC|E ] ChCIUREA

2,0x10°

1,5x107° o

1,0x10° H

k. (pixel.s")

5,0x10%

0,0-

5 wi% 10 wi% 15 wi% 20 wi% 25 wi%
Xylose mass fraction

Figure 6. Mass transfer coefficient estimated for different ESs at initial xylose mass fractions of 5 wt%,
10 wit%, 15 wt%, 20 wit%, 25 wt%.

At first sight, the alcohol-based ESs at 5 wt% xylose presented the highest average mass transfer
coefficients. For instance, ChCL:EtGLY exhibited a ke value of 2.12 x 1073 pixel—s_l. On the other
hand, lower kc values were determined for carboxylic-acid-based ESs, namely 1.58 x 1073 and
952 x107* pixel-s_l for ChCl:OXA and ChCL:LAC, respectively. With increasing xylose mass fraction
in ESs, the calculated kc values displayed a decreasing trend (Figure 6). This behavior was more
pronounced in alcohol-based ESs. In the case of ChCI:PROP, a value of ke =145 x 1073 pixel- s7! was
determined at 5 wt% xylose, while at 25 wt% xylose a value of ke =1.41 x 10~ pixel-s‘l was found,
which represents a decrease of approximately an order of magnitude. In addition, the kc values for
ChCl:OXA decreased 2-fold between 5 wt% and 25 wt% xylose mass fraction in ES.

Regardless of the initial xylose mass fraction, the experiments with ChCI:UREA showed regular
values, i.e., the ke value determined for this ES at 5 wt% xylose (1.15 x 103 pixel-s~!) was similar to
that found at 25 wt% xylose (1.02 x 10> pixel:s~!). This supports the idea that mass transfer limitations
might be avoided when using ChCL:UREA as a solvent to dissolve xylose (and expectably xylan).

This data also led us to conclude that the HBD's chemical nature (alcohol, carboxylic acid,
or carbamide) of ES influenced the dissolution process of xylose. Therefore, the barrier found to
dissolve high amounts of xylose is not only governed by the competition of interactions between
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solute-solute and solute—solvent, but also by the chemical properties of the HBD, since the dissolution
behavior observed between the different groups of ESs was not similar.

4. Conclusions

A fast screening of cellulose, alkaline lignin, and xylose dissolutions in ChCI:UREA, ChCl:PROP,
ChCLEtGLY, ChCl:OXA, ChCL:GLY, ChCL.LAC was herein demonstrated by using an optical microscope
with or without polarized lenses. It is a versatile technique, requires small amounts of sample and
solvent, and the results are acquired quite fast. Two kinds of cellulose were used (ct-cellulose and
microcrystalline cellulose) and both demonstrated to be insoluble in examined ESs. Regarding the
alkaline lignin dissolution in our study, the ability of ESs can be ordered as follows: ChCL:EtGLY
> ChCL:OXA = ChCL:LAC > ChCLUREA > ChCL:GLY > ChCLPROP. The small size and the two
hydroxyl groups of EtGLY may enable strong interactions with lignin allowing high performance in
the dissolution process. In respect to xylose dissolution trials, although ChCI:EtGLY demonstrated the
fastest dissolution at 5 wt% xylose, this ES showed difficulties to dissolve higher mass fractions of
the carbohydrate, due to mass transfer limitations. In this context, ChCI:UREA was revealed to be a
better solvent for xylose by practically maintaining the dissolution performance with an increasing
carbohydrate mass fraction.

All these data give some insights into potential ESs that can be applied for biomass processing and
valorization. However, it is important to point out that these results serve as a preliminary evaluation,
since the capacity of these solvents to extract components, such as lignin and hemicelluloses (e.g,.,
xylans), from biomass relies not only on their dissolution ability, but also on their reactivity to cleave
covalent bonds existing between biomass macromolecular components.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/8/3358/s1,
Figure S1: Thermogravimetric analysis (TGA) thermograms of studied ES, Figure S2: Images obtained by polarized
optical microscopy of 1 wt% cellulose in ES at heating rate of 1 °C-min~! (magnification of 50x), Figure S3:
Polarized optical microscope images of 0.25 wt% MCC and «-cellulose suspension in ChCL:GLY at 60 °C after 48 h
of shaking (magnification of 50x), Figure S4: Images obtained by optical microscopy of 5 wt% and 25 wt% lignin
mass fractions in ES at heating rate of 1 °C-min~! (magnification of 50x), Figure S5: Images obtained by optical
microscopy of 5 wt% and 25 wt% lignin mass fractions in ES at heating rate of 1 °C-min~! (magnification of 50x),
Figure S6: Images obtained by optical microscopy of 5 wt% and 25 wt% xylose mass fractions in ChCL:EtGLY
and ChCL:PROP at heating rate of 1 °C-min~! (magnification of 50x), Figure S7: Images obtained by polarized
optical microscopy of 5 wt% and 25 wt% xylose mass fractions in ChCL:GLY and ChCL:LAC at heating rate of
1 °C-min~! (magnification of 50x), Figure S8: Time and temperature observed for complete dissolution of lignin in
ES at heating rate of 1 °C-min~!, Table S1: ES water content determined by Metrohm 831 Karl Fischer coulometer.
Experiments were performed in triplicate. Viscosity and density values are given from literature reports, Table 52:
Temperature (and time) required for full dissolution of xylose in ES at different concentrations. In each experiment
the sample was heated from 30 to 100 °C at heating rate of 1 °C-min~".
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Figure S1. TGA thermograms of studied ES.
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S2 — WATER CONTENT

Table S1. ES water content determined by Metrohm 831 Karl Fischer coulometer.
Experiments were performed in triplicate. Viscosity and density values are given from

literature reports.

ES ‘Water Content (wt%) Viscosity na /mPa-s Density g.cm?
ChCL:EtGLY 3.22+0.08 30.90! 1.11467
ChCL:GLY 2.55+0.01 246.80° 1.18952
ChCL:PROP 2.62+0.05 39.20* 1.0300"
ChCL:UREA 2.56 £0.07 527.28° 1.1945°
ChCL:LAC 4.98£0.10 215.706 1.1726°
ChCL:OXA 2.54+0.02 585.287 1.71817

83- OPTICAL MICROSCOPY IMAGES
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Figure S2. Images obtained by polarized optical microscopy of 1 wt% cellulose in ES at

heating rate of 1 °C.min™ (magnification of 50x)
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Figure S3. Polarized optical microscope images of 0.25 wt% MCC and a-cellulose
suspension in ChCL:GLY at 60 °C after 48 hours of shaking (magnification of 50x).
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Figure S4. Images obtained by optical microscopy of 5 and 25 wt% lignin mass fractions

in ES at heating rate of 1 °C.min"! (magnification of 50x).
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Figure S5. Images obtained by optical microscopy of 5 and 25 wt% lignin mass fractions

in ES at heating rate of 1 °C.min"! (magnification of 50x).
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Figure S6. Images obtained by optical microscopy of 5 and 25 wt% xylose mass fractions
in ChCL:EtGLY and ChCL:PROP at heating rate of 1 °C.min"! (magnification of 50x).
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S4 — DISSOLUTON RESULTS
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Figure S8. Time and temperature observed for complete dissolution of lignin in ES at

heating rate of 1°C.min"".

Table S2. Temperature (and time) required for full dissolution of xylose in ES at different

concentration. In each experiment the sample was heated from 30 to 100 °C at heating

rate of 1 °C.min’%.

15

5 wt% xylose 25 wt% xylose
HES Temperature Time Temperature Time
ChCL:GLY 59.2°C 29.2 min 98.6 °C 68.6 min
ChCL:EtGLY 46.9 °C 26.9 min 98.3°C 68.3 min
ChCL:PROP 57.7°C 27.7 min 98.2°C 68.2 min
ChCL:UREA 59.6 °C 29.6 min 833°C 53.3 min
ChCL:LAC 80.3°C 30.3 min * *
ChCL:0XA 61.5°C 31.5 min 96.6 °C 66.6 min

* Did not occur the total dissolution until reaching the temperature of 100 °C.
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S5 — ESTIMATION OF MASS TRANSFER COEFFICIENT

The equation that describes the xylose mass decrease as a function of time can be

represented as follows:

Lfi—': = —|k.|.s(m) (1)

where s(m) 1s the surface area of the xylose crystal for a given mass m and k,, is the mass
transfer coefficient which is assumed to be constant.

In other words, the variation of the xylose mass in time is proportional to the
surface area of xylose crystals. The surface area of xylose crystals was expressed as a
function of a given mass (time dependent), which can be done due to the assumption of
constant density. Considering the xylose crystals as a flat ellipsoid we can consider the

following equations:

v(m) = g.n.'. a.b.c (2)
s(m)=2.m.a.b (3)
p=B @)

considering that a = x; b = 2x;¢c = 0.01x

am 2/3
s(m) = 4.m. (O_OMP) (5)
Plugging equation (5) into (1) it gives:
dm 3m 2/3
ar ~lkl- 4.7 (0.0811',0) (6)
dm — 3 2/3 2/3 o
e —\k,|.4. 7. (O_OSE‘D) m (7)
that:
3 \2/3
A=—lk|.4m. (0.087rp) (8)
d_m —yf] m2/3 (9)
dt
m d t
fmo m;‘; =—A [ dt (10)

2 1
m(t)=mo—Amgt +§A2mg;;2 —$A3t3 (1)
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Where mo = mt=0) is the mass of the yet untouched xylose crystal, m(t) is the

mass of xylose dissolved at time “¢”, 4 is a constant defined according to equation (8)

and, ¢ is the time of experiment.

Using equation 11 is possible to correlate the mass variation (proportional to the

area of the xylose crystals) with time through the parameter 4. This allows estimating the

average mass transfer coefficient for each ES system.
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Consideragoes do Capitulo 6 e Objetivos Capitulo 7

Como apresentado no Capitulo 6, os ESs foram capazes de dissolver a
xilose e a lignina, entretanto, ndo foi observada dissolugédo significativa da
celulose, mesmo em baixas concentragbes do polimero (0,25% em massa). A
técnica de microscopia optica se mostrou adequada para um rapido screening
para verificar a capacidade dos ESs em dissolver os principais constituintes da
biomassa lignoceluldsica.

Uma vez detectada a capacidade dos ES de dissolver a lignina, essa
macromolécula foi escolhida como objeto de estudo para dar continuidade a
pesquisa. A lignina também tem grande potencial para ser uzada como matéria
prima na produgdo de produtos quimicos de valor agregado devido ao seu
carater aromatico.

Assim, no proximo capitulo, a solubilidade da lignina Kraft foi avaliada em
diversas solug¢des aquosas de ESs, visando sempre obter a maior quantidade de
lignina dissolvida pois, s6 assim, sera possivel o desenvolvimento de processos
de valorizacdo dessa macromolécula.

Dentre os parametros analisados pode-se mencionar a estrutura do HBD,
a razdo molar HBA:HBD e a quantidade de agua presente no sistema. Também
se avaliou como a dissolugdo da lignina em temperaturas tipicas de

despolimerizagao (120 °C) afeta a sua estrutura.
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CAPITULO 7- Kraft Lignin Solubility and its Chemical
Modification in Deep Eutectic Solvents
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ABSTRACT: Lignin stands as a promising raw material to produce Alcongl e e

commodities and spedialty chemicals, yet its poor solubility remains a
big challenge. Recently, deep eutectic solvents (DES) have been
proposed as sustainable solvents with high potential to dissolve and
valorize lignin. In the present study, the ability of DES based on
cholinium chloride ([Ch]Cl) combined with alcohols and carhoxylic
acids as hydrogen bond donors (HBDs) to dissolve kraft lignin and to
change its chemical structure was examined. The influence of the
chemical nature of HBDs, water content, and HBD:hydrogen bond
acceptor (HBA) molar ratio on the solubility of kraft lignin in DES was
studied (313.15 K). The kraft lignin solubility was enhanced by
increasing both the HBD’s carbon chain length and the molar ratio,
with [Ch]CL:HEXA (1,6-hexanediol) and [Ch]Cl:MaleA (maleic acid)
being the best studied solvents for kraft lignin dissolution, while the addition of water was a negative factor. The thermal treatments
(393.15 K) of kraft lignin show that carboxylic acid-based DES promote chemical modifications to kraft lignin, including the
disruption of several C—O covalent type bonds (eg, $-O-4, a-O-4 and a-O-a), while alcohol-based DES were found to be
nonderivatizing solvents maintaining the lignin chemical structure. These results show the versatility of DES, which, depending on
their chemical nature, may offer distinct strategies for lignin valorization.

Deep eutectic solvents (DES) ==

Lignin non-derivatizing solvents

Kraft lignin solubllity

Carboxylic acid-based DES

Lignin derivatizing solvents

KEYWORDS: deep eutectic solvents, kraft lignin, solubility, hydrotropy, depolymerization, nonderivatization

B INTRODUCTION

Lignin is considered the second most abundant natural
macromolecule on the planet (after cellulose) and represents
an important source of aromatic compounds.' The lignin
chemical structure is characterized by randomly linked
interunit bonds, such as ether (e.g, f-O-4, a-O-4, and 4-O-
$) and carbon—carbon (eg., 5-5', f-5, fi-1, and f—f) linkages,
established between three phenylpropanoid units: p-coumaryl,
coniferyl, and sinapyl alcohols. This allows lignin to present an
amorphous and rather complex structure, acting as a glue to
give hardness to plant biomass and to protect from microbial
attacks.'

One of the most abundant sources of lignin comes from the
activity of pulp and paper companies. The production of
cellulose pulp from wood is generally performed by
delignification processes, the kraft process being one of the
most applied in the industry, producing kraft lignin as a
byproduct. In the kraft process, wood is treated with a solution
of sodium hydroxide and sodium sulfide at a relatively high
temperature (170 °C) enabling delignification. The cleavage of
a-0-4 and -O-4 bonds is favored, while resinol substructures
(f—p) are highly conserved in the kraft lignin structure.”
Indeed, the ratio between resinol and f-O-4 substructures in

& 2020 American Chemical Society
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this lignin was found higher than that reported for other
technical ﬁgnjns.j' * Furthermore, recondensation reactions also
occur leading to the formation of other C—C bonds increasing
the recalcitrance of this technical lignin."r’ In addition, thiol
groups are incorporated into lignin in this process, and
undesirable impurities such as sulfurous compounds or
carbohydrates are present in lignin.”

Traditionally, kraft lignin is used as feedstock in boilers,
where it is burnt to generate energy to the factory grid.”
However, pulp and paper companies have shown increasing
interest for the valorization of this byproduct as a precursor to
produce added value chemicals and materials’ rather than its
combustion. However, kraft lignin is poorly soluble in water,
while lack of cheap, efficient, and environmentally safe solvents
for lignin dissolution prevents its successful valorization. In this
context, a promising green and eco-friendly approach for lignin
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Table 1. List of DES Used in This Study

DES HBD’s chemical structures Molar Ratio (HBA:HBD)
Alcohols
[Ch]CLEGLY L M 2:1;1:1; 1:2
OH
[Ch]CI:GLY HO\/]\/OH 2:1;1:1; 12
[Ch]CI:PROP Ho” >""on 1:2
OH
[Ch]CI:BUT T S e 1:2
[ChICI:PENT HOT TSN o 1:2
4 OH e s
[ChICIHEXA i 1:1;1:2
Carboxylic acids
(o]

[Ch]Cl:OxaA HOWH‘\OH 2:1; 1:1; 122

(8]

(o] (s]
[Ch]Cl:MaloA M\ 2:4; 1:1;1:2

HOY OH
HO. o] 5
[Ch]Cl:MaleA U 2:1; 11
= oH
o

[Ch]Cl:MaliA "ONOH 1:1;1:2

Q OH

o
[Ch]Cl:LacA® \T)‘\OH 2:1;1:1; 1:2
OH

“Used in this study as reference.

dissolution relies on the deployment of a class of solvents
known as deep eutectic solvents (DES).

DES, first introduced by Abbott et al,,'’ are mixtures of two
or more components capable of establishing hydrogen bond
interactions and enabling a significant negative deviation of the
mixture’s melting temperature from that predicted for an ideal
mixture.' This depression in melting temperature makes some
of the existing DES to be liquid at room temperature and
further used as solvents in a plethora of applications. Generally,
two components are used in their preparation, including a
hydrogen bond acceptor (HBA) and a hydrogen bond donor
(HBD). Quaternary ammonium salts, mostly cholinium
chloride ([Ch]CI), stand as most used HBA components
because of their low cost, low toxicity, biodegradability, and
easy preparation.’~ Substances such as urea, alcohols,” fatty
alcohols or fatty acids," sugar, and carboxylic acids'® have
been often applied as HBDs. Therefore, DES can be
considered as an alternative to conventional organic solvents,
which (part of them) are generally volatile, flammable,
explosive, and toxic.'

There has been an increasing number of studies showing the
successful application of DES as powerful solvents for biomass
delignification, whereas acid-based DES have been highlighted
for their ability to disrupt -O-4 in the lignin structure. Sy
Alvarez-Vasquez ef al. revealed that [Ch]Cl:lactic acid(LacA)

is highly selective for the cleavage of these ether bonds in lignin
structure, forming Hibbert ketones, similar to well-known
lignin acidolysis processes (eg, HCI)." However, it was
recently shown that the halide anion of [Ch]Cl may play an
important role as nucleophile by substituting lignin hydroxyl
groups nearby ether linkages. This allows the formation of
stable intermediates that precede and favor the ether bond
deavage.w

However, the study of lignin dissolution in DES, especially
technical lignins from well-established delignification processes
(e.g, knaft pulping), toward their further valorization is still
barely examined.”* Francisco et al.”™’ investigated a wide
range of DES to dissolve low sulfonated kraft lignin and
cellulose. The authors used carboxylic acids as HBDs, while
alanine, betaine, [Ch]Cl, glycine, histidine, proline, and
nicotinic acid were chosen as HBAs. Most of the examined
DES showed high lignin solubility, but little or negligible
solubility of cellulose, demonstrating the high selectivity of
these solvents for lignin dissolution. Among the tested DES,
betaine:malic acid (1:3) exhibited the best performance for
lignin dissolution. In another work, Lynam ef al** studied the
dissolution of kraft lignin in several DES, which demonstrated
the capacity to dissolve between 9 and 14% (Wt g,/ Wipgs) at
333.15 K [Ch]Cl:formic acid (1:2) was found the best
HBA:HBD combination for kraft lignin dissolution.**

18578 https://dx.doi.org/10.1021/acssusche meng.0c06655
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The use of DES aqueous systems has also arisen the interest
to solubilize technical lignins. Hou et al. ** observed that small
amounts of water (5 wt %) negatively affected lignin solubility
in [Ch]Cliurea (1:2), while an opposite trend was highlighted
for proline:malic acid (3:1) and [Ch]ClL:oxalic acid (2:1) at the
same water content. For instance, adding § wt % water content
to proline:malic acid (3:1) increased the solubility of kraft
lignin from 2.7 to 9.4 wt %. The differences observed in the
effect of water on lignin solubility by those DES were
suggested to be dependent on DES chemical nature (basicity vs
acidity). The addition of water was beneficial for acid-based
DES rather than nonacidic [Ch]Cl:urea (1:2). In other study,
Yiin ef al”™® also observed that lignin solubility in malic
acid:sucrose:water systems was improved from 6.38 to 9.16 wt
% with increasing molar ratio of water from 1:1:1 to 1:1:10. 2
A more detailed study upon lignin d:ssolutmn in DES aqueous
solutions was performed by Soares et al’”** Their work
showed that some DES act as hydrotropes enabling lignin
dissolution in aqueous media.”” For example, urea:propionic
acid (1:2) at 50 wt % water content dissolved 3 times more
kraft lignin than neat DES. The hydrotropic mechanism was
confirmed by dynamic light scattering. The same authors
investigated the ability of DES to act as hydrotropes or
cosolvents in aqueous solutions using lignin model com-
pounds, kraft and organosolv Iignins.m The hydrotropic
mechanism led to a notable increase in kraft lignin solubility
of urea:propionic acid (1:2) aqueous solution by about 228-
fold of the solubility in water, while the cosolvency provided by
tetrabutylphosphonium chloride/ethylene glycol (EGLY)
allowed an improvement of about 163-fold. In the latter,
water revealed to be a negative factor in lignin dissolution.™

Few studies have engaged efforts to study the fundamentals
of the lignin dissolution mechanism in DES, while the chemical
modifications in lignin structure during dissolution have been
barely tackled. Therefore, the present study aimed at
understanding the solubility of kraft lignin in different DES
and their aqueous solutions in the first place at 313.15 K and
further evaluating the chemical modifications in kraft lignin
structure at high temperature (393.15 K) to ascertain a
successful strategy for the valorization of this technical lignin
assisted by DES.

B MATERIALS AND METHODS

Chemicals. The preparation of DES studied in this work involved
combinations of [Ch]Cl with the following compounds: glycerol
(GLY), EGLY, 1,3-propanediol (PROP), 1,4-butanediol (BUT), 1,5-
pentanediol (PENT), 1,6-hexanediol (HEXA), as well as lactic
(LacA), oxalic (OxaA), malic (MaliA), malonic (MaloA), and maleic
(MaleA) acids. All chemicals were used as received, and their water
contents were measured using a Metrohm 831 Karl Fischer
coulometric titrator (Table S1 in Supporting Information). Their
chemical structures and HBA:HBD molar ratios studied in this work
are depicted in Table 1. Kraft lignin from Eucalyptus urograndis was
directly supplied by Suzano (Brazil). It was isolated employing carbon
dioxide (CO,) to the industrial black liquor, resulting in a kraft lignin
solid sample composed of 95% lignin, 2% xylans, and 3% ash contents
with Mw = 1520 g mol™", Mn = 1345 g mol™, and polydispersity
index = 1.13.

DES Preparation. Specific molar amounts of [Ch]Cl and
corresponding HBD (see Table 1) were placed in sealed glass vials
with a stir bar and heated in a paraffin bath at 333.15 + 0.01 K with
constant stirring until a clear liquid was achieved.'” The water content
in prepared DES was measured using a Metrohm 831 Karl Fischer
coulometer, and the obtained values were considered for the
preparation of DES aqueous solutions (5, 15, 25, 35, 45, 50, and 75

wt % water contents). These aqueous solutions were prepared by
diluting the neat DES in distilled water.

Lignin Solubility Assays. An excess of kraft lignin was added to
2.00 £ 0.01 g of DES (or its aqueous solution) in glass flasks with a
magnetic stirring bar. The vials were sealed and placed in an
aluminum block holder that was transferred to a heating plate
temperature control (PT100) magnetic stirrer (series HO3D from
LBX Instruments). Solubility tests were performed at 313.15 K under
constant stirring at 150—200 rpm. The samples were kept under
agitation until reaching saturation state and then filtered using
polytetrafluoroethylene filters (0.45 pm pore size) to remove
undissolved solid lignin. The saturated liquid phase was diluted
with dimethyl sulfoxide (DMSO, 99.98%, Fischer Scientific, EUA),
and lignin concentration was quantified at a wavelength of 280 nm by
UV spectroscopy (Synergy HTX Multi-Mode Reader from BioTek
Instruments). Lignin calibration curves using known amounts of the
same kraft lignin sample dissolved in DMSO were obtained (at 280
nm wavelength) for the determination of lignin solubility (Figure S1
shows an example). All solubility tests were performed in duplicate.
The kraft lignin solubility was calculated by the following equation

mlignj.n(g) % 100
Mys(g) (1)

Thermal Treatment of Kraft Lignin. A sample of kraft lignin
(600 mg) was added to 3.00 + 0.01 g of DES (5 wt % water content)
in a glass tube reactor with a stirring bar. The tubes were sealed and
placed in a Radleys Carousel Tech (Radleys, United Kingdom) for 6 h
at 393.15 K and kept under agitation. After treatment, 15 mL of cold
distilled water (283.15 K) was added to the resulting solution and
mixed in a vortex stirrer (VWR international Reax Top) to promote
lignin precipitation. The solution was then introduced into an ice bath
to increase the precipitation efficiency. The precipitated lignin was
filtered by vacuum and washed with distilled water (200 mL) to
ensure DES removal. The obtained solid was oven-dried at 323.15 K
to a constant weight, and the amount of precipitated lignin was
determined gravimetrically. A blank experiment using water was
performed at the same conditions.

Fourier Transform Infrared with Attenuated Total Reflec-
tion Analysis. The Fourier transform infrared (FTIR) spectra of
lignin samples were recorded on a PerkinElmer Spectrum BX
spectrometer equipped with a horizontal Golden Gate attenuated
total reflection (ATR) cell and a diamond crystal. A total of 32 scans
were acquired in absorbance units for each sample with a resolution of
4 em™!, and the wavenumber ranges between 4000 and 400 em™.

Two-Dimensional Heteronuclear Single-Quantum Correla-
tion Nuclear Magnetic Resonance Spectroscopy. Approxi-
mately, 60 mg of lignin sample was carefully mixed in 500 uL of
DMSO-d; with trimethylsilane as the internal reference. After
complete dissolution, the resulting solution was transferred to an
NMR tube. Two-dimensional 'H—'3C chemical shift correlation
heteronuclear single-quantum correlation nuclear magnetic resonance
(HSQC NMR) spectra were acquired on a Bruker AVANCE 500
MHz NMR spectrometer (Bruker, Billerica, MA) equipped with an
inverse gradient 5 mm TXI 'H/BC/BN cryoprobe, using the Bruker-
supplied pulse sequence “hsqcetgp” 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 calibrated with respect to the
DMSO solvent peaks (2.49 ppm for residual proton and 39.5 ppm for
13C). All experiments were carried out at 298.15 K with the following
parameters: spectral width of 11 ppm in the F2 ('H) dimension and
165 ppm in the F1 (**C) dimension with 1024 data points, 194 scans,
and recycle delay of 1.5 s.

Thermal Gravimetric Analysis. Thermogravimetric analyses
(TGAs) were carried out in a differential thermogravimetric analyzer
(TGA-50 Shimadzu). Approximately, 5 mg of lignin sample was
placed in an aluminum pan and further analyzed under a nitrogen gas
blanket using a flow rate of 50 mL min™", The samples were heated at
a rate of 10 °C min™! with a temperature range of 30—700 °C.

lignin wt% =

18579 https://dx.doi.org/10.1021/acssuschemeng. 0c06655
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Elemental Analysis. The elemental analysis (C, H, N, and S) of
lignin samples was performed in an elemental analyzer, LECO
TruSpec series 630 (Michigan, US). The oxygen content was
determined by the difference.

Gas Chromatography—Mass Spectrometry. The liquid phase
obtained after kraft lignin thermal treatment with Ch[Cl]:OxaA was
prior extracted with dichloromethane (DCM). The extraction with
DCM was repeated two times, and the organic phase was collected in
the same vial. The organic solvent was evaporated in a centrifugal
vacuum concentrator (MiVac, US), and the resulting solid extract was
redissolved in DCM to give a concentration of approximately 20 mg:
L. The sample was then analyzed by a Shimadzu QP2010 Ultra gas
chromatograph-mass spectrometer equipped with an AOC-20i
autosampler and a high-performance quadrupole mass filter. A DB-§
ms (30 m long, 0.25 mm i.d. and 0.25 pm film thickness) column with
helium as the carrier gas (40 cm s7') was used for product separation.
The chromatographic conditions used were as follows: isothermal at
80 °C for 5 min, ramped from 80 to 250 °C (8 °C min™') and ramped
from 250 to 300 °C (4 °C min~"') and then isothermal at 300 °C for §
min; injector temperature of 320 °C; and split ratio equal to 1:10. The
mass spectrometer was operated in the electron impact mode with an
electron impact energy of 70 eV, and data was collected at a rate of 1
scan s~! over a range of m-z™' 50—1000. The ion source was kept at
200 °C and the interface temperature at 300 °C. Chromatographic
peaks were identified by comparing their retention times and their
mass spectra with the equipment mass spectral library (NIST14s MS
Library Database or WILEY229 MS Library Database).

B RESULTS AND DISCUSSION

Effect of the HBD on Kraft Lignin Dissolution. The
importance of the HBD component in DES to dissolve lignin
was first evaluated. DES composed of alcohols and carboxylic
acids were examined for kraft lignin dissolution at 313.15 K,
and the solubility values are presented in Figure 1 (also in
Table S2 in the Supporting Information).

According to the obtained results, the ability of alcohol-
based DES to dissolve kraft lignin can be ordered as follows:
[Ch]CL:HEXA > [Ch]CLEGLY > [Ch]CL:PENT > [Ch]-
CLGLY > [Ch]CL:BUT > [Ch]CL:PROP. Among the
examined alcohol-based DES, [Ch]CI:HEXA showed the
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Figure 1. Solubility of kraft lignin in DES at 313.15 K. All examined
DES were tested at 5 wt % water content, with the exception of
[Ch]CL:MaleA (10 wt % water content). Since a clear liquid mixture
of [Ch]Cl:MaleA (1:2) is not formed at 313.15 K, a lignin solubility
curve for this system was produced at molar ratio 1:1.

best performance for lignin dissolution, reaching a value of
32.99 £ 0.58 wt % lignin solubility at 313.15 K. Furthermore, a
crescent trend in lignin solubility with the increase of the
carbon chain length of the alcohol was observed. This is
pronounced between [Ch]CI:PROP and [Ch]CI:HEXA (C3
to C6), but an exception was observed for EGLY-based DES,
which presented a higher lignin solubility than PROP, BUT,
and PENT counterparts. In the case of [Ch]CLEGLY, the
smaller size of the HBD may favor the interaction with lignin,
improving its solubility. However, despite the fact that
[Ch]CI:HEXA and [Ch]CLEGLY showed similar values of
kraft lignin solubility, the dissolution mechanism may differ
between these two DES (this is explored in the next
subsection). Furthermore, the presence of an extra hydroxyl
group in the alcohol carbon chain allowed an enhancement in
lignin solubility ([ Ch]CI:PROP vs [Ch]Cl:GLY). Contrasting
both C3 chain length PROP and GLY, the latter’s extra
hydroxyl group allows an additional site to establish hydrogen-
bonding interactions with the kraft lignin functional groups
(hydroxyl, carbonyl, and carboxylic), enhancing its solubil-
iy % Although the influence of HBD hydroxyl groups on
DES interactions with lignin has not been extensively studied,
it was pointed out as one the factors favoring lignin extraction
from biomass, such as oil palm empty fruit bunch.”*

Regarding the carboxylic acid-based DES, the capacity of
dissolving kraft lignin follows this order: [Ch]Cl:MaleA >
[Ch]Cl:MaloA > [Ch]Cl:LacA > [Ch]Cl:MaliA > [Ch]-
Cl:OxaA. The best cartboxylic acid-based DES was [Ch]-
Cl:MaleA by attaining 34.97 + 0.33 wt % lignin solubility at
313.15 K. When contrasting the lignin solubility in [Ch]-
Cl:OxaA (C2), [Ch]Cl:MaloA (C3), and [Ch]Cl:MaleA (C4),
the increasing number of carbons in the carboxylic acid
structure favored lignin dissolution,** which is a similar finding
to that observed for alcohol-based DES. Nevertheless, when
comparing alcohol-based HBDs and carboxylic acid-based
HBDs with equal chain length (C3 and C4), lignin solubility
seems to be favored with carboxylic acids to the detriment of
hydroxyl groups. An exception was observed between the
smallest size HBDs, EGLY and OxaA, both structured by two
carbons. Furthermore, an opposite behavior to alcohol-based
DES was also observed with the additional hydroxyl group in
MaliA reducing its ability for lignin dissolution in contrast to
its counterpart MaleA. In the case of MaliA structure, the
additional hydroxyl group may increase the steric hindrance
between HBD and lignin interaction, an opposite behavior of
the extra hydroxyl group in GLY structure discussed above.
Regarding MaleA, its double bond may contribute positively to
the Sﬁi\;’??}‘: interaction with lignin through z—rx interac-
ﬁons.\\ FRN % L

For both DES families studied in this work, a high capacity
to solubilize kraft lignin was always achieved (>20 wt % lignin
solubility). For instance, [Ch]Cl:HEXA and [Ch]Cl:MaleA led
to an increment in lignin solubility of around 1.16-fold and
1.23-fold in contrast to one of the most broadly used DES,
[Ch]Cl:LacA, respectively. The enhanced lignin solubility in
DES is much more evident when compared with pure water:
226-fold and 239-fold for [Ch]CI:HEXA and [Ch]Cl:MaleA,
correspondingly. In other study, Soares et al.” have also
verified the great ability of several DES to enhance the
solubility of kraft lignin. In their work, a different type of DES
that maximized lignin solubility was found, namely, urea:pro-
pionic acid (U:PA), which allowed 359-fold higher kraft lignin
solubility than water.

https:/fdx.dai.org/10.1021/acssuschemeng. 0c06655
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Thus far, the disclosed data suggest that functional groups in
the HBD constituent substantially affect the ability of DES for
kraft lignin dissolution, demonstrating the importance of
selecting a suitable combination of HBA:HBD for such
purpose.

Effect of Water Content on Kraft Lignin Dissolution.
The influence of water concentration (5 to 100 wt % content)
on the ability of DES to dissolve lignin was also addressed. The
solubility of kraft lignin in both alcohol-based DES aqueous
solutions and carboxylic acid-based DES aqueous solutions at
313.15 K are shown in Figures 2 and 3, respectively.
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Figure 2. Influence of water content on the solubility of kraft lignin in
alcohol-based DES at 323.15 K. All examined DES were tested with
the HBA:HBD molar ratio of 1:2. Dashed lines are visual guides.
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Figure 3. Influence of water content on the solubility of kraft lignin in
carboxylic acid-based DES at 323.15 K. All examined DES were tested
with the HBA:HBD molar ratio of 1:1 and 1:2. Exceptionally, since a
clear liquid is not formed with [Ch]Cl:MaleA (1:2), no lignin
solubility data was obtained for this system. Dashed lines are visual
guides.

The obtained data with alcohol-based DES systems
demonstrated high dependency on water content. The
addition of water negatively affected the ability of those DES
to dissolve lignin, and depending on the alcohols’ chemical
structure, different solubility behaviors were observed.” For

18581

instance, at 5 wt % water content, [Ch]CLEGLY was the
second best DES for lignin dissolution among studied solvents,
but the addition of 25 wt % water turns this DES the second
worst. The negative impact of water was more pronounced for
[Ch]CL:GLY, which enabled only 8.11 wt % lignin solubility at
25 wt % water content. This represents a decrease of more
than 70% on the ability of [Ch]CLGLY (at § wt % water
content) to dissolve kraft lignin. The additional hydroxyl group
in the GLY's chemical structure in comparison to other HBDs
might explain this drastic reduction of lignin solubility in the
presence of water. In alcohol-based DES, the hydroxyl groups
in the HBD's structure govern hydrogen bond interactions
with kraft lignin functional groups, enabling its dissolution in
DES. However, water molecules will compete for those
interactions hindering the capacity of those DES to promote
hydrogen-bonding network with lignin.“‘_'m Since GLY
comprises three hydroxyl groups in its structure, the impact
of water is larger than for other HBDs with only two hydroxyl
groups, such as EGIY.”

On the other hand, the negative impact of water was less
pronounced for [Ch]CLPROP, [Ch]Cl:BUT, [Ch]CLPENT,
and [Ch]CI:HEXA. In fact, at low water contents, the
influence of water is low or negligible on the performance of
those DES allowing a plateau on lignin solubility values (Figure
2). For example, [Ch]CL:PROP presented a stable lignin
solubility up to 35 wt % water content. The increase of HBD's
carbon chain length enabled higher stability in lignin solubility
for higher water contents as observed in the case of
[Ch]CI:HEXA, which maintained lignin solubility near 33 wt
% up to approximately 55 wt % water content. Similar
observations were reported by Soares et al.””** and Claudio ef
al.¥ when using DES and ionic liquids capable of enhancing
the solubility of phenolic compounds in aqueous media.

From the obtained lignin solubility curves, it can be inferred
that dispersive interactions promoted by HBD'’s alkyl chains
seem to be important to dissolve lignin and to maintain its
solubility in aqueous media. However, how do these dispersive
forces influence the lignin dissolution process? The sigmoidal
shape of the solubility curves using [Ch]CI:PROP, [Ch]-
Cl:BUT, [Ch]CLPENT, and [Ch]Cl:HEXA aqueous solutions
suggests that the solubility of kraft lignin in these systems is
driven by a hydrotropic mechanism.””"" These DES, and
specially the HBD, self-organize around lignin macromolecules
in the presence of water maintaining its solubility. This self-
organization is improved with the higher length of HBD'’s
carbon chain as a consequence of stronger dispersive forces
between the alkyl chains.

In order to confirm this dissolution mechanism, the kraft
lignin solubility curves of these DES aqueous solutions were
fitted using the Shimizu and Matubayasi hydrotropy model "'
(Figures S2 and S3 in the Supporting Information). The
experimental data could be well described by the model,
showing a coopemnve hydrotropy as defined by Shimizu and
Matubayasi.’" The sigmoidal profile of the obtained lignin
solubility curves suggests a cooperative intermolecular
interaction involving hydrotrope molecules participating m
the dissolution process as reported by Balasubramanian ef al®

A similar effect of water was found in kraft lignin solubility
with carboxylic acid-based DES aqueous solutions (Figure 3).
For instance, the lignin dissolution performance of [Ch]-
Cl:MaleA was not affected by low water contents (up to 25 wt
%), which might be related to the alkyl chain length of MaleA
(C4). As discussed above, increasing the alkyl chain length of

https://dx.dol.org/10.1021/acssuschemeng.0c06655
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the HBD may favor lignin dissolution in DES. On the other
hand, the presence of an extra hydroxyl group in the C4 alkyl
chain length of MaliA had a direct impact on the drastic drop
of lignin solubility in [Ch]Cl:MaliA at the same water content
range. Besides the steric hindrance discussed above, the
existence of an extra hydroxyl group capable of competing for
hydrogen bonds with water molecules does not favor lignin
dissolution in aqueous media.””*" For other studied carboxylic
acid-based DES, abrupt decreasing trends in kraft lignin
solubility were also observed in the presence of water, which
represents cosolvency behavior of those DES.**

The data depicted in Figures 2 and 3 also demonstrates that
the negative effect of water on kraft lignin solubility is more
pronounced in carboxylic acid-based DES than their alcohol
counterparts at high water contents. In some cases, the lignin
solubility is low or negligible at high water concentmtmns,
showing the antisolvent character of water. Chen et - ol
reported that the presence of large amounts of water impairs
the lignin dissolution capacity of the DES since water
molecules compete for hydrogen bonds with the solvent.

Effect of HBA/HBD Molar Ratio on Kraft Lignin
Dissolution. The molar ratio between HBA and HBD in
DES composition directly impacts its physicochemical proper-
ties, including the solvent power for a specific solute.
Therefore, the influence of the HBA:HBD molar ratio on
kraft lignin solubility was also studied in this work. Three
alcohol-based DES ([Ch]CL:GLY, [Ch]CL:EGLY, and [Ch]-
CL:HEXA) and four carboxylic acid-based DES ([Ch]Cl:OxaA,
[Ch]Cl:MaloA, [Ch]Cl:MaleA, and [Ch]Cl:LacA) with differ-
ent molar ratios were tested for Kraft lignin solubility at 313.135
K. According to the results presented in Figures 4 and 5, the
HBA:HBD molar ratio influenced kraft lignin solubility.

Contrasting the lignin solubility in alcohol-based DES, the
highest solubility enhancement was observed for [Ch]-
CL:HEXA (1:2) to around 0.26-fold higher than that for
[Ch]CI:HEXA (1:1) (Figure 4). Similar observation was found
when using various HBA:HBD molar ratios studied for
[Ch]CL:GLY and [Ch]CLEGLY. Analogously, the increase of
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Figure 5. Influence of HBA:HBD molar ratio on the solubility of kraft

lignin in carboxylic acid-based DES at 313.15 K. All examined DES
were tested at 5 wt % water content. A liquid mixture of
[Ch]Cl:MaleA (1:2) was not successfully achieved at 313.15 K.

HBD content in [Ch]Cl:MaleA enabled 40% higher lignin
solubility for (2:1) ratio when compared to (1:1) (Figure S).
On the other hand, the lignin solubility enhancement was
practically negligible when increasing the OxaA content.

In both cases, alcohol- or carboxylic acid-based DES, a
higher HBD molar ratio enhanced lignin solubility. This clearly
suggests that HBD exhibits a crucial role in kraft hgmn
dissolution in DES to the detriment of HBA. Francisco et al.”*
also observed that lignin solubility decreases with increasing
amounts of [Ch]Cl (HBA). Moreover, the dispersive
interactions favored by long alkyl chain lengths of the HBD
(e.g, HEXA and MaleA) favors this solubility improvement
rather than short alkyl chain lengths (EGIY and OxaA). This
was also highlighted in another study showing the ability of
DES to dissolve lignin model compounds.”’

Structural Changes of Kraft Lignin after Thermal
Treatment with DES. The second part of this work
addressed the potential of DES to valorize kraft lignin. Kraft
lignin was submitted to thermal treatment assisted by DES at
39315 K for 6 h and was followed by a comprehensive
characterization of the regenerated lignin (precipitated with
water), including spectroscopic, thermal, and elemental
analyses. These conditions were chosen to simulate lignin
depolymerization processes usually applied in the litera-
ture. ™™ Four of the above studied DES, namely, [Ch]-
CLHEXA (1:2), [Ch]Cl:MaleA (1:1), [Ch]CLl:OxaA (1:1),
and [Ch]Cl:LacA (1:1), were used for these experimental
trials. [Ch]CI:HEXA (1:2) and [Ch]Cl:MaleA (1:1) were
selected because of their highest solubility performances for
kraft lignin, while the interest in studying [Ch]Cl:OxaA (1:1)
relied on its high acidity. [Ch]Cl:LacA, which has been largely
used in biomass delignification processes reported in the
literature," """ was chosen as the reference.

FTIR-ATR Analysis. The impact of selected DES on the
kraft lignin structure was first evaluated by FTIR analysis. The
band assignments were performed according to lignin infrared
characterization reported in the literature.”' ™ The list of
lignin vibrational bands/regions and corresponding assign-
ments are presented in detail in the Supporting Information
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(Table S3) along with full spectra (Figure S4). For
comparison, the spectra were organized from kraft lignin at
the top to the most modified lignin spectrum at the bottom
(Fig_urc 6).
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Figure 6. Magnified FTIR—ATR spectra of kraft lignin and recovered
lignins from thermal treatments (393.15 K for 6 h) with water,
[Ch]CLHEXA (1:2), [Ch]Cl:LacA (1:1), [Ch]Cl:MaleA (1:1), and
[Ch]Cl:OxaA (1:1). All examined DES were tested at 5 wt % water
content.

At first sight, all infrared spectra show a typical kraft lignin
fingerprint as observed in the region 1750—750 cm ™' disclosed
in Figure 6. Characteristic kraft lignin absorption bands with
notable high intensities at 838, 1109, 1212, 1327, 1456, 1514,
and 1600 cm™" were observed in all spectra, suggesting limited
changes in the kraft lignin chemical structure after thermal
treatments. The lignin recovered from water treatment
presented a spectrum similar to that of kraft lignin, showing
the ineffective action of water to change lignin structure at
studied conditions. Among examined DES, [Ch]CL:HEXA
exhibited nonderivatizing behavior for kraft lignin since the
same characteristic vibrational bands were observed for its
recovered lignin, and no additional band was detected.

On the other hand, carboxylic acid-based DES demonstrated
evidences of lignin chemical modification. For example,
[Ch]Cl:LacA-lignin spectrum presented a band shift from
1700 to 1736 cm™ and a simultaneous intensity decrease of
the band at 1152 cm™". The presence of the band at 1736 cm™

could be associated with C=O stretching in ester groups
formed by esterification of lactic acid molecules with lignin
hydroxyl groups. This side reaction has also been shown in
thermal treatments of lignin model compounds with [Ch]-
Cl:LacA.” The decreasing intensity of the band at 1152 cm™,
which is assigned to C—O—C vibration in polysaccharides,
indicates the removal of residual contents of hemicelluloses
and cellulose as a consequence of their acid hydrolysis
mediated by the carboxylic acid. Similar trends can also be
observed in the FTIR spectra of recovered lignins from the
more acidic [Ch]CLOxaA and [Ch]Cl:MaleA treatments.
Moreover, additional bands at 953 and 979 cm™' were
observed in [Ch]Cl:OxaA—lignin and [Ch]Cl:MaleA—lignin
spectra, respectively, suggesting possible variations of lignin
chemical structure or contamination of [Ch]Cl:OxaA and
[Ch]Cl:MaleA.

Elemental Analysis. The results obtained from the
elemental analysis (Table 2) of recovered lignins showed a
minimal impact of the thermal treatments on carbon,
hydrogen, and oxygen contents, although at much less content,
a sharp variation of nitrogen in lignins recovered from thermal
treatments with carboxylic-based DES was observed. This is
mostly pronounced in [Ch]Cl:MaleA—lignin and [Ch]-
Cl:OxaA—lignin samples, in which the nitrogen content
increased almost 2.6- and 4.7-fold the original content in
kraft lignin. These results indicate a contamination of [Ch]Cl
in those lignin samples, supporting the conclusions inferred
from the FTIR data. On the other hand, the sulfur content in
lignin samples followed an opposite trend. The 2 wt % sulfur
content in kraft lignin was substantially reduced with thermal
treatments, especially with carboxylic-acid DES. For instance,
the treatments with [Ch]Cl:MaleA and [Ch]Cl:OxaA allowed
a sulfur content reduction to almost half of the original. It
should be emphasized that sulfur content is one the major
deterrents of kraft lignin valorization, and thus its removal is
beneficial.”*”"

2D HQSC NMR Analysis. The structural analysis of lignin
samples was complemented with the 2D HQSC NMR
technique to better understand the impact of thermal
treatments with DES. The HSQC oxygenated and aromatic
regions of the kraft lignin along with the representation of
identified lignin subunits are shown in the Supporting
Information (Figure SS5) to suitably address its chemical
characterization. The "*C—"H cross signal assignments are also
described in the Supporting Information (Table $4) according
to data reported in the literature.>"**~*

The HSQC analysis of recovered lignin samples from
thermal treatments with [Ch]Cl:HEXA, [Ch]CLLacA, [Ch]-
Cl:MaleA, and [Ch]CL:OxaA revealed different behaviors

Table 2. Elemental Characterization of Kraft Lignin and Recovered Lignins from Thermal Treatments (393.15 K for 6 h) with
Water, [Ch]CI:HEXA (1:2), [Ch]Cl:LacA (1:1), [Ch]Cl:MaleA (1:1), and [Ch]CLl:OxaA (1:1)“

samples elemental analysis (wt %)
C H N S (0]
kraft lignin 60.71 + 0.29 5.35 + 0.03 0.14 + 0.01 2.00 £ 0.15 30.37 + 028
water—lignin 63.03 + 0.13 5.55 + 0.02 0.13 + 0.00 1.47 + 0.01 2822 + 026
[Ch]CL: HEXA~lignin 63.38 + 0.00 5.66 + 0.07 0.15 + 0.01 146 + 0.26 28.47 + 040
[Ch]Cl:LacA—lignin 63.58 + 0.09 5.34 + 0.09 0.24 + 0.00 1.33 + 0.03 27.82 + 0.13
[Ch]Cl:MaleA—lignin 61.89 + 020 526 + 0.04 0.36 + 0.00 L17 + 0.21 30.00 + 0.23
[Ch]Cl:OxaA-lignin 62.59 + 0.35 539 + 0.04 0.66 + 0.01 L15 + 0.36 29.32 + 0.80

“All examined DES were tested at 5 wt % water content. The data is expressed as means and corresponding standard deviations.
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Figure 8. GC chromatogram of the liquid phase from kraft lignin treatment with [Ch]Cl:OxaA (393.15 K—6 h) showing the following aromatic
compounds: (A) Guaiacol, (B) syringol, (C) vanillin, (D) acetovanillone, (E) 3,4-dihydroxy-5-methoxyacetophenone, (F) guaiacylacetone, (G)
syringaldehyde, (H) 1-hydroxy-3-(4-hydroxy-3-methoxyphenyl)-2-propanone, and (I) acetosyringone.

between these DES regarding their capacity to modify the
lignin structure. The HSQC spectra of recovered lignins after
thermal treatment with these DES are depicted in Figure 7.

Notably, the HSQC spectra of both kraft lignin (Figure S5)
and [Ch]CI:HEXA-lignin (Figure 7) share the same identified
C—H correlations and intensities, which means that no
relevant chemical modification to the kraft lignin structure
was governed by [Ch]JCLHEXA. The same behavior was
observed for kraft lignin treated with water (Figure S6).
Therefore, lignin chemical linkages are not altered using
[Ch]CI:-HEXA or water at the examined temperature (393.15
K).

On the other hand, carboxylic-based DES enabled the
disruption of important lignin chemical bonds, specially C-O
covalent bonds, whereas different levels of structural
modification were observed. The HSQC spectra of recovered
lignins demonstrated an increased reactivity of examined DES
in the following order: [Ch]Cl:LacA < [Ch]CLMaleA <
[Ch]ClL:OxaA. In all cases, an absence of C4—~Hy correlation of
the alkyl—aryl ether structures (A) at 83.96/4.31 ppm
(guaiacyl type) and 87.23/3.69 ppm (syringyl type) was
observed. On the other hand, the cross signals from a (81.36/
4.78 ppm) and y (59.0/3.2 and §9.9/3.7 ppm) positions in the
same substructure were maintained, although depicting
different intensities among spectra. These results suggest that
the acidity provided by these carboxylic-based DES allowed the
cleavage of f}-O-4 bonds in lignin macromolecules. Further-
more, all signals related to phenylcoumaran substructures (C)
vanished, representing the cleavage of @-O-4 chemical linkages
in lignin. On the other hand, other relevant lignin
substructures, including pinoresinol (B) and spirodienone
(D), were maintained in kraft lignin treated with [Ch]Cl:LacA
and [Ch]Cl:MaleA. This was not observed for [Ch]Cl:OxaA—
lignin spectrum, in which the cross signals from the
spirodienone substructure (D) were not visible. It possibly
indicates the higher capacity of oxalic acid for the cleavage of
a-O-a linkages, which could be associated with its higher
acidity (pkaligua) = 1.42) than their acid counterparts
(pkal (ypieay = 194 pkal(,. = 3.86). Unsurprisingly, the
cross signals related to xylan backbone, namely, at 63.63/3.28

18585

ppm (X;), 72.85/3.06 ppm (X,), 74.28/3.28 ppm (X;), 75.84/
3.53 ppm (X,), and 101.80/4.29 ppm (X, ), disappeared in all
cases, indicating the removal of residual xylan present in kraft
lignin through acid hydrolysis of the carbohydrate glycosidic
linkage mediated by carboxylic acid-based DES.

To confirm the high reactivity of [Ch]Cl:OxaA, a standard
gas chromatography/mass spectrometry (GC/MS) analysis of
the liquid phase obtained after kraft lignin thermal treatment
with this DES was performed. The acquired GC chromato-
gram (Figure 8) depicted the existence of several lignin
monomers, either S or G type unit, in the liquid phase after the
thermal treatment. A total of nine meaningful aromatic
compounds were identified by contrasting with standard
compounds and GC/MS databases. It is reasonable to mention
that these compounds were formed by lignin depolymerization,
mostly through C—O cleavage assisted by [Ch]CL:OxaA as
mentioned above, but the obtained depolymerization profile
also reveals possible C—C cleavage. For instance, guaiacol (A)
and syringol (B) were detected and were probably formed
from the cleavage of the aliphatic part of lignin phenyl-
propanoid units and/or other identified compounds (C to I in
Figure 8). Yet, more data is needed to elucidate this result.
Overall, these results indicate that [Ch]Cl:OxaA can act as
both the solvent and the catalytic agent, resulting in partial
lignin depolymerization and subsequent structural modifica-
tion as shown by the HSCQ analysis.

The HSQC data also revealed the presence of DES as a
contaminant in all treated lignins. Resonances associated with
[Ch] ion, such as CH, (54.50/3.30 ppm) and CH, (67.0/3.41
ppm) groups, were identified in the spectra of recovered
lignins from treatments with carboxylic-based DES. This result
is corroborated by the substantial increase in the amount of
nitrogen in those lignins found by elemental analysis as
presented above (Table 2). The fact that [Ch] is not present in
the [Ch]CI:HEXA-lignin spectrum suggests that a chemical
binding between [Ch] and lignin might be favored in acidic
media. Alvarez-Vasco et al. also proposed a possible reaction
between [(_Zh] and lignin phenolic groups (lactic acid was used
as HBD)."” Furthermore, cross signals attributed to carboxylic
acids, such as lactic and maleic acids, were also found in HSQC

https://dx.doi.org/10.1021/acssuschemeng.0c06655
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Figure 9. TGA (left) and DTGA (right) curves of kraft lignin and recovered lignins from thermal treatments (393.15 K for 6 h) with
[Ch]CL:HEXA (1:2), [Ch]Cl:LacA (1:1), [Ch]Cl:MaleA (1:1), and [Ch]Cl:OxaA (1:1). All examined DES were tested at 5 wt % water content.

spectra. Obviously, carboxylic signals from oxalic acid are not
seen in HSQC (lack of C—H coupling), but its presence was
confirmed by 1D NMR (data not shown). The esterification of
these carboxylic acids with lignin hydroxyl groups is most likely
to occur as indicated by the intense C=0 vibrational bands in
FTIR spectra previously reported (Figure 6).

A comparison between aromatic regions of HSQC spectra
clearly shows that the aromatic fractions of kraft lignin are
practically preserved, including S and G type units as well as p-
hydroxycinnamyl structures (H), after DES treatment.
Although [Ch]Cl:OxaA demonstrated the ability for lignin
depolymerization, the formation of depolymerized products
from S and G type units (Figure 8) indicates no selective
cleavage.

FTIR, elemental analysis, and 2D NMR data elucidated the
chemical modifications of kraft lignin in the presence of
alcohol- and acid-based DES. On the one hand, the
nonderivatizing behavior of alcohol-based DES, such as
[Ch]CL:HEXA, allows their application as solvents for the
design of tailored reactions of lignin into new products. On the
other hand, carboxylic acid-based DES showed the ability to
depolymerize lignin in valuable monomeric compounds
through ether bond cleavage increasing the value of kraft
lignin, but part of the solvent seems to react with the remaining
non-depolymerized fraction by esterification. Although con-
sumption of the solvent would be seen as a negative effect, in
this case, the integration of dissolution and functionalization of
lignin with esterified carboxylic acids may be envisaged as an
opportunity to increase the cost efficiency in the production of
new lignin bio-based composites and materials. For instance,
lignin esters of maleic acid have been used for the
improvement of lignin reactivity toward grafting reactions in
thermal processes® as well as for the functionalization of lignin
nanoparticles as plastic fillers.”*

TGA Analysis. The thermal stability of kraft lignin and DES-
treated lignins was also addressed. Figure 9 shows the thermal
decomposition curves and corresponding derivatives in the
temperature range between 303.15 and 973.15 K.

The TGA data demonstrated that treated lignins exhibited
thermal profiles similar to that of kraft lignin. Yet, relevant
differences can be highlighted. Among examined samples,
[Ch]Cl:MaleA—lignin and [Ch]Cl:OxaA—lignin showed the
highest mass loss between 350 and 600 K. However, after this
temperature range, [ Ch]Cl:OxaA—-lignin demonstrated higher
thermal stability (60.1 wt % loss) than others (62.5—64.2 wt %

loss), including kraft lignin (61.4 wt % loss) as depicted in
Figure 9. The higher thermal stability of [Ch]Cl:OxaA—lignin
can be correlated with its composition of recalcitrant
structures, such as pinoresinol containing f—f linkages, to
the detriment of more susceptible structures for cleavage (e.g,
aryl ether) as depicted in HSQC spectra. Furthermore, the
high reactivity of [Ch]Cl:OxaA not only favors the cleavage of
aryl ether structures but also may enable the formation of
lignin condensed fractions difficult to pyrolyze. After ether
bond deavage, radical couplings could be formed, which in
turn establish intricate inter/intra C—O and inter C—C bonds
that require high dissociation energies.("‘\'

On the other hand, the highest mass loss of lignins treated
with [Ch]Cl:OxaA-lignin and [Ch]Cl:MaleA at 350—600 K
range mentioned above is clearly expressed in differential
thermogravimetric analysis (DTGA) curves with peaks of
weight loss rate at 465.55 and 501.49 K, respectively (Figure
9). In contrast to literature data, these mass losses are most
likely to be re?hresentative of oxalic and malic acid
contaminations.”®®” This reflects the identified contaminations
observed before in NMR analysis. Moreover, the maximum
differential thermogravimetric values (DTG,,,,) were detected
between 625 and 640 K for all lignin samples. This mass loss is
related to the fragmentation of lignin interunit bonds®® and
seems to be quite similar between almost all lignin samples
with no grid differences when compared to kraft lignin. An
exception can be observed for [Ch|Cl:OxaA—lignin (Figure
9), which follows a different pattern represented by a lower
weight loss rate and a slight DTG,,,, deviation. This can be
associated with lignin chemical changes induced by [Ch]-
CL:OxaA as explained before.

B CONCLUSIONS

The present work demonstrated the ability of DES to dissolve
kraft lignin and their potential to chemically modify this
underrated byproduct of pulp and paper industries.

The obtained results showed that DES HBD plays an
important role in kraft lignin dissolution, and the efficiency is
governed by its chemical nature (alcohol or carboxylic), chain
length, and molar ratio to HBA. Furthermore, the addition of
water negatively affects the lignin solvation power of DES.
Among the examined DES, [Ch]CI:HEXA and [Ch]Cl:MaleA
showed the best performance for kraft lignin dissolution,
allowing 32.99 and 34.97 wt % solubility at 313.15 K,
respectively.

18586 https://dx.doi.org/10.102 1/ acssusche meng.0c06655
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Besides, the thermal treatments (393 K) of kraft lignin with
selected DES demonstrated that carboxylic acid-based DES
induce chemical modifications to kraft lignin, especially, the
disruption of C—O covalent bonds (e.g, #-O-4, a-O-4, and a-
O-a). Furthermore, the acidity power of carboxylic acid-based
DES has a direct impact on the chemical modification of kraft
lignin, while alcohol-based DES were found to be excellent
nonderivatizing solvents by maintaining the lignin chemical
structure.

The results shown in this work highlight the versatility of
these solvents, which, depending on their chemical structure
and composition, may offer different lignin valorization
pathways: (i) partial lignin depolymerization with carboxylic
acid-based DES into added value low-molecular-weight
compounds and simultaneous esterification of the non-
depolymerized fraction as a precursor to new product
formulations or (ii) dissolution of underivatized lignin for
target modifications using alcohol-based DES toward new bio-
based materials.
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1. Chemicals

Table S1. Compounds used in this work along with their CAS Number, molecular weight (Mw),

purity and supplier.

Compound CAS Mw p Water content Purity? supplier
Number (gmol’) (wt %) (wt %)
Cholinium chloride ([Ch]Cl) 67-48-1 139.62 2.38+0.42 98.0 Acros Organics
Glycerol (GLY) 56-81-5 92.09 0.13+0.04 99.0 Acros Organics
Ethylene glycol (EGLY) 107-21-1  62.07 0.11+0.02 99.0 Fluka
1,3-propanediol (PROP) 504-63-2  76.10 0.0910.01 98.0 Sigma
1,4-butanediol (BUT) 110-63-4  90.12 0.07+0.01 99.0 Alfa Aesar
1,5-pentanediol (PENT) 111-29-5 104.15 0.050.02 97.0 Alfa Aesar
1,6-hexanediol (HEXA) 629-11-8 118.16 0.08+0.01 97.0 Aldrich
L(+)-lactic acid (LacA) 79-33-4 90.08 14.8+0.05 92.0 Riedel de Haen
Oxalic acid (OxaA) 144-62-7  90.03 0.03+0.00 99.5 Merck
DL-malic acid (MaliA) 617-48-1 134.09 0.02+0.00 99.5 Panreac
DL-malonic acid (MaloA) 141-82-2  104.06 0.01+0.00 >98.0 Fluka
Maleic acid (MaleA) 110-16-7 116.07 0.01+0.00 99.0 Panreac

*reported by the supplier
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2. LIGNIN CALIBRATION CURVE
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Figure S1. Kraft lignin calibration curve.
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3. KRAFT LIGNIN SOLUBILITY IN DES

Table S2. Solubility of Kraft lignin in DES with 5 wt % water content at 313.15 K.

HBA:HBD Lignin solubility

DEx molar ratio  (wt%)
Polyols
[Ch]Cl:GLY 1:2 28.56+0.89
[Ch]CLEGLY 1:2 32.26+0.72
[Ch]CI:PROP 1:2 25.12+0.58
[Ch]CI:BUT 1:2 27.61+0.56
[Ch]CI:PENT 1:2 29.54+0.51
[Ch]CI:HEXA 1:2 32.99+0.58
Carboxylic Acids
[Ch]Cl:OxaA 11 23.08+0.30
[ch]Cl:MaloA  1:1 34.10+0.04
[Ch]Cl:MaliA 11 24.74+0.33
[ch]Cl:MaleA™  1:1 34.97+0.33
[Ch]Cl:OxaA 1:2 23.92+0.47
[Ch]Cl:MaloA 1:2 34.00+0.37
[Ch]Cl:MaliA 1:2 25.24+1.08
References

[Ch]Cl:LacA 11 28.23+0.24
Water - 0.15+0.05

*10 wt % water content
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4, SHIMIZU AND MATUBAYASI HYDROTROPY MODEL

The Shimizu and Matubayasil model was developed to describe the usual
sigmoidal solubility curves found in hydrotropy and also describes information
about the interactions between solute and hydrotropic molecules. The model

developed by Shimizu and Matubayasi ! can be described as:

it (_SL,_) em.ln(xH)+b
Sy _ Sio i
m - 14+ emIn(xp)+b
where: x; = .
Mp+tMyater

Xy = Xypp OF

Xg = Xcncr OF

Xy = Xgs = Xupp + Xcha1

where S, is the solubility of lignin in the system (molar fraction of the solute), Si.0is
the solubility of lignin in water and xy is the molar fraction of the hydrotrope, in this
case being HBD, or chlorine chloride or the sum of the two in the case of ES. Note
that x4 is the molar fraction of the hydrotrope on a solute free base. The term Si/S.0
represents the relative solubility of lignin in the solution about solubility in pure
water. The parameters m and b represent the molecular interactions between
solute and hydrotrope, more specifically, m represents the number of hydrotrope

molecules in the vicinity of the solute.

After determining the parameters m and b, it is possible to outline the model

curve adjusted to the experimental data.
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Figure S3. Solubility enhancement of lignin (S./S.0) in DES aqueous solutions with the
following HBDs: a) ethylene glycol, b) 1,3-propanediol, c) 1,4-butanediol, d) 1,5-

pentanediol and e) 1,6-hexanediol and f) glycerol fitted using the Shimizu and

Matubayasi hydrotropy model (- - -).
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5. LIGNIN CHARACTERIZATION

5.1. FTIR-ATR

Table S3. FTIR vibrational bands/regions and corresponding assignments for Kraft lignin.

Vibrational Kl .
ssignments
band/region (cm™) B
3200-3500 O-H vibrations?
2844-2980 Aliphatic C—H and CH2 stretching vibrations?
C=0 of esters, ketones, aldehydes and acids. ( C=0 stretching, non
1775-1750 o g
conjugated
1731 C=0 stretching in xylan, C=0 stretching of acetyl or carboxylic acid*®
1700 Unconjugated C=0 (ketone, carboxyl or ester stretching)*®
1600-1690 Aromatic skeletal vibration’®
1514 Aromatic skeletal vibration™®
1456 Aromatic skeletal vibration and C-H deformations’*
1425 Aromatic skeletal vibrations combined with C-H in-plane deformation’?®
1370-1365 C-H deformation (aliphatic C-H Stretch in CH3, notin OMe; phen. OHY
1327-1365 Syringy! unit breathing with C=0 stretching and condensed Guaiacyl rings’™
1241 Guaiacyl ring breathing C—0 stretch in lignin and for C-0O linkage in guiacyl
aromatic methoxyl groups'!
1212 C-C plus C-O plus C=0 stretch; Guaiacyl condensed > Guaiacyl etherified’?
1152 C-O-C vibration (Cellulose and hemicellulose)!
15 Contribution of C-H in a plane deformation, C=0 stretching of syringy! units
and secondary alcohols’?
B Aromatic CH in-plane deformation (Guaiacyl > Syringyl) plus C-O
deformation in primary alcohols plus C=0 stretch (unconjugated) ™
979 C-0 valance vibration; aromatic C—H in plane deformation'?
925 Aromatic C-H out-of-plane’
838 Aromatic C-H out-of-plane deformation in Guaiacyl and Syringyl units®®
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Figure S4. FTIR-ATR spectra of Kraft lignin and recovered lignins from treatments with

[Ch]Cl:OxaA, [Ch]Cl:LacA, [Ch]Cl:Hexa, [Ch]CI:MaleA and water at 393.15 K for 6 h.
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5.2.2D HSQC NMR
The structural analysis of lignin samples was complemented with the 2D HQSC NMR
technique to better understand the impact of thermal treatments with DES. The HSQC
oxygenated and aromatic regions of the Kraft lignin along with the representation of identified

lignin subunits are shown in Figure S5 to suitably address its chemical characterization. The 13C-

1H cross signal assignments are described in Table S4 according to data reported in literature, ¥4~

20

In the oxygenated aliphatic region (6c-6H 35-110/2.5-5.7 ppm), the major lignin
subunits, such as alkyl-aryl ether structures (B-O-4), resinols (B-B), phenylcoumaran (B-1),
spirodienone (B-5), were identified in Kraft Lignin, while an intense signal at 56.1/3.75 ppm
represents the C-H cross assignment of methoxy groups in lignin. On the other hand, cross
signals associated with xylan backbone (X) were also found representing a contamination of
residual xylan in Kraft lignin, which is a common trait in this technical lignin.t®

In the aromatic region (6c-64 90-160/5.8-9.0 ppm), the cross signals at 104.88/7.07 and
105.22/6.47 ppm refer to the Cie-Hzs correlations in non-oxidized (S25) and oxidized (S'26)
syringyl type units, respectively. Similar assignments can be made to guaiacyl type units,
including non-oxidized at 111.00/6.95 ppm (G;), 115.00/6.75 ppm (Gs), 119.00/6.75 ppm (Ge);
and oxidized at 111.04/7.33 (G’;) and 120.14/7.24 (G’s) ppm.** The signal range between 122.00-
130.00/7.0-8.0 ppm should correspond to a-carbonyl/carboxyl position in syringyl and guaiacyl

units™® as well as to cinnamyl structures with alcohols, aldehydes, and acids as end groups (H).

S11
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Figure S5. 2D HSQC NMR of Kraft lignin with corresponding **C-'H cross signal assignments to
main lignin subunits: (A) B-0O-4’ linkages; (B} Resinol (B-B’); (C) Phenylcoumaran (B-5'); (D)
Spirodienone (B-1’); (E) cinnamyl acetate end-groups; (F) Ar-CHOH-COOH unit (Ca-Ha); (G)
Guaiacyl unit; (G’) oxidized Guaiacyl unit with a Ca ketone or carboxyl group; (H) p-
hydroxycynnamyl structures (alcohol, aldehyde or carboxylic end groups); (1) B-O-4’ substructure
Ca etherified to carbohydrate (R, polysaccharide; R’, H); (J) B-O-4’ substructure Cy etherified to
carbohydrate (R, H; R’, polysaccharide); (52,6) Syringyl unit; (S'2,6) oxidized syringyl unit with a

Ca ketone (phenolic); (X) Xylan.
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Table S4. Assignments of Kraft lignin C-H correlation signals in the HSQC spectra.

Labels &C &H Assignment

DB 49.61 3.39 Cp-Hp in B-1' spirodienone substructures (D)
BB 53.50 3.07 Cp-Hp in resinol substructures (B)

CB 53.71 3.46 Cp-Hg in B-5 phenylcoumaran

BB 54.20 2.82 Cp-Hp in epiresinol substructures (B)

MeO 56.06 3.75 C-H in methoxyls

Ay 55.00 3.2 Cy-Hy in B-0-4’ substructures (A)

Ay 59.87 371 Cy-Hy in B-0-4’ substructures (A)

Hy 61.59 4.11 Cy-Hy in p-hydroxycynnamyl alcohol

Ea 63.16 4.64 Ca-He in p-hydroxycinnamyl alcohol

Cy 63.26 3.89 Cy-Hy in B-5 phenylcoumaran

X5 63.63 3.28 Cs-Hs in xylan

Jy 66.88 4.28 Cy-Hy in B-0-4’ Ca- etherified with carbohydrate
Dy’ 68.89 3.79 Cy-Hy in B-1’ spirodienone substructures (D)
Dy’ 68.92 3.13 Cy-Hy in B-1’ spirodienone substructures (D)
B'AB 70.56 4.09 Cp-Hp in epiresinol substructures (B)

By 71.07 3.79 Cy-Hy in resinol substructures (B)

By 71.14 4.2 Cy-Hy in resinol substructures (B)

Aa 71.62 4.91 Ca-Ha in B-0-4" substructures (A)

X4 72.85 3.06 Ca-Ha in xylan

Fa 74.18 4.43 Ca-Ha in Ar-CHOH-COOH unit

X3 74.28 3.28 Ca-Hs in xylan

X2 75.84 3.53 Ca-Hz in xylan

B'a 81.36 4.78 Ca-Ha in epiresinol substructures (B)

Ca 82.92 5.51 Ca-Hain B-5 phenylcoumaran

lot 83.41 4.83 Ca-Hain B-O-4' Ca- etherified with carbohydrate
AB 83.96 4.31 (G) CBHPB in B-0-4’ linked to G units

Ba 85.3 4.67 Ca-Ha in resinol substructures (B)

DP’ 86.89 4.44 Cp-Hp in B-1’ spirodienone substructures (D)
B'a 87.22 4.33 Ca-He in epiresinol substructures (B)

AB 87.23 3.69 (S) Cp-Hp in B-O-4" linked to S units

X1 101.8 4.29 Ci-H1 in xylan

52.6 104.88 7.07 C25-Hz. in oxidized Syringyl units (')
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S2.6 105.22 6.47 C26-Ha.6in Syringyl units (S)

G2 111.00 6.95 C2-H2 in Guaiacyl units (G)

G2 111.04 7.33 C2-H: in oxidized Guaiacy! units (G)

G5 115.00 6.75 Cs-Hs in Guaiacyl units (G)

G6 119.00 6.75 Cs-Hs in Guaiacyl units (G)

G6’ 120.14 7.24 Cs-Hs in oxidized Guaiacyl units (G)

H 122.98 7.56 Cynnamyl alcohols. aldehydes or acids (end groups)
H 125.53 7.79 Cynnamyl alcohols. aldehydes or acids (end groups)
H 126.16 4.00 Cynnamyl alcohols. aldehydes or acids (end groups)
H 127.01 7.35 Cynnamyl alcohols. aldehydes or acids (end groups)
H 128.42 8.09 Cynnamyl alcohols. aldehydes or acids (end groups)
H 131.29 8.23 Cynnamyl alcohols. aldehydes or acids (end groups)
H 145.73 8.8 Cynnamyl alcohols. aldehydes or acids (end groups)

iy - - =l §
8, - *
P 8 o [V [« &
% 4 -
% 3 L = .
- - A [ e [
- .
. _— =
B | 1o
% L
~ =r
L s
1o =130
T T T TCTTITTET " AR LR D) (EELLIAE]
SLARDPSARARELS ML R AT RRAR AR AR ARNS 13 40 FLD A0S REFARRAL S R AL ER @2 88 B84 B2 &0 78 7B 74 72 FD 68 66 64 82 A0 58

m
i o

Figure S6. 2D HSQC NMR of recovered lignins from thermal treatment with water at

393.15Kfor 6 h.
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Consideragoes do Capitulo 7 e Objetivos Capitulo 8

Neste capitulo foi confirmada a capacidade dos ESs e suas solugdes
aquosas de dissolver a lignina. Entre os solventes estudados o [Ch]CI:HEXA e o
[Ch]CIl:MaleA apresentaram os melhores resultados, permitindo 32,99 e 34,97%
m/m de solubilidade a 40°C, respectivamente. Também foi verificado que o
aumento da cadeia carbdnica dos HBDs e o aumento da raz&o molar de
HBD:HBA (1:2 para 2:1) favorece a dissolugao da lignina nesses solventes. Os
ESs baseados em alcoois ndao modificaram significativamente a estrutura da
lignina Kraft durante o processo de solubilizag&o. Por outro lado, os ESs a base
de acidos carboxilicos modificaram a estrutura da lignina Kraft, removendo a
contaminagao por carboidratos e clivando principalmente as ligagdes §-0O-4’. Os
resultados mostram a versatilidade desses solventes distintos, que, dependendo
de sua estrutura e composicdo quimica, podem oferecer uma modificagdo da
lignina.

Uma vez detectada a capacidade dos ESs baseados em acidos
carboxilicos de modificar a estrutura da lignina, no capitulo 8 o ES formado por
cloreto de colina e acido oxalico (1:1), o ES mais reativo, foi utilizado como
solvente para a despolimerizagcdo de dois tipos de ligninas técnicas, Kraft e
Organossolve. A reagédo foi mediada por peroxido de hidrogénio ou &cido
sulfurico em condigbes amenas (pressédo ambiente e temperatura de 80°C).
Esses parametros ajudaram a iniciar o estudo dos mecanismos de
despolimerizag¢ao da lignina utilizando os ESs. Além disso foram identificados e
analisados novos compostos gerados durante a reagao de despolimerizagéao da

lignina.
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CAPITULO 8 - Conversion of Organosolv and Kraft lignins into
value-added compounds at mild conditions assisted by an acidic
deep eutectic solvent

8. CONVERSION OF ORGANOSOLV AND KRAFT LIGNINS INTO VALUE-
ADDED COMPOUNDS AT MILD CONDITIONS ASSISTED BY AN ACIDIC
DEEP EUTECTIC SOLVENT
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ABSTRACT

In this study, an acidic deep eutectic solvent (DES) was used as benign
solvent to valorise technical lignins by breaking down their structure into value-
added aromatic compounds. The action of an acidic DES composed of cholinium
chloride ([Ch]Cl) and oxalic acid (Oxa), at molar ratio 1:1, towards
depolymerisation of Kraft and Organosolv lignins (KL and OL) was studied at mild
conditions (80 °C, for 1 to 6 h). Furthermore, the addition of hydrogen peroxide
(H202) or sulfuric acid (H2S04) as co-catalysts was also performed. The obtained
data showed maximum yields between 25.3 wt% and 27.7 wt% of lignin
depolymerisation products after OL and KL breakdown. Moreover, the profile of
depolymerisation products was distinct between examined lignins as well as
between acidic ([Ch]Cl:Oxa and [Ch]Cl:Oxa/H2SO4) and acidic oxidative
treatments ([Ch]Cl:Oxa/H202). The acidic treatments of KL favoured the
formation of syringol and acetosyringone, while vanillic and syringic acids were
the main products in the acidic treatments of OL. On the other hand, the presence
of H202 in DES revealed the ability to promote electrophilic substitutions of
chloride from [Ch]Cl in the aromatic ring of lignin monomers. After
depolymerisation, regenerated lignin samples disclosed reduced molecular
weight in contrast to their precedent. Moreover, FT-IR data showed lignin
structural changes, including esterification with oxalic acid and formation of
phenolic groups as consequence of aryl ether bond breakdown. The insights
gained in this study also provide a better understanding on lignin
depolymerisation mechanisms with DES (with and without co-catalysts) and
envisage process integration through the production of lignin monomers (and

oligomers) combined with functionalization of regenerated lignin with oxalic acid.

Keywords: lignin, deep eutectic solvents, depolymerisation, acidolysis,
oxidation, value-added aromatic compounds.
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1. INTRODUCTION

Lignin is one of the three major macromolecular components of vegetal
biomass, besides cellulose and hemicelulloses, and is the second most abundant
resource in nature after cellulose.! It exhibits structural and protective functions
in plant biomass against external biotic attacks and its content can reach 15 to
40 % of plant dry weight. Lignin is a randomly branched macromolecule
constituted by three phenylpropanoid units, namely guaiacyl (G), syringyl (S) and
p-hydroxyphenyl (H), linked by different types of C-O (e.g. B-O-4 and a-O-4) and
C-C (e.g. B-B, B-1 and B-5) covalent bonds. Therefore, this macromolecule
represents a valuable source of aromatics and stands as one of the most
important candidates to replace fossil-based feedstocks in the production of
commodities, such as fuels, chemicals and materials within the scope of the
biorefinery concept.?

Currently, most of the available lignin is a by-product of cellulose pulp and
2G bioethanol industrial activities and is burned in boilers to produce energy into
the grid.3 Bearing in mind all the potentialities of this aromatic carbon source, this
is a low value chain that must be upgraded. However, the heterogeneous and
complex structure of lignin as well as its low reactivity restrict the development of
applications in novel materials and value-added chemicals.* A possible solution
relies on the effective depolymerisation of this macromolecule into its monomeric
constituents providing an opportunity to generate new products and also to
overcome scientific and technological barriers upon lignin valorisation.

However, the development of efficient lignin depolymerisation processes
has been a massive challenge. The intricate structure of lignin allied with highly
stable C-O and C-C chemical bonds hinder the depolymerisation that needs high
energy input to promote linkage disruption. Amongst those chemical bonds, B-O-
4 aryl ether are the most representative linkages in lignin structure (about 60%),3
thus their disruption have been intensively approached.®> However, simultaneous
cleavage of C-C bonds is of utmost importance specially when targeting the
production of low molecular weight aromatic compounds, such as lignin
monomers and oligomers, which disclose a high market value.?

In literature, different studies have been reporting heterogeneous®’ and

homogeneous??® catalysis as technologies capable of disrupting lignin chemical
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bonds towards the production of aromatic chemicals.® The heterogeneous
catalysis of lignin typically involves the application of metal catalysts, but they
exhibit some disadvantages. Catalysts containing noble metals (palladium,
platinum, ruthenium'®) have disclosed high efficiency, but their high cost is a
drawback, while cheap metal-based catalysts possessing zinc or copper are less
efficient and their surface is quite often saturated with lignin fragments, preventing
their proper reuse.’ On the other hand, the homogeneous catalysis of lignin
stands as an alternative overcoming some of the disadvantages of
heterogeneous conversion, but usually relies on the application of strong mineral
acids or alkaline solutions, posing several technical issues, especially in
downstream processing.'?'3 Furthermore, the high toxicity of mineral acids is also
negative to environment and public health. Their recovery from product stream
must be performed, although this task has revealed very harsh.'*'S A more
sustainable solution may lie in the use of green tools, such as green solvents or
green catalysts, to overcome these environmental and healthy limitations.

Recently, deep eutectic solvents (DES) have been studied and applied as
green tools in several applications.’® Introduced by Abbott et al.,'” DES is a
mixture of at least one hydrogen bond donor (HBD) and one hydrogen bond
acceptor (HBA) capable of establishing strong hydrogen bonds and form an
eutectic solution with inherent negative deviation of the melting temperature in
contrast to that of the ideal mixture."”'® This depression in the melting
temperature makes a large number of DES to be liquid at room temperature
enabling their use as solvents. In addition, DES possess other favorable
characteristics, including biodegradability, low vapor pressure, easy preparation
and tailored physicochemical properties (acidity, basicity, polarity, among
others).’®

These features drew the attention to apply DES towards lignin
dissolution?%2' and biomass delignification.?>23 Several studies have been
reporting acidic DESs, such as those formed by the combination of cholinium
chloride ([Ch]Cl) as HBA and carboxylic acids, including oxalic acid (Oxa), formic
acid (FA) and lactic acid (LA) as HBD, as efficient solvents for the extraction and
dissolution of lignin from biomass.?4#?> Few works have stressed out small
changes to lignin structure after its delignification with DES,?6-28 while others have
proven the ability of DES to disrupt lignin chemical bonds,?% specially B-O-4
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ether bonds?®'. These contradictory observations rely mostly on the acidic nature
of the HBD and mild vs severe conditions used in biomass delignification.
Notwithstanding these differences, a close inspection on the delignification
mechanisms and performance of these acidic DES was investigated.3233 Alvarez-
Vasco et al. reported that the cleavage of 3-O-4 bond in a lignin model compound
(guaiacylglycerol-B-guaiacyl) by [Ch]CI:LA is similar to lignin acidolysis catalysed
by hydrochloric acid.3? In another work, da Costa Lopes et al.3* demonstrated that
[Ch]Cl:p-toluenesulfonic acid (pTSA) and its bromide equivalent ([Ch]Br:pTSA)
are able to cleave efficiently -O-4 bonds of another lignin model compound (1-
phenyl-2-phenoxyethanol). Through DFT calculations, the authors revealed a
nucleophilic role of the halide anion (chloride or bromide) that substitutes the
hydroxyl group neighbouring the B-O-4 ether linkage, forming a halide
intermediate that energetically favors the cleavage.®* On the other hand, Hong et
al.3® evaluated the structural changes of alkali lignin after its treatment with
[Ch]CI:Oxa and [Ch]CI:LA. In both cases, the cleavage of ether bonds was
preceded by the following lignin modifications: i) removal of the Ca alcohol and
the formation of highly reactive benzylic carbocations in the lignin side chains; ii)
oxidation of the Ca position and acylation of the Cy position.33

Bearing all this in mind, the application of DES as both solvent and catalyst
may provide a new and sustainable process for lignin depolymerisation besides
biomass delignification. However, there are still few studies that explored the
performance of DES to depolymerise lignin in its monomeric and oligomeric
fragments.333% The present research study intends to give an important and
comprehensive contribution to better understand the mechanisms behind this
process mediated by these unique solvents. [Ch]Cl:Oxa (1:1 molar ratio), which
previously showed an improved performance on lignin cleavage in contrast to
other acidic DES,3!' was chosen as representative medium to dissolve and
depolymerise two technical lignins, namely Kraft and Organosolv, under
moderate conditions (80 °C, 1-6 h). In addition, sulfuric acid (H2SO4) and
hydrogen peroxide (H202) were used as co-catalysts to address different
mechanistic possibilities in the disruption of C-O and C-C linkages in those
lignins. The results from this study provide new insights into the depolymerisation

pathways of lignin mediated by or in presence of an acidic DES.
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2. MATERIALS AND METHODS
2.1. Chemicals

Kraft Lignin (KL) isolated from Eucalyptus Urograndis was directly
supplied by Suzano Papel & Celulose (Brazil). KL was precipitated from the
industrial black liquor by employing carbon dioxide. On the other hand,
Organosolv Lignin (OL) was directly supplied by Fraunhofer (Germany). OL was
extracted from beech wood with 50 % (v/v) ethanol solution and sulphuric acid as
a catalyst. Cholinium chloride ([Ch]CI, 98.0 wt% purity) was purchased from
Acros Organics (New Jersey, US). Oxalic acid (Oxa, 99.5% purity),
tetrahydrofuran (THF, 99 wt% purity and methyl benzoate (99 wt% purity) were
purchased from Merck (Darmstadt, Germany). Both hydrogen peroxide (H202,
30 % v/v) and methyl isobutyl ketone (MIBK, 98.5 wt% purity) were purchased
from Riedel-de Haén - Honeywell (Charlotte, US), while sulfuric acid (H2S0O4, 96
wt% purity) was supplied by Fisher Chemical (New Jersey, US).

2.2. DES Preparation

The binary mixture of [Ch]Cl and Oxa at molar ratio 1:1 was sealed in glass
vials, heated in oil bath at 60 °C and kept at constant magnetic stirring until a
transparent liquid (approximately 2 hours) was formed. The prepared DES was
cooled down to room temperature and water content was measured by Metrohm
831 Karl-Fischer coulometer. Water content in DES was corrected to 5 wt%
afterwards to uniform every batch.

2.3. Lignin depolymerisation assays

The methodology of lignin depolymerisation and post-processing steps are
briefly described in Figure 1. KL or OL (300 mg) was added to [Ch]CI:Oxa (1:1)
(6.0 g) in 250 mL glass flasks from 6 Plus Reaction Station™ carousel (Radleys,
United Kingdom), which allows parallel reactions at the same temperature and
agitation. The mixture was heated up to 80 °C and reaction was left for 1, 3 and
6 h under constant agitation (200 rpm) provided by the magnetic bar stirrer. Both
technical lignins were treated with three distinct systems: i) DES; ii) DES with

catalytic amount of H2SO4 (1 wt%); and iii) DES with catalytic amount of H202 (2
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wt%).

After reaction, the glass flasks were placed in ice bath (5 °C) and 20 mL
of water was added to the mixture enabling lignin precipitation. The precipitated
lignin was separated by vacuum filtration, washed with water (3 x 10 mL), and
finally freeze dried before its gravimetric quantification. The lignin recovery yields
were determined by the equation 1. The liquid phase containing lignin
depolymerised products was collected and stored in a fridge before analysis. The
obtained yields of lignin depolymerisation product were calculated by closing the
mass balance of the initial lignin as disclosed by the equation 2.

Lignin (KL-OL)

I 2) H,50, 1) [Ch]Cl:Oxa

Reaction 80°C-1,30r6h

1-Washed (H,0) 1- Diluted with H,0
2-Filtration 2- Filtration
———————

f - Recovered Insoluble S S S S T S -
'l ! lignin Fraction 7if — Lignin depolymerized products &

_______

1- Acetylation : :
I : H
(TTTTTON 1 H :
1 I tessesscssssasssssssass .
1
1
1

_______

1- MBIK extraction 1- THF dissolution
2- Evaporation 2- Filtration

Figure 1. The flowchart of lignin treatment and post-processing analysis

performed in this work.

mLig_recovered

lignin recovery yield (wt%) = 100 1

Myig_initial
where my;g initiq: is the initial lignin mass, while m,;; recovery is the amount of

recovered lignin after depolymerisation.

Lig_initial — MLig_recovered
g g -100

m
depolymerization product yield (Wt%) = (2)

Myig_initial

2.4, Extraction of lignin depolymerisation products from DES

The collected liquid phase (=20 mL) was subjected to a liquid/liquid

extraction with MIBK (10 mL) to separate the lignin depolymerisation products
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from DES. The MIBK phase enriched with those compounds was then separated
from DES phase. This liquid/liquid extraction step was repeated twice and MIBK
phases were collected in the same flask and further evaporated in a centrifugal
vacuum concentrator (MiVac, US). were obtained after solvent evaporation and
were re-dissolved in 5 mL THF followed by filtration to remove any trace of [Ch]CI
(insoluble in THF). Subsequently, THF was evaporated in centrifugal vacuum
concentrator. The resulting solid extracts were re-dissolved in THF to obtain a

known concentration (20.0 mg-L") for GC-MS analysis.

2.5. Lignin acetylation

The regenerated lignin samples (section 2.3) were acetylated with pyridine
and acetic anhydride (2:1) v/v mixture at 50 °C. After 8 hours of reaction, the pH
of the solutions was adjusted to approximately 3.0 with a HCI (0.1 N) solution and
left at room temperature for 12 h with continuous stirring (approximately 200 rpm)
to avoid lignin agglomeration. The obtained suspensions were centrifuged for 10
min at 4500 rpm and the resulting acetylated lignin was exhaustively washed with
distilled water (5 x 10 mL) and freeze-dried. The acetylated lignin samples were
analysed by GPC.

2.6. Lignin characterization
2.6.1. Gel Permeation Chromatography (GPC) analysis

GPC analyses of acetylated lignin samples and depolymerisation products
were performed on a size-exclusion chromatographic system (HP-AGILENT
system) equipped with a UV detector (set at 280 nm). Analyses were carried out
at ambient temperature using THF as eluents at a flow rate of 1 mL-min-'. Aliquots
(100 pL) of acetylated lignin dissolved in THF (1.5 mg-mL-") were injected into
PLgel 3 ym MIXED E 7.5 x 300 mm. The column specifications allow for the
separation of molecular masses up to 3.0 x 104 g-mol-1. The GPC system was
calibrated with polystyrene standards (Mw = 162, 672, 890, 2280, 4840, 5180,
9630, 25500, 61400, 127000). The chromatographic data were processed with
the PSS (Polymer Standards Service) WinGPC Unity software.
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2.6.2. Fourier Transform InfraRed (FT-IR) analysis

The FTIR spectra of lignin samples (not acetylated) were recorded on a
PerkinElmer Spectrum BX spectrometer equipped with a horizontal Golden Gate
ATR cell and a diamond crystal. A total of 32 scans were made for each sample
with a resolution of 4 cm™! in a wave range between 4000 cm! and 400 cm™'.

2.6.3. Gas chromatography/mass spectrometry (GC/MS) analysis

The identification and semi-quantification of lignin depolymerisation
products was carried out using a gas chromatograph/mass spectrometer
Shimadzu QP2010 Ultra, equipped with an AOC-20i autosampler and high-
performance quadrupole mass filter. The separation of reaction products was
carried out in a DB-5 ms column (30 m length, 0.25 mm i.d. and 0.25 ym film
thickness) using helium as the carrier gas (40 cms™). The chromatographic
conditions were as follows: isothermal at 80 °C for 5 min, ramped from 80 to 250
°C (8 °C min™"), ramped from 250 to 300 °C (4 °C min~") and then isothermal at
300 °C for 5 min; injector temperature of 320 °C; and split ratio equal to 1:10. The
MS was operated in the electron impact mode with an electron impact energy of
70 eV and data was collected at a rate of 1 scan s™' over a range of m/z 50-1000.
The ion source was kept at 200 °C and the interface temperature at 300 °C.

Identification ~of compounds was performed by comparing
chromatographic peaks retention times and their mass spectra with the
equipment mass spectral library (NIST14s MS Library Database or WILEY229
MS Library Database). A semi-quantitative analysis was carried out by
considering the ratio between the peak area of compound and the peak area of

the internal standard as shown by the following equation:

A
% Relative Peak Area; = Zni‘l' 100 (3)
i i

“I'”

where 4; is the peak area of compound “/”, and “n” is the number of compounds.
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3. RESULTS AND DISCUSSION
3.1. Characterization of lignin depolymerisation products

Kraft and Organosolv lignins (KL and OL) were treated with three distinct
solvent systems: i) [Ch]CI:Oxa; ii) [Ch]Cl:Oxa/H2S04; and iii) [Ch]CIl:Oxa/H20:2.
Their ability for lignin depolymerisation at 80 °C was evaluated over time (1, 3
and 6 h) and the obtained results are depicted in Figure 2.

At first sight, depolymerisation product yields were all higher than 6.7 wt%,
suggesting that the studied systems were able to convert at least a small portion
of the initial lignin. Furthermore, reactions of OL and KL with both [Ch]CIl:Oxa and
[Ch]CI:Oxa/H2S04 revealed an increase of the depolymerisation product yield
from 1 to 3 h, but a sharply decrease at 6 h was verified. Maximum yields between
25.3 wt% and 26.8 wt% of lignin depolymerisation products were obtained in the
reaction of OL and KL with these DES systems at 3 h. However, an exception to
this trend was disclosed by DES comprising catalytic amount of H202, which
presented a different behaviour in the depolymerisation of both KL and OL in
contrast to other DES systems. For KL treatment, a maximum depolymerisation
product yield (25.3 wt%) was detected at 1 h, while it decreased continuously
over time up to one half after 6 h. On the other hand, no relevant changes in
yields (between 12.7 and 15.4 wt%) during OL treatment with [Ch]Cl:Oxa/H202
were observed.

Overall, the inherent acidity of oxalic acid (pka =~ 1.5) per se is sufficient to
give [Ch]Cl:Oxa the ability to promote lignin depolymerisation as reported
elsewhere.333% However, additional catalytic amount of a strong acid like H2SO4
(pka = -3.0) seems to favour the disruption of lignin chemical bonds, specially 3-
O-4 bond cleavage,®®® increasing the depolymerisation efficiency. The
maximum yield of 26.8 wt% is at the same level of lignin depolymerisation with
DES. Hong et al.?3 observed that the process of alkaline lignin treatment with
[Ch]CI:LA or [Ch]CI:Oxa at 80-120 °C for 6 hours resulted in a depolymerisation
yield that varied between 25 to 56%.32 Other depolymerisation technologies, such
as base catalysed (NaOH) depolymerisation and in situ hydrogenolysis
(pressurized to 4 MPa with Hz at 260 °C and 4 hours), allowed to convert more

than 92.5% of lignin. Meier et al. studied the catalytic hydrogenolysis of lignin at
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high temperature (400 °C) in the presence of a catalyst (NiMo aluminosilica) and
obtained a yield of around 65% by weight.3® Oasmaa and Johansson also
achieved a yield of around 60% by weight in hydrotreating lignin at a hydrogen
pressure of 10 MPa in the presence of a water-soluble molybdenum catalyst.4°

Furthermore, for treatments with [Ch]Cl:Oxa and [Ch]CI:Oxa/H2SO4, the
decrease of lignin depolymerisation product yield at 6 h can be explained by the
existence of condensation and repolymerisation reactions®33 between those
products and lignin, enabling higher yield of regenerated solid. These undesired
reactions, which are favoured at long treatments, are also one of the major
limitations in several lignin depolymerisation processes.*'#? The condensation of
lignin depolymerisation products during time was more evidenced in KL treatment
with [Ch]CIl:Oxa/H202.
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Figure 2. Yields of lignin depolymerisation products in the liquid phase after a)
KL and (b) OL treatment with (m) [Ch]Cl:Oxa, (=) [Ch]Cl:Oxa/H2S0O4 and (m)
[Ch]CI:Oxa/H202 at 80 °C.

Lignin depolymerisation products dissolved in each liquid extract were
tentatively identified by GC/MS. Initially, 60 compounds were labelled (Table S1),
but among these, 30 were selected as representative compounds of
depolymerisation fractions (Table 1) to compare the catalytic behaviour of the

examined DES systems.
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Table 1. Main compounds identified by GC-MS.

Entry Compounds MW (Da) Ret. Time (min)
1 guaiacol 124.14 7.380
IS* methyl benzoate 136.15 7.645
2 1-(3,4,5-trihydroxyphenyl)propanone 182.17 10.818
3 3-(3,4,5-trihydroxyphenyl)propanal 182.17 11.430
4 5-chloroguaiacol 158.01 11.609
5 4-ethyl-guaiacol 152.19 11.663
6 2-methoxy-4-vinylphenol 150.22 11.903
7 3-methoxycatechol 140.05 11.285
8 syringol 154.16 13.062
9 vanillin 152.15 14.011
10 1-chloro-5-methoxybenzene-3,4-diol 174.01 14.358
11 acetovanillone 166.17 15.485
12 3,4-dihydroxy-5-methoxyacetophenone 182.17 16.027
13 guaiacylacetone 182.17 16.130
14 vanillic acid 168.14 16.690
15 4-allyl-2,6-dimethoxyphenol 194.23 17.037
16 2-chloro-3,5-dimethoxybenzene-1,4-diol 204.02 17.680
17 homovanillic acid 182.17 17.760
18 2,5-dimethoxy-1,4-benzenediol 170.16 18.002
19 syringaldehyde 182.17 18.072
20 3,5-dichloro-2,6-dimethoxyphenol 221.99 18.370
21 3-(4-hydroxy-3-methoxyphenyl)-2-oxopropanoic acid 210.05 18.640
22 3,4,5-trichloro-2-methoxyphenol 225.94 18.655
23 2-(4-hydroxy-3,5-dimethoxyphenyl)acetaldehyde 196.20 19.050
24 acetosyringone 196.19 19.137
25 2,6-dichloro-3,5-dimethoxybenzenediol 239.50 19.685
26 5-chlorovanillic acid 202.17 19.792
27 syringic acid 198.17 20.150
28 1-(6-chloro-4-hydroxy-3,5-dimethoxyphenyl)ethanone 230.30 20.323
29 1-(4-hydroxy-3,5-dimethoxyphenyl)propanedione 224.25 20.373
30 2-chloro-4-hydroxy-3,5-dimethoxybenzoic acid 232.01 22.275

*Internal Standard

The obtained products were identified as phenolic compounds derived
from syringyl (S) and guaiacyl (G) units containing alcohols, ketones, aldehydes
and carboxylic acids as functional groups attached to the aromatic ring or to the

carbon chain at a, B and y positions of these units. Due to the nature of KL (E.
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grandis wood) and OL (beechwood), which are mostly comprised by S and G
units,*344 compounds derived from hydroxyphenyl (H) units were not identified in
this work. Furthermore, the chromatograms of depolymerisation samples from KL
and OL showed the same peaks, although with different relative abundances
(Figure S1).

The composition of lignin depolymerisation extracts was also performed
by semi-quantitative analysis. Figure 3 depicts the relative abundances of the
identified 30 compounds after treatment of both KL (3a) and OL (3b) with three
examined DES systems at 80 °C for 3h. The obtained data once more showed
distinct behaviour between both [Ch]Cl:Oxa and [Ch]Cl:Oxa/H2SO4 against
[Ch]CI:Oxa/H20:2 in the formation of lignin depolymerisation products. For the first
systems, lignin monomers, including 2-(3,4-dihydroxy-5-
methoxyphenyl)acetaldehyde (3), syringol (8) and acetosyringone (24) were
detected with higher amount than other compounds in KL depolymerisation. In
fact, compound (8) reached approximately 25 % of all identified compounds in
KL depolymerisation fraction with neat DES and in presence of H2SO4. However,
when looking to the depolymerisation products obtained with [Ch]Cl:Oxa/H20z2,
compound (3) stood as the most produced monomer in KL treatment (=~ 15%),
along with compound (25). On the other hand, by changing the lignin sample to
OL, besides compound (3) the formation of vanillic (14) and syringic (27) acids
were favoured in the three DES systems. Furthermore, it should be also
highlighted that the presence of H202 promotes the formation of chlorinated
compounds (10), (16), (25), (28) and (30), which were not produced in its absence
for both lignin treatments. The relative abundances of the identified 30
compounds after treatment of KL and OL with three examined DES systems at
80 °C for 1h and 6h are presented in the supplementary material (Figure S2 and
Figure S3, respectively).



136

(a)

om

-t

@
1

% Relative Abundance (A_

N

1 2 3 4 5 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30

(b)

0

1 2 3 4 5 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Compound

Figure 3. Relative abundance (%) of lignin depolymerisation products from (a)
KL and (b) OL treatments at 80 °C for 3 hours with (m) [Ch]CIl:Oxa, (=)
[Ch]CI:Oxa/H2S04 and (m) [Ch]CIl:Oxa/H20x2.
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The obtained data clearly show that the composition of lignin
depolymerisation extract is highly dependent on lignin nature. KL from E. grandis
wood and OL from beechwood disclose significant structural differences that
under similar treatment conditions (DES system, temperature, and time), distinct
lignin monomers are produced. For instance, the fact KL possesses sulfur
content, as consequence of the Kraft process reagents, it might influence its
depolymerisation in DES systems.4546

Furthermore, treating KL under acidic conditions ([Ch]Cl:Oxa and
[Ch]CI:Oxa/H2S04) enables a selective formation of syringol (8), which means
that propyl side chains of S type units present in KL are favourably cleaved apart
from the aromatic ring. On the contrary, this cleavage seems not to be favoured
when OL is the feedstock, since syringic acid (27) is formed in higher content
than syringol (8) under the same acidic conditions. On the other hand, the acidic
oxidative medium ([Ch]Cl:Oxa/H202) favoured the formation of vanillic acid (14)
from KL, probably as a result of the strong oxidation of G type units, like
acetovanillone (11) and vanillin (9), mediated by H202.4” Similar observation was
found for OL treatment under same oxidative conditions, in which syringic and
vanillic acids were two of the highest content compounds.

Furthermore, chlorinated aromatic compounds were detected in presence
of H202 as consequence of the oxidative cleavage. In lignin depolymerisation
processes assisted by H202, the formation of aromatic radicals is typical, which
in turn might be reactive with the chloride anion coming from [Ch]CI.

The obtained data clearly show that the composition of lignin
depolymerisation extract is highly dependent on lignin nature. KL from E. grandis
wood and OL from beechwood disclose significant structural differences that
under similar treatment conditions (DES system, temperature, and time), distinct
lignin monomers are produced. For instance, the fact KL possesses sulfur
content, as consequence of the Kraft process reagents, it might influence its
depolymerisation in DES systems. 4546

Furthermore, treating KL under acidic conditions ([Ch]Cl:Oxa and
[Ch]Cl:Oxa/H2S04) enables a selective formation of syringol (8), which means
that propyl side chains of S type units present in KL are favourably cleaved apart
from the aromatic ring. On the contrary, this cleavage seems not to be favoured
when OL is the feedstock, since syringic acid (27) is formed in higher content
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than syringol (8) under the same acidic conditions. On the other hand, the acidic
oxidative medium ([Ch]Cl:Oxa/H202) favoured the formation of vanillic acid (14)
from KL, probably as a result of the strong oxidation of G type units, like
acetovanillone (11) and vanillin (9), mediated by H202.4” Similar observation was
found for OL treatment under same oxidative conditions, in which syringic and
vanillic acids were two of the highest content compounds. Furthermore,
chlorinated aromatic compounds were detected in presence of H202 as
consequence of the oxidative cleavage. In lignin depolymerisation processes
assisted by H202, the formation of aromatic radicals is typical, which in turn might
be reactive with the chloride anion coming from [Ch]CI.

The GC/MS data showed the identification of several monomeric
compounds with maximum molecular mass (MW) of 224 Da (compound 29).
However, considering the typical MWs of KL and OL (> 1000 Da), the existence
of oligomeric products is highly probable after depolymerisation with examined
DES systems. Therefore, to evaluate the MW distribution of depolymerised lignin
extracts during time, acetylated samples were analysed by GPC. As an example,
chromatograms of KL depolymerisation products obtained with the three DES
systems at 1 h and 6 h are presented in Figure 4 (results for OL are shown in
Figure S4).

On the left of Figure 4, the MW fraction below 240 Da is highlighted in grey,
corresponding to lignin monomers that are detectable by GC/MS method. It is
possible to identify 4 main peaks, corresponding to maximum of 90, 118, 160 and
170 Da, the last two being the most intense. Amongst the 30 compounds
identified by GC-MS, around 21 compounds have a molecular mass between 140
and 190 Da, which may comprise those last peaks. Surprisingly, the peaks at 90
and 118 Da are very pronounced in the depolymerisation fraction obtained with
DES/H20:2 for KL. The presence of sulfur in KL can leads to fully deoxygenated
products such as toluene, benzene, and cyclohexane, and to phenol as partially
deoxygenated compound.*8
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Figure 4. GPC analysis of lignin depolymerisation products from KL treatment at
80 °C during (a) 1 h and (b) 6 h with (m) [Ch]CI:Oxa, (=) [Ch]CI:Oxa/H2S04 and
(m) [Ch]CI:Oxa/H20x2.
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They comprise low molecular weight aromatic compounds that were not
identified by the GC/MS method used in this work. On the other hand, on the right
of Figure 4, oligomers with wide distributed MWs can be observed and they
represent a substantial part in each sample. These oligomeric fragments were
also not identified by the GC/MS. The GPC data revealed that a higher quantity
of oligomers seems to be produced by neat DES and DES/H2S0O4. On the
contrary, the oxidative environment promoted by H20:2 favoured the formation of

low molecular weight compounds to the detriment of lignin oligomers.

3.2. Kinetic study of lignin depolymerisation

The formation and consumption of depolymerisation products was tracked
over time to understand the mechanisms behind lignin depolymerisation assisted
by the three examined DES systems. The kinetics of 15 relevant aromatic
compounds, previously identified by GC/MS, were represented as relative peak
area of each compound to the internal standard (methyl benzoate). The data
obtained from KL depolymerisation with the three DES systems between 1 and 6
h is presented as a model in Figure 5.

At first sight, treatments at 3 h disclosed the highest formation of aromatic
monomers, which correlates well with the depolymerisation yields presented in
Figure 1. Once more, this is an indication that the reaction time directly affects
lignin depolymerisation. Furthermore, the kinetic profile of the 15 compounds are
similar between treatments with [Ch]Cl:Oxa (Figure S5 in SI) and
[Ch]Cl:Oxa/H2S04 (Figure 5a), but noticeably different in lignin depolymerisation
mediated by [Ch]Cl:Oxa/H202 (Figure 5b).

The KL depolymerisation under acidic conditions ([Ch]Cl:Oxa/H2S0O4)
revealed that a major fraction of monomeric compounds, including guaiacol (1),
syringol (8), acetovanillone (11), vanillic acid (14), a demethylated ketone (2) and
a demethylated aldehyde (3) presented a remarkable formation from 1 to 3 h, but
was followed by their drastic consumption up to 6 h. Although a similar trend was
observed for acetosyringone (24), its consumption rate was moderate. On the
other hand, syringic acid (27) presented a maximum yield at 1 h and was followed
by a decreasing trend over time. On the opposite, vanillin (9) and syringaldehyde
(19) relative peak areas increased during time, although their representation in

depolymerisation extract is very low.



141

(a)

Relative Peak Area (A
3
L

T T T T
m @ @ @6 @© @1 (4 (@6 (19 (24) (25 (26) (27) (28) (30)

(b)

Relative Peak Area (A
3
1

m @ @& @6 © @1y (149 (@6 (19 (24) (25 (26) (27) (28) (30)
Compound

Figure 5. Relative peak area of identified compounds after KL depolymerisation
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Considering that all these compounds are expected to participate in
repolymerisation/condensation reactions in prolonged times leading to their
consumption,*” it seems that produced monomeric alcohols (1 and 8),
demethylated compounds (2 and 3) and vanillic acid are more prompted for those
type of reactions. On the other hand, syringic acid, vanillin and syringaldehyde
are less reactive and more stable during lignin treatment in presence of
[Ch]CI:Oxa/H2S04 (or [Ch]CI:Oxa, Figure S5 in Sl)

The kinetics of OL depolymerization with the three DES systems were also
studied and obtained results are depicted in Figure 6. Similar to KL
depolymerization, treatments of OL at 3 h revealed the highest formation of
aromatic monomers. However, the kinetic profiles of OL depolymerization
revealed different from those achieved with KL.

Depolymerization of OL under acidic conditions ([Ch]Cl:Oxa/H2S0a4)
revealed that most monomeric compounds, including 3-(3,4,5-
trinydroxyphenyl)propanal (3), vanillin (9), vanillic acid (14), syringic acid (27)
showed an extensive production during 3 h, but a drastic decrease was observed
in the following period. Unlike KL depolymerization, the formation of syringic acid
(27) and vanillic acid (14) were favoured to the detriment of syringol (8) and
guaiacol (1) in both [Ch]CIl:Oxa and [Ch]CI:Oxa/H2SO4. This is an evidence that
lignin nature, which is dependent on its biomass origin and delignification
process, exhibits a significant impact on the final composition of depolymerization
products. Furthermore, the corresponding precursors, syringaldehyde (9) and
vanillin (19), were found in higher amount in OL depolymerized fraction than in
the case of KL depolymerization.

Regarding the OL depolymerisation with [Ch]Cl:Oxa/H202, once more
vanillic acid (14) was a major product after 6 h of reaction, while consumption of
compound (25) was not as fast as that observed for KL. The strong oxidative
medium provided by H20:2 allowed the substitution at different positions of the
aromatic chloride ring, resulting in the same chlorinated compounds ((16), (25),
(26), (28) and (30)) as highlighted above.
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Figure 6. Relative peak area of identified compounds after OL depolymerisation
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[Ch]CI:Oxa/H20:.

3.3. The mechanisms behind lignin depolymerisation

Lignin depolymerisation in acidic DES has been tackled over the last few
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years, where several authors have used lignin model compounds to mimic and
to understand the mechanisms behind real lignin samples.3448-%0 For instance,
Alvarez-Vasco et al.3?> used guaiacylglycerol-B-guaiacil ether (GG) as lignin
model compound to evaluate the ability of [Ch]CI:LA to cleave its B-O-4 ether
bond. The authors found that GG was completely converted into guaiacol and a
Hibbert ketone in almost stoichiometric proportion. The proposed mechanism
was similar to the acidolysis mechanism of lignin catalysed by hydrochloric acid.?’
Bearing this in mind and looking to products of KL and OL depolymerisation with
both [Ch]Cl:Oxa and [Ch]Cl:Oxa/H2S04, it is possible to propose a plausible
reaction pathway for this acidic lignin depolymerisation. The reaction starts
through an attack of acidic protons from Oxa and/or H2SO4 in the a-hydroxyl
group surrounding the B-O-4 linkage, generating a carbocation through the
release of a molecular unit of H20.5"-53 The elimination reaction between a
positive charge and B-H results in an enol ether intermediate and simultaneous
regeneration of the proton. This intermediate energetically favours the cleavage
of the ether bond enabling the formation of S or G type Hibbert ketones
(compounds (21) and (29)) and simultaneous liberation of an aromatic alcohol,
guaiacol (1) or syringol (8).5'-53 From those very unstable Hibbert ketones, all
other identified compounds are formed through distinct reactions (e.g.
dehydration, oxidation, acylation, demethoxylation, etc.) and their stability is
dependent on the chemical environment offered by DES media. Although this
mechanism finds well the KL depolymerization, the low formation of guaiacol and
syringol during OL treatments with both [Ch]Cl:Oxa and [Ch]CIl:Oxa/H2S04
suggests that other kind of depolymerisation mechanism is favoured in OL.

As mentioned above, both KL and OL depolymerisation with
[Ch]CI:Oxa/H20:2 provided a distinct profile of monomeric aromatic compounds,
specially on the formation of chlorinated compounds. The oxidative action of H202
in presence of [Ch]Cl:Oxa led to a wide extent of several types of chlorinated
substitutions at the aromatic ring of lignin monomers. Syringol (8), one of the most
produced monomers in acidic depolymerisation, and its precursor (18) were
substituted in different positions of the aromatic ring by chloride (compounds (16),
(20) and (25)). In fact, compounds (16) and (25), single and double substituted
with chloride (at positions 2 and 6), respectively, represented the major monomer
compounds of the KL depolymerisation extract at 1 h. During treatment, the
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amount of those compounds decreased. As consequence of these chlorinated
substitutions, guaiacol and syringol were barely formed in [Ch]Cl:Oxa/H20:2
medium. Moreover, chlorination of other G and S type monomers, including
vanillic acid (14), acetosyringone (24) and syringic acid (27) into compounds (26),
(28) and (30), was also observed. Their formation had a maximum at 3 h, while
further consumption up to 6 h was verified, which means that lignin monomer
substitution with chloride do not prevent further condensation and
repolymerization reactions. Surprisingly, the chlorination of acetovanillone (11)
and vanillic acid (14) was not favoured. For instance, the amount of chlorinated
vanillic acid (26) was much lower than its chlorinated counterparts, while vanillic
acid stands as one of the major compounds in both lignin depolymerization
extracts at 6 h.

Therefore, lignin depolymerisation given by [Ch]Cl:Oxa/H202, not only
provides an acid-based catalysis of lignin into different lignin monomers, but also
enables their chlorination. The oxidation power of H202 gives chloride an
electrophilic behaviour to substitute the aromatic ring in different positions.54:55
Since chlorinated aromatic compounds are highly toxic, their production from
lignin depolymerisation in presence of [Ch]Cl:Oxa/H202 might be seen as a
disadvantage. Although there was a wide market for these kind of compounds in
the past to be used as pesticides, herbicides and desinfectants,?%:57 their
biodegradation persistence poses some environmental concerns.%® Therefore,
their substitution by other environmentally friendly antibiotics have been pursued
lately.5%-60 Therefore, the use of [Ch]Cl-based DES (or other DES composed of
halide salts) in combination with H202 is not recommended for lignin
depolymerization technologies.

3.4. Structural characterization of the recovered lignin

The impact of the depolymerisation reactions mediated by the studied
systems on the remaining solid lignin was also evaluated. In this case, treatments
with the shortest and longest duration (1 and 6 h) were selected for this brief
analysis. The lignin molecular weight distribution was first evaluated by GPC
method and the obtained results, including weight average molecular weight
(Mw), number average molecular weight average (Mn) and polydispersity index
(PDI), are presented in Table 2.
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The starting Mw of both KL and OL was 2500 and 3300 g-mol', while the
polydispersity index (PDI) was determined to 2.44 and 2.14, respectively (Table
2). The process of Kraft pulping is in general a severe process, thus a high
reduction of KL's Mw is expected®® when compared to OL lignin. After
depolymerisation with studied DES systems, all recovered lignin samples
disclosed reduced Mw and Mn in contrast to their precedent, confirming
depolymerisation mediated by all systems. From these data, the performance of
[Ch]CI:Oxa without additional catalyst must be highlighted, since recovered lignin
samples from treatments at 6 h with this system presented the lowest values of
Mw and PDI. The PDI value was even lower than that of initial KL, an indication
that this recovered lignin sample has a narrow dispersity of molecular weights,?°
probably as consequence of less severe and selective depolymerisation. On the
other hand, the more acidic (H2SO4) and oxidative (H202) DES systems provided
severe and wider depolymerization of lignin fragments leading to higher PDI
values.

Another important aspect to be discussed is the repolymerisation
phenomena that was verified in all systems as stated above (section 3.1). This is
easily corroborated by the Mw increase of recovered lignin samples from 1 h to
6 h of OL treatment with [Ch]CI:Oxa/H202. However, for other experiments, no
increase of recovered lignin Mw was observed from 1 h to 6 h, but it does not
mean an absence of lignin repolymerisation phenomena. In fact, condensation of
short fragments (e.g. detected monomers by GC/MS) might be favoured leading
to insoluble oligomers, explaining the decreasing yield of lignin depolymerisation
products (Figure 1) after 6 h of treatment. In this sense, repolymerisation and
condensation of short fragments is expected to not significantly affect Mw of
recovered lignins.

In addition, FT-IR analyses of recovered lignin samples were performed to
address possible chemical modifications induced by DES systems during
depolymerisation process. All infrared spectra showed lignin fingerprint with
typical vibrational bands as reported in literature.>®*%3 The list of all lignin
vibrational bands and corresponding assignments are presented in the
supplementary information (Table S3). Figure 6 shows magnified FT-IR spectra
of KL, OL and corresponding recovered lignins (2000-600 cm'). The most
relevant were observed in the region 1800-750 cm' with remarkable high
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intensities at 838, 1109, 1212, 1327, 1456, 1514, 1600 and 2937 cm'. However,
significant changes in the absorbance of specific bands were detected after
depolymerization with DES systems.

Table 2. Molecular weight average (Mw), molecular number average (Mn)

weights (g.mol™") and polydispersity (Mw/Mn) of lignin

Kraft Lignin Organosolv Lignin
Sample Mw Mn Mw Mn
(g'mol”)  (g-mol”) Pl (g'mol”)  (g-mol”) Pl
Untreated 2500 1030 244 3300 1500 2.14
1h
[Ch]Cl:Oxa 2100 800 2.63 3000 1050 2.95
[Ch]CI:Oxa/H2S04 2200 870 2.54 2900 1000 2.91
[Ch]CI:Oxa/H202 2050 710 2.88 2500 760 3.35
6h
[Ch]CI:Oxa 1800 820 2.20 1900 690 2.73
[Ch]CI:Oxa/H2S04 2050 780 2.60 2500 740 3.39
[Ch]CI:Oxa/H202 2000 640 3.17 2900 700 4.07

One of the most prominent differences is the substantial increase of the
vibrational band at 1736 cm™' over time in all systems and both lignins. This
vibration corresponds to the elongation of C=0O chemical linkage, specifically to
ester groups, which means that esterification was promoted between lignin
hydroxyl groups and oxalic acid from DES. This phenomenon has been already
mentioned in a previous work.(SOSA et al., 2020) Nevertheless, this esterification
was more evidenced in DES with catalysts than neat DES, suggesting that both
H2S04 and H202 might boost this parallel reaction.

On the other hand, the vibrational band at 1109 cm-! decreased sharply
during lignin treatments, while an opposite behaviour was observed for the
vibrational band at 1368 cm-'. The last represents the C-OH vibrations of phenolic
hydroxyl groups,®46% which increased during time as consequence of the direct
cleavage of aryl ether bonds (e.g. p-O-4 and a-O-4), represented by the first one
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(C-O vibration in ether bonds).%66” Once more, these chemical changes were
more pronounced when using [Ch]Cl:Oxa/H2S04 and [Ch]CIl:Oxa/H20:.

Another important change to be highlighted from these data is the
conservation or deformation of the aromatic structure of lignin directly
represented by the aromatic skeletal vibrations, namely 1456, 1514, and 1590
cm', after treatments. As observed in Figure 6, treatments of both lignins with
[Ch]CI:Oxa did not affect these bands, but those with [Ch]Cl:Oxa/H2SO4 (6h) and
[Ch]CI:Oxa/H202 (1 and 6h) altered significantly their shape and absorbance.
This is more pronounced for treatments with H202, suggesting that aromatic
skeletal structure of lignin is highly disrupted or substantially changed under
oxidative conditions. This behaviour is in agreement with the results reported by
Wan et al.%8 The authors verified that after acidic oxidative treatment of lignin
(phosphonic acid and hydrogen peroxide) HO+ or HO- was produced, being

responsible for an extensive ring-opening on the aromatic substructure.

1736
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1368
1211
1109

(a) (b)
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Figure 6. Magnified FT-IR spectra of (a) KL, (b) OL and corresponding recovered
lignin samples after lignin depolymerisation at 80 °C for 1 and 6 h with (m)
[Ch]CI:Oxa, (=) [Ch]CIl:Oxa/H2S04 and (m) [Ch]Cl:Oxa/H202.

Although esterification reaction was observed between DES and lignin

during depolymerisation, which leads to DES consumption, these results show
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that recovered lignins can be considered as functionalized materials. An increase
of carboxylic acid (oxalic esterification) and phenolic hydroxyl contents (cleavage
of aryl ether bonds) was unveiled, which allied with molecular weight reduction,
enhances the reactivity potential of these lignin samples for several applications,
including grafting reactions with high density polyethylene (HDPE)®® as well as
the preparation of functionalized lignin nanoparticles for new bio-based
composites.’® Therefore, an integration of depolymerisation and functionalization
of lignin with DES with or without additional catalysts is herein presented as an
alternative process to increase cost efficiency in the production of value added

compounds and new bio-based composites and materials from technical lignins.

4. CONCLUSION

This work demonstrated the potential of an acidic DES ([Ch]Cl:Oxa at
molar ratio 1:1) in presence or absence of co-catalysts (H2SO4 and H202) towards
the depolymerisation of Kraft and Organosolv lignins at mild conditions (80 °C).
At least a quarter of the initial lignin can be converted into monomers and
oligomers in 3 h, while prolonged time favoured condensation and
repolymerisation reactions decreasing the yield of depolymerisation products.
Furthermore, the final product content is dependent on lignin nature as well as on
the chemical environment provided by DES systems, namely acidic ([Ch]CIl:Oxa
and [Ch]CIl:Oxa/H2S0a4) or acidic oxidative treatments ([Ch]Cl:Oxa/H202). For
instance, the acidic treatments of Kraft lignin favoured the formation of syringol
and acetosyringone, while vanillic and syringic acids were the main products in
the acidic treatments of Organosolv lignin. On the other hand, the presence of
H202 in DES revealed an opposite behaviour by inducing electrophilic
substitutions of chloride from [Ch]CI in the aromatic ring of produced lignin
monomers from both lignin types. Bearing in mind the toxicity of these chlorinated
compounds, it seems prudent to not recommend the use of H202 as an additive
in lignin depolymerisation with [Ch]Cl-based DES or other DES composed of
halide salts. Moreover, the regenerated lignin samples after depolymerisation
disclosed different characteristics in contrast to their precedent technical lignins.
Lower molecular weight and significant chemical changes, including esterification
with oxalic acid and increase of phenolic group content as consequent of aryl
ether bond cleavage, were observed as major differences. Overall, the data
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herein presented is also a first step to accomplish a sustainable lignin valorisation
using DES. The integration of lignin depolymerisation into valued added
monomers and oligomers with functionalization of remaining lignin towards new

bio-based materials seems promising with this technology.
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S1 - Characterization of lignin depolymerized fraction Recovery

lignin characterization

Table S1. Identified compounds, and retention time using GC-MS technique.

Name Molecular Retention Peak
Formula time (min) assignment

Propane, 1,1-dichloro- CsHeCl2 4.298
Hexanoic acid CsH1202 4.362
Propanoic Acid CsHsO2 4.720
2,5-Furandione, 3,4-dichloro C4Cl203 4,738
2-Heptene, 5-ethyl-2,4-dimethyl- CoH160 5.900
2-Propanone, 1,1,3,3-tetrachloro CsH2CIlsO 6.173
Acetic acid, dichloro- C2H2CI202 6.417
2-Furancarboxylic acid CsH403 6.550
o-Guaiacol C7HsO2 7.380 G
methyl benzoate 7.645
Ethyl 3-acetoxybutanoate CsH1404 7.913
2,2'-Bifuran, octahydro CsH1402 8.073
4-Methoxy-2-penten-1-ol CoH1804 9.515
Prop-2-yn-1-yl 2-methylbutanoate CsH1202 10.000
Benzaldehyde, 2,4-dimethyl CoH100 10.517
1-(3,4,5-trihydroxyphenyl)propan-1-one CoH1004 10.818
Furan, tetrahydro-2-methyl- CsH100 10.990
Pyrocatechol, 3-methoxy- C7HsOs 11.285 G
3-(3,4,5-trihydroxyphenyl)propanal CoH1004 11.430
5-chloroguaiacol 11.609
4-ethyl-guaiacol CoH1202 11.663 G
2-methoxy-4-vinylphenol C10H140 11.903
2-Pentanol, 2-methyl CsH140 12.310
2-Methoxy-4-vinylphenol CoH1002 12.417
3-methoxyxatechol 11.285
Syringol CsH1003 13.062 S
Acetic acid, (1,2-dimethyl-1-propenyl) ester C7H1202 13.750
Vanillin CsHsOs3 14.011 G
3-methoxyxatechol 11.285
1-chloro-5-methoxybenzene-3,4-diol 14.358
Phenol, 2,6-dimethoxy-4-methyl- CoH1203 14.732
Phenol, 4,5-dichloro-2-methoxy- C7HeCl202 15.352
Acetovanillone CoH1003 15.485
2-methoxy-3,4-dichlorophenol C-7H6CI202 15.965
Guaiacylacetone C10H1203 16.130
3,4-Dihydroxy-5-methoxybenzaldehyde CsHsO4 16.145 G
Vanillic acid CsHsO4 16.590 G
Homovanillic acid methyl ester C10H1204 16.868 G
3-(2-hydroxyethoxy)-4-methoxybenzaldehyde C10H1204 16.972 G
Butyrovanillone C11H1403 17.037 G
5-Chlorovanillin CsH7CIOs 17.265
Phenol, 2,6-dimethoxy-4-(2-propenyl) C11H1403 17.220
(E)-3-methoxy-5-(prop-1-en-1-yl)benzene-1,2-
diol C10H1203 17.598
Homovanillic acid CoH1004 17.760 G
1,4-benzenediol, 2,5-dimethoxy- CsH1004 18.002
Syringaldehyde CoH1004 18.072 S
3,5-dichloro-2,6-dimethoxyphenol C12H11CIO2 18.380
Benzaldehyde, 3,4-dihydroxy-2,5-dimethoxy- CoH100s 18.475
1-(5-Chloro-2-hydroxy-4-
methoxyphenyl)ethanone CgHoCIO3 18.527
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Phenylacetylformic acid, 4-hydroxy-3-methoxy-
3,4,5-trichloro-2-methoxyphenol

2-Propanone, 1-hydroxy-3-(4-hydroxy-3-
methoxyphenyl)

Acetosyringone
1,3,5-Trichloro-2-methoxy-4,6-dimethylbenzene
5-Chlorovanillic acid

Syringic acid

1-(6-chloro-4-hydroxy-3,5-
dimethoxyphenyl)ethan-1-one
1-(4-hydroxy-3,5-dimethoxyphenyl)propane-1,2-
dione

n-Hexadecanoic acid
2-chloro-4-hydroxy-3,5-dimethoxybenzoic acid

C10H100s
C7Hs5CI302

C10H1204
C10H1204
CoHoClI30
CsH7CIO4
CoH100s5

C12H1604

C16H3202

18.640
18.655

19.050
19.137
19.685
19.792
20.150

20.373

20.373

22.148
22.275

n®

Table S2. Main compounds identified in the GC-MS.

Entry  Molecular structure Entry  Molecular structure
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Figure S1. Gas chromatogram of lignin soluble fraction products obtained after
(A) [Ch]CI:Oxa and (B) [Ch]CI:Oxa/H202 Kraft lignin and (C) [Ch]CIl:Oxa and (D)
[Ch]CI:Oxa/H202 Organosolv Lignin treatment at 80 °C and 3 hours. Methyl
benzoate was used as a standard compound.
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Figure S2. Relative peak area (%) of samples of lignin depolymerised fractions

products from (a) KL and (b) OL after depolymerization at 80 °C, 1 hour and
ambient pressure with (m) [Ch]Cl:Oxa, (m) [Ch]CI:Oxa/HZSO4 and (m)

[Ch]CI:Oxa/HzOz_.Comparison of identified peak areas, values are the ratio of

identified compound area and standard compound area (methyl benzoate).
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Figure S3. Relative peak area (%) of samples of lignin depolymerised fractions
products from (a) KL and (b) OL after depolymerization at 80 °C, 6 hours and
ambient pressure with (m) [Ch]Cl:Oxa, (=) [Ch]Cl:Oxa/H,SO, and (m)

[Ch]CI:Oxa/H, 0O, .Comparison of identified peak areas, values are the ratio of

identified compound area and standard compound area (methyl benzoate).
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Figure S4. GPC analysis of of samples of lignin soluble fractions products from
OL depolymerization at 80 °C, (a) 1 hour and (b) 6 hours with (m) [Ch]CI:Oxa, (=)
[Ch]CI:Oxa/H,SO, and (m) [Ch]Cl:Oxa/H,O,,
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S2 - Mechanism studies of lignin
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Figure S5. Relative peak area of samples of lignin soluble fractions products from
(a) KL and (b) OL after depolymerization at 80 °C, and ambient pressure with (a)
[Ch]CIl:Oxafor () 1 hour, (=) 3 hours and (m) 6 hours.
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S3 - Structural characterization of the recovered lignin

Table S3. FTIR vibrational bands/regions and corresponding assignments for

Kraft lignin.
Vibrational band (cm™") Assignments
3200-3500 O-H vibrations'
2844-2980 Aliphatic C—H and CH2 stretching vibrations'
1775-1750 C=0 of esters, ketones, aldehydes and acids. ( C=0 stretching,
non conjugated?
1731 C=0 stretching in xylan, C=0 stretching of acetyl or carboxylic
acid3#
1700 Unconjugated C=0 (ketone, carboxyl or ester stretching)3,5
1600 - 1690 Aromatic skeletal vibration®-2
1514 Aromatic skeletal vibration®-
1456 Aromatic skeletal vibration and C-H deformations®-8
1425 Aromatic skeletal vibrations combined with C-H in-plane
deformation®-8
1370-1365 Phenolic hydroxyl group?1°
1327 - 1365 Syringyl unit breathing with C=0 stretching and condensed
Guaiacyl rings®8
1241 Guaiacyl ring breathing C-O stretch in lignin and for C-O linkage
in guiacyl aromatic methoxyl groups™’
1212 C-C plus C-O plus C=0 stretch; Guaiacyl condensed > Guaiacyl
etherified®-8
1152 C-0O-C vibration (Cellulose and hemicellulose)'
1109 B-O-4 ether bond (Ether-O-)1213
1040 Aromatic C H in-plane deformation (Guaiacyl > Syringyl) plus C-O
deformation in primary alcohols plus C=0 stretch (unconjugated)
6,8
979 C-O0 valance vibration; aromatic C—H in plane deformation
925 Aromatic C-H out-of-plane®
838 Aromatic C-H out-of-plane deformation in Guaiacyl and Syringyl
units®
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Consideragoes do Capitulo 8

Neste capitulo foi demonstrado um método de aplicacdo dos ES para a
despolimerizagao da lignina técnica (Kraft e Organossovle). A analise da lignina
recuperada apds a despolimerizacdo assistida por ES demostrou mudancgas
significativas como por exemplo a menor massa molecular, diferentes ligagoes
(mudanga nas vibragbes esqueléticas da lignina) e distribuicdo restrita em
comparagao com a lignina nativa. A identificagcdo dos produtos formados na
despolimerizagao da lignina mostrou comportamento distinto entre [Ch]Cl:Oxa e
[Ch]CI:Oxa/H2S04 contra [Ch]Cl:Oxa/H202 na formacgdo de produtos de
despolimerizagdo de lignina. Aléem de que, a composicdo do extrato de
despolimerizagao da lignina foi altamente dependente do tipo da lignina (Kraft ou
Organossovle).

O sistema [Ch]CIl:Oxa e [Ch]CI:Oxa/H2SO4 permitiu uma clivagem acida
da macromoléculas de lignina, 2-(3,4-dihidroxi-5 metoxifenil) acetaldeido, siringol
e acetosiringona, foram detectados em grande quantidade na despolimerizagao
da lignina Kraft. No entanto, ao olhar para os produtos de despolimerizagao
obtidos com [Ch]CIl:Oxa/H202, o composto 3-(3,4,5-trihidroxifenil)propanal foi o
mondmero mais produzido no tratamento da lignina Kraft. Também foi observado
que a agao oxidativa do H202 na presenga do ES levou a uma ampla gama de
substituicdes cloradas nos anéis aromaticos dos mondmeros de lignina
produzindo diferentes compostos aromaticos clorados.

As descobertas deste estudo forneceram informagdes sobre as fragdes
geradas de lignina, a modificagdo da estrutura quimica da lignina e, mais
importante, informacdes sobre o potencial da aplicagao dos ESs acidos para a

valorizag&o da lignina.



168

CAPITULO 9 — COSMO-RS SCREENING

9. COSMO-RS SCREENIG
9.1.MODELOS DE LIGNINA NO COSMO-RS

Para simulagdes utilizando o modelo COSMO-RS faz se necessario ter
um modelo que a descreva apropriadamente a molécula de lignina. Como
discutido anteriormente (segcdo 4.2.3), a lignina consiste em unidades
fenilpropandides, entdo usamos o Veratrilglicerol-3-guaiacil éter (VG) como um
composto modelo de lignina nédo fendlica (JIA et al., 2010). A molécula modelo
de lignina foi construida no software TURBOMOLE TmoleX v.4.0.1 para obter os
respectivos arquivos COSMO-RS, com as geometrias espaciais otimizadas e os
céalculos quanticos necessarios para realizar as simulagées. Na Figura 13 séo
apresentados os perfis sigma da molécula modelo de lignina (VG) e da agua.
Como é possivel observar, a molécula modelo da lignina € apolar, conforme
observado pelo pico em torno de 0 e/A2, que corresponde a linha de verde,
enquanto a agua, uma molécula polar, ndo apresenta pico nesta regiao (linha
vermelha) (ALEVIZOU et al. 2014).

Figura 13 - Perfis sigma da molécula modelo de lignina (veratrilglicerol-3-guaiacil
éter) (verde) e da molécula de agua (vermelho) e sua representagdo de
superficies sigma.
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9.2.MODELOS DOS ES NO COSMO-RS

Para simulacédo dos ESs utilizando COSMO-RS foi necessario criar dois
arquivos, um contendo a molécula otimizada do HBA e outro contendo a
molécula otimizada do HBD; como descrito na se¢éo anterior (9.1). Apos esta
etapa, os arquivos gerados para as moléculas de HBA e o HBD foram inseridos
no COSMO-RS e, durante as simulagées, foram combinados na proporgéo molar
adequada para cada ES, de forma a representar de maneira mais fidedigna
possivel a preparagdo dos ESs. A Figura 14 apresenta as propriedades de
superficie e polaridade das moléculas de HBA e de algumas moléculas de HBD
utilizados neste trabalho.

Figura 14 - Estrutura e sigma surface do HBA e de alguns HBDs utilizados na
preparacao dos ES.

Acido Oxdlico Cloreto de Colina 1,6 - Hexanodiol
Acido Maléico Glicerol Ureia

©e &
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9.3.CALCULO, DO COEFICIENTE DE ATIVIDADE A DILUlC}AO INFINITA
DAS MOLECULAS MODELO DE LIGNINA NAS SOLUCOES AQUOSAS

DE ESs
O coeficiente de atividade a diluigdo infinita de uma espécie é
frequentemente considerado como uma medida qualitativa do poder de
dissolugdo desta espécie em um solvente (AISSAOUI; ALNASHEF, 2017;
BALAJI; BANERJEE; GOUD, 2012; JIA et al.,, 2010). Em vista disso, foi

determinado o coeficiente de atividade a diluicio infinita da molécula modelo de
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lignina nos ESs e suas respectivas solugées aquosas a 40 °C. Os valores dos
coeficientes de atividade estimados para a molécula de VG nas diferentes

solugdes aquosas de ES sao apresentadas na Figura 15.

Figura 15 - Coeficientes de atividades a dilui¢cdo infinita da molécula modelos VG
nos ESs baseados em (A) polidis (1:2) e nos ESs baseados em (B) acidos
carboxilico (1:1) a 40°C.
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Sabe-se também que, quanto menor o coeficiente de atividade a diluicao
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infinita, maior a afinidade entre as espécies da mistura e, consequentemente,
maior a solubilidade do soluto no solvente, por isso, considerando os resultados
encontrados pela modelagem com COSMO-RS, prevé-se que a solubilidade da
lignina seja maior nos sistemas com menor quantidade de agua. Ao contrastar
as tendéncias obtidas pela modelagem com os dados experimentais observa-se
um comportamento similar, como pode ser visto na Figura 16 para os sistemas
de [Ch]CI: Acido Maleico (1:1) e [Ch]CI:1,6 — Hexanodiol (1:2), por exemplo.

Figura 16 - Comparacao entre os valores dos coeficientes de atividades em
diluicdo infinita (barras) com os valores de solubilidade da lignina (pontos com
linhas) para as diferentes solugbes aquosas de ES. (A) [Ch]CI: Acido Maleico
(1:1) e (B) [Ch]CI:1,6 — Hexanodiol a 40 °C.
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Pode-se observar também que a tendéncia encontrada para os diferentes
ESs e suas solugdes aquosas é semelhante. Outro comportamento que pode-se
notar, por exemplo nos sistemas dos polidis, € que o aumento da cadeia do HBD
causa o aumento da solubilidade da lignina (Figura 15), porém a adicdo de um
grupo hidroxila afeta negativamente essa solubilidade como se observa para o
sistema aquoso de [Ch]CI:GLY que possui 0 mesmo numero de carbonos que o
[Ch]CI:PROP. Assim, com esses dados estimados pela modelagem
computacional e comparando-os com os dados obtidos experimentalmente,
observa-se a mesma tendéncia no comportamento da solubilidade da lignina nos
diferentes ESs. Portanto, a molécula modelo escolhida € adequada e 0 COSMO-
RS é uma ferramenta util para selecionar potenciais ESs para dissolucédo da

lignina.
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Sendo assim, o COSMO-RS foi usado para predizer o coeficiente de
atividade do VG em diluigao infinita (y=) em diversas combinagdes possiveis de
HBA e HBD totalizando 1584 misturas considerando as combinacées de 11
HBAs e 48 HBDs em 3 razbes molares diferentes (1:1, 1:2 e 2:1). Assim foi
possivel mapear essas combinagdes de modo a verificar qual delas e em qual
razao molar de HBA:HBD tem-se o ES com maior capacidade para dissolver a
lignina que, na simulagéao, é representada por uma molécula modelo. A lista dos

compostos utilizados é apresentada na Tabela 7.

Tabela 7 - Lista de compostos selecionados para a varredura do potencial de
solubilizacdo de diversas combinacbes de HBA/HBD com seus respectivos
identificadores.

HBA

Glicina (1) Alanina (2) Prolina (3)
Betaina (4) Histidina (5) Acido Latico (6)
Acido Nicotinico (7) Ureia (8) N-Metiltioureia (9)

Cloreto de Colina (10)

Alfa-Naftalol (11)

HBD

Glicerol (1)
1,4-Butanodiol (4)
1,7-Hepranodiol (7)
1,10-Decanodiol (10)
Alfa-Naftalol (13)
Alanina (16)
N-Metiltioureia (19)
Acido Latico (22)
Acido Malénico (25)
Acido Tartarico (28)
Acido Propanoico (31)

Cloreto de Benziltrimetilamonio (34)

D-Glicose (37)
Frutose (40)
Sucralose (43)

Acido p-Tolueno sulfénico (46)

1,2-Etanodiol (2)
1,5-Pentanodiol (5)
1,8-Octanodiol (8)
1,15-Pentadecanodiol (11)
Resorcinol (14)
Glicina (17)

Ureia (20)

Acido Oxalico (23)
Acido Maléico (26)
Acido Férmico (29)
Acido Levulinico (32)

Cloreto de Benziltrietilamonio (35)

L-Glicose (38)
Xilitol (41)
Trietilene glicol (41)
Acido Citrico (47)

1,3-Propanodiol (3)
1,6-Hexanodiol (6)
1,9-Nonanodiol (9)
Fenol (12)
p-Clorofenol (15)
Histidina (18)

Acido Glicélico (21)
Acido Malico (24)
Acido Succinico (27)
Acido Acético (30)
Acido Nicotinico (33)
Cloreto de aliltrimetilamonio (36)
Xilose (39)

Maltose (42)
Acetamida (45)
Mentol (48)

(Acervo Pessoal)

Na Figura 17 sao apresentados os resultados dos coeficientes de
atividade em diluig&o infinita para 1584 ES que foram classificados de acordo o
valor de coeficiente de atividade em diluicdo infinita. Os resultados sao
representados como graficos de contorno, onde o cédigo de cores representa In
y>~ do VG nos ESs, a 40 ° C. Em cada grafico, o eixo horizontal representa o

HBD e o eixo vertical representa o HBA. Os valores menores séo representados



pela cor azul, enquanto os valores maiores pela cor vermelha.
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Figura 17 - Coeficiente de atividade em dilui¢ao infinita (In y=) da lignina modelo
(VG) para diferentes combinagdes de HBA/HBD em diferentes razdes molares

(1:1, 1:2 e 2:1) a temperatura de 40 °C.
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8,550
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Sabe-se que, quanto menor o coeficiente de atividade maior a
solubilidade do soluto no solvente, ou seja, a regido mais azulada do grafico
representa as combinacdes de HBA:HBD com maior potencial de dissolucao de
lignina.

Como pode ser observado na Figura 17 o poder de dissolugao previsto
depende tanto da combinacdo de HBA e HBD como da razdo molar HBA:HBD.
Prevé-se que a utilizacdo do Alfa-Naftalol (11) ou do Acido Nicotinico (7) como
HBA dissolvam a lignina muito bem em combinag&o com um grande numero de
HBDs (Resorcinol (14), p-Clorofenol (15), Alanina (16), Glicina (17), Acido Malico
(24), Acido Maldnico, (25) Acido Maléico, (26) e Acido Succinico (27)). A Figura
17 também revela que a solubilidade da molécula modelo de lignina também é
afetada pela escolha do HBA, uma vez que os melhores resultados foram obtidos
para ESs compostos de naftdis. Por exemplo, o ESs composto pelo HBA de
numero 11 leva a um coeficiente de atividade a dilui¢ao infinita negativo para o
VG, independentemente do HBD escolhido.

Portanto, O COSMO-RS pode ser utilizado como ferramenta de triagem
para a escolha de solventes para solubilizagdo da lignina. As comparagdées com
os dados obtidos experimentalmente, demonstraram que o COSMO-RS permite
uma avaliacdo in silico, rapida e qualitativa, da solubilidade de uma molécula
modelo de lignina em um grande numero de ESs, reduzindo assim o numero de
solventes que precisam ser testados em laboratério. Este experimento
computacional revelou naftois e os aminoacidos como os melhores HBAs e os
fendis como os melhores HBDs.

Dentre as 1584 combinacdes estudadas, a que apresentou maior
potencial para solubilizagdo da lignina é a de alfa-naftalol:p-clorofenol na razédo
molar de (2:1) segundo os dados obtidos pela simulagdo com o COSMO-RS.
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CAPITULO 10 — DISCUSSAO GERAL

10.DISCUSSAO GERAL

Existe um interesse crescente na valorizagdo da lignina usando-a para
produzir compostos aromaticos de valor agregado, incluindo aldeidos e acidos
carboxilicos entre outros. No entanto, a disponibilidade de um solvente
adequado para a lignina esta dificultando o desenvolvimento bem-sucedido da
maioria desses processos e aplicagdes. O desenvolvimento de novas
tecnologias, visando agregar valor a todas as fragbes da biomassa
lignoceluldsica e reduzir o consumo de energia e as emissbes de gases
poluentes € um dos objetivos das biorrefinarias. Os solventes eutéticos (ESs)
podem ser considerados promissores para valorizagao das fragdes da biomassa,
com destaque para lignina. Em vista disso, neste trabalho foi avaliada a
possibilidade de usar os ESs, considerados solventes de facil preparo, para
dissolver os principais componentes da biomassa.

Na Figura 18 é apresentado o diagrama de blocos das principais etapas
deste trabalho e os principais resultados. Em um estudo preliminar (Etapa 1 -
Capitulo 6), seis ESs ([Ch]CI:GLY, [Ch]CI:EGLY, [Ch]CI:PROP, [Ch]CI:LacA,
[Ch]CI:OxaA e [Ch]CI:UREA) foram preparados e sua capacidade de dissolver
a-celulose, celulose microcristalina, D-(+)-xilose e Lignina Alcali, usando a
técnica de microscopia optica com e sem luz polarizada (Figura 18, Etapa 1).

Neste estudo preliminar, foi desenvolvida uma técnica de triagem rapida
da dissolugao de celulose, lignina alcalina e xilose nos ESs. A microscopia se
mostrou uma técnica versatil, pois requer pequenas quantidades de amostra e
solvente e os resultados s&o obtidos rapidamente. Foram utilizados dois tipos de
celulose (a-celulose e celulose microcristalina) e ambos demonstraram ser
insoluveis nos ESs examinados. Em relagéo a dissolugao da lignina alcalina, os
ESs usados podem ser ordenados da seguinte forma quanto a sua capacidade
de dissolugao: [Ch]CI:EtGLY >> [Ch]Cl:OxaA = [Ch]Cl:LacA> [Ch]Cl.UREA>
[Ch]CI:GLY> [Ch]CI:PROP. Em relagdo aos ensaios de dissolugdo da xilose,
embora [Ch]CI:EtGLY tenha demonstrado ser o mais rapido para dissolvé-la na
concentracdo de 5 % (m/m), ele ndo se mostrou tdo bom solvente para

concentracdes mais altas do carboidrato, o que se explica por limitagcdes no
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processo de transferéncia de massa. Neste contexto, [Ch]CI:UREA revelou-se
um excelente solvente para a xilose, mantendo praticamente o desempenho de

dissolucdo mesmo para fragdes crescentes da massa de carboidratos.

Figura 18 -—— Diagrama de blocos dos resultados alcangados com este trabalho

Etapa 1
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(Acervo Pessoal)

Uma vez detectada a capacidade dos ESs de dissolver seletivamente
xilose e lignina, a proxima etapa deste trabalho (Etapa 2 — Capitulo 7) consistiu
em avaliar a possibilidade de utilizar os ESs na solubilizag&o da lignina, visando
sua valorizagao, uma vez que tal macromolécula € pouco soluvel na maioria dos
solventes organicos.

Dessa forma, a continuidade desse trabalho teve por objetivo avaliar a
capacidade de varios ESs a base de cloreto de colina e suas solugdes aquosas
para dissolver a lignina Kraft a baixa temperatura (40 °C) e avaliar sua
capacidade de modificar a estrutura quimica da lignina em alta temperatura
(120 °C). Foi avaliado a combinag¢ao do cloreto de colina como HBA com duas

familias de HBD, sendo elas alcoois (glicerol, etileno glicol, propano-1,3-diol,
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butano-1,4-diol, pentano-1,5-diol, hexano-1,6-diol) e acidos carboxilicos (lactico,
oxalico, malico, malénico e maléico). Nesta etapa do trabalho buscou-se
entender a influéncia de trés fatores na solubilidade da lignina Kraft nos ESs, a
natureza/estrutura quimica dos HBDs, a razdo molar HBD:HBA e o teor de agua.
Os resultados obtidos mostraram que o aumento do comprimento da cadeia de
carbono do HBD e o aumento da razdo molar do HBD melhorou a dissolucao da
lignina. Por outro lado, a adigdo de agua revelou um efeito negativo. Esse
comportamento foi mais pronunciado para HBDs com um grupo hidroxila extra
([Ch]CI:GLY e [Ch] Cl:MaleA), devido ao aumento da competicdo entre as
interagcbes HBD-agua e HBD-lignina.

Entre os ESs examinados, [Ch]CI:HEXA e [Ch]Cl:MaleA apresentaram o
melhor desempenho na dissolugao da lignina Kraft, permitindo uma solubilidade
de 32,99 e 34,97 % em massa a 40 °C, respectivamente. Posteriormente, uma
caracterizagao abrangente da lignina Kraft apds seu tratamento térmico com ES
a 120 °C foi feita por FTIR-ATR, RMN HSQC, TGA e analise elementar para
desvendar as modificagdes quimicas e estruturais que ocorreram mediadas pelo
ES. Os dados obtidos sugerem que o ES a base de acido carboxilico promove
fortes modificagées quimicas e estruturais na lignina Kraft, incluindo a quebra
das ligagdes B-O-4, enquanto o ES a base de poliol se mostrou como excelente
solvente ndo derivatizante, mantendo a estrutura quimica da lignina intacta.

Na ultima etapa deste trabalho (Etapa 3 — Capitulo 8) foram feitas trés
reacdes diferentes usando [Ch]Cl:OxaA, [Ch]Cl:OxaA + perdxido de hidrogénio
e [Ch]CIl:OxaA + acido sulfurico para verificar a capacidade de despolimerizacao
do referido DES. As reacdes foram conduzidas por 1,3 e 6 horas sob condicoes
moderadas (pressdo ambiente e temperatura de 80 °C). Também foi verificado
como o tipo de lignina (Kraft e Organosolv) influencia os resultados da reacgéo.
Nesta etapa foi possivel identificar cerca de 60 compostos aromaticos diferentes
oriundos da quebra das ligagdes da lignina, principalmente das ligagées (-O-4.
Também se verificou que os mecanismos associados a despolimerizacado sao
distintos no meio acido e no meio oxidativo.

Em suma, os resultados obtidos neste trabalho demonstram a capacidade
dos ESs em dissolver seletivamente os componentes da biomassa, notadamente
a lignina, além de mostrar sua versatilidade, que dependendo de sua natureza

quimica, podem oferecer estratégias distintas de valorizag&do da lignina. O uso
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de solugdes aquosas de ESs mostrou grande potencial em solubilizar a lignina,
além de que a agua pode ser utilizada como antissolvente para recuperagao e
reciclo dos ESs. Os ESs acidos foram capazes de promover modificacdes
quimicas na estrutura da lignina, incluindo a ruptura de varias ligagdes (3-O-4,
a-0O-4 e 0-0O-0), e estes, foram aplicados com sucesso para a despolimerizagéo
da lignina.

Sendo possivel assim, dar um primeiro passo na exploracédo do potencial
destes ESs em futuras aplicagbes em processos industriais para valorizagao da
lignina e para obtengao de uma nova rota para produg¢ao de quimicos com valor

agregado.
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CAPITULO 11 — CONCLUSOES E DESAFIOS FUTUROS

11.CONCLUSOES

e Os ESs usados neste trabalho, preparados a partir da combinacao de
cloreto de colina e acidos carboxilicos ou polidis, foram capazes de
dissolver seletivamente a xilose e a lignina, e preservar a celulose. Esse
fator corrobora com alguns trabalhos na literatura que investigam a
aplicagédo dos ESs como solvente seletivo para dissolugéo da lignina;

e Aestrutura dos ESs tem papel crucial na dissolugao da lignina. Constatou-
se que a molécula de HBDs escolhida para o preparo do ES impacta de
forma direta no poder de solubilizag&o da lignina;

e O aumento da cadeia alquilica do HBD e o aumento da razdo molar
HBD:HBA favorece a dissolugao da lignina;

e A agua atua como antissolvente na dissolugédo da lignina, reduzindo as
interagdes entre os ESs e a lignina (solvatagao);

e Foram obtidos, em temperaturas brandas (40 °C), valores de solubilidade
de lignina comparaveis com os encontrados na literatura utilizando como
solventes LlIs e outros ESs;

e Foiobservada a modificagao estrutural e quimica da lignina dissolvida nos
ESs a base de acido carboxilico. Ao passo que a modificagdo € minima
para a lignina dissolvida nos ES a base de polidis, o que faz destes
excelentes solventes nao derivatizantes para a lignina;

e A partir da reacao de despolimerizacdo conduzida com dois tipos de
lignina (Kraft e Organossolve) e mediada por peréxido de hidrogénio ou
acido sulfurico em temperatura amena (80 ° C) foi obtido rendimento
maximo de despolimerizagdo de 26,8 %. Ao final das reagdes foram
identificados, em maior quantidade, 60 compostos diferentes;

e A lignina despolimerizada com ES apresentou distribuicdo de massa
molecular relativamente estreita em comparagdo com a lignina nativa
segundo analise por GPC, podendo ser considerado como material
funcionalizado;

e Compostos aromaticos de baixa massa molecular, como por exemplo,

vanilina, guaiacol, siringol, acetovanilona entre outros foram produzidos a
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partir da despolimerizagdo da lignina nos ES na presencga de agentes de
co-despolimerizagéo acidos (H2SO4) e oxidativos (H202), demonstrando
assim a capacidade do ES, um solvente alternativo, de despolimerizar a
lignina;

e O COSMO-RS se mostrou eficiente e rapido para rastrear a melhor
combinagao de HBA e HBD a serem usados para o preparo do ES com
maior potencial de solubilizagdo de lignina, sendo que as tendencias
obtidas nos testes in silico concordam com os dados experimentais;

e Os resultados deste trabalho mostram a versatilidade dos ESs, que,
dependendo de sua estrutura e composi¢céo quimica, podem proporcionar
mudangas na lignina: i) sua despolimerizagdo em compostos de valor
agregado e de baixo peso molecular usando ES a base de acido
carboxilico ou ii) seu uso como matéria-prima para a sintese de novos
materiais empregando ES a base de alcoois;

e Os ESs e suas solugbes aquosa podem ser considerados solventes
potenciais para a dissolugéo e valorizagao da lignina.

Desafios futuros

Os desafios futuros sdo compreender de forma mais profunda os efeitos
do HBA e do HBD na solubilidade da lignina nos ESs, bem como verificar a
toxidade dos mesmos. Outro ponto interessante é utilizar o COSMO-RS como
ferramenta de busca de novas combinacdes de HBA:HBD para preparar novos
ESs e verificar, experimentalmente, as possiveis alteragdes provocadas por
esses ESs na estrutura da lignina.

Também € necessario otimizar os parametros das reacbes de
despolimerizagdo, como por exemplo a temperatura da reagio e a carga inicial
de lignina, bem como compreender, de forma detalhada, os mecanismos
envolvidos na despolimerizagdo. O uso de ultrassom e micro-ondas na etapa de
despolimerizacdo também deve ser avaliado.

Apds a otimizacdo da despolimerizacdo € necessario avaliar a
recuperacao dos ESs, para que eles possam ser reutilizados. Portanto, é
necessario para o estudo sobre a recuperacao dos ESs, a sua caracterizagao, o
estudo do efeito de variaveis como temperatura, teor de agua e gases dissolvidos

em diferentes propriedades fisico-quimicas e térmicas além de estudos de
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presséo de vapor, biodegradabilidade e corrosdo. Também é necessario realizar
uma caracterizagdo mais ampla da lignina funcionalizada para avaliar o potencial
de aplicagao desta lignina. Por fim, avaliar a viabilidade econémica do uso dos
ESs para a valorizagéo da lignina, sendo um primeiro passo a implementagéo de
uma escala piloto.

Este trabalho fornece uma maneira eficaz de gerar uma solugao de lignina
altamente concentrada, que pode ser utilizada para conversao quimica da lignina
ou para aplicagdes em diferentes materiais. Entretanto, muitos esforgos ainda
sS40 necessarios para explorar novas aplicagdes do sistema lignina-ES em novas

areas.
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CAPITULO 12 - PRODUCAO NO PERIODO DE DOUTORADO

12.PRODUGAO NO PERIODO DE DOUTORADO

12

.1.PRODUCAOQ VINCULADA A TESE

No periodo de 4 anos que compreendeu este trabalho de doutorado foram

publicados 5 artigos em revistas indexadas, sendo 2 diretamente correlacionado

com

0 assunto desta tese e 3 publicados em colaboragdo. Também foram

apresentados 14 trabalhos em congressos nacionais e internacionais. Todos os

trabalhos desenvolvidos durante este periodo estdo descritos nas secdes a

segui
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