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RESUMO

VIEIRA, Michele Oliveira. Design de liquidos i6nicos para conversdo de CO..
Porto Alegre. 2018. Tese. Programa de Pdés-Graduagcdo em Engenharia e
Tecnologia de Materiais, PONTIFICIA UNIVERSIDADE CATOLICA DO RIO
GRANDE DO SUL.

A crescente aceitacdo mundial de que as mudangas climaticas estao
diretamente ligadas ao aumento da emissdo de gases de efeito estufa, didéxido de
carbono (CO2) em particular, e a necessidade de aperfeicoamento de sinteses com
0 emprego de insumos reutilizaveis sdo algumas das preocupacdes da atualidade.
Sendo assim, esta tese visa contribuir para o desenvolvimento de novos materiais
ativos como catalisadores de processos que exploram as possibilidades de
producdo de carbonatos orgéanicos a partir de CO2. Os carbonatos ciclicos possuem
diversas aplicacfes. Além disso, a sua producao partindo de CO2 representaria um
enorme passo para a mitigacdo dos impactos ambientais. Para isso, novos liquidos
ibnicos (LIs) de cétions imidazodlios ([bmim*]) e tetra-n-alquilaménio ([TBA*]) com
anions derivados de sais surfactantes ([C12SO47], [C12ESO47], [C12BS0O37], [C12SAR’])
foram sintetizados e testados como catalisadores de diferentes cicloadicées de CO:
em epoxidos. Os LIs foram caracterizados por FTIR, *H-RMN, TGA e DSC. A pureza
do material foi determinada pelos residuais de [CI], [Na*] e umidade. Os LlIs
mostraram boa atividade na sintese do carbonato de propileno (PC), atingindo
79,2% de conversao e 87,7% de seletividade quando utilizado o [TBA][C12SO4].
Para esta reacéo o catalisador manteve sua atividade por pelo menos 5 reciclos. Na
sintese do carbonato de estireno (SC) o [TBA][C12BSO3] se mostrou o LI mais
eficiente atingindo 81,4% de conversdo e 87,0% de seletividade. Este LI também
mostrou significativa atividade na sintese do carbonato de glicidil isopropil éter (GC)

e no carbonato de epicloridrina (EC).

Palavras-Chaves: liquido idnico; conversao de COg; carbonatos ciclicos.



ABSTRACT

VIEIRA, Michele Oliveira. Design of ionic liquids for CO2 conversion. Porto
Alegre. 2018. PhD Thesis. Graduation Program in Materials Engineering and
Technology, PONTIFICAL CATHOLIC UNIVERSITY OF RIO GRANDE DO SUL.

The acceptance that climate change is direct related to increasing greenhouse gas
emissions, carbon dioxide (COz2) in particular, and the need to improve synthesis with
reusable inputs are some of the current concerns. Thus, this thesis aims to
contribute to the development of new catalytic materials for the processes that
explore the possibilities of production of organic carbonates from CO2. Cyclic
carbonates have several applications. Furthermore, their production from CO2 would
represent a huge step towards mitigating environmental impacts. For this, new ionic
liquids (ILs) of imidazolium ([omim*]) and tetra-n-alkylammonium ([TBA*]) cations
with anions derived from surfactant salts ([C12SO47], [C12ESO47], [C12BSO37], [C12SAR"
]) were synthesized and tested as catalysts of different cycloaddition of CO:2 in
epoxides. ILs were characterized by FTIR, TH-NMR, TGA and DSC. The [CI], [Na*]
and moisture residues determined the purity of the material. The ILs showed good
activity in propylene carbonate (PC) synthesis, 79.2% of conversion and 87.7% of
selectivity when [TBA][C12SO04] was used. For this reaction, catalyst kept its activity
for at least 5 cycles. In the synthesis of styrene carbonate (SC), [TBA] [C12BSOs3]
was the most efficient IL reaching 81.4% of conversion and 87.0% of selectivity. This
IL also showed significant activity in the synthesis of glycidyl isopropyl ether

carbonate (GC) and epichlorohydrin carbonate (EC).

Key-words: ionic liquids; CO2 conversion; cyclic carbonates.
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1. INTRODUCAO

A crescente aceitacdo mundial de que as mudancas climaticas e aquecimento
global estédo diretamente ligadas ao aumento da emissdo de gases de efeito estufa,
em particular de COz, aliados a estudos que apontam a contribuicdo deste
fendbmeno para acidificagdo do oceano, aumento do nivel do mar e do niumero de
espécies em extincdo, cria a necessidade de acdes que visam a reducdo ou
mitigacdo dessas emissfes. Estima-se que a concentracdo atmosférica global de
diéxido de carbono tenha aumentado de um valor pré-industrial de cerca de 280
ppm para 410 ppm em setembro de 2018 (NOAA, 2018), ultrapassando em muito a
faixa natural dos ultimos 650.000 anos (180 a 300 ppm), como determinado a partir
de testemunhos de gelo (IPCC, 2011).

Nos ultimos anos tem havido um aumento significativo na implementacéao de
energias renovaveis, como a eolica e a solar. Além disso, apds alguns anos de
crescimento modesto, a eficiéncia energética de varios paises voltou a crescer
significativamente, devido ao aumento de investimentos publicos na area de
pesquisa e desenvolvimento energético. Estas iniciativas representam apenas 0s
primeiros passos de uma longa caminhada para transformar a maneira de fornecer
e utilizar a energia. E provavel que por véarias décadas ainda, os combustiveis
foésseis sejam responsaveis por grande parte da producéo de energia. Desta forma,
a captura e utilizacdo do CO2 surgem como uma opc¢ao viavel para mitigar as

emissodes de gases do efeito estufa (Mofarahi, 2008; IEA, 2015).

J& a algumas décadas, a utilizagdo de liquidos i6nicos (LIs), materiais que
pertencem a uma classe de compostos organicos ibnicos, vem despertando grande
interesse da comunidade cientifica, por serem verséateis e menos danosos ao meio-

ambiente do que o0s solventes organicos convencionais. Estes compostos
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apresentam grandes expectativas de potencial de aplicacdo em diversos
segmentos, como catalisadores de diversas reacfes quimicas. Possuem
caracteristicas peculiares, ou seja, pressdo de vapor extremamente baixa, alta
estabilidade térmica (geralmente superior a 200°C) e a possibilidade de variar suas
propriedades fisicas e quimicas, por meio da combinacdo de cations e anions
distintos (Koel, 2009; Bara et al., 2009; Bermudez, 2009; Plechkova e Seddon,
2008; Freudenmann et al., 2011).

A variabilidade estrutural dos liquidos ibnicos € enorme e neste sentido é
possivel a criacdo de compostos com caracteristicas e propriedades especificas,

para uma determinada aplicacdo (Koel, 2009; Freudenmann et al., 2011).

A transformacdo quimica do CO: visa agregar valor comercial a um gas
inerte. A aplicacdo do dioxido de carbono como matéria prima nas industrias
guimicas tem grande valia quando se visa 0s beneficios ambientais envolvidos,
porém, Sao poucos 0S processos industriais que utilizam CO2 como material de
partida (Arakawa et al., 2001; Sakakura, Choi e Yasuda, 2007; Vieira, 2015).

Varios produtos quimicos valiosos podem ser obtidos na sintese utilizando
CO2 como reagente, por exemplo: carbonatos organicos, carbamatos, uretanos,
lactonas, policarbonatos, ureia, acido acético, acido férmico, acido salicilico, entre
muitos outros (Arakawa et al., 2001; Sakakura, Choi e Yasuda, 2007; Maeda,
Miyazaki e Ema, 2014).

Neste contexto, pretende-se neste trabalho sintetizar/modificar liquidos
ibnicos de cations alquilimidazolio e alquilamoénio, com diferentes anions que
possam ser empregados como catalisadores na transformac¢do quimica do COz,

visando um sistema eficiente, seletivo e viavel economicamente.
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2. OBJETIVOS

Sintetizar e caracterizar diferentes liquidos ibnicos para serem empregados

como catalisadores na sintese de diversos carbonatos ciclicos.

2.1. Objetivos especificos

e Sintetizar liquidos ibnicos de cation imidazdélios e tetra-n-butilaménio com

diferentes anions derivados de surfactantes;

e Caracterizar os Lls sintetizados por FTIR, H-RMN, TGA e DSC;

e Determinar a pureza dos LIs sintetizados pelo residual de [CI], [Na*] e

umidade;

e Estudar a interacédo agua/ LlI;

e Testar os LIs como potenciais catalisadores na sintese do carbonato de
propileno (PC), carbonato de estireno (SC), carbonato de glicidil isopropil éter (GC) e

carbonato de epicloridrina (EC).
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3. REVISAO BIBLIOGRAFICA

A fina camada de gases que circunda a Terra, a qual chamamos atmosfera, é
cerca de 99% constituida de nitrogénio e oxigénio. Alguns outros gases se fazem
presentes em pequenas quantidades, dentre estes, o diéxido de carbono (COz2), o
metano (CH4) e os éxidos de nitrogénio (NOx), conhecidos como “gases de efeito
estufa” (GEE). Este efeito é fundamental para a manutencdo do clima e do
ecossistema (Hansen et al., 2008; IPCC, 2011).

A partir da revolucdo industrial, a industrializacdo e o desenvolvimento
tecnolégico ganharam grande impulso aumentando significativamente a
concentracdo de diéxido de carbono na atmosfera terrestre. O CO2 é o GEE de
maior impacto em termos de quantidades emitidas, como podemos observar na
Figura 3.1 (IPCC, 2014).

11% CO2
(desmatamento e
decomposigio de biomassa) 16% CHq

6% HOy

2%
Gases fluorados

65 % CO2
(uso de combustiveis fdsseis)

Figura 3.1. Emiss@es globais de GEE.
Fonte: Adaptacao de IPCC, 2014.
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A origem de boa parte dessas emissdes decorre de fontes antropogénicas
(IPCC, 2014). O CO:2 é emitido através de queima de combustiveis fosseis,
desmatamento, decomposi¢cdo de biomassa, além de desflorestamento de grandes
areas para uso agricola. As emissbes de CHs4 derivam basicamente da atividade
pecuaria e da decomposi¢cdo de biomassa. J& 0 NOx vem do uso desenfreado de
fertilizantes e da queima de combustiveis fosseis. E finalmente, a origem dos gases
fluorados sé&o os processos industriais e de refrigeracdo em grande escala (IPCC,
2014).

Além disso, como mostrado na Figura 3.2, as queimas de combustiveis
fésseis ainda representam a maior fonte de energia primaria global, embora a
porcentagem de energia renovavel implantada nos ultimos anos tenha aumentado
para 13,3% (IPCC, 2014).

Hidraulica Huclear
2,30% 5,80%
=

i

dleo
32,80%

Gas natural
20,90%

Biocombustiveis
10,20%
Outras
[gectérmica,
zaolar, edlica)

0,50%

Carvao
27,20%

Figura 3.2. Fontes de energia primaria global.
Fonte: Adaptagao de IPCC, 2014.

O mapeamento das fontes emissoras é o primeiro passo para se pensar em
como mitigar esses gases de efeito estuda. Com relagcédo ao CO2, € mostrado na
Tabela 3.1 o registro das emissdes por setores econbmicos e vemos que energia e
transporte sdo os principais emissores (IEA, 2015). Existe também a dificuldade em
encontrar dados atualizados dessas informagdes, normalmente os disponibilizados

ja apresentam alguma defasagem de tempo.
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Tabela 3.1. Registros de emisses de CO:z por setores econdmicos.

Setor Industrial Emisséo (MtCO./ ano) %

Eletricidade e producéo de calor 13665,6 42,4
Transporte 7384,9 23,0
Industrias de manufaturamento e construcao 6114,8 19,0
Residencial 1868,9 5,8
Servicos 861,9 2,7
Outros (agricultura, pesca, aviacao) 2303,8 7,1
TOTAL 32189,7 100

Fonte: IEA, 2015.

Como consequéncia, a geracdo de gases poluentes, provenientes da
atividade humana, atinge patamares nunca antes vistos (Rogelj, Meinshausen e
Knutti, 2012; IEA, 2015). A concentracdo de CO2 apresentou um aumento de 280
ppm na era pré-industrial para uma média global de 410 ppm registrada esse ano
(2018) como mostra o grafico de tendéncia da Figura 3.3, onde a linha vermelha
representa os valores médios mensais da concentracdo de CO:2 e a linha preta
representa estes valores apoOs correcdo para a média do ciclo sazonal (NOAA,
2018). Na Figura 3.4 € observado o aumento da quantidade de emissdes de CO:
desde a época pré-industrial. Nos ultimos 30 anos foi emitido 20% a mais de COz e

esta tendéncia ainda é uma crescente.
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Figura 3.3. Concentracdo de CO2 atmosférico.
Fonte: Adaptacdo de NOAA, 2018.
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Figura 3.4. Aumento das emissfes de CO2 atmosférico.
Fonte: Adaptacao de NOAA, 2018.

A crescente demanda de energia, 0 aumento populacional e 0 uso
desenfreado de combustiveis fésseis tém um impacto negativo na atmosfera, pois
as emissdes antropogénicas de CO2 sdo consideradas uma das principais
contribuintes ao aquecimento global, visto que o CO: é tido como o principal gas de

efeito estufa (Herzog et al., 2012).

Como consequéncia da crescente concentracdo de CO:2 na atmosfera,
observa-se um aumento de 0,8 °C na temperatura média na superficie da Terra no
periodo de 1900 até o presente (Hansen et al., 2008; IPCC, 2011; NOAA, 2018). A
Figura 3.5 apresenta um grafico que mostra a variacdo da temperatura nas ultimas

décadas.

O aumento da temperatura global tem sido acompanhado por varias
mudancas meteoroldgicas e climaticas. Muitos lugares tém sofrido alteracdes nas
precipitacdes, resultando em mais inundacdes e secas. Ondas de calor e frio
também estdo se tornando mais frequentes. Além disso, 0s oceanos estao
aguecendo e se acidificando, enquanto que as calotas de gelo estdo derretendo e
elevando o nivel do mar (EPA, 2017).

Em 2015, na Convencéo Internacional sobre Mudancas Climaticas, em Paris,

foi mostrado que apesar dos esfor¢os e dos planejamentos quanto as emissdes de
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CO2, a temperatura média do planeta ainda permanecera 2 °C acima do ideal,

podendo aumentar para 3 °C até 2050.
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Figura 3.5. Variagdo da temperatura média global nas ultimas décadas.
Fonte: Adaptacao de NOAA, 2018.

Existem algumas alternativas que podem contribuir para a mitigacdo destas
mudancas climaticas, como por exemplo, a reducdo das emissbes dos GEE
produzidos durante a geracdo de energia. Outras formas também relevantes séo a
eficiéncia energética, fontes renovaveis de energia, mudanca para combustiveis que
emitam menor quantidade de CO2, aprimoramento dos biocombustiveis, reducéo
das emissdes dos outros GEE além do CO:2 e a captura, transformacéo e
armazenamento de COz2 (IPCC, 2011, Rafiee et al., 2018).

Acredita-se que apenas com a captura do CO2 emitidos por grandes fontes
pontuais, tais como centrais de energia que utilizam combustiveis fosseis, plantas
de processamento de combustiveis, cimenteiras e outras grandes plantas
industriais, seja suficiente para um inicio eficaz da mitigacdo dos impactos
ambientais (Arshad, 2009).
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A gquimica verde pode ser definida como a cria¢cdo, o desenvolvimento e a
aplicacao de produtos quimicos e processos para reduzir ou eliminar a utilizacao ou
a geracdo de substancias prejudiciais a saude humana e/ou ao meio ambiente
(Poliakoff et al., 2002). Promover e implementar uma quimica verde em processos
industriais, principalmente de grande porte, nem sempre € facil, por isso, todo este
conceito pode ser dividido em trés grandes categorias: o uso de fontes renovaveis
ou recicladas de matéria-prima; o aumento da eficiéncia de energia, ou a utilizacao
de menos energia para produzir a mesma ou maior quantidade de produto; e
finalmente, evitar 0 uso de substancias persistentes, bioacumulativas e téxicas
(Poliakoff et al., 2002).

Poliakoff et al. (2002) criaram o que ficou famoso como os Principios da
Quimica Verde. Eles elaboraram uma lista de doze passos que devem ser pensados
e refletidos antes de qualquer criagdo de processo quimico ou manipulacdo de
produtos quimicos. Em 2015 Poliakoff, Leitner e Streng atualizaram estes principios
e elaboraram os Principios da Quimica do CO2, como mostra a traducdo na Figura
3.6.

Catalysis is crucial A catalise é crucial
Origin of the CO;? Origem do CO,?
Tomorrow's world may be different O mundo de amanhé pode ser diferente

L B J

A 4

Cleaner than existing process? Mais limpo do gue o processo existente?
High volume or high value products? Alto volume ou produtos de alto valor?
E-factor must be low O fator E deve ser baixo

Maximize integration Maximizar a integragéo

Innovative process technology Tecnologia de processo inovadora
Sustainability is essential Sustentabilidade é essencial
Thermodynamics cannot be beaten Termodinamica nio pode ser derrotada
Renewable (& reasonable) energy input Energia renovavel

Your enthusiasmis not enough Seu entusiasmo nio é suficiente

yYyryYpywy

Cc
o
2
C
H
E
M
I

S
T
R
Y

A 4

Figura 3.6. Os 12 principios da Quimica do CO: (e traducéo).
Fonte: Adaptacao de Poliakoff, Leitner e Streng, 2015.

Estes novos doze principios condensam pensamentos que ajudam a destacar
as questdes mais pertinentes e a estruturar futuras discussdes pertinentes ao

assunto (Poliakoff, Leitner e Streng, 2015).
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3.1. Utilizacédo do CO2

A utilizacdo do didéxido de carbono capturado de fontes estacionarias poderia
contribuir para fechar o ciclo global do CO2. A necessidade de uma quimica mais
verde e de processos mais limpos em conjunto com perspectivas de um
desenvolvimento mais sustentavel, fazem com que o diéxido de carbono se
transforme em uma matéria prima reutilizavel (Aresta e Dibenedetto, 2004;
Tkatchenko et al., 2006).

A finalidade da captura de CO:2 é produzir um fluxo concentrado de CO2 com
alta pressdo que possa ser facilmente transportado ao lugar de armazenamento ou
utilizado em processos industriais e comerciais (Wappel et al., 2010). O CO2 pode
ser considerado um importante bloco de construgdo em diversos segmentos,
agregando consideravel valor a um produto que normalmente é considerado

residuo.

Varios estudos tém apresentado diferentes maneiras de armazenamento do
CO2. Algumas das alternativas sdo: armazenamento em rochas porosas, campos de
petréleo em estagio final de exploragcdo ou ja extintos e o armazenamento em
aguiferos ou camadas de carvao. Essas tecnologias vém sendo estudadas, apesar
de se conhecer alguns dos problemas associados, como o aumento do pH em
adguas profundas decorrente do CO: dissolvido e a alteracdo da fauna e flora
aquaticas. Além disso, o CO2 capturado também é muito utilizado na recuperacao
avancada de petréleo (EOR) (IPCC, 2011).

A Figura 3.7 ilustra varias possibilidades de utilizacdo do CO:2 capturado de
fontes estacionarias. Dentro destas possibilidades, podem aparecer 0S processos
quimicos, onde o CO2 é convertido em algum produto de maior valor agregado,
como solventes industriais, polimeros ou qualquer segmento que necessite de uma
fonte de carbono (Rafiee et al., 2018). Também pode ser utilizado em um processo
fisico, onde ele permanece em sua forma quimica inalterada, como na gaseificacdo
de bebidas, extintores de incéndio, agentes de expansdes em espumas e até

mesmo na recuperacao avancada do petroleo (EOR) (Rafiee et al., 2018).
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Fonte: Adaptacdo de Rafiee et al., 2018.
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Tanto nos processos de utilizacdo do CO2 por meios quimicos quanto fisicos,
pode-se segmentar por duas vias a aplicacdo, o uso direto ou indireto. Nos casos de
utilizacdo direta, o processo ndo pode ser formado sem o CO2 como molécula
inteira. Enquanto que para a utilizacdo indireta, as moléculas de CO2 ajudam
melhorar o processo, adicionar valor ou facilitar a retirada de outros materiais.

Anualmente é utilizado cerca de 200 milhdes de toneladas de CO:2 para
producdo de produtos com valor agregado, sendo 57% destes, somente para a
producgéo de ureia (Otto et al., 2015; Rafiee et al., 2018). A Tabela 3.2 detalha os

segmentos industriais que utilizam CO2 como matéria prima e as respectivas

guantidades anuais (Aresta, Dibenedetto e Angelini, 2013; Rafiee et al., 2018).

Tabela 3.2. Utilizag&o anual de CO2 no segmento industrial.

Industria (producéo) Uso (MtCO2/ ano)
Ureia 114
Metanol 8
Eter dimetilico (DME) 3
Eter metil terc-butilico (TBME) 1,5
Formaldeido 35
Carbonatos 0,005
Policarbonatos 0,01
Carbonatos inorganicos 50
Tecnologias 28
Alimentacao de algas para producéo de biodiesel 0,01
TOTAL 208

Fonte: Aresta, Dibenedetto e Angelini, 2013.

Toda esta utilizagdo de CO2 ainda é insignificante (~0,6%) quando se pensa

em mitigacdo de impactos ambientais (Cokoja et al., 2011; Rafiee et al., 2018). A
necessidade de ampliar essas aplicagdes e aumentar a utilizagdo do CO2 vindo de

fontes de captura € uma linha de estudo eminente.
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3.2. Conversao de CO2

A aplicagdo do dioxido de carbono como matéria prima nas industrias
quimicas tem grande valia quando se visa 0s beneficios ambientais envolvidos,
porém, sdo poucos 0S processos industriais que utilizam CO2 como material de
partida devido a grande quantidade de energia necessaria para sua transformacao

direta.

Assim, algumas das metodologias para transpor a transformacdo em
produtos quimicos Uteis consistem em utilizar materiais de partida com alta energia,
como hidrogénio, compostos insaturados, anéis com poucos carbonos e
organometalicos; escolher alvos sintéticos oxidados de baixa energia, tais como
carbonatos organicos ou fornecer alguma fonte de energia. Além disso, na maioria
das reacdes € necessario utilizar um sistema catalitico, que pode ser homogéneo,
heterogéneo ou enzimatico (Sakakura, Choi e Yasuda, 2007). O potencial da
catalise homogénea para a transformacdo do CO2 vem sendo discutido ha bastante
tempo. Um dos motivos seria o fato dos sistemas cataliticos homogéneos
normalmente apresentarem melhores resultados frente aos heterogéneos
(Sakakura, Choi e Yasuda, 2007).

Varios produtos quimicos valiosos podem ser obtidos na sintese utilizando
CO2 como reagente de partida, como por exemplo, carbonatos organicos,
carbamatos, uretanos, lactonas, policarbonatos, ureia, acido acético, acido férmico,
acido salicilico, entre muitos outros, conforme ilustrado na Figura 3.9 (Arakawa et
al., 2001; Sakakura, Choi e Yasuda, 2007; Maeda, Miyazaki e Ema, 2014).

Nos ultimos anos sao descritos na literatura o uso de CO2 supercritico para
sintese, na chamada quimica verde, sem o uso de solventes volateis, bem como
reacoes de hidrogenacéo, reducéo eletroquimica e fotoquimica do CO2 (Arakawa et
al., 2001; Sakakura, Choi e Yasuda, 2007).

Unindo as possibilidades de utilizagdo do CO2 em rotas de sintese, como
mostradas na Figura 3.8, com os inumeros beneficios da utilizagcdo dos liquidos

ibnicos como solventes e/ou catalisadores em reacfes de sintese organica, na
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substituicdo dos solventes tdxicos normalmente empregados nas reagbfes de
Friedel-Crafts e de Diels-Alder, hidrogenacdes, polimeriza¢ces, entre outras, € uma
promissora alternativa tecnolégica para mitigar os impactos ambientais e também

seguir varios dos principios da quimica verde (Bourbigou, Magna e Morvan, 2010).

Carbonatos e carbamatos

Reducao do CO?

PhSiH RNHz_ |
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2 R “CH,

Carboxilagcbes

Figura 3.8. Possibilidades de rea¢des de conversdo de COa.
Fonte: Adaptacdo de Maeda, Miyazaki e Ema, 2014.

Uma rota bastante importante das varias possibilidades de transformacgdes
quimicas do CO: é a carbonatacdo. Carbonatos organicos, também chamados de
ésteres de acido carbobnico, formam um grupo de substéncias que contém uma

carbonila rodeada por dois grupos alcoxi. Numa molécula, esses grupos podem ser
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iguais, diferentes ou formar estruturas ciclicas (Sakakura, Choi e Yasuda, 2007;
North, Pasquale e Young, 2010).

Os principais carbonatos organicos aciclicos (Figura 3.9) relatados na
literatura s&o: carbonato de dimetila (DMC), carbonato de dietila (DEC) e o
carbonato de difenila (DPC) (North, Pasquale e Young, 2010).

Ja4 os carbonatos organicos ciclicos (Figura 3.10) mais reportados sao:
carbonato de propileno (PC), carbonato de estireno (SC), carbonato de glicidil
isopropil éter (GC) e o carbonato de epicloridrina (EC) (North, Pasquale e Young,
2010).

0 'U &
e e DL D
DMC DEC DPC

Figura 3.9. Alguns exemplos de carbonatos organicos aciclicos.
Fonte: Adaptacao de North, Pasquale e Young, 2010.

S&o todos compostos com propriedades interessantes, pois sao apolares,
com elevado ponto de ebulicdo, baixa toxicidade e biodegradaveis (North, Pasquale
e Young, 2010).

Gj\o qj\o qj\‘:'
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PC sSC GC EC

Figura 3.10. Alguns exemplos de carbonatos orgénicos ciclicos.
Fonte: Adaptacao de North, Pasquale e Young, 2010.
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Carbonatos organicos vém ganhando espaco em diversos segmentos
industriais por substituirem, sem grandes alteracfes, 0s solventes organicos volateis
(SOV). Um exemplo disso sdo as industrias farmacéuticas que investem bastante
em trabalho com materiais, 0s mais inertes possiveis, para sintese de farmacos
(Leitner, 2009).

3.3. Ligquidos Iénicos

Sempre € de interesse tecnolégico a busca por novos materiais. Nas ultimas
décadas uma classe de solventes organicos, denominados liquidos ibnicos, vem
ganhando grande destaque no meio cientifico por substituirem com vantagens os
tradicionais solventes organicos, sendo conhecidos assim como solventes verdes,

além de possuirem grande potencial catalitico (Plechkova e Seddon, 2008).

Os Liquidos l6nicos (LIs) sdo sais organicos constituidos por um cétion
organico e um anion que pode ser organico ou inorganico. S&o comumente liquidos
a temperatura ambiente com baixo ponto de fusao e alto ponto de ebulicdo (Welton,
2004; Anout et al., 2009; Earle e Seddon, 2000; Tarik et al., 2009). Possuem
propriedades como baixa pressdo de vapor, baixa volatilidade e inflamabilidade,
grande estabilidade quimica e térmica, boa condutividade i6nica e grande potencial
para serem regenerados (reciclados) (Huddleston et al., 2001). A Tabela 3.3
apresenta dados (lonic Liquid Database, 2006) de algumas propriedades dos
liquidos ibnicos comerciais das marcas Sigma Aldrich e Merck do Brasil de cation

imidazdlio.

Tabela 3.3. Propriedades dos liquidos idnicos.

Liquidos lénicos
Propriedade
[bmim][Cl] [bmim][BF4] [bmim][PFg] [bmim][NTf;]
T fuséo 67 °C néo informado 10 °C néo informado
T transigédo vitrea -69 °C -97 °C -80°C -92°C

Densidade 1080 kg/m3 1120 kg/m? 1360 kg/m? 1414 kg/m3

Viscosidade 40,890 Pa.s 0,154 Pa.s 0,450 Pa.s 0,599 Pa.s
Massa molar 174,67 g/mol 226,03 g/mol 284,18 g/mol 419,13 g/mol
Volume molar ndo informado | 1,90 x 10* m3mol | 2,05 x 104 m3/mol ndo informado

Fonte: lonic Liquid Database, 2006.
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Estes materiais sdo promissores para diversas aplicagcdes, pois com o estudo
de sua estrutura e conhecimento das suas propriedades, é possivel desenvolver
combinacdes diferentes de cations e anions para conferir-lhes uma gama de
caracteristicas que se ajustem as condi¢des de trabalho e a eventuais necessidades
especificas de cada processo. Em funcdo disso, os liquidos ibnicos sé&o
popularmente chamados de “solventes projetados” (Blanchard, Gu e Brennecke,
2001; Welton, 2004; Antony et al., 2005).

Originalmente a maioria das aplicagbes dos Lls tanto na pesquisa quanto na
indUstria eram voltadas a quimica verde como substitutos de solventes organicos,
porém, estes vem encontrando um numero crescente de aplicagcbes em outras
areas, como: catalise, quimica organica e de polimeros, eletroquimica, quimica
analitica, energia, nanotecnologia, biotecnologia, captura de CO2, entre outros
(Migliorini, 2009; Vieira, 2015).

Historicamente, o primeiro liquido idnico foi sintetizado em 1914, o nitrato de
etilaménio (ponto de fusdo de 12 °C), formado pela adicdo de &cido nitrico
concentrado a etilamina, porém este produto era muito instavel em presenca de ar
ou agua e isso foi uma limitacdo a sua utilizacdo. Em 1982, foram preparados
liguidos iGnicos com base em cétions 1,3-dialquilimidazélio que eram estaveis na
presenca de agua e ar em uma ampla faixa de temperatura, comumente

referenciados como a “segunda geracéo” de liquidos ibnicos (Wilkes et al., 1982).

Seddon, em 1997, descreveu a utilizacdo dos liquidos ibnicos para sintese e
processos cataliticos. Com este estudo se destacaram algumas propriedades, como
a possibilidade combinacdes de cations/anions, que lhes permitem grandes
vantagens, principalmente nos processos de extragdao (Blanchard et al., 1999;
Huddleston et al., 2001).

Os liquidos i6nicos mais comumente estudados sdo os sais baseados nos
cations imidazélio, piridinico, pirrolidinio, sais de amobnio quaternario e o0s
alquilfosfénios. Ja os anions amplamente utilizados na sintese de LIs séo
constituidos pela familia dos halogénios, como cloretos ([CI]), brometos ([Br]),

iodetos ([I); os anions fluorados como tetrafluoroborato ([BF4]), hexafluorofosfato
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([PFe]) e, ainda os, trifluoroacetato ([CFsCO2]), trifluorometilsulfonato ([CFsSOs]) e
bis(trifluorometilsulfonil)imidato ([NTf2]) como se pode observar no Quadro 3.1

(Welton, 2004; Muldoon et al., 2007; Rahman, Siaj e Larachi, 2010).

Quadro 3.1. Cétions e anions mais comumentes reportados na literatura.
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trifluoroacetato trifluorometilsulfonato bis trifluorometanosulfoniljimidato

Fonte: Adaptagdo de Rahman, Siaj e Larachi, 2010.

A sintese dos LIs pode ser de forma genérica simplificada em duas etapas.
Na primeira ha formacdo do cation de interesse (Figura 3.11 a) e na segunda, a

troca do anion necessario para formacéo do produto final (Figura 3.11 b).

b) X* [T\ ¥ ytr 7 [T\ o+ gty

P N + M
o = TN W”W s
Figura 3.11. Esquema de formacéo: (a) cation imidazélio e (b) troca de anion.
Em determinados casos, somente a primeira etapa é necessaria, como na

sintese do nitrato do etilamoénio, mas na maioria das vezes, &€ mais comum realizar a

sintese em duas etapas: primeiro a formacdo do céation desejado via protonacdo
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com um A&cido livre ou pela reacdo de quaternizacdo de uma amina, muito
comumente empregando um haloalcano; e depois proceder-se uma troca de anion,
que pode ser efetuada, tanto pela adicdo de um sal metalico contendo o anion de
interesse, ou pela adicdo de um acido de Brgnsted que contenha o anion pretendido
(Wasserscheid e Welton, 2008).

A quaternizagdo de aminas com haloalcanos é conhecida ha muitos anos,
mas no que se refere ao desenvolvimento dos liquidos i6nicos, tem despertado
interesse em estudos para melhoria de técnicas reacionais. Em geral, as reacdes
mais conhecidas utilizam cloroalcanos, bromoalcanos ou iodoalcanos, sendo elas,

reacOes de substituicdo nucleofilica (Wang et al., 2007).

A principio, as reacdes de quaternizacdo sao bastante simples: a amina é
adicionada ao agente de alquilacdo (em excesso) desejado e a mistura permanece
sob agitacdo, aquecimento, refluxo e sob atmosfera inerte. A temperatura e o tempo
de reacdo dependem do agente de alquilagcdo utilizado. Normalmente nestas
reacoes é imprescindivel aguecimento durante um dia para reacdo completa (Wilkes
et al., 1982; Wang et al., 2007).

Ao término da reacdo, faz-se necessaria a remocdo do excesso de
haloalcano. Como normalmente estes sdo compostos bastante volateis, sua retirada

é feita facilmente sob presséo reduzida (Wasserscheid e Welton, 2008).

Os procedimentos descritos até entdo, compreendem somente a primeira
etapa para sintese do liquido iénico, ou seja, a formacédo do cation. A reacao de
troca do anion pode ser realizada de duas formas: reacéo direta do sal halogenado
com um acido de Lewis, e/ou, através da formacgao do liquido idnico via “metatese
anidnica”, mais conhecida como reacédo de dupla-troca, pois ocorre entre dois sais

halogenados (Wasserscheid e Welton, 2008).

A reacdo de um sal halogenado quaternario com um acido de Lewis resulta
na formagdo de mais de uma espécie de anion, dependendo da relacdo de

7

proporcdo dos reagentes. Um exemplo deste tipo de reacdo é a obtencdo de
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liquidos iBnicos com o anion cloroaluminato a partir do cloreto de aluminio, que se

procede em uma série de etapas em equilibrio (Welton, 2004).

A obtencdo do liquido idnico via metatese anionica pode ser exemplificada
pela preparacdo do [bmim][BF4], a qual ocorre pela mistura do [bmim][CI] com
NaBFs. O produto é extraido em diclorometano, depois é filtrado em coluna com
alumina e seco sob atmosfera reduzida. Este tipo de reacdo pode ser executado
desde o principio em presenca de solvente (diclorometano ou acetona), na forma de
suspensdo, pois o0s reagentes de partida ndo sdo sollveis no solvente e o
rendimento aproximado é de 70%. O subproduto, NaCl neste caso, é insoluvel no
solvente organico, sendo retirado por meio de uma filtracdo simples ao final da

reacao (Docherty, Dixon e Kulpa, 2007; Aquino, 2010).

Neste tipo de reacdo € comum permanecer algum resquicio de haleto
(cloreto) no liquido iénico, devendo este entéo, ser lavado diversas vezes com agua
para purificacdo até que as aguas de lavagens deem teste negativo para cloreto
utilizando nitrato de prata. Mesmo com estes processos de purificagdo, ainda pode
permanecer resquicios na ordem de ppm ou ppb que podem ser prejudiciais ou
benéficos dependendo do foco de utilizacdo do liquido i6nico (Wasserscheid e
Welton, 2008).

3.4. Liquidos i6nicos para converséo de CO2

Estudos anteriores ja relatam o uso de liquidos ibnicos na sintese de
carbonatos aciclicos e ciclicos, na qual os LIs atuam como catalisadores (Sakakura
e Kohno, 2009; Yang et al., 2010; Aquino et al., 2014; Vieira et al., 2017). Eta et al.,
2011, sintetizaram carbonato de dimetila e constataram que a utilizacdo dos LlIs
aumenta cerca de 12% na conversao e atinge 90% de seletividade para o carbonato

desejado.

Um estudo conduzido por Zhang et al. (2016) apresenta o liquido i6nico
[bmim][Br] como catalisador em um sistema ternario associado a ZnBrz2 e K2CO3
para conversao quimica de CO2 em carbonatos ciclicos. A Tabela 3.4 apresenta os

resultados de rendimento obtidos. Foi relatado também, que as seletividades para
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0os produtos desejados foram todas > 99% (Zhang et al., 2016), sendo assim, 0s

valores de rendimento sdo 0s mesmos de conversao.

Tabela 3.4. Resultados de rendimento obtidos por Zhang et al. (2016) para cicloadi¢do de COz em

epoxidos.
8] 3 mol% ZnBra/KzC04 R 0
A p 6o - \l:
R 2 2eq [BmimlBr,rt,2h GPD
1 eq, 1 atm
o0 0 0 8] 9]
Cl/\[ >=D Br/\E >=O /\E >=O (:[ >:D /\/\[ /\:G
o o} o s} 0
94% 95% 98% 91% 97 %

0
@"’\E%o "o 9‘}'\[}0 \QG'T}“

O
98% 99% 99% 95%
0
o Y (U 0
O O o
Br g 0>= o e
98% 97% 98% 97%
e ~
) o o) o
N /\[ DF 6] =0 <I o OC[ >= & "o
O O o] VT
97 % 98% 94% 91% 93%,

Fonte: Adaptacao de Zhang et al. 2016.

Um diferencial deste estudo sédo as condi¢cdes de trabalho escolhidas, como
baixa pressdo e temperatura. Podemos ver que os valores de rendimento nas
sinteses destes diversos carbonatos ciclicos sao excelentes, sendo todas superiores
a 90%. A presenca de grupos funcionais no epoxido de partida, como cloretos,
brometos e fenilas ndo alteraram de forma significativa os rendimentos reacionais,
indicando que o volume molecular ou a eletronegatividade da cadeia lateral do

epoxido ndo causa influéncia expressiva.
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Dai et al. (2017) também estudaram a cicloadicdo de CO2 em epoOxidos
utilizando o liquido i6nico [TMTC3HeOH][Br] como catalisador. Os resultados de

conversao e seletividade sdo apresentados na Tabela 3.5.

Tabela 3.5. Resultados (conversdo e seletividade) de Dai et al. (2017) para cicloadicdo de CO2 em

epoxidos.
Catalisacor —:ﬁﬂl TN
[TMTC:H:OH]Br "“‘,’>_5E, OH
5 g Br

Lt

T e g, 0

98,0% 99.9% 98,1% §99.7% 96.6% 199.8% 99,2% [ 100%
o 0
/\/\E =0 C[ =0
o 0
95.5% 1 100% 72,7% 199.7%

Fonte: Adaptacao de Dai et al., 2017.

Estes ensaios foram conduzidos a 140 °C e 20 bar de presséo. Os resultados
para maioria dos carbonatos foram completamente satisfatérios, tanto em conversao
quanto em seletividade, com excecao do carbonato oriundo do éxido-ciclohexeno
que apresentou 72,7% de conversdo. Esse fato € explicado pelo impedimento do
ataque nucleofilico do anion brometo do LI devido a presenca dos dois anéis (Dai et
al., 2017).

E importante destacar que variaveis como temperatura e pressdo sio fatores
determinantes para o sucesso das reacdes (Ju et al. (A)(B), 2007; Dong et al.,
2008).



40

3.5. Influéncia da temperatura na formacéao de carbonatos ciclicos

Dai et al. (2017) fizeram o estudo da influéncia da temperatura na sintese do
carbonato de propileno, partindo do CO:2 + 6xido de propileno, e concluiram que com
0 aumento da temperatura, o rendimento € bastante favorecido com manutencao
dos altos valores de seletividade. Os resultados do grupo sdo apresentados na
Figura 3.12 e as condicdes reacionais foram: 35,7 mmol de PO, 20 bar de pressao
de COz2, 1 mmol% de catalisador ([TMTC3sHsOH]Br) por 2 horas.

1004 o . . o . L 100
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Figura 3.12. Influéncia da temperatura na reagao do PC utilizando o liquido idnico [TMTCsHsOH]Br

sintetizado por Dai et al. 2017.
Fonte: Adaptacao de Dai et al., 2017.

Esta dependéncia da temperatura se deve ao fator cinético, ou seja, com a
maior agitacdo das moléculas de CO2 e Oxido de propileno, maior a chance de

formacao de produtos (Dai et al. 2017).

Um estudo recente (2018) mostrou a influéncia da temperatura na formacao

de carbonatos distintos e os resultados podem ser observados na Figura 3.13.
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Figura 3.13. Reacao de formacao de carbonatos ciclicos em 3 horas e 40 bar utilizando [TBA][Br]

como catalisador.
Fonte: Adaptagao de Paninho et al., 2018.

Os autores do estudo relatam que em todos os casos, a seletividade ao
produto desejado foi superior a 95%. Podemos observar pelo angulo da reta que o
oxido de propileno foi altamente reativo pois a formacéo de carbonato de propileno é
bem acentuada (Paninho et al., 2018). Ja em relacdo ao carbonato de estireno,
visivelmente ndo ha necessidade de um gasto energético muito elevado, pois em

baixa temperatura (50 °C) ele ja se encontra em equilibrio (Paninho et al., 2018).

3.6. Influéncia da presséo de CO2 na formacéo de carbonatos ciclicos

A pressdo € um dos fatores que mais fortemente afeta a conversédo de
epoxidos com CO:2 a carbonato (Felix, 2013). Dai et al. (2017) fizeram o estudo da
influéncia da presséao na sintese do carbonato de propileno, partindo do CO:2 + 6xido
de propileno, e concluiram que o acréscimo de pressdo resultou em um aumento
rapido da producdo de PC em menores pressfes (até 20 bar), enquanto que uma
diminuicdo moderada do rendimento em alta presséo (20 - 30 bar) é observada. Os
resultados do grupo sdo apresentados na Figura 3.14 e as condi¢cOes reacionais
foram: 35,7 mmol de PO, 140 °C de temperatura, 1 mmol% de catalisador
([TMTC3HesOH]Br) por 2 horas.
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Figura 3.14. Liquido idnico [TMTC3sHsOH]Br sintetizado por Dai et al. 2017.
Fonte: Adaptacao de Dai et al., 2017.

Como a difusdo de gas pode ter um efeito sobre a cinética da reacdo e na
transferéncia de massa, houve uma faixa Otima de pressdo de CO:2 para o
rendimento maximo de PC. A leve diminuicdo de rendimento em pressfes mais
elevadas, segundo os autores, esta relacionada a maior dissolu¢cdo do CO:z na fase
liquida, pois o0 CO2 comecaria a competir com o 6xido de propileno a vizinhanca do
catalisador. Sendo assim, o contato do reagente com o catalisador pode estar
desfavorecido (Dai et al., 2017). A sutil diminuicdo da seletividade também é em
funcdo da maior dissolucdo do CO:2 na fase liquida, pois assim, favorece reacdes
competitivas (Dai et al., 2017).

Ainda ha discussao em relacdo ao comportamento fisico dos reagentes sob
pressdo. Sun et al. (2004) estudou a fundo a influéncia da pressédo no rendimento
através da sintese do carbonato de estireno (SC). Para isso ele variou a pressao de
zero até 18 MPa utilizando 17,3 mmol de 6xido de estireno, 2 mmol de catalisador
([TBA][Br]), 80 °C de temperatura durante 6 horas. Os resultados podem ser
observados na Figura 3.15 e mostram que o rendimento diminui fortemente entre 1
e 2 MPa e depois demonstra um comportamento complicado. O rendimento maximo
de carbonato de estireno acontece em 1 MPa, 8 MPa e 15 MPa como mostra a
Figura 3.15 (f). Para melhor compreenséo destes resultados, a reacéo foi observada

por janelas de safira, como ilustrado nos itens (a), (b), (c) e (d) da respectiva Figura.
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Figura 3.15. Fotografia da influéncia da presséo na formacgédo do SC onde (a) 4 MPa, (b) 8 MPa, (c) 15

MPa e (d) 18 MPa; (e) esquema da reagéo e (f) rendimento com variag&o de presséo.
Fonte: Adaptacao de Sun et al., 2004.

A mistura permanece em trés fases nas pressfes abaixo de 15 MPa (a) e (b),
opaco a 15 MPa (c) e transparente a 18 MPa (d). A reacéo geral depende do volume
e propriedades das fases, a concentracdo de espécies que reagem nessas fases e
o estado de contato entre essas fases. Com pressfes de CO2 mais baixas, o volume
das fases dificilmente mudou, mas a concentracdo de CO:2 na fase organica
aumentou com a pressdo. Essa mudanca pode ser responsavel para o primeiro
aumento do rendimento de SC até 1 MPa. A introducdo adicional de CO:
possivelmente causa uma diluicAo das outras espécies que reagiram na fase
organica e, provavelmente, isso faz com que diminua o rendimento do SC em 2 MPa
(Sun et al., 2004).

Com pressoes de CO2 mais elevadas, o volume e as propriedades das fases
mudam e varios outros fatores passam a se tornar significativos. O segundo pico
maximo de rendimento aparece ao redor 8 MPa, proximo da presséo critica do COs:.
Alguns outros estudos relatam melhora de resultados nesta faixa (Arai, Nishiyama e
Ikushima, 1998). Com 18 MPa, o sistema de reacdo estava em fase homogénea

supercritica e, portanto, o contato entre as espécies melhoraria em comparagédo com
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o sistema multifasico. Porém, em 18 MPa, a baixa concentracdo de reagentes foi
novamente responsavel pela diminuicdo de rendimento de SC, além de que

comecam formacdes bem significativas de alguns oligdbmeros (Sun et al., 2004).

Ainda neste contexto do comportamento das fases durante a reacdo, Felix
(2013) sintetizou carbonato de propileno partindo de 2 mL de 6xido de propileno
durante seis horas e a uma temperatura de 80 °C. Como se pode observar na
Figura 3.16, a conversdo maxima € atingida numa pressao de 100 bar. A partir deste
ponto, a conversdo diminui até atingir um valor minimo de 30% a 150 bar. Com a
continuagcdo do aumento da pressdo, a conversdo aumenta novamente, e essa

tendéncia se mantém até 180 bar.
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Figura 3.16. Gréfico da conversédo de epdxido em fungéo da presséo.
Fonte: Adaptacgéo de Felix, 2013.

Estes resultados podem estar relacionados com o fato de inicialmente
estarmos numa zona em que a adicdo de CO2 provoca uma diluicAo da mistura
reacional, portanto, diminuicdo da conversdo (fase destacada no gréfico por um
circulo). No entanto, a medida que nos aproximamos da regido supercritica da

mistura, a conversao volta a subir consideravelmente (Felix, 2013).

Temos, portanto, um sistema reacional bifasico, em que a fase reacional é
um liquido que se expande com o aumento da pressao, no qual o catalisador esta

totalmente dissolvido, sendo assim, uma catalise homogénea (Felix, 2013).
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3.7. Influéncia do tempo na formacéo de carbonatos ciclicos

Um estudo da influéncia do tempo na sintese do carbonato de propileno,
partindo do CO2 + 6xido de propileno (PO) foi realizado por Dai et al. (2017). As
condicBes reacionais foram: 35,7 mmol de PO, 20 bar de presséo de CO2, 140 °C e
1 mmol% de catalisador ([TMTCsHsOH]Br) e os resultados mostrados na Figura
3.17.
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Figura 3.17. Influéncia do tempo na converséo do 6xido de propileno utilizando o liquido ibnico
[TMTCsHsOH]Br sintetizado por Dai et al. 2017.
Fonte: Adaptagao de Dai et al., 2017.

No grafico notamos que a reacdo de cicloadicdo prossegue rapidamente na
primeira hora de reagéo, atingindo um rendimento de PC de 87,3%. A partir deste
ponto, o rendimento do PC torna-se gradualmente lento. O aumento adicional de
tempo de reacédo resulta em quase nenhum aumento de producdo de PC. Em todos
0s tempos, a seletividade fica proxima a 99%.

A influéncia do tempo na maioria destas cicloadi¢cdes tradicionais se deve a

fatores cinéticos, quanto maior o tempo de reacdo, maior o rendimento (Dai et al.,
2017).
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4. PROCEDIMENTOS EXPERIMENTAIS E RESULTADOS

Nesta seccdo, em forma de artigo, serdo apresentados o0s métodos,

resultados e discussdes pertinentes a essa tese, divididas da seguinte forma:

e Capitulo I: Motivacdo e informacBes relevantes dos liquidos i6nicos

sintetizados.

e Capitulo Il: Interacdo de quatro liquidos i6nicos ([bmim][C12SO4],
[bmim][C12ESO4], [TBA][C12S04] e [TBA][C12ESO4]) com a &gua. Estes resultados

foram publicados no Journal of Molecular Liquids.

e Capitulo llI: Utilizacdo dos oito liquidos i6nicos sintetizados para aplicacdo na
sintese do carbonato de propileno (PC). Estes resultados foram publicados na

revista Catalysis Letters.

e Capitulo IV: Utilizag&o dos oito liquidos idnicos sintetizados para aplicacdo na
sintese do carbonato de estireno (SC), carbonato de glicidil isopropil éter (GC) e
carbonato de epicloridrina (EC). Estes resultados no momento da Defesa de Tese
encontram-se submetidos sob revisdo em revista internacional especializada da

area.

4.1. Capitulo |

A busca por materiais de baixo custo foi a principal motivacdo para a escolha
dos liquidos idnicos que foram desenvolvidos nesta tese. E de conhecimento geral
que liquidos idnicos sdo materiais versateis, “verdes” e de alto custo de sintese, por

isso a grande dificuldade em torna-los mais populares. Pensando nisso, foi utilizado
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os dois cétions mais comumente reportados na literatura e de menor custo, o
[bmim*] e [TBA*], mas nao foi estudado modificacdes nos cations. Quanto a escolha
dos anions, geralmente o componente que mais eleva o valor do liquido i6énico, foi
escolhido surfactantes anidnicos comerciais, abundantes e de baixo valor, como o
dodecil sulfato de sodio ([NaC12S04]), dodecil éter sulfato de sodio ([NaC12ESOQ4]),
dodecil sarcosina

benzeno sulfonato de sodio ([NaCi12BSOs]) e a lauroil

([NaC12SARY]).
4.1.1. Caracteristicas dos liquidos idnicos
Na Tabela 4.1 sdo apresentadas as caracteristicas fisicas dos liquidos ibnicos

sintetizados, como a aparéncia e solubilidade em &agua. Nesta Tabela também

contém informacdes do rendimento reacional da sintese de cada um dos LlIs.

Tabela 4.1. Dados reacionais da sintese e caracteristicas fisicas dos liquidos i6nicos.

A Solubilidade
Sintese do LI Estrutura Rendimento Aparéncia oLl
oLlem
MM (g.mol?) do LI Reacional do LI
agua
i Solido branco
[bmim][CI] i )
N 84% amarelado altamente Soluvel
= cl-
MM = 174,45 higroscopico
[bmim][C12S04] A Liquido amarelo
ﬁ,\‘,";’i: i 47% translucido SolGvel
MM = 404,38 6 extremamente viscoso
[bmim][C12ESOQ4] e Liquido amarelo
et o 76% transldcido viscoso Soltvel
MM = 535,95 TR V[o"‘]'f'_%_o
[omim][C12BSO3] N Soélido amarelo
> : 7 - 81% Ci : Solavel
MM = 464,94 W@—i—o translucido gelatinoso
=\ » , .
[bmim][C12SAR] NN Liquido amarelado
L g 63% transldcido viscoso Soltvel
MM =409,33 | ~ oyt
[TBA][C12S04] :”C—: Liquido transparente
U e
MM = 507 85 g 87% VISCOSO Insoltvel




48

[TBA][C12ESO4] ; b C: Liquido transparente
(o] ,
: _ W 90% ; Soluvel
MM = 639,48 - VV"/\'/\/'EO/\};O—'E—'CI VISCOSO
TN, Sdlido transparente
[TBA][C12BSO3] o~ ,
o 92% ceroso Solavel
MM = 568,06 AN -0
o]
[TBA][C12SAR] ﬁ 5 C\J: Liquido transparente
| o 79% Viscoso Solavel
MM = 512,90 resAaihe

O baixo rendimento reacional do [bmim][C12S0O4] € devido a etapa de lavagem
com agua. Nesta etapa, o liquido i6nico que se encontra dissolvido em
diclorometano, tende a formar muita emulsdo com a adi¢do da dgua e esta emulséo
€ de dificil desestabilizacdo, mesmo permanecendo varias horas em repouso para
separacédo das fases. Parte desta emulsdo é descartada com a fase aquosa, sendo

eliminado assim, o liquido i6bnico que esta emulsionando os solventes.

4.2. Capitulo Il

Tendo em vista que este trabalho esta vinculado a um projeto de pesquisa
Petrobras intitulado “Avaliacdo de liquidos ibnicos misciveis em agua para captura
de CO2 em gas natural”’, havia a necessidade de testar os liquidos ibnicos
sintetizados em agua. E sempre de interesse comercial, a fim de baratear despesas
de processos, que materiais de mais elevado custo sejam diluidos em agua desde
que ainda mantenham suas propriedades e seu propdsito, como no caso da captura
de CO2, por exemplo. Sendo assim, neste primeiro artigo foi estudado o
comportamento fisico-quimico de quatro liquidos ibnicos em agua, sendo eles:
[bMim][C12S04], [bMim][C12ESO4], [TBA][C12SO4] e [TBA][C12ESO4]. Descobriu-se
um comportamento bastante peculiar dos Lls de cation [bmim*] quando em contato
com agua, a interacdo entre eles foi tdo intensa que fez com que a viscosidade da
solugcdo aumente até 5000x, como foi observado no [bmim][Ci12ESO4] quando na

concentracéo de 80%.
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Este artigo intitulado “lonic liquids composed of linear amphiphilic anions:
synthesis, physicochemical characterization, hydrophilicity and interaction with
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ARTECLE INFQ ABSTRACT
Am‘d_e history: Development of new task-specific ionic liquids (ILs) constitutes an important goal in chemistry and chemical
Received 6 January 2017 technology. We hereby report four surface active ILs (SAILs) composed of the well-known cations (1-butyl-3-

Received in revised form 4 May 2017

methylimidazolium [bmim*], tetrabutylammonium [TBA"]) and long-alkyl-chain anions (lauryl sulfate
Accepted 1 June 2017 y [ | ty [TBA]) g-alky (laury

|€12507 |. lauryl ether sulfate [C2ESO5 ]). Thermal stabilities, viscosities, interactions with water and polarized

s optical microscopy (POM) were investigated suggesting that new SAILs are highly viscous and thermally stable
Keywords: until 180 °C. [bmim][C,550;], [bmim][C,,ESO,] and [TBA||C,;ESO,] are miscible with water, whereas
Jonic liquids |TBA]|C;2504] is immiscible. Ab initio calculations were employed to characterize hydrophilicity/hydrophobicity
Surfactant balance of all four compounds, the results being in concordance with our experimental observations.

|bmim]|[C;2504) and [bmim|[C,>ES0,4| normally exhibit non-Newtonian behaviors and form liquid crystals
(LCs) with water, but [TBA|[C,,504] and [TBA][C,,ESO4] are Newtonian liquids. Using semiempirical molecular
dynamics simulations, we show that the sulfate group of the synthesized SAILs exhibits certain potential to cap-
ture dissolved CO..

Surface active ionic liquids
Amphiphilic anions, carbon dioxide

© 2017 Elsevier BV. All rights reserved.

1. Introduction

lonic liquids (ILs) are composed of organic cations and organic or in-
organic anions. These compounds present melting points below 100 °C,
practically no vapor pressure, high thermal and chemical stability, ionic
conductivity, recyclability and tunable properties depending on the cat-
ion/anion components [ 1-5].

Water addition to ILs has been extensively studied in order to im-
prove their properties, such as viscosity and density [1-2,6-9]. Another
relevant benefit of the IL dilution is a significant reduction of total costs,
since the prices of ILs still remain high, reaching, for instance,
$700.00 kg~ ' for the acetate ILs, $300.00 kg~' for the chloride ILs
[10-11]. Development of less expensive ILs would lower engineering
costs and, therefore, foster more intensive ILs usage in the industrial
processes.

* Corresponding author.
E-mail address: einloft@pucrs.br (S. Einloft).

hetp://dx.doiorg/10.1016/.molliq.2017.06.006
0167-7322/© 2017 Elsevier B.V. All rights reserved.

Surface active ionic liquids (SAILs) constitutes a class of ILs that in
the last years has been quite developed. SAILs contain significantly
long hydrophobic (tensoactive) chains in cation, anion, or both [12-26].

Most ILs cations, such as imidazolium, pyrrolidinium, pyridinium,
and quaternary ammonium, possess amphiphilic structures, provided
that they contain sufficiently long side chains [27-28]. A long chain,
Cg-Cy in imidazolium cations act as an emulsifier providing surface ac-
tivity and improving IL solubility in hydrophobic media. The hydropho-
bic chain, furthermore, facilitates preparation of microemulsions
containing aggregates of peculiar structures, shapes, and physicochem-
ical properties [13-16,18,21-22,25.27]. The long-chained anions behave
similarly to the cations [18-19,23-24,29] and modulate surface activity
[18,23]. Such ILs are thermodynamically stable and form self-organized
structures, such as micelles, microemulsions, vesicles, and liquid crys-
tals (LCs) [ 18,23,27,30-31]. Gels can also be produced by |C;omim][Br]
and [C,omim][NOs] in their aqueous solutions, e.g. |Cigmim][Cl]-H>0
[27,32-35], and in binary mixtures of different ILs. As noted elsewhere
|36], a ternary system containing [Cygmim|[Cl}, sodium dodecy! sulfate
(SDS), and water forms a gel phase at about 90% of water content.

Common surfactants, such as SDS, sodium dodecyl ether sulfate
(SDES), and sodium dodecyl benzene sulfonate (SDBS), as well as
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SAILs based on these compounds can find numerous applications in in-
dustrial segments, such as proteins processing, pharmaceuticals, cos-
metics, paints, coatings, detergents, and various biochemical segments
[37-40].

Many ILs interact strongly with carbon dioxide, CO,, being thus ac-
tively pursued as greenhouse gas scavengers [41-43]. Design of highly
selective ILs for CO, sorption can be performed by combining specifical-
ly tuned cationic and anionic structures [44-47]. It was reported that
water addition in ILs foster CO, capture by facilitating the gas
diffusibility into the medium [48-50]. We hereby report syntheses of
four SAILs based on the imidazolium ([bmim*]) and
tetrabutylammonium ([TBA *|) cations coupled with tensoactive an-
ions, SDS ([C,2S05 |) and SDES (|C,2ESOy ]). For the first time, we report
physicochemical properties of these SAILs in their pure state and in
aqueous mixtures. Furthermore, based on the physicochemical proper-
ties we evaluated the CO, sorption potential of SAILs using semiempir-
ical molecular dynamics simulations as a prospective application.

2. Methodology
2.1. Materials

1-methylimidazole (Sigma Aldrich, 99.0%), acetone (Vetec, 98.0%),
dichloromethane (Vetec, 99.0%), methanol HPLC (99.9%), tetra-n-
butylammonium bromide (Panreac, 98.0%), 1-chlorobutane (Acros Or-
ganics, 99.0%), sodium lauryl sulfate (Synth, 90.0%), sodium lauryl
ether sulfate (Synth, 50.0%), were used as purchased.

2.2. Characterization of the new surface active ionic liquids

The obtained compounds were characterized Fourier transform in-
frared spectroscopy using universal attenuated total reflectance sensor
(UATR-FTIR) with Perkin-Elmer spectrophotometer model 100 FT-IR
Spectrum. Nuclear magnetic resonance (NMR) measurements were
performed in Bruker Spectrophotometer, operating at 600 MHz, using
DMSO-dg; as solvent and glass tubes of diameter 5 mm. The differential
scanning calorimetry (DSC) analyses were carried out in TA Instruments
Q20 by scanning temperatures from —90 °C to 300 °C at heating/
cooling/heating rate of 10 °C/min in nitrogen atmosphere, Thermogra-
vimetric analysis (TGA) analyses were carried out in TA Instruments
Q600 with a heating rate of 20 °C min ', from 25 to 1000 °C in the ni-
trogen atmosphere. The moisture contents of SAILs were determined
by Karl Fisher method using a KF-1000 Analyzer (Brazil) and Karl Fi-
scher reagent without pyridine (Merck) as titrating solution and meth-
anol as solvent. The chloride (CI™) content was performed in a portable
Vernier LabQuest system with a specific sensor for this ion. The sodium
(Na™) content was determined by atomic absorption spectroscopy
(AAS) by Varian AAS 55 spectrometer with an air/acetylene flame
(99.99% Air Products). The viscosity analysis was carried out using
Haake RotoVisco 1 at 30 and 60 “C using plate-cone geometry (Ti spin-
dle d = 20 mm, 0.5°), with shear rate from 0 to 30 s~ ! during 5 min. Bi-
refringence was detected by Zeiss Axioskop 40 (Carl Zeiss, Oberkochen,
Germany) polarizing optical microscope (POM) equipped with
CoolSnap Pro videocamera (Media Cybernetics, Bethesda, MD, USA).
The device was connected to computer with a plaque Image Pro Capture
Kit. Images were captured using the x 20 objective.

2.3, Synthesis of surface active ionic liquids

The ionic liquid 1-butyl-3-methylimidazolium chloride [bmim][Cl]
was synthesized following procedures developed elsewhere [51-53].

[bmim][CI] - FTIR » (cm ™ '): 3137-3045 (C—H aromatic), 2957
(C—H of CH;), 2871 (C—H of CH;), 1634 (C=N aromatic), 1567-1463
(C=C aromatic), 1231 (C—N aromatic), 1169 (C—N alifatic), 754 (Cl).
'H NMR (600 MHz, DMS0-dg) 6 (ppm): 9.31 [s, 1H]; 7.86 [d, 1H,] =
1.8 Hz|: 7.80 [d. 1H.J = 1.6 Hz|; 4.25 [t, 2H, ] = 7.2 Hz]; 3.94 [s. 3H];

1.91-1.76 [m, 2H, ] = 14.9; 7.5 Hz]; 1.33 |dt, 2H, | = 14.7; 7.3 Hz];
0.97 [t,3H,] = 7.3 Hz].

1-butyl-3-methylimidazolium lauryl sulfate [bmim][C;,504] and 1-
butyl-3-methylimidazolium lauryl ether sulfate [bmim][C;,ESO,] were
obtained using an equimolar mixture of 1-butyl-3-methylimidazolium
chloride and sodium lauryl sulfate for [C,,S04] and sodium lauryl
ether sulfate for [C;,ESO4]. The reactants were dissolved in water and
kept at 333.15 K during 12 h. Water was removed from the reaction
mixture after reaction completion using reduced pressure. The product
was extracted with dichloromethane and washed with water for several
times to achieve a complete removal of chloride ions (monitored with
acidic solution of AgNO3) and complete desiccation at 363.15 K for 6 h
in the drying oven.

[bmim][C;2504] - FTIRv (cm ™~ '): 3178-3126 (C—H aromatic), 2970
(C—H of CHy), 2897 (C—H of CH3), 1628 (C=N aromatic), 1579-1471
(C=C aromatic), 1286 (C—N aromatic), 1172 (C—N alifatic), 1042
(5=0). "H NMR (600 MHz, DMSO-d;) 6 (ppm): 9.10 [s, 1H]; 7.75 [d,
1H]: 7.69-7.67 [d, 1H]; 4.16 [t, 2H, ] = 6.9 Hz]; 3.85 [s, 3H]; 3.86 [t,
2H,] = 6.3 Hz]; 1.82-1.68 [m, 2H, ] = 14.9; 7.5 Hz]; 1.48 [dt, 2H, ] =
14.7; 7.3 Hz|; 1.24 [s, 20H]; 0.95-0.81 [m, 6H]. Moisture content =
1.43%, residual CI~ = 0.08%, residual Na™ = 0.2%.

|bmim][Cy2ESO4] - FTIR #* (cm™'): 3158-3120 (C—H aromatic),
2966 (C—H of CH,), 2882 (C—H of CH3), 1628 (C=N aromatic),
1568-1459 (C=C aromatic}, 1282 (C—N aromatic), 1215 (C—0),
1170 (C—N alifatic), 1019 (S=0). 'H NMR (600 MHz, DMSO-dg) &
(ppm): 9.11 [s, 1H]; 7.77 |d, 1H]; 7.70 [d, 1H|; 417 [t, 2H, | = 6.8 Hz];
3.78 [s, 3H]; 3.86 [t, 2H, | = 15.7 Hz|; 3.54-3.41 [dt, 4H]; 1.82-1.70
|m, 2H, ] = 13.4; 7.5 Hz|; 147 |dt, 2H, ] = 12.8; 6.8 Hz|; 1.24 [s, 24H];
0.93-0.79 [m, 6H). Moisture content = 0.42%, residual CI~ = 0.05%, re-
sidual Na™ = not detected.

Tetra-n-butylammonium lauryl sulfate [TBA]|C,,504| and tetra-n-
butylammonium lauryl ether sulfate [TBA||C;>ESO4] were synthesized
following procedures described above,

|TBA](C,,504] - FTIR 2 (cm™'): 2962 (C—H of CH,), 2877 (C—H of
CH3), 1280 (N—C alifatic), 1216 (C—0), 1023 (5=0). 'H NMR
(600 MHz, DMSO-dg) & (ppm): 3.67 [t, 2H, ] = 6.1 Hz]; 3.23-3.12 [m,
8HJ; 1.54 [m, 8H]; 1.44 [m, 8H, | = 7.2 Hz]; 1.37-1.21 [m, 20H]; 0.94
[m, 12H]; 0.86 [t, 3H]. Moisture content = 0.19%, residual CI~ = not de-
tected, residual Na* = not detected.

|TBAJ|C12ESOs)- FTIR 2 (cm ™ '); 2969 (C—H of CH;), 2872 (C—H of
CH3), 1269 (N—C alifatic), 1216 (C—0), 1020 (S=0). 'H NMR
(600 MHz, DMSO-dg) 6 (ppm): 3.79 [t, 2H]; 3.67 [t, 2H, ] = 6.0 Hz];
3.49 [t, 2H, | = 17.2 Hz]; 3.23-3.11 [m, 8H]; 1.58 [m, 8H]; 1.36-1.19
|m, 8H,) = 5.8 Hz|; 0.94 [s, 26H]; 0.85 [t, 12H, ] = 6.1 Hz|. Moisture con-
tent = 0.46%, residual CI~ = not detected, residual Na* = not detected.

Structural formulas and appearances of the synthesized SAlLs are
shown in Fig. 1.

2.4. Electronic-structure simulations

Solubility of the ionic compounds in water was described in terms of
the n-octanol to water transfer free energy. Implicit solvation was used
to represent n-octanol and water in the framework of polarizable con-
tinuum model with the integral equation formalism. Truhlar and co-
workers recently devised the universal solvation model, which is
based on solute electron density. The solvent is provided as its bulk di-
electric constant and atomic surface tensions [54].

An electronic structure of ion pairs was obtained at the Becke-3-Lee-
Yang-Parr hybrid density functional level of theory [55-56] in conjunc-
tion with the atom-centered split-valence double-zeta polarized basis
set 6-31G (d). The self-consistent field convergence criterion was set
to 10~ ® Hartree. The geometry convergence criteria were set to
0.012 k] pm ' for maximum force, 0.00797 k] pm ' for root-mean-
squared force, 0.18 pm for maximum displacement and 0.12 pm root-
mean-squared displacement.
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Fig. 1. Abbreviations, names, structures (where "n" is approximately six -0-CH,~ groups), water solubility and appearances of the synthesized SAlLs.

Molecular dynamics simulations were conducted by the PM7-MD
method [57-60]. Each sample system consisted of an ion pair and one
CO, molecule. The CO, molecule was able to sample phase space near
the ion pair finding the most energetically favorable location. The con-
stant temperature, 300 K, was maintained by velocity rescaling every
100 time-steps. The initial distribution of linear velocities over degrees
of freedom was provided by Maxwell distribution. Each system was
sampled during 200 ps with an integration time-step of 0.1 fs.

2.5. Dilution of surface active ionic liquids

The synthesized SAILs were mixed with water to obtain four weight
fractions: 80, 60, 40, and 20 wt% SAIL for viscosity assay. The concentra-
tions of the prepared solutions were confirmed by TGA. Table 1 shows
concentration in mol-L~' and weight fractions of each aqueous
solution.

3. Results and discussion
3.1. Aspect

The images of the synthesized SAILs - (I) [bmim|[C,2S04] and (II)
[bmim][C,2ESO4] - are shown in Fig. 2. Both SAILs are light yellow trans-
lucent viscous liquids. Upon mixing with water (80, 60, and 40 wt%
SAIL), gels are formed. The gel formation was detected by absence of ob-
servable flow upon inversion [36].

Table 1
Correspondence between weight fractions and molarities of the aqueous mixtures of the
synthesized SAlLs.

X% [bmim][C;z50;]  [bmim][C;;ESO4]  [TBAJC;2504]  [TBA][C;2ESO,]
80 1.98 M 149 M Insoluble 1.25M
60 148 M 1.12M 093 M
40 099 M 075M 062M
20 049 M 037M 031M

[TBA][C;2504] is immiscible with water. Consequently, all character-
izations for this SAIL were performed with the pure SAIL sample.
|TBA][C,2ESOQ4] is a viscous colorless liquid (Fig. 1), presenting the
same aspect when mixed with water over an entire concentration
range.

3.2. Thermogravimetry

The thermogram of synthesized SAILs corroborates the concentra-
tion of the prepared dilutions by the first mass loss event (~100 °C).
This event is related to the elimination of the added water in order to
obtain the aqueous mixtures. The thermogravimetric analyses of the
[bmim][C,,504] SAIL reveals three weight loss events (Fig. 3, I). The
firstone, 101 °C-146 °C (weight loss 10.2%, Trnsx = 120 °C), is attributed
to water evaporation. The high temperature needed to withdraw water
is attributed to the water which is trapped in the SAIL structure
(remained from synthesis step). This event is also observed in the aque-
ous mixtures containing 80, 60, and 40 wt% of SAIL For the water mix-
ture containing 20 wt% of SAIL this event is not visible probably due to
the high water content added in order to obtain the solution. However,
the water content into the aqueous mixtures (80, 60, 40 and 20 wt%
SAIL) are more elevated due (uncertainty of ~1.5%) to the moisture con-
tents in SAILs corroborated by Karl Fischer analyses. The second one,
182 °C-297 °C (weight loss 17.3%, Tiax = 273 °C), is attributed to a par-
tial degradation of the hydrocarbon chain of the anion. The third one,
302 "C-435 °C (weight loss 67.8%, T,,ax = 366 °C), is attributed to a
complete ion degradation.

In turn, the thermogravimetric analysis of the [bmim|][{C;2ESO4] SAIL
presents two weight loss events (Fig. 3, II). The first one, 188 “C-287 °C
(weight loss 8.6%, Tax = 267 °C), corresponds to the degradation of the
side chain of the anion. The second one, 293 “C-435 °C (weight loss
85.3%, Tmax = 376 °C) corresponds to complete degradation of the
ions. [TBA][C,250.] presents a single degradation event, 281 "C-321 °C
(weight loss 97.3%, Tmsx = 306 °C), corresponding to a simultaneous
degradation of the cation and the anion (Fig. 3, Ill). [TBA][C2ESO4]
presents a single degradation event, 223 “C-376 “C (weight loss 99.4%,
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Fig. 2. An appearance of the synthesized SAILs: (1) [bmim][C,>50,] and (1) [bmim}{C,;ESO4] and their aqueous mixtures, Weight percentages are depicted.

Tmix = 318 °C) (Fig. 3, IV). The detected degradation temperatures
SAIL-water mixture were close to those in pure SAlLs. Therefore,
water does not alter thermal stabilities of the synthesized SAILs.

3.3. Differential scanning calorimetry analysis

The DSC analysis for the [bmim][C;2S04] SAIL evinces a melting
event, 1.8 °C, and a crystallization event, — 1.7 "C. At the first heating
cycle, an exothermic peak is located at 155 °C for the SAIL-water mix-
ture (80 wt% SAIL) (Fig. 4, 1). This peak corresponds to enthalpy
17.1 ] g~ ', which confirms an important structural interaction of
water with SAIL During heating, one observes reorganization of water
molecules, which are more mobile and volatile, as compared to SAILs.

The DSC of the |bmim]|C,,ESO,| SAIL reveals a melting temperature,
4.1 °C, and a crystallization point, 1.2 °C. Glass transition point of
[bmim][C;,ESO4] is — 70 °C. During the first heating cycle, an exother-
mic peak appears at 154.6 °C (80 wt% SAIL) corresponding to enthalpy
21.3 ] g ' (Fig. 4, 11). This peak confirms a strong non-covalent interac-
tion of the SAIL with water. The water-SAIL interaction is additionally
seen in Fig, 2, I, which shows further structuring of the mixture at 80,
60, and 40 wt¥ SAIL, up to the point where the mixture does not flow
upon inversion of the test tube, The enthalpy involved in the case of
[bmim][C,,ESO.] is greater than in the case of [bmim][C,2504). Evident-
ly, presence of the ether moieties in the [bmim][C,;ESO,] SAIL enhances
SAIL-water interactions.

The DSC analysis of the [TBA][C,2504] SAIL reveals melting, —22.9
°C, and crystallization, —35.6 °C. Class transition temperature is
—55.54 °C. [TBA]|C;2ESO4] exhibits the melting point at —5.0 “C and
the crystallization point at —12.2 °C.

34. Viscosity

Pure [bmim]|C;,504] is extremely viscous due to a long flexible hy-
drocarbon chain. The 80, 60, and 40 wt#% SAIL aqueous mixtures exhibit
gel appearances. It was only possible to measure initial viscosities (not
shear) at 30 °C (13,200 Pa-s). The flow curves at 30 °C for the SAIL-

water mixtures are presented in Fig. 5, 1. Note that viscosity decreases
exponentially upon water addition. Compare, at 80 wt#% SAIL, initial vis-
cosity is 4203 Pa-s; at 60 wt% SAIL, initial viscosity is 1070 Pa-s; at
40 wt% SAIL, initial viscosity is 113 Pa-s. The [bmim][C;2S0,4]-water
mixtures (80, 60, and 40 wt% SAIL) exhibits a rheological behavior of
pseudoplastic fluids, i.e. viscosity is dependent on the shear rate. In
turn, at 20 wi’ SAIL, viscosity is much lower, 0.3 Pa-s, This mixture
demonstrates Newtonian behavior, The flow curves at 60 °C for the
[bmim || C;2S04]-water mixtures are presented in Fig. 5, Il. The viscosity
of pure SAIL decreases significantly with temperature increase (53 Pa-s)
with non-Newtonian behavior. No phase transformation occurs in the
30-60 °C temperature range. Interestingly, the SAIL-water mixtures ex-
hibit higher viscosities, as compared to the pure SAIL At 60 °C, water ad-
dition to [bmim|[C4,S04] fosters structuring. The initial viscosities are
1784 Pa-s (80 wt% SAIL), 969 Pa-s (60 wt% SAIL), 335 Pa-s (40 wt%
SAIL), 25 Pa-s {20 wt¥% SAIL). The viscosities of the SAIL-rich mixtures
(80 and 60 wt% SAIL) are systematically higher at 30 than at 60 “C.
This behavior is reversed in the SAIL-water mixtures (40 and 20 wt%
SAIL), in which the viscosities at 60 °C are higher than at those at 30
°C. The described behavior is in drastic contrast with that of convention-
al fluids.

The [bmim|[C,,ESO4] SAIL is viscous and fluid at room temperature.
At 80, 60, and 40 wt’ SAIL concentrations, the aqueous mixtures have
gel appearances. The flow curves at 30 °C for SAIL and SAIL-water mix-
tures are shown in Fig. 5, lIl. Pure [bmim][C,,ESQ4] is a Newtonian fluid
with initial viscosity of 0.5 Pa-s. However, the SAIL-water mixtures (80,
60, and 40 wt) are pseudoplastic fluids. At 80 wt SAIL, initial viscosity
i 2430 Pa-s; at 60 wt# SAIL, initial viscosity is 781 Pa-s; at 40 wt? SAIL,
initial viscosity is 201 Pa-s. The shear values in the viscosity tests
remained higher for these SAIL-water mixtures. The rheological behav-
ior observed confirmed the hypothesis that water strongly interacts
with the synthesized SAILs, increasing viscosities at lower aqueous con-
tents and decreasing viscosities at higher water contents, The SAIL-
water interaction engenders an organized structure causing a three or-
ders of magnitude increasing of the pure SAIL viscosity in the 80 wt%
SAIL mixture. The ether groups may be responsible for such a behavior.
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Fig. 4. The first DSC cycle confirming interaction with water of (1) [bmim]|C,,504] and (1I) [bmim}|C,,ESOs].

The ether groups are moderately polar and, therefore, favor interactions
with water allows the creation of local structures in the mixture. At
20 wt% SAIL, the rheological behavior is Newtonian with a much
lower initial viscosity, 0.1 Pa-s, when compared to other SAIL contents.
The rheological tests for [bmim|[Cy2ESO4] at 60 °C (Fig. 5, IV) show that
the pure SAIL is a Newtonian fluid with a relatively low initial viscosity,
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0.02 Pa-s. At 80 wt% SAIL, the mixture behavior is also Newtonian,
whereas initial viscosity is 0.04 Pa-s. Unlike what happens at 30 °C, ad-
dition of water does not restructure the SAIL This behavior is observed
only at 60 and 40 wt’ SAIL ( pseudoplastic fluid). In the 60 wt% SAIL, an
initial viscosity, 588 Pa-s, corresponds to a nearly 3000 times increase,
as compared to the pure SAIL In the 40 wt% SAIL mixture, an initial
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Fig. 5. Flow curves of (1) [bmim|[C;,S04] at 30 °C, (1) |bmim}|C,,S04] at 60 “C, (1) [bmim||C,,ESO4] at 30 “C, (IV} [bmim]|C,,ESO,] at 60 °C,
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viscosity, 60 Pa-s, is 300 times higher than that of the pure SAIL The
20 wt% SAIL mixture behaves like Newtonian fluid, with 0.25 Pa-s vis-
cosity. At 60 °C, all SAIL-water mixtures exhibit higher viscosities than
the pure SAIL.

[TBA][C2504] is Newtonian fluid both at 30 °C (Fig. 6, I) and 60 °C
(Fig. 6, 1), viscosities being -3 Pa-s and -0.3 Pa-s, respectively. In
[TBA]|C,2ESO4] at 30 °C (Fig. 6, l1l), viscosity decreases at higher dilu-
tions. An average viscosity of the pure SAILis 1.0 Pa-s, whereas an aver-
age viscosity at 20 wt SAIL is 0.02 Pa-s. The same trend is observed at
60 °C (Fig. 6, 1V).

3.5. Polarizing optical microscopy

The polarized optical microscopy (POM) images (Fig. 7) provide ad-
ditional information on the gelatinous structure of the synthesized
SAlLs.

The polarized micrographs of the SAILs gel samples [bmim|[C;,504]
(80, 60, 40 wt% SAIL, Fig.7, 1) and [bmim|[C;2ESO4] (80, 60, 40 wt¥ SAIL,
Fig. 7, 11) evince similar structures with scattered maltese crosses.

The amount of these structures is related to the SAIL contents. In par-
ticular, samples that are more concentrated provide more maltese
crosses structure, This structure suggests LC formation in the gel phase
[27.33,36]. We also note some bright areas related to a less organized
gelatinous structure [27,33,36]. Much more intense and organized LCs
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were observed in [bmim][C;,ESO4] than in [bmim|[C,,S04] (both
80 wt¥% SAIL). Formation of LCs reflects peculiar structural organization
of the mixtures and can be correlated with viscosities. In fact, the three-
dimensional structuring of the [bmim|[C,,ESO.| when water is added is
very significant (viscosity 80 wt% SAIL > pure SAIL) when compared to
the [bmim][C,,S04] (viscosity pure SAIL > 80 wt% SAIL), thus indicating
a higher formation of LCs in the [bmim][C;2ESOs).

3.6. Hydrophilicity/hydrophobicity balance

The [bmim™ | cation is hydrophilic, thanks to its acidic hydrogen in
the imidazole ring, which maintains a weak hydrogen bond with
water molecule, In turn, most salts of [TBA™] are poorly soluble in
water requiring less polar solvents, such as acetonitrile. The anions,
both [C12804 ] and [C;2ESO7 |, are amphiphilic, in which the sulfate
group is hydrophilic, whilst the hydrocarbon chain is hydrophobic.
The ether groups are more hydrophilic, being responsible for moderate
aqueous solubility of most ethers. To characterize hydrophilicity/hydro-
phobicity balance of the synthesized SAILs, we computed Gibbs free en-
ergies of their transfer from water to n-octanol (Fig. 8). Due to the
presence of the sulfate groups, these compounds are expected to exhibit
surfactant behaviors. The cations, [bmim* | and [TBA "], are located near
the head group (sulfate) of the anions, whereas hydrocarbon tails are
directed towards the vapor-liquid interface. [bmim]|[C;,S04] and
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Fig. 6. Flow curves of (1) [TBA][C,,504] at 30 °C, (II) [TBA]|C,5S04] at 60 “C. (1) [TBA]|C,,ESO,] at 30 °C, (IV) [TBAJ[C\2ESO4) at 60 °C.
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[bmim][C1:ESO4] (I1)

[bmim][C12S04] (1)

Fig. 7. Polarized optical micrographs of the gel phase of the aqueous mixtures of ([} [bmim]|C,;50,] and (II) [bmim]|C,;ESO,] at 80, 60, 40 wt SAIL.

AG (octanol -> water), kcal mol”
N
1

T T T T
1 2 3 4

lonic compound

Fig. 8. Free energies of transfer, AG [octanol — water), of the synthesized SAILs: [1]
[bmim|[C,,504), (2) [bmim][C,,ESOs), [3] [TBAJ[C,,SOxl, (4) [TBAJ[C,,ESO,).

[bmim||C2ESO4) are more hydrophilic, as compared to [TBA|[C;2504)
and [TBA|[C;,ESO4]. The ether groups of the [C;;ESO,| anion, approxi-
mately six -O—CH,- groups per anion, increase hydrophilicity
somewhat.

This behavior is experimental corroborated: [bmim][C,,S04],
[bmim][C,2ESO4] and [TBA][C,2ESO4] are water miscible while
[TBA][C,,ESO,] is immiscible. Partition coefficients can be approximate-
ly assessed from K = exp. (—AG/RT), where K is computed from molar
concentrations. One concludes that all synthesized ILs exhibit relatively
modest hydrophilicities, which are in line with their surfactant-like
structures. Likewise, the SAIL [bmim][C,2ESO4] which presents the low
partition coefficients, proved experimentally, to be the one which
most improved viscosity (-5000 times at 80 wt# SAIL) in aqueous solu-
tion when compared to the pure SAIL.

3.7. Interactions with carbon dioxide

According to PM7-MD simulations at 300 K, the sulfate group is es-
sential not only to improve aqueous solubility, but to fix CO, molecules
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(Fig. 9). High and sharp peaks were obtained for the interaction of the
carbon atom of CO; and the oxygen atom of -0—S0; at 0.22-
025 nm. The performance of -O—S0; is better than that of the imidaz-
ole ring. CO; also exhibits a relatively strong interaction with the [TBA"|
cation.

Since the working group in both [C;,S05 | and [C;,ESO5 | is -0—S0s,
the CO; capture of [bmim][C;;504] and [bmim]|[C;2ESO4] are equal per
mole of sorbent. RDFs for [bmim |[C;,S04] and [TBA][C;,S04] are quali-
tatively the same as those for [bmim|[C;,ESO,4] and [TBA]|C;,ESO4).
However, the molecular mass of [C1,ESOj | is higher. Therefore, the per-
formance of 1 g of [bmim|[C,,S04] must be accordingly higher. The re-
vealed affinity of -0—S0; to CO; deserves further experimental
investigation to introduce new low-cost SAILs for CO, capture.

4, Conclusion

Comparing two cations described in this study, [bmim*] and
[TBA'), it is important to emphasize that [bmim ] fosters gel structure
formation when combined with the anions tested in this study. The two
anions, [C;2505 | and [C,ESOZ |, when combined to [bmim™] in aque-
ous mixtures result in gels with interesting physicochemical properties.
This behavior was not observed neither in [TBA][C,2S04] nor in
[TBA]|C,,ESO,). We suppose that binding of [bmim " | to water is stron-
ger in both SAILs than binding of [TBA™ ], thanks to an acidic hydrogen
atom. The latter gives rise to H-bonding. In turn, H-bonding is responsi-
ble for gel and LC formation. [C;,504 | and [C,2ESOy | differ by only the
presence of ether groups. The ether groups improve interactions with
water. In [bmim][C;,ESO,], the ether groups increase viscosity by
~5000 times at 80 wt’ SAIL aqueous solution when compared to the
pure SAIL. In [TBA][C;2ESO4), the ether groups are responsible for better
miscibility in water. In turn, [TBA][C;,504] is immiscible with water. The
simulation results corroborated that the ether groups somewhat in-
crease hydrophilicity. The synthesized SAILs are prospective inexpen-
sive CO, scavengers due to a strong electrostatic attraction between
the sulfate groups of the anions and the CO, molecule. Systematic inves-
tigation of CO, capture by [bmim]|C,3S04), [bmim|[C;2ESO4],
[TBAJ|C;2504), and [TBA||C,,ESO4| constitutes an important future di-
rection of the presently initiated work. The synthesized SAILs can also
be used to modulate surface tensions of the polar solvents,
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4.3. Capitulo 1l

Este segundo artigo utiliza os oito liquidos ibnicos sintetizados nesta tese
([omim][C12S04], [bmim][C12ESO4], ([bmim][C12BSOs3], [bmim][C12SAR],
[TBA][C12S04], [TBA][C12ESO4], ([TBA][C12BSOs] e [TBA][C12SAR]) como
catalisadores na sintese do carbonato de propileno (PC). Foi realizado um estudo de
termodinamica a fim de encontrar a melhor condicao reacional, além de um estudo
tedrico determinando as energias de formacdo que comprovou O mecanismo

proposto para esta reacdo catalitica.

Este artigo intitulado “Surface Active lonic Liquids as Catalyst for CO:>
Conversion to Propylene Carbonate”, DOI: 10.1007/s10562-017-2212-4, foi
publicado em 2018 na revista Catalysis Letters, ISSN: 1011-372X.
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Abstract CO, capture is an efficient possibility to mitigate
environmental impacts. An efficient transformation of CO,
into useful chemicals is a need from environmental protec-
tion and resource utilization viewpoint. Cyclic carbonates,
such as propylene carbonate is used in numerous technolo-
gies. We hereby report eight surface active ionic liquids
(SAILs) composed of the well-known cations ([bmim™]|
and [TBA™]) and long-alkyl-chain anions ([C,,SO,7],
[C,ESO,7], [C,,BSO;7] and [C,,SART]). In this work, we
have studied catalytic activities of SAILs for cyclic carbon-
ate synthesis. The work demonstrates that [TBA*] is more
active as a catalyst because the higher molecular volume
increases the distance cation/anion, consequently, a weaker
electrostatic interaction cation/anion results in a more
nucleophilic anion. The [TBA][C,,S0,] was the SAIL that
presented better catalytic activity, reaching 79.2% of con-
version and 87.7% of selectivity, besides the high capacity
of recycles and possible use for the catalysis of other cyclic
carbonates.
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1 Introduction

Carbon dioxide (CO,) is one of the main greenhouse gases
responsible for climate change. However, CO, can be useful
as an inexpensive C1 block, nontoxic, nonflammable and
abundant carbon source [ 1, 2]. Global efforts to reduce CO,
production and emission levels are underway. These efforts
may drastically alter the development of countries that use
coal as a primary energy source, since 1 kWh of produced
energy results in production of 950 g CO, [3. 4].

CO, capture is an efficient possibility to mitigate environ-
mental impacts [5-7]. Currently, only 0.62% of atmospheric
CO, is used industrially, in the form of fire extinguishers,
soft drinks carbonation, supercritical fluid, and advanced oil
recovery (EOR) [8]. One strategy is CO, capture and con-
version into value-added products. The CO, captured from
stationary sources can be used as reagent and/or reaction
medium for chemical syntheses [9-12].
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An efficient transformation of CO, into useful chemicals
is a need from environmental protection and resource utili-
zation viewpoint and has attracted much attention in recent
years [13-17]. Cyclic carbonates, such as ethylene carbon-
ate, dimethyl carbonate, styrene carbonate and propylene
carbonate (PC), are used in numerous technologies [18-21].
Among possibilities, one can highlight usage as aprotic polar
solvents, monomers for polycarbonate synthesis, electrolytes
for batteries, intermediates in pharmaceuticals and fine
chemicals synthesis [22]. Reaction of CO, with epoxide
forming five-membered cyclic carbonates (Scheme 1) has
been extensively studied because it is a 100% atom-econom-
ical process [22].

In the past years, various catalysts were developed for
chemical fixation of CO, to form carbonates, e.g. metal
complexes, silicas, zeolites, cellulose, carbon and titan-
ate nanotubes, functionalized polymers, etc [23-25]. Tonic
liquids (TLs) exhibit catalytic activity in cyclic carbonates
syntheses. The catalytic performance of ILs depends both
on the cation and the anion [36-40]. Literature describes the
use of [Cgmim][HSO,] as a catalyst for PC synthesis with a
yield of 68 and 97% of selectivity [41].

Surface active ionic liquids (SAILs) constitute a par-
ticular class of ILs [42-52]. SAILs contain significantly
long hydrophobic chains in cation, anion or both. The most
reported cations to form SAILs are imidazolium, pyrrolidin-
ium, pyridinium, and quaternary ammonium. The side chain
of these cations may change from C, to C,, while retaining
substantial surface activity [42-47]. The anions may have
C, in their chain and are usually derived from anionic sur-
factants making these products potentially interesting for
industrial use due to a relatively low cost [48-52]. The large
carbon chains of SAILs structures provide self-organizing
properties allowing micelle formation, facilitating micro-
emulsions and liquid crystals preparation [52-57]. Although
several studies have been done with SAILs in several tech-
nological segments, these are insufficiently investigated in
the context of catalysis.

We hereby report eight SAILs based on imidazolium
([bmim™]) and tetrabutylammonium ([TBA™]) cations com-
bined with four different anions (C,, chain) derived from the
surfactants: sodium lauryl sulfate ([C,,SO,7]), sodium lauryl
ether sulfate ([C,,ESO,™]), sodium lauryl benzene sulfonate
([C,,BSO;7]) and sodium lauroyl sarcosinate (|C,,SAR™]).

(o]
) . +c02°—“—j)_l‘/o

R

Scheme 1 Catalytic synthesis of cyclic carbonates from epoxides
and CO,

The major advantages of these SAILs compared to other
ionic liquids traditionally reported in literature is mainly
related to production costs. SAILs anions are derivate from
surfactant salts largely available in the market. Besides, the
absence of fluorinate, phosphonate and heavy metals in their
structure help in toxicity prevention.

Finally, these synthetized SAILs were tested as possible
catalysts for CO, cycloaddition to propylene oxide to pro-
duce PC. Recycle tests were performed for the SAIL present-
ing the highest catalytic activity.

2 Methodology

Structural formulas of the synthesized SAILs are shown in
Fig. 1.

2.1 Materials

1-chlorobutane (Acros Organics, 99.0%), 1-methylimidazole
(Sigma-Aldrich, 99.0%), acetophenone (Merck, 98.0%), ace-
tone (Vetec, 99.5%), carbon dioxide (Air liquids, 99.998%),
dichloromethane (Vetec, 99.5%), diethyl ether (Dinamica,
99.0%). epichlorohydrin (Sigma-Aldrich, 99.0%), glycidyl
isopropyl ether (Sigma-Aldrich, 98.0%), methanol HPLC
(99.9%), propylene oxide (Sigma-Aldrich, 99.0%), sodium
dodecylbenzenesulfonate (Synth, 50.0%), sodium lauryl
ether sulfate (Synth, 50.0%), sodium lauryl sulfate (Synth,
90.0%), sodium N-lauryl sarcosine (Merck, 95.0%), styrene
oxide (Sigma-Aldrich, 97.0%), tetra-n-butylammonium bro-
mide (Panreac, 98.0%), toluene (Merck, 99.9%), zinc bro-
mide (Sigma-Aldrich, 98.0%) were used as purchased.

2.2 Syntheses and Characterization SAILs

The surface active ionic liquids were synthesized following
procedures described elsewhere [50-52, 58].

The obtained compounds were characterized by univer-
sal attenuated total reflectance Fourier transform infrared
spectroscopy (UATR-FTIR) in the range of 4000650 cm™
with Perkin-Elmer spectrophotometer 100 FT-IR Spec-
trum. Nuclear magnetic resonance (NMR) measurements
were performed in Bruker Spectrophotometer, operating at
600 MHz, using DMSO-d; as solvent and glass tubes of
diameter 5 mm.

2.2.1 [bmim][C,S0,]

FTIR v (cm™'): 3178-3126 (C-H aromatic), 2970 (C-H
of CH,), 2897 (C-H of CH;), 1628 (C=N aromatic),
1579-1471 (C=C aromatic), 1286 (C-N aromatic), 1172
(C-N alifatic), 1042 (S=0). '"H-NMR (600 MHz, DMSO-
dg) 8 (ppm): 9.10 [s, IH]; 7.75 [d, 1H]; 7.69-7.67 [d, 1H];
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Abbreviation Name Structure Abbreviation Name Structure
1-butyl-3- TN tetra-n - TRER S
[bmim][C12804] methylimidazolium NN ? [TBA][C12S04]  butylammonium i INA (R
lauryl sulfate NVV\N\Q-%—O' lauryl sulfate AN Q=8O
s ]
i e S .
[[bmimjiceESO, meImERIOlm AN ‘g’ _|realc. eSOy butstammonium S ™ § |
sulfate /\NW\/‘EO r}no_"_g sulfate ANVW{O ’}no—“-O
o (o]
1-butyl -3 - =\ tetra-n - e
ethylimidazoliu N butylammonium o~ N
[bmim][C:BSOs] ’",‘m meaned e o [rmBalckBsON OETIT 9
sulfonate /V\NV\’\@—Q—O sulfonate /\/\Azw@_g_o-
6 &
1-butyl -3 = ttra-n- e
[bmim][C12SAR] methylimidazolium SRR [TBAJ[C1SAR] buthylammonium YN
lauroyl sarcosinate vwwxg«'!l\)io- lauroyl sarcosinate '|‘ \j’\o'
o}

Fig. 1 Abbreviations, names and structures of the synthesized SAILs

4.16 [t, 2H,J=6.9 Hz|; 3.85 [s, 3H]; 3.86 [t, 2H, ]=6.3 Hz|;
1.82-1.68 [m, 2H, J=14.9; 7.5 Hz|; 1.48 [dt, 2H, ]=14.7;
7.3 Hz|; 1.24 [s, 20H]; 0.95-0.81 [m, 6H]. Water miscible
[52].

2.2.2 [bmim][C,ESO,]

FTIR v (cm™'): 3158-3120 (C-H aromatic), 2966 (C-H
of CH,), 2882 (C-H of CH;), 1628 (C=N aromatic),
1568-1459 (C=C aromatic), 1282 (C-N aromatic),
1215 (C-0), 1170 (C-N alifatic), 1019 (S=0). 'H-NMR
(600 MHz, DMSO-d;) & (ppm): 9.11 [s, 1H]; 7.77 [d, 1H];
7.70 [d, 1H]; 4.17 [t, 2H, 1=6.8 Hz]: 3.78 [s, 3H]; 3.86
[t, 2H, J=15.7 Hz]: 3.54-3.41 [dt, 4H]; 1.82—1.70 [m, 2H,
J=13.4; 7.5 Hz]; 1.47 [dt, 2H, J=12.8; 6.8 Hz]; 1.24 [s,
24H]; 0.93-0.79 [m, 6H]. Water miscible [52].

2.2.3 [bmim][C,BSO;]

FTIR v (cm™): 3163-3120 (C—H aromatic), 2966 (C-H
of CH,), 2872 (C-H of CH,), 1627 (C=N aromatic), 1602
(C=C aromatic), 1574 (C=C aromatic), 1492 (C=C aro-
matic), 1466 (C=C aromatic), 1285 (C-N aromatic), 1169
(C-N alifatic), 1221 (C-0), 1019 (S=0), 830 (aromatic
ring). '"H-NMR (600 MHz, DMSO-d,) & (ppm): 9.15 [s, 1H];
7.78 [d, I1H,J=1.7 Hz]; 7.71 [d, 1H, J=1.7 Hz]; 7.59-7.48
[m, 2H]; 7.48-7.05 [m, 2H]; 4.16 [t, 2H, J=7.2 Hz]; 3.85 [s,
3H];: 3.64 [t, 2H, J=6.0 Hz|; 2.2 [, 2H]; 1.82-1.71 [m, 2H,
J=14.9;7.6 Hz]; 1.35 [dt, 2H, J=14.8; 7.5 Hz]; 1.32-1.21
[m, 18H]; 0.97 [t, 3H, J=7.6 Hz]; 0.85 [t, 3H]. Water mis-
cible .
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2.2.4 [bmim][C;,SAR]

FTIR v (cm™"): 3432 (N-C=0), 3137-3045 (C-H aro-
matic), 2957 (C-H of CH,), 2871 (C-H of CH;), 1670
(C=0), 1634 (C=N aromatic), 1567-1463 (C=C aro-
matic), 1231 (C-N aromatic), 1281-1167 (C-N alifatic).
"H-NMR (600 MHz, DMSO-d,) & (ppm): 9.21 [s, 1H];
7.77 |d, 1H,J=1.6 Hz]; 7.68 [d, 1H, J=1.7 Hz]; 4.23 [t,
2H, J=7.1 Hz]; 3.84 [s, 3H]; 3.48 [s, 2H, J=10.1 Hz];
2.75 [m, 20H]; 2.51 [s, 3H]; 1.82-1.70 [m, 2H, J=14.7;
7.5 Hz]; 1.31 [dt, 2H, J =14.6; 7.4 Hz]; 1.23 [t, 3H]; 0.95
[t, 3H, J=7.6 Hz|. Water miscible.

2.2.5 [TBA][C;;80,]

FTIR v (cm™'):2962 (C-H of CH,), 2877 (C-H of CH,),
1280 (N-C alifatic), 1216 (C-0), 1023 (S=0). '"H-NMR
(600 MHz, DMSO-d,) & (ppm): 3.67 [t, 2H, J=6.1 Hz];
3.23-3.12 [m, 8H]; 1.54 [m, 8H]; 1.44 [m, 8H, J=7.2 Hz],
1.37-1.21 [m, 20H]; 0.94 [m, 12H]; 0.86 [t, 3H]. Water
immiscible [52].

2.2.6 [TBA]IC;ESO,]

FTIR v (cm™"): 2969 (C-H of CH,), 2872 (C-H of CH),
1269 (N—C alifatic), 1216 (C-0), 1020 (S=0). 'H-NMR
(600 MHz, DMSO-dg) & (ppm): 3.79 [t, 2H]; 3.67 [t, 2H,
J=6.0 Hz]; 3.49 [t, 2H, ] =17.2 Hz]; 3.23-3.11 [m, 8H];



64

Surface Active Tonic Liquids as Catalyst for CO, Conversion to Propylene Carbonate 111

1.58 [m, 8H]; 1.36-1.19 [m, 8H, J=5.8 Hz]; 0.94 [s, 26H];
0.85 [t, 12H, J =6.1 Hz|. Water miscible [52].

2.2.7 [TBA][C;,BSO;]

FTIR v (cm™'): 2960 (C-H of CH,), 2878 (C—H of CH),
1600 (C=C aromatic), 1570 (C=C aromatic), 1492 (C=C
aromatic), 1460 (C=C aromatic), 1280 (N-C alifatic),
1216 (C-0), 1023 (S=0), 832 (aromatic ring). "H-NMR
(600 MHz, DMSO-dy) & (ppm): 7.62-7.51 [m, 2H];
7.37-7.01 [m, 2H]; 3.61 [t, 2H, J=5.9Hz]; 3.22-3.08 [m,
8HI; 2.2 [t, 2H]; 1.56 [m, 8H]; 1.46-1.32 [m, 18H]; 1.28
|m, 8H, J=6.4 Hz]; 0.91 [t, 12H, J=7.2 Hz]; 0.88 [t, 3H].
Water miscible.

2.2.8 [TBAJ[C,;SAR]

FTIR v (cm™): 3428 (N-C=0), 2960 (C-H of CH,), 2875
(C-H of CH;), 1681 (C=0), 12801186 (N-C alifatic). 'H-
NMR (600 MHz, DMSO-d6) & (ppm): 3.50 [s, 2H,J=10.1
Hz]; 3.20-3.08 [m, 8H]; 2.70 [m, 20H]; 2.48 [s, 3H]; 1.62
[m, 8HJ; 1.36 [m, 8H,J=6.5 Hz|; 1.20 [t, 3H]; 0.94 [t, 12H,
J=7.1 Hz]. Water miscible.

SAILs moisture contents were determined by coulomet-
ric Karl Fischer titration method using a KF-1000 Analyzer
(Brazil) and Karl Fischer reagent without pyridine (Merck)
as titrating solution and methanol as solvent. The sodium
(Na") content was determined by atomic absorption spec-
troscopy (AAS) by Varian AAS S5 spectrometer with an air/
acetylene flame (99.99% Air Products). The chloride (C17)
content was performed in a portable Vernier LabQuest sys-
tem with a specific sensor for this ion. Results of SAILs
synthesis residual contaminants are presented in Table 1.

The thermogravimetric analysis (TGA) was carried out
in TA Instruments Q600 with a heating rate of 20 °C min™',
from 25 to 1000 °C in the nitrogen atmosphere.

Table 1 Residual contaminants in the synthesized SAILs

SAITL Moisture Residual Residual

contents (%)  [Na'] (%) [Cl]

(%)

[bmim][C,S0,] [52] 1.43 0.20 0.08
[bmim][C,ESO,] [52] 0.42 ND 0.05
[bmim][C,BSO;]| 0.81 0.13 0.11
[bmim][C,,SAR] 0.24 ND ND
[TBA][C,,S0,] [52] 0.19 ND ND
[TBA][C,ESOy] [52] 0.46 0.07 ND
[TBA][C,BSO;] 0.67 ND ND
[TBA][C|,SAR] 0.30 ND ND
ND not detected

2.3 Cycloaddition Reaction

PC syntheses from CO, and propylene oxide (PO) were car-
ried out in presence of [bmim™] and [TBA*] cation-based
SAILs combined to different anions [C,,S0,"], [C|,ESO,"],
[C,,BSO;7] and [C,SAR™]. These compounds were tested
in presence of metallic halide (ZnBr,) as a cocatalyst. The
use of SAIL [bmim][C,ESO,] was evaluated for the deter-
mination of the reaction parameters (amount of catalyst,
temperature, pressure and time) and the best catalyst was
tested for kinetics and recycles.

All cycloaddition reactions were performed in a stain-
less steel autoclave of 120 cm® equipped with magnetic stir-
ring. For a typical reaction, 100 mmol of propylene oxide,
(.25 mmol of cocatalyst (ZnBr,) and 1 mmol of SAIL were
used. The syntheses were performed without any additional
solvent. The autoclave was pressurized with CO, and heated
to the desired working temperature. After the reaction com-
pletion, the reactor was cooled to room temperature and
slowly depressurized.

Catalyst separation from PC was performed by a sim-
ple distillation under inert atmosphere (N,). CO, cycload-
dition reaction conversion was determined by gravimetric
technique from isolated product. To determine the selectiv-
ity, the resulting liquid mixtures were analyzed using a gas
chromatograph Shimadzu CG-2014 equipped with a flame
ionization detector and a 100% dimethyl polysiloxane col-
umn (30 m x0.53 mm ID) using acetophenone as external
standard and dimethyl ether as solvent. The turnover num-
ber (TON) and turnover frequency (TOF) were calculated
according to equations (1) and (2).

TON = mmol of product (l)
mmol of catalyst
_ TON
B e (h) @

2.4 Computational Methodology

Electronic structure of the simulated species was optimized
by the hybrid density functional theory Becke-3-Lee-Yang-
Parr (B3LYP) [59, 60]. The atom-centered split-valence
double-zeta polarized basis set 6-31G(d) was used to
approximate the wave function. All elements, except hydro-
gen, were equipped with additional polarization functions
to improve accuracy of simulation of ions. The wave func-
tion convergence criterion was set to 2x 10* kJ mol~". The
steepest descent geometry optimization criterion was set to
0.1 kJ mol™". The reaction coordinates were sampled with a
step of 0.05 A in all cases.
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GAMESS US 2013 was used to conduct electronic struc-
ture calculations [61]. Gabedit 2.8 was used to prepare input
molecular structures and visualize the results [62].

3 Results and Discussion
3.1 Influence of Reaction Parameters

The best parameters for CO, cycloaddition to propylene
oxide were preliminarily tested using the SAIL [bmim]
[C,,ESO,] as a catalyst. An effect of catalyst concentration
was investigated by varying the amount of SAIL from 0.5
to 2.5 mmol (using initial pressure 4.0 MPa, temperature
383 K and duration 6 h). Results can be seen in Fig. 2a.
The conversion increases with the increase of the catalyst
amount [13]. Compare conversion 46.6% with 0.5 mmol of
catalyst with conversion 65.0% with 1.0 mmol of catalyst.
Further addition of catalyst to the reaction media leads
to a more modest conversion increase. Note 68.6% with

100
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70 |

Conversion (%)

60 |
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Le
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g0 b—
2.5 3 3.5 4 4.5
Pressure (MPa)

2 mmol and 73.3% with 2.5 mmol. Based on these results,
the amount of 1.0 mmol of catalyst was chosen for all
further investigations reported below.

The temperature influence was investigated using
1.0 mmol of SAIL at the initial pressure of 4.0 MPa and
reaction duration of 6 h. The results can be seen in Fig. 2b.
We discovered the highest-performance temperature for
this reaction amounting to 383 K, at which the conversion
reaches 65.0%. Further temperature increase results in a
gradually deteriorated performance (64.1% at 393 K and
63.4% at 403 K). but practically insignificant (~1.5% by
20 K). This behavior is not related to catalyst degradation
as one can see in Fig. 3 shows [bmim][C,,ESO,] ther-
mogram. Two weight loss events occurs, the first one at
188-287 °C (weight loss 8.6%), corresponds to the degra-
dation of the side chain of the anion and the second one at
293-435 °C (weight loss 85.3%) corresponds to complete
degradation of the ions [52]. The conversion reduction
is probably related to propylene oxide isomerization, the
interaction between of propylene oxide and water [13, 39]

100
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~
o

60 /\
50 ¢
40 L L i 1 "
373 383 393 403
Temperature (K)
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Fig. 2 The effect of amount of catalyst (a), temperature (b), pressure (¢) and time (d) on the PC synthesis using [bmim][C,ESQ,] as a catalyst
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Fig. 3 Thermogram of [bmim][C,ESO,]|

and initiation of secondary reversible reactions of epoxide
[22, 37, 63].

Pressure effect (Fig. 2¢) was studied by varying pressure
from 2.5 to 4.5 MPa, keeping the other parameters as fol-
lows: 1.0 mmol of catalyst, temperature 383 K, duration 6 h.
The conversion percentage increases up to 4.0 MPa. Com-
pare conversion 47.2% at 2.5 MPa with 65.0% at 4.0 MPa
and 64.0% at 4.5 MPa. Such a trend was also observed in
other studies [37, 63]. This behaviour is due to a stoichio-
metric rate of propylene oxide/CO,, so that one does not
inhibit the role of the other. Yel, the propylene oxide remains
liquid up to 4.0 MPa, favoring interaction with the catalyst.
Above this pressure propylene oxide passes to the gaseous
state, decreasing the contact with SAIL that remains in the
liquid state in contact only with the reaction products [64].

Finally, the reaction time effect (Fig. 2d) was evaluated
with the best parameters determined so far (1 mmol of cata-
lyst, 383 K of temperature and 4.0 MPa of pressure). As

depicted in Fig. 2d, one can see that the conversion percent-
age evolves gradually during 6 h. Above this temperature
there is no significant change in conversion values.

To recapitulate, the better reaction conditions for CO,
cycloaddition to propylene oxide are 1.0 mmol catalyst,
383 K temperature, 4.0 MPa pressure, duration 6 h.

3.2 An Effect of SAIL

It is important to highlight that no product was detected
when the reaction was performed without a catalytic system
(catalyst/cocatalyst), therefore, the reaction of PO+CO, is
not spontancous. When only the SAIL was used (entry 3) or
only the cocatalyst was used (entry 4), there is no signifi-
cant conversion to the PC [23]. Consequently, presence of
a Lewis acid as a cocatalyst is fundamental for the activity
of SAILs for the cyclic carbonate syntheses [65]. Table 2
presents the results obtained for cycloaddition of CO, to
epoxide using SAILs as catalysts combined with ZnBr,.
Comparing [bmim*] (entries 1-6) with [TBA*] (entries
7-10) one can see that [TBA™'] is more active as a catalyst.
The higher [TBA™] molecular volume increases the distance
cation/anion, consequently, a weaker electrostatic interaction
cation/anion results in a more nucleophilic anion. The lat-
ter increases catalytic activity [13]. A previous study [66]
also indicates that at high temperature [TBA™] generates
a degradation product, trialkylammonium, which may be
a key component for favoring catalysis that require basic
sites in the catalyst, thus making [TBA™] more efficient
than [bmim™|. SAIL [TBA][C,,SO,] (entry 7) presented
better conversion and selectivity results, 79.2% of conver-
sion and 87.7% of selectivity. This compound is the only
tested SATL that is largely hydrophobic (0.19% of moisture
content, Table 1). This characteristic may contribute to the
observed good conversion, since the presence of moisture

Table 2 Catalytic performances

of SAILS for the cycloaddition Entry Caralyst Conversion (%) Selectivity (%) TON TOF (h™")
of CO, to form PC 1 [bmim][C,,S0,] 16.5 57.6 9.5 1.6
2 [bmim][C,ESO,] 65.0 79.1 51.3 8.5
3 [bmim][C,,ESO,]" Trace - -~ -
4 ZnBr,° - - - -
5 [bmim][C,BSO;] 453 55.5 25.1 4.2
6 [bmim][C,SAR] 70.9 28.9 20.5 34
7 [TBA][C,,S0,] 79.2 87.7 69.4 1.6
8 [TBA][C,,ESO,] 34.6 67.1 232 39
9 [TBA][C,;BSO,] 65.7 76.3 50.1 84
10 [TBA][C,,SAR] 82.4 26.9 222 3.7

"Reaction conditions: PO 100 mmol, catalyst 1.0 mmol, 0.25 mmol of ZnBr,. T=383 K, initial CO, pres-
sure 4.0 MPa, t=06 h. TON =mmol of products/mmol of catalyst. TOF =TON/time (h)

Reaction without cocatalyst ZnBr,

“Reaction using only ZnBr, as catalyst
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may deactivate the catalyst [67] and hydrolyze the product
[68]. Corroborating this result compare [bmim][C,SO,]
(entry 1), the one with the highest amount of moisture con-
tents, (1.43%), presented values of 16.5% of conversion and
57.6% of selectivity.

Low PC selectivity of the catalyst can be explained by a
nucleophilic attack (by water) in the cyclic ester group of PC
[69]. Another possibility is the reaction between propylene
oxide and residual water (moisture), producing by-products
(mainly propane-1,2-diol) since water molecule competes
with CO, molecule in the attack to the less hindered car-
bon of epoxy ring according to literature [68-71]. Propane-
1,2-diol selectivity was of 31.6% ([bmim][C,,SO,][; entry 1).

The presence of ether functional group in [bmim]
[C,ESO,] (entry 2) suggests a better interaction with pro-
pylene oxide exhibiting conversion of 65.0% and selectivity
of 79.1% superior when compared to the cation without the
presence of this functional group (entry 1). This effect is
no longer observed with [TBA][C,,ESO,]| (entry 8), where
the presence of the ether reveals a significant loss of cata-
Iytic capacity. This result suggests that the greater distance
cation-anion that occurs in [TBA™*] deactivates a possible
nucleophilic effect that oxygen may be exerting. The mois-
ture contents of these two SAILSs are quite similar.

Comparing SAILSs containing a very large aromatic group
in their chain [bmim][C,BSO,] and [TBA][C,,BSO;]
(entries 5 and 9) we see an influence of the possible amount
of moisture contents present in the SAILs. While [bmim]
[C,BSO,] (0.81% moisture contents) presented conversion
of 45.3% and selectivity of 55.5%, [TBA][C,,BSO;] (0.67%
moisture contents) presented 65.7% of conversion and 76.3%
of selectivity. Another determining factor for these results
is the anion volume, many studies indicate that voluminous
molecules hinder the steric interaction between catalyst and
substrate [36, 72, 73].

Finally, comparing the two SAILs with nitrogenous ani-
ons, [bmim][C,,SAR] (entry 6) and [TBA][C,;,SAR] (entry
10) we have a high catalytic activity with low selectivity for
PC in both cases. This is due to the presence of the nitrog-
enous base which enhances basic sites of the environment
and increases the nucleophilicity of the medium leading to a
high conversion [74, 75]. Previous studies indicate that more
acidic catalysts favor the epoxide ring opening resulting in
high selectivity, since they act as Lewis acids, and may even
dispense the use of cocatalyst [74, 75]. The terminal acetate
anion may decentralize this electronic charge and activate
the catalytic potential.

The two most basic anions [C,,SAR™] and [C,BSO;7|
do not present good catalytic results. Thus, acidic sites are
preferable for epoxide cycloaddition.

A plausible mechanism for cycloaddition of CO, to epox-
ide catalyzed by SAILs is presented in Fig. 4. Mechanism
involves a metal halide (ZnBr,) acting as a Lewis acid,
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Fig. 4 Proposed mechanism for the synthesis of propylene carbonate
from propylene oxide and CO,

interacting with the oxygen atom of the epoxide, so that
the basic anion of SAIL carries out the attack on the least
impeded carbon atom of the epoxy ring.

As mentioned previously, there is no significant conver-
sion without the presence of the metal halide. This can be
attributed to the non-nucleophilic natures of the anions used
in this work [76]. In the next step, a species of oxyanion is
formed. The CO, carbon atom interacts with the anionic
species producing an anionic alkylcarbonate. The latter is
converted into the cyclic carbonate by intermolecular cyclic
climination and finally the SATL is regenerated.

3.3 Computer Simulations

The simulation of energetics of PC formation along the
proposed reaction coordinates for the three stages (Fig. 4)
of the catalyzed PC synthesis is presented in Figs. 5 and
6. The goal of these simulations was to identify possible
energetic barriers and overall reaction energetics in the
case of different catalysts employed. An initial breakage of
the epoxide molecule is essentially barrier-free and brings
over 100 kJ mol~". This stage does depend on the anion
chosen (Fig. 5), but this effect is modest as compared to
other energy alterations in the course of PC synthesis. Note,
ZnBr, simplifies opening of the epoxide ring drastically.
Previous simulations [77] revealed a high and very differ-
ent by shape barrier when only a salt catalyst was selected.
Both our and earlier simulations are confirmed by the hereby
reported syntheses, which indicate negligible transformation
in the absence of ZnBr,. The most favorable anion out of the
large set benchmarked is chloride. All sulfate-based anions
exhibit similar performances to [C,,SO,"]. The alkylcar-
bonate formation exhibits a small barrier of 13 kJ mol' and
brings ~20 kJ mol~". At this stage, the oxygen-zinc bond is
ruined and ZnBr, floats away.
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An energy barrier is associated with the closure of the
ring (Fig. 6), which is quite dependent on the SAIL catalyst.
To overcome this particular barrier, heating of the reac-
tants is necessary. The sulfate containing anions behave
differently from the SAR™ anion. The role of the cation is
significant. A strong cation—anion attraction in the case of

12 15 18 21 24 27 30

Reaction Coordinate, A

the imidazolium-based SAILs is favorable to detach the
anion from alkylcarbonate and, therefore, engender the
carbon—oxygen covalent bond (Fig. 4) of the emerging
PC. A weaker interaction of [TBA™] with the same anions
results in somewhat higher barriers for the sulfate contain-
ing SATLs and a much larger barrier for [TBA][C,,SAR].
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The conducted simulations suggest that ionic catalysts
with stronger cation—anion attraction are preferable for the
PC synthesis upon its last stage. In the considered SAILSs,
this effect is, however, blocked by a higher hydrophilicity
(represented by moisture content by Karl Fischer) of the
imidazolium-based ionic liquids than that of the tetrabutyl-
ammonium-based ionic liquids.

3.4 Catalyst Recycling

As important as catalyst catalytic activity is its regenera-
tion capacity. For this test, the SATL with best performance
as catalyst for this reaction ([TBA][C,,SO,]+ZnBr,) was
chosen (1 mmol, 383 K, 4.0 MPa and 6 h). The procedure
used to separate the catalytic system [SAIL +ZnBr,] from
PC was the same used in all syntheses, a simple distillation
in the inert atmosphere. The recycle was tested for five times
without any catalyst or cocatalyst addition (Fig. 7).

The SAITL slightly decreases its catalytic activity in the
first cycle. Initial values are 79.2% of conversion and 87.7%
of selectivity. In the first cycle, these values decrease to 75.6
and 84.7%, respectively. From this point, the decay between
the recycles is quite subtle, arriving in the fifth recycle in
values of 73.1% of conversion and 83.1% of selectivity. The
high thermal stability of SATLs is mainly responsible for
these results. Under these reaction conditions, there is no
catalyst decomposition. FTIR analysis was performed in
catalyst after the fifth recycle and no structural change was
observed, as shown in Fig. 8. The [TBA][C,,SO,] proved to
be efficient for this reaction.

3.5 Application to Other Cyclic Carbonates

Catalytic behaviour of the best SAIL [TBA][C,,S0,] was
investigated. Other terminal epoxides can be converted to

100

initial  1x 2x 3x 4ax 5x

zzConversion (%) —Selectivity (%)
Fig. 7 Recycling experiments of [TBA][C,S0,4]
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Fig. 8 FTIR analysis before and after 5 uses of [TBA]J[C,S0,]

cyclic carbonates with possible commercial applications
(Table 3).

SAIL [TBA][C,,S0,] shows good catalytic activity for
all tested epoxides. The styrene oxide (entry 11) presented
very similar results compared to the PC synthesis (Table 2,
entry 7). SAIL activity is good even in presence of aro-
matic ring, a voluminous group.

The presence of functional groups in the monosubsti-
tuted epoxides, such as glycidyl isopropyl ether (entry 12)
and epichlorohydrin (entry 13), results in higher conver-
sions and selectivities even relative to PC (Table 2, entry
7) and styrene carbonate (entry 11) [25, 78].

Table 3 Application of [TBAJ[C|,SOy4| to catalyze syntheses of
other eyclic carbonates

Entry Substrate Product Conversion  Selectivity
(%) (%)
11? O, o] 745 87.8
@(Q Cf—"’k"
12 o) o] 86.5 92.6

13¢ o] o} 92.1 94.7

“Reaction conditions: SO 50 mmol, catalyst 0.5 mmol, 0.125 mmol of
ZnBr,, T=353 K. initial CO, pressure 4.0 MPa, t=4 h

PReaction conditions: GIE 50 mmol, catalyst 0.5 mmol, 0.125 mmol
of ZnBr,, T=393 K. initial CO, pressure 3.0 MPa, t=3 h

“Reaction conditions: epichlorohydrin 100 mmol, catalyst 1.0 mmol,
0.15 mmol of ZnBr,, T=2393 K, initial CO, pressure 3.0 MPa, t=2h
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4 Conclusion

Several SAILs were synthesized and characterized to be
used as catalysts in the CO, cycloaddition to epoxides and
showed catalytic efficiency. The best reaction condition for
the synthesis of propylene carbonate was 383 K of tempera-
ture, 6 h of time at 4.0 MPa of pressure. The [TBA][C,SO,]
was the SAIL that presented better catalytic activity, reach-
ing 79.2% of conversion and 87.7% of selectivity, besides the
high capacity of recycles and possible use for the catalysis
of other cyclic carbonates.

Acknowledgements M.O.V. and W.E.M. thank CAPES for the doc-
toral fellowships, B.S.N. thanks FAPERGS for scholarship and S.E.
thanks CNPq for the researcher scholarship.

References

e =

il o

Kuwahara Y. Yamashita H (2013) J. CO2 Util 1:50

Zhao G, Zhang Y. LiJ, Gao S (2015) J Energy Chem 24:353
Darensbourg DJ (2010) Inorg Chem 49:10765

Aresta M, Dibenedetto A (2007) Dalton Trans 28:2975
Masoumi S, Rahimpour MR, Mehdipour M (2016) J. CO2 Util
16:42

Chowdhury S, Balasubramanian R (2016) J CO2 Util 13:50
Manoranjan N, Won DH, Kimb J, Woo S1 (2016) J. CO2 Ul
16:486

Aresta M, Dibenedetto A (2013) Chem Rev 114:1709
Barbarossa V, Barzagli F, Mani F, Lai S, Vanga G (2015) J CO2
Util 10:50

Meylan FD, Moreau V, Erkman S (2015) 1. CO2 Util 12:101

. Cuéllar-Franca RM. Azapagic A (2015) ] CO2 Util 9:82

Duraccio V, Gnoni MG, Elia V (2015) J. CO2 Util 10:23

Ju HY, Manju MD. Kim KH. Park SW, Park DW (2008) J Ind Eng
Chem 14:157

Zhang X, Su D, Xiao L, Wu W (2017) J CO2 Util 17:37

Meng Q, Cheng R, Li J, Wang T, Liu B (2016) J CO2 Util 16:86
Pan X, Liu Z, Cheng R, Yang Y, Zhong L, He X, Liu B (2013)J
CO2 Util 2:39

Song QW, Zhou ZH, He LN (2017) Green Chem 19:p 3707
Bobbink FD, Dyson PJ (2016) ] Catal 343:52

Zhang X. Geng W, Yue C, Wu W, Xiao L (2016) J Environ Chem
Eng 4:2565

Hwang GY. Roshan R. Ryu HS. Jeong HM, Ravi S. Kim MI. Park
DW (2016) T CO2 Util 15:123

. Dai W, Yang W, Zhang Y. Wang D, Luo X, Tu X (2017) J CO2

Util 17:256

2. Sakakura T, Choi JC, Yasuda H (2007) Chem Rev 107:2365

23. Monteiro WE. Vieira MO, Aquino AS, Souza MO, Lima J, Einloft

24,
25.

26.
27.

S. Ligabue R (2017) Appl Catal A 544:46

Zhang H, Kong X, Cao C, Pang G, Shi Y (2016) J CO2 Util 14:76
Buonerba A, Nisi AD, Grassi A, Milione S, Capacchione C, Vag-
inc S, Rieger B (2015) Catal Sci Technol 5:118

Zhong S, Liang L. Liu B. Sun I (2014) J. CO2 Util 6:75

Liu M, Liu B, Liang L., Wang F, Shi L, Sun J (2016) J Mol Catal
A 418:78

Fuentes SG, Contreras R. Isaacs M, Honores J, Quezada D. Lan-
daeta E, Toledo RO (2016) J CO2 Util 16:114

Liu M, Lan J, Liang L, Sun J, Arai M (2017) J Catal 347:138
Peng J, Yang HJ, Geng Y, Wei Z, Wang L, Guo CY (2017) J. CO2
Util 17:243

. Xie Y, Wang TT, Liu XH. Zou K, Deng WQ(2013) Nat Commun

4:1
Zhong S, Liang L., Liu M, Liu B, Sun I (2015) I. CO2 Util 9:58

33. Wu X, Wang M, Xie Y, Chena C, Li K. Yuan M, Zhao X, Hou Z

37.

38.

46.

47.
. Obliosca JM. Arco SD, Huang MH (2007) J Fluoresc 17:613
49.

50.
51

52.

53.
54,

55.
56.
57.

58.
59.

61.

62.
63.

65.
66.
67.
68.
69.

70.

71.

(2016) Appl Catal A 519:146
Bhin KM, Tharun J, Roshan KR, Kim DW, Chung Y, Park DW
(2017)JCO2 Util 17:112

. Werner T, Tenhumberg N (2014) J CO2 Util 7:39

Vieira MO, Aquino AS, Schiitz MK, Vecchia FD, Ligabue R,
Seferin M, Einloft S (2017) Energy Proced 114:7141

Aquino AS, Bernard FL, Vieira MO, Borges JV, Rojas MF, Vec-
chia FD, Ligabue RA, Seferin M, Menezes S, Einloft S (2014) J
Braz Chem Soc 25:2251

Aquino AS, Bernard FL, Borges JV, Mafra L., Vecchia FD, Vieira
MO, Ligabue R, Seferin M, Chaban VV, Cabrita EJ, Einloft S
(2015) RSC Adv 5:64220

Xiao L. Su D, Yue C, Wu W (2014) J. CO2 Util 6:1

. Vekariya RL (2017) J Mol Liq 227:44
. Jasiak K, Siewniak A, Kopczynska K. Chrobok A. Baj S (2016)

J Chem Technol Biotechnol 91:2827

. Sedov IA, Solomonov BN (2016) Fluid Phase Equilib 425:9
. Geng F, Zheng L, Yu L, Li G, Tung C (2010) Process Biochem

45:306
Jingjing J, Bing H, Meijia L. Ni C, Li Y, Min L (2013) J Colloid
Interface Sci 412:24

. Li X, Gao Y, Liu J, Zheng L. Chen B, Wub L. Tung C (2010) J

Colloid Interface Sci 343:94

Vekariya RL. Dhar A, Lunagariya J (2017) Compos Interfaces
24:801

Meng Y, Liu J, Li Z, Wei H (2014) J Chem Eng Data 59:2186

Bharmoria P, Rao KS. Trivedi TJ. Kumar A (2014) J Phys Chem
B 118:115

Rao KS, Tushar JT, Kumar A (2012) J Phys Chem B 116:14363
Bharmoria P, Mehta MJ, Pancha I, Kumar A (2014) J Phys Chem
B 118:9890

Vieira MO, Monteiro WF, Ligabue R, Seferin M, Chaban VV,
Andreeva NA, Nascimento JF, Einloft S (2017) J Mol Liq 241:64
Shi L, Zhao M, Zheng L (2012) RSC Adv 2:11922

Porada JH, Mansucto M, Laschat S, Stubenrauch C (2017)J Mol
Liq 227:202

Selwent A, f.uczak J (2016) J Mol Liq 221:557

Kaper H, Smarsly BZ (2006) Phys Chem 220:1455

Zhao Y, Chen X, Jing B, Wang X, Ma F (2009) J Phys Chem B
113:983

Vekariya RL, Kumar NS (2017) Colloid Surf. A 529:203

Becke AD (1988) Phys Rev A 38:3008

Lee CT. Yang WT, Parr RG (1988) Phys Rev B 37:785.

Schmidt MW, Baldridge KK, Boatz JA, Elbert ST. Gordon MS,
Jensen JH. Koseki S, Matsunaga N, Nguyen KA, Su §, Windus
TL, Dupuis M. Montgomery JA (1993) J Comput Chem 14:1347
Allouche AR (2011) J Comput Chem 32:174

Sun J, Cheng WG, Fan W, Wang YH, Meng ZY, Zhang SJ (2009)
Catal Today 148:361

Xiao LF, Yue QF, Xia CG, Xu LW (2008) ] Mol Catal A Chem
279:230

Kim HS. Kim JJI. Kim H, Jang HG (2003) J Catal 220:44

North M, Pasquale R (2009) Angew Chem 121:2990

Lan DH, Yang FM, Luo SL. Au CT, Yin SF (2014) Carbon 73:351
Sun J, Ren J, Zhang S. Cheng W (2009) Tetrahedron Lett 50:423
Jin X, Bobba P, Reding N, Song Z, Thapa PS, Prasad G, Subra-
maniam B, Chaudhari RV (2017) Chem Eng Sci 168:189

Kilic A, Ulusoy M, Durgun M. Aytar E (2014) Inorg Chim Acta
411:17

Li DW, Bi J, Lian LS, Biao LX, Man TX. Tong AC (2014) Appl
Catal A 470:183

@ Springer



118

M. O. Vieira et al.

72, Ju HY. Manju MD, Kim KH, Park SW, Park DW (2007) Korean
J Chem Eng 24:917

73. Ju HY, Manju MD, Park DW, Choe Y, Park SW (2007) React
Kinet Catal Lett 90:3

74. Kim J, Kim SN, Jang HG, Sco G, Ahn WS (2013) Appl Catal A
453:175

4| Springer

75.

77.

78.

Kim YJ, Park DW (2013) J Nanosci Nanotechnol 13:2307

Sun J, Fujita S, Arai M (2005) J Organomet Chem 690:3490
Wang JQ, Dong K, Cheng WG. Sun J, Zhang SJ (2012) Catal Sci
Technol 2:1480

Yang 7ZZ, He LN, Miao CX, Chanfreau S (2010) Adv Synth Catal
352:2233

71



72

4.4. Capitulo IV

Este terceiro artigo utiliza, novamente, os oito liquidos idnicos sintetizados
nesta tese ([omim][C12SO4], [bmim][C12ESO4], ([omim][C12BSO3], [bmim][C12SAR],
[TBA][C12S04], [TBA][C12ESO4], ([TBA][C12BSOs] e [TBA][C12SAR]) como
catalisadores na sintese do carbonato de estireno (SC), carbonato de glicidil
isopropil éter (GC) e carbonato de epicloridrina (EC). Foi realizado um estudo de
termodinamica para determinar as melhores condi¢cdes reacionais para cada um dos
produtos, além de um estudo tedrico que definiu a nucleofilicidade de cada anion

testados a fim de corroborar na discussao dos resultados de catalise.

Este artigo intitulado “Chemical fixation of CO2: The influence of linear
amphiphilic anions on surface active ionic liquids (SAILS) as catalysts for synthesis of
cyclic carbonates under solvent-free conditions”, foi submetido em revista

internacional especializada na area.
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Abstract. Carbon dioxide (CO:) conversion is an efficient option to mitigate
environmental impacts caused by CO: high concentration in the atmosphere. In this
work are described catalytic activities of surface active ionic liquids (SAILs) composed
of well-known cations 1-butyl-3-methylimidazolium ([bmim™]) and tetra-n-
butylammonium ([TBA™]) and long alkyl chain anions: lauryl sulfate ([C12S047]), lauryl
ether sulfate ([C12ESQOy]), lauryl benzene sulfonate ([C12BSO:7]) and lauroyl sarcosinate
([C12SAR’]) for cyclic carbonate synthesis. Results evidenced that [TBA™] is more
active as catalyst due to its higher molecular volume resulting in a more nucleophilic
anion. The [TBA][C12BSOs] SAIL presented better catalytic activity for styrene
carbonate (SC) synthesis, reaching 81.4% of conversion and 87.0% of selectivity,
besides the high recycle capacity and possible application as catalyst for the syntheses
of different cyclic carbonates: glycidyl isopropyl ether carbonate (GC) and
epichlorohydrin carbonate (EC).

Keywords: carbon dioxide; catalysis; cycloaddition; ionic liquid; cyclic carbonate.

1. Introduction

Greenhouse gas (GHG) concentration in the atmosphere is increasing due to

anthropogenic sources emissions. CO; is a greenhouse gas with important

1
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environmental impact [1]. Approximately 116 million tons of CO> are used annually for
value-added products production, 94% of which are used only for urea production [2].
However, this CO; use is still insignificant (~0.1%) [3]. In this way, research
development involving CO> conversion is a current issue and of paramount importance
for climate change mitigation [4,5].

Cyclic carbonates are used in numerous industrial sectors such as aprotic polar
solvents, monomers for polycarbonate synthesis and electrolytes for batteries [6,7,8].
COs reaction with epoxide forming cyclic carbonates has been extensively studied using
different catalysts [9,10,11,12,13,14].

Surface active ionic liquids (SAILs) contain significantly long hydrophobic chains in
the cation (Cs to Cis), in the anion (up to Cao) or both [15,16]. The most reported cations
to form SAILs are imidazolium, pyridinium and quaternary ammonium. Anions are
usually derived from anionic surfactants and SAILs performance depends both on the
cation and the anion [17,18,19]. Although several studies have been performed with
SAILs in several scientific segments (micelle formation, facilitating microemulsions
and liquid crystals preparation) [20,21,22], these are poorly investigated in catalysis
context [23,24].

In a previous work, we described SAILs use for cycloaddition of COs in propylene
epoxide (PC) [24]. Literature describes the use of solvent in SC synthesis [25]. Unlike,
additional solvent in SC synthesis is not required when SAILs are used as catalysts. In
addition, SAILs are derived from surfactants, low cost and abundant materials. SAILs
utilization as catalysts is still little explored. For this reason, a more detailed study of
cycloaddition is proposed.

In this work we describe the use of imidazolium ([bmim]) and tetrabutylammonium
([TBA']) cations based SAILs combined with different anions derived from the
surfactants: sodium lauryl sulfate ([C12S047]), sodium lauryl ether sulfate ([C12ESO47]),
sodium lauryl benzene sulfonate ([C12BSO;3;7]) and sodium lauroyl sarcosinate
([C12SAR’]) as catalysts for CO; cycloaddition to styrene oxide (SO) in order to produce
styrene carbonate (SC). We also tested recycle capacity and the possibility of using
these SAILs in other cyclic carbonates production: glycidyl isopropyl ether carbonate

(GC) and epichlorohydrin carbonate (EC).

2. Methodology
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Synthesis of 1-butyl-3-methylimidazolium lauryl sulfate ([bmim][C12S04]; yield =
47%), l-butyl-3-methylimidazolium lauryl ether sulfate ([bmim][C:ESO4], vield =
76%), 1-butyl-3-methylimidazolium lauryl benzene sulfonate ([bmim][C12BSOs]; vield =
81%), 1-butyl-3-methylimidazolium lauroyl sarcosinate ([bmim][C12SARY]; yield = 63%),
tetra-n-butylammonium lauryl sulfate ([TBA][C12SO4];, vield = 87%), tetra-n-
butylammonium lauryl ether sulfate ([TBA][C12ESO4]; vield = 90%), tetra-n-
butylammonium lauryl benzene sulfonate ([TBA][C12BSOs]; vield = 92%) and tetra-n-
butylammonium lauroyl sarcosinate ([TBA][C12SAR]; yield = 79%) was performed with
an equimolar mixture of [bmim][Cl] or [TBA][Br] and the sodium salt of anion of
interesting was dissolved in sufficient water and kept at 333.15 K for 18 h. Water was
removed from the reaction mixture after completion of reaction in vacuum in the same
temperature. The product was dissolved with dichloromethane and was washed with
water several times. The dichloromethane was removed with vacuum at room
temperature and the remaining product is the pure ionic liquid which is stored under
inert atmosphere.

Characterization of synthesized SAILs are presented in supplementary material.

2.1. Cycloaddition reaction

Styrene carbonate (SC) syntheses from CO; and styrene oxide (SO) were carried
out in presence of surface active ionic liquids (SAILs) used as catalyst. These
compounds were tested in presence of metallic halide (ZnBr2) as a cocatalyst. All
cycloaddition reactions were performed in a stainless steel autoclave of 120 cm?
equipped with magnetic stirring. For a typical reaction, 50 mmol of styrene oxide, 0.5
mmol of SAIL and 0.125 mmol of cocatalyst (ZnBrz2) were used. All reactions were
performed using catalyst content of 1 mol% relative to epoxide.

Syntheses were performed without any additional solvent. Autoclave was
pressurized with CO2 and heated to the desired working temperature. After the reaction
completion, the reactor was cooled to room temperature and slowly depressurized.

Catalyst separation from SC was performed by a simple distillation under inert
atmosphere (N2). To determine the conversion and selectivity of CO» cycloaddition
reaction, the resulting liquid mixtures were analyzed using a gas chromatograph
Shimadzu CG-2014 equipped with a flame ionization detector (FID) and a 100%
dimethyl polysiloxane column (30 m x 0.53 mm ID) using acetophenone as internal

standard and diethyl ether as solvent.
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The [TBA][C12S04] was chosen for reaction parameters (temperature, time and
pressure) determination because it showed better catalytic results in the propylene
carbonate (PC) synthesis as previously reported [24].

The best catalyst was reused for 5 times without any catalyst or cocatalyst addition.
The procedure used to separate the catalytic system [SAIL + ZnBr2] from SC was the
same used in all syntheses, a simple distillation in inert atmosphere.

For the other cycloaddition reactions (GC and EC), the assays were performed in the
same way, also using the [TBA][C12SO4] to determine the optimum reaction

parameters.

2.2. Determination of nucleophilicities

The geometries of ions were optimized using the steepest descent algorithm with
an energy threshold of 10™ Hartree. The hybrid density functional Becke-3-Lee-Yang-
Parr (B3LYP) was employed [26,27]. The wave functions of the simulated ions were
constructed from the atom-centered split-valence triple-zeta polarized basis set 6-
311+G*. Diffuse functions were deliberately supplemented to allow for high-quality
reproduction of the electron density on organic anions. All electrons of the simulated
ions were treated explicitly. The wave function convergence criterion was set to 107
Hartree. Hirshfeld charges localized on the oxygen atoms of the head groups were used
as a measure of respective nucleophilicities [28]. The reported quantum mechanical
calculations were conducted in US GAMESS 2014 [29].

3. Results and Discussion

3.1. Influence of reaction parameters

We first performed reaction parameters (temperature, pressure and time)
optimization for SC formation reaction from styrene oxide and CO; (Figure 1). The
detailing of these reactions (entries 1-10) are presented in Table 1.

Temperature optimization (Fig. 1b) was performed varying temperature from 333
to 373 K (4.0 MPa of CO; and 4 h). Progressive reaction temperature increase slightly
increased styrene oxide conversion with selectivity loss in SC at 373 K. The best results
(entry 2: 74.5% of conversion and 87.8% of selectivity) were obtained at 353 K of
temperature and are in agreement with literature [30]. It was evidenced that the ideal

temperature for the styrene oxide cycloaddition is 353 K using [TBA][C2S04] as

4
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catalysts [31,32,33]. The selectivity decrease with increasing temperature is related to

products formation derived from styrene carbonate hydrolysis, like diols [34,35].
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Figure 1. The reaction scheme (a), the effect of temperature (b), pressure (c) and time

(d) on the SC synthesis using [TBA][C12SOx] as a catalyst. Reaction conditions: styrene

oxide S0 mmol, catalyst 0.5 mmol, 0.125 mmol of ZnBr.

The CO; pressure (Fig. 1¢) was varied from 2.0 to 5.0 MPa (353 K and 4 h). The

best result (entry 2: 74.5% conversion and 87.8% selectivity) was obtained at 4.0 MPa

of pressure. Result improvement in relation to selectivity is proportional to pressure

increase (2.0 MPa <3.0 MPa <4.0 MPa <5.0 MPa). In relation to conversion, there is an

ideal pressure around 4.0 MPa. This tendency was already described in SC synthesis

and attributed to epoxide dissolution by CO; excess [32].

Table 1. Effect of reaction parameters using [TBA][C12S04] as catalyst for the

cycloaddition of CO3 to form SC*.

Entry Time Temperature Pressure Conversion Selectivity

(h) (K) (MPa) (%) (%)
1 4 333 40 70.6 81.6
2 4 353 4.0 74.5 87.8
3 4 373 4.0 76.7 80.1
1 4 353 2.0 68.7 65.4
5 4 353 3.0 70.4 78.1
6 4 353 50 7373 88.1
7 1 353 4.0 394 63.2
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8 2 353 4.0 64.2 71.7
9 3 353 4.0 69.8 73.1
10 5 353 4.0 715 86.9

* Reaction conditions: styrene oxide 50 mmol, catalyst 0.5 mmol and 0.125 mmol of

ZnBr.

Finally, time (Fig. 1d) was varied from 1 to 5 hours (4.0 MPa of CO2 and 353 K).
Increasing the time from 1 to 4 hours significantly increases conversion and selectivity.
Previous studies demonstrate that styrene oxide conversion increased up to 4 h of
reaction [32]. In agreement with literature when the time was increased to 5 hours a
decrease in conversion and a slight decrease in selectivity were noticed. Results

evidenced that under these conditions 4 hours is the ideal reaction time.

3.2, Nucleophilicities of the anions

Organic anions constituting SAILs get attached to the reactant to saturate one of the
dangling bonds of epoxide's carbon and get liberated from the product to give rise to the
cyclic carbonate moiety (Figure 2). Therefore, nucleophilicity of the anion is its most
important descriptor that determines catalytic activity of the SAIL. In terms of
electronic density, nucleophilicity is numerically equal to electronic charge on the atom
participating in the reaction. More positive charge (electron-poor site) indicates smaller
nucleophilicity, whilst more negative charge (electron-rich site) indicates larger
nucleophilicity. In principle, nucleophilicity depends both on electronic structure of an
ion and on its chemical environment. In the herein reported simulations, we neglected
an effect of the cation, since them act separately. Indeed, the headgroup of the anion is
covalently bound to an emerging carbonate moiety, whereas the cation does not directly
participate at this stage. The obtained nucleophilicities of the anions are quite similar,
nonetheless, modest differences can be observed: [C12SAR"] (-0.45) > [C12BSO57] (-
0.43) > [C12S047] (-0.41) = [C12ESO47] (-0.41). In the sulfur containing anions, an effect
of the groups (hydrocarbon, methoxy, benzyl) in the attached chain is insignificant and
nucleophilicity is primarily determined by the structure of the head group. A somewhat
larger nucleophilicity of the head group of [C12SAR’] is in line with chemical
expectations consideration its structure. Although [C12SAR"] is the strongest
nucleophile among the probed anions, it is also an attractive target for polar molecules,

such as those of water vapor.
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3.3. The SAIL effect

Table 2 presents the results of SAILs catalytic performances for cycloaddition of
CO» to styrene oxide. In the beginning of the study catalytic performances of two
cations were compared [bmim™] (entries 11-14) and [TBA™] (entries 4, 15-24). As we
can see the [TBA™], for all anions, presented better catalytic activity. The higher
molecular volume of [TBAT] increases the cation-anion distance making the
electrostatic interaction weaker, promoting in a more nucleophilic anion [36]. There is
evidence that higher temperatures generate a degradation product of the [TBA™], called
trialkylammonium [37], providing basic sites resulting in a more effective catalyst.

Analyzing [C12SO47] anion one observes that [bmim][C12S04] (entry 11) presents
the lower catalytic activity. This result is possibly related to the high amount of water
(1.43%) imprisoned in SAIL structure, comparing to other SAILs which present
significantly lower moisture content [24]. Water can deactivate the catalyst decreasing
conversion [35]. Yet, water can compete with CO, in SO interaction or even
hydrolyzing the SC forming undesirable by-products, usually diols [34]. This water
interference is no longer perceived in the single hydrophobic SAIL [18,24]
([TBA][C12S04], entry 2) presenting 74.5% of conversion and 87.8% of selectivity,
quite satisfactory results.

In a previous study [TBA][C12804] was described as the best catalytic system for
propylene carbonate (PC) synthesis compared to other SAILs [24]. Even if the reaction
mechanism for PC synthesis is close to that of SC synthesis, a different behavior was
observed concerning the catalyst activity. Styrene oxide is a far bulkier molecule than
propylene oxide, so a stereo impediment was already expected. Despite the similar

mechanism, a catalyst to promote the geometric fit is needed.

Table 2. Catalytic performances of SAILs for the cycloaddition of CO; to form SC *.

Entry SAIL Structure Conversion  Selectivity
SAIL (%) (Vo)
e
vv“x’/”_ 0
11 [bmim][C1,S04] oS 254 774
D :
12 [bmim][C12ESO4] ’“’“"\’\"’[0"‘}“"‘?;“0' 73.6 80.5
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13 bmim|[C1.BSO TR o 792 813
[bmim][C 12 3] “\’\@—i o
x/‘x_fhﬂi:N'_
14 [bmim]|CizSAR] e F,!‘\_Ei_o_ 834 469
2 [TBA]|C12S04] e ad 74 5 873
-_-"h’_\'xp ?1 i
15 [TBA][C12SO4]** S Trace -
16 k% _ i )
N~
S i 0
|7 [TBA][C1:ESO:] w’“ﬂv‘fof\]ﬁ—@"o’ 76.3 856
18 [TBA][C12BSOs) 81.4 87.0
19 [TBAJ|Ci2BSOs]1x 85.3 87.9
20 [TBA]|C12BSOs)2x e tadl 82.1 83.5
CLBSO:]3 N 8 8
21 [TBA][C;:BSO;]3x ’Wﬂ@:s}—o‘ 1.4 1.1
22 [TBA]|C1z2BSOs]4x o 78.3 80.9
23 [TBA][C12BSOs)5x 74.1 80.1
N~
W
24 |[TBA]|C1,SAR] ‘“’“"‘Mﬂg'!'“v?ko‘ 879 441

* Reaction conditions: SO 50 mmoeol, catalyst 0.5 mmol, 0.125 mmol of ZnBrz, T = 353
K, initial CO; pressure 4.0 MPaandt=4 h,
** Reaction without cocatalyst ZnBr>.

*¥% Reaction only ZnBr,.

Addition of an ether functional group to the anion, [bmim][C12ESO4] (entry 12)
and [TBA][C2ESO4] (entry 17), in both cations improved the conversion when
compared to the anion without this group ([C12SO47]). This result is very pronounced in
the cation [bmim™]. The organic functional group "ether" is a group with polar atfinities;
it may be that any moisture contained in the medium is interacting with this group,
avoiding the interaction with catalyst active sites. The [TBA][C12S04] (entry 2) and
[TBA][C12ESO4] (entry 17) evidenced the similar catalytic activity. We see that, from
the theoretical computational study, taking into account only the anion, the
nucleophilicities values of the [C12S047 and [C12ESQy7] are practically the same (-0.41),

corroborating with the activity presented in the catalytic tests.
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The anion [C12BSOj57] presented the best results when combined with both
cations [bmim™] and [TBA™]. SAIL [TBA][C12BSOs] (entries 18-23) was the one with
the best catalytic activity. This behavior is related to the anion containing an aromatic
ring. The substrate being a styrene oxide, producing styrene carbonate (both containing
aromatic ring in the structure), and the anion of the catalyst in question being aromatic
([C12BSO57]) an interaction between these aromatic rings may be occurring during the
catalytic cycle. Aromatic rings m-n stacking increase the formed oxyanion stabilization
(see Fig. 2) not displacing electronic charge contained in the structure, facilitating
interaction with COz. This anion has higher nucleophilicity (-0.43) as compared to
[C12S047] and [C12ESOy7), also justifying better catalytic activity.

The anion [C12SAR’] presents some peculiarities justifying its behavior of high
conversion and low selectivity (entries 14 and 24). Among all tested SAILs containing
[bmim™] as cation, the [bmim][Ci12SAR] was the catalyst that presented the highest
conversion (83.4%) and lower selectivity (46.9%), the same was observed with [TBA]
cation, where [TBA][C12SAR] presented the highest conversion result (87.9%) and
lower selectivity (44.1%). The higher conversion results when compared to others tested
anions are justified by the higher nucleophilicity of this anion (-0.45). Another fact that
deserves attention, justifying the low selectivity, is the presence of resonance in the
anion amide group. This displacement of electrons between oxygen and nitrogen (amide
group) can cause an early anion release in the anionic alkylcarbonate step (see Fig. 2).
Yet, a bonding of this anion in the epoxide to a place other than the carboxylate can
occur favoring other species formation in addition to styrene carbonate.

That reaction (CO:z cycloaddition to SO to produce SC) is not spontaneous,
therefore no product was detected when the reaction was performed without a catalytic
system (catalyst/cocatalyst). When only the SAIL was used (entry 15) or only the
cocatalyst was used (entry 16), there is no significant conversion to SC [9,24].

The presence of a Lewis acid as a cocatalyst (ZnBr2) is essential for SAILs
activity [38,39]. The ZnBr; interact with the oxygen atom of the epoxide, so that the
basic anion of SAIL carries out the attack on the least impeded carbon atom of the
epoxy ring. Figure 2 presents a possible mechanism for the cyclic carbonate synthesis.
The CO; carbon atom interacts with the anionic species producing an anionic
alkylcarbonate. The latter is converted into the cyclic carbonate by intermolecular cyclic

elimination and finally the SAIL is regenerated.
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Figure 2. Proposed mechanism for the synthesis of styrene carbonate from styrene
oxide and COa.

For industrial application, it is desired that catalyst stay active for several cycles
of use. To evaluate the SAILs stability we performed several catalytic cycles using the
system with highest catalytic activity ([TBA][C12BSO3]) (Table 2, entries 19-23).
Figure 3 presents the behavior of SAIL during recycle tests. In the first recycle (entry
19) one observed an increase in conversion (from 81.4% to 85.3%) and selectivity (from
87.0% to 87.9%). This catalytic activity increase in the first recycle is not rare, since
after the first reaction any possible impurity have been washed away from the catalytic
system [12,33]. Residual moisture removal of the catalyst is also possible. Therefore,
the [TBA][Ci12BSOs;] maintains significant activity after 3 replicates with good
reproducibility. From recycle 4, there is little gradual activity loss.

100
= Conversion [1Selectivity

80 =
60
40

20 Bl

Initial 1x 2x 3x 4x &x

Figure 3. SC recycling experiments of [TBA][C12BSOs].

3.4. Application to other cyclic carbonates

10
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It is very usual in most current publications, the use of the best catalytic system for
propylene oxide and styrene oxide cycloaddition to obtain other cyclic carbonates
[40,41,42,43,44]. A few works further study the formation reaction of glycidyl
isopropyl ether carbonate (GC) and epichlorohydrin carbonate (EC) [45,46], being,
often, optimization study of reactional parameters not described. Here we performed the
study of the better reaction conditions for glycidyl isopropyl ether carbonate (GC)
(Table 3, entries 25-32) and epichlorohydrin carbonate (EC) (Table 4, entries 34-41).
The [TBA][C12S04] was elected as catalyst. Figure 4 shows the results of Table 3 and 4.

Table 3. Effect of the reaction parameters using [TBA][C2SO4] as catalyst and
performances of the best SAILs ([TBA][C1:BSOs]) for the cycloaddition of CO: to
form GC*.
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Entry SAIL Time  Temperature Pressure Conversion  Sclectivity

(h) (K) (MPa) (7o) (70)
25 [TBA][C12S04] 3 383 3.0 80.1 929
26 [TBA|[C12S04] 3 393 3.0 86.5 92.6
27 [TBA][C12804] 3 403 3.0 87.7 90.4
28 [TBA][C12504] 3 393 2.0 81.2 88.6
29 [TBA][C1280s] 3 393 4.0 84.0 81.5
30 [TBA][C12804] 1 393 3.0 64.2 71.0
31 [TBA|[C12504] 2 303 3.0 773 894
32 [TBA][C12504] 4 393 30 87.1 924
33 [TBA|[C12BSOs]| 3 393 3.0 87.2 84.6

* Reaction conditions: glycidyl isopropyl ether 50 mmol, catalyst 0.5 mmol and 0.125

mmol of ZnBr;.

It is important to mention that without ZnBr> as cocatalyst there is no significant
conversion of GC and EC. Temperature optimization (entries 25-27 for GC — Fig. 4b)
(entries 24-36 for EC — Fig. 4f) was performed varying temperature from 383 K to 403
K. The progressive increase of the reaction temperature significantly increased the
conversion of GC and EC. In addition, a loss of selectivity at 403 K for GC and a
marked loss of selectivity for the EC were observed. Selectivity loss for EC with
increasing temperature is probably due to decomposition of the product into 1-

chloroethane-1,2-diol [35.47].

11
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Figure 4. The reaction scheme on the GC synthesis (a): the effect of temperature (b),
pressure (c) time (d); and the reaction scheme on the EC synthesis (e): the effect of
temperature (f), pressure (g), time (h) both using [TBA][C12S04] as catalyst and ZnBr»

as cocatalyst.

The influence of pressure in selectivity and conversion (entries 26, 28-29 for GC
— Fig. 4¢) (entries 35, 37-38 for EC — Fig. 4g) was evaluated from 2.0 MPa to 4.0 MPa.
An increase in conversion and selectivity up to 3.0 MPa was observed for both
carbonates. For pressure values superior to 3.0 MPa a decrease in both conversion and
selectivity was observed, being more pronounced in GC. This behavior is due to an
ideal stoichiometric rate of epoxide/COaz, so that one does not inhibit the role of the

other and/or the CO» acts as epoxide diluent [47].
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Finally, time influence in selectivity and conversion (entries 35, 39-41 for GC —
Fig. 4d) (entries 35, 39-41 for EC — Fig. 4h) was performed varying from 1 to 4 hours of
reaction time. Increasing the time up to 3 hours significantly increases the conversion
and selectivity to GC. For EC the increases in conversion and selectivity was observed
up to 2 hours. Increasing reaction time do not improve selectivity and conversion since
the reaction was already at equilibrium and product decomposition could occur in

longer times (entry 41) [36,46,47].

Table 4. Effect of the reaction parameters using [TBA][C12SO4] as catalyst and
performances of the best SAILs ([TBA][C12BSOs]) for the cycloaddition of CO: to
form EC*.
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Entry SAIL Time  Temperature Pressure ~ Conversion Selectivity

(h) (K) (MPa) (%0) (%)
34 [TBA]|C2S04] 2 383 3.0 86.3 934
33 [TBA][C12S04] 2 393 3.0 92.1 947
36 [TBA][C2504] 2 403 3.0 96.8 84.3
37 [TBA|[C12804] 2 393 2.0 84.6 89.8
38 [TBA][C12804] 2 393 4.0 92.0 917
39 [TBA][C12S04] 1 393 3.0 533 74.2
40 [TBA][Ci2804] 3 393 3.0 924 939
41 [TBA][C2804] 4 393 3.0 90.7 91.1
42 [TBA][C1:BSO;| 2 393 3.0 81.5 935

* Reaction conditions: epichlorohydrin 50 mmol, catalyst 0.5 mmol and 0.125 mmol of
ZnBr.

The presence of functional groups in the starting epoxide, such as ether in
glycidyl isopropyl ether (entries 26 and 33) and chlorine in epichlorohydrin (entries 35
and 42) resulted in higher conversions and selectivities when compared to SC, both for
[TBA][C12S04] (entry 2) and [TBA][C12BSOs] (entry 18) because of the less significant
steric hindrance.

After these studies, an ideal condition was determined for glycidyl isopropyl
ether carbonate (GC) synthesis, being: 393 K of temperature, 3 hours and 3.0 MPa of
initial pressure of CO:. For the epichlorohydrin carbonate (EC) it was: 393 K of

temperature, 2 hours and 3.0 MPa of initial pressure of CO:. The use of the best

13
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catalytic system elected previously, [TBA][Ci12BSO;] was evaluated obtaining
interesting results for GC (Table 3, entry 33; selectivity 84.6% and conversion 87.2%)
and EC (Table 4, entry 42, selectivity 93.5% and conversion 81.5%) syntheses.

4. Conclusion

Several SAILs were used as catalysts in the CO2 cycloaddition to styrene oxide
and showed catalytic efficiency. The best reaction condition for the synthesis of styrene
carbonate (SC) was 353 K of temperature, 4 h of time at 4.0 MPa of pressure. The
[TBA][C12BSO;] was the SAIL that presented better catalytic activity, reaching 81.4%
of conversion and 87.0% of selectivity and these results increasing after the first
recycle. The best reaction condition for glycidyl isopropyl ether carbonate (GC)
synthesis was 393 K of temperature, 3 h of time at 3.0 MPa of pressure and finally, the
best reaction condition for the synthesis of epichlorohydrin carbonate (EC) was 393 K

of temperature, 2 h of time at 3.0 MPa of pressure.
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Fig. S1. Cations and anions of the synthesized SAILs.
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Fig. S4. Characterization of [omim][C1.BSO3].

Fig. S5. Characterization of [bmim][C1.SAR].

Fig. S6. Characterization of [TBA][C12SO4].

Fig. S7. Characterization of [TBA][C12ESOy4].

Fig. S8. Characterization of [TBA][C12BSOs].

Fig. S9. Characterization of [TBA][C12SAR].


mailto:einloft@pucrs.br

Surface Active lonic Liquid
o N.z
O] 1-butyl-3-methylimidazolium  tetra-n-buthylammonium
© [bmim*] [TBA']

Anion

lauryl sulfate

[C12801]

lauryl benzene sulfonate O

[C12BSO5]

O

0

N\/\/\Nfg/\]fnﬂ—ﬁ—o'

lauryl ether sulfate

[C12ESO4]

| o
\/\/\/\_/\/\rrN\_,J-kD-
lauroyl sarcosinate O
[C12SAR]

Fig. S1. Cations and anions of the synthesized SAILs.

93



(a)

T

4000 3500 3000 2500 2000 1500 1000 500
cm-1

weight (%)

0 200 400 600 800 1000

temperature (°C)

(b)

3 (ppm)

(d)
— 2
=
=1 A
o |
= L
g v
K=

-2

100 -50 0 a0 100 150 200

ENOD Up

temperature (°C)

94

Fig. S2. Characterization of [bmim][C1.SO4]: (a) FTIR, (b) *H-NMR; (c) TGA and (d) DSC.

[bmim][C1,S04] - FTIR v (cm™): 3178-3126 (C-H aromatic), 2970 (C-H of CH,), 2897 (C-H
of CHs), 1628 (C=N aromatic), 1579-1471 (C=C aromatic), 1286 (C-N aromatic), 1172 (C-N
alifatic), 1042 (S=0). *H-NMR (600 MHz, DMSO-d¢) & (ppm): 9.10 [s, 1H]; 7.75 [d, 1H]; 7.69-
7.67 [d, 1H]; 4.16 [t, 2H, J=6.9 Hz]; 3.85 [s, 3H]; 3.86 [t, 2H, J=6.3 Hz]; 1.82-1.68 [m, 2H,
J=14.9; 7.5 Hz]; 1.48 [dt, 2H, J=14.7; 7.3 Hz]; 1.24 [s, 20H]; 0.95-0.81 [m, 6H]. Water
miscible, 1.43% moisture content. DSC: 1.8 °C (melting point), -1.7 °C (crystallization), not
detected (glass transition). TGA: 101-146 °C (weight loss 10.2%, Tmax= 120 °C), 182-297 °C
(weight loss 17.3%, Tmax= 273 °C) and 302-435 °C (weight loss 67.8%, Tmax= 366 °C). Yield

=47%.
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Fig. S3. Characterization of [bmim][C12ESQ4]: (a) FTIR, (b) *H-NMR; (c) TGA and (d) DSC.

[bmim][C12ESO4] - FTIR v (cm™): 3158-3120 (C-H aromatic), 2966 (C-H of CH,), 2882 (C-H
of CH3), 1628 (C=N aromatic), 1568-1459 (C=C aromatic), 1282 (C-N aromatic), 1215 (C-0),
1170 (C-N alifatic), 1019 (S=0). *H-NMR (600 MHz, DMSO-de) & (ppm): 9.11 [s, 1H]; 7.77
[d, 1H]; 7.70 [d, 1H]; 4.17 [t, 2H, J=6.8 Hz]; 3.78 [s, 3H]; 3.86 [t, 2H, J=15.7 Hz]; 3.54-3.41
[dt, 4H]; 1.82-1.70 [m, 2H, J=13.4; 7.5 Hz]; 1.47 [dt, 2H, J=12.8; 6.8 Hz]; 1.24 [s, 24H]; 0.93-
0.79 [m, 6H]. Water miscible, 0.42% moisture content. DSC: 4.1 °C (melting point), 1.2 °C
(crystallization), -70,0 °C (glass transition). TGA: 188-287 °C (weight loss 8.6%, Tmax = 267
°C) and 293-435 °C (weight loss 85.3%, Tmax= 376 °C). Yield = 76%.
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Fig. S4. Characterization of [bmim][C12BSOg]: (a) FTIR, (b) *H-NMR; (c) TGA and (d) DSC.

[bmim][C12BSOg3] - FTIR v (cm™): 3163-3120 (C-H aromatic), 2966 (C-H of CH,), 2872 (C-H
of CHs), 1627 (C=N aromatic), 1602 (C=C aromatic), 1574 (C=C aromatic), 1492 (C=C
aromatic), 1466 (C=C aromatic), 1285 (C-N aromatic), 1169 (C-N alifatic), 1221 (C-O), 1019
(S=0), 830 (aromatic ring). *H-NMR (600 MHz, DMSO-dg) & (ppm): 9.15 [s, 1H]; 7.78 [d, 1H,
J=1.7 Hz]; 7.71 [d, 1H, J=1.7 Hz]; 7.59-7.48 [m, 2H]; 7.48-7.05 [m, 2H]; 4.16 [t, 2H, J=7.2
Hz]; 3.85 [s, 3H]; 3.64 [t, 2H, J=6.0 HZz]; 2.2 [t, 2H]; 1.82-1.71 [m, 2H, J=14.9; 7.6 Hz]; 1.35
[dt, 2H, J=14.8; 7.5 Hz]; 1.32-1.21 [m, 18H]; 0.97 [t, 3H, J=7.6 Hz]; 0.85 [t, 3H]. Water
miscible, 0.81% moisture content. DSC: 51.0 °C (melting point), not detected
(crystallization), -48,1 °C (glass transition). TGA: 385-453 °C (weight loss 63.8%, Tmax= 414
°C) and 458-501 °C (weight loss 25.1%, Tmax= 484 °C). Yield = 81%.
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Fig. S5. Characterization of [omim][C1.SAR]: (a) FTIR, (b) *H-NMR; (c) TGA and (d) DSC.

[bmim][C12SAR] - FTIR v (cm™): 3432 (N-C=0), 3137-3045 (C-H aromatic), 2957 (C-H of
CHy), 2871 (C-H of CHs), 1670 (C=0), 1634 (C=N aromatic), 1567-1463 (C=C aromatic),
1231 (C-N aromatic), 1281-1167 (C-N alifatic). *H-NMR (600 MHz, DMSO-ds) d (ppm): 9.21
[s, 1H]; 7.77 [d , 1H, J=1.6 Hz]; 7.68 [d, 1H, J = 1.7 Hz]; 4.23 [t, 2H, J=7.1 Hz]; 3.84 [s, 3H];
3.48 [s, 2H, J=10.1 Hz]; 2.75 [m, 20H]; 2.51 [s, 3H]; 1.82 — 1.70 [m, 2H, J=14.7; 7.5 Hz];
1.31 [dt, 2H, J=14.6; 7.4 Hz]; 1.23 [t, 3H]; 0.95 [t, 3H, J=7.6 Hz]. Water miscible, 0.24%
moisture content. DSC: -8.2 °C (melting point), -12.1 °C (crystallization), not detected (glass
transition). TGA: 227-328 °C (weight loss 27.0%, Tmax = 266 °C) and 376-50132 °C (weight
loss 58.2%, Tmax= 415 °C). Yield = 63%.
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Fig. S6. Characterization of [TBA][C12SQ4]: (a) FTIR, (b) *H-NMR; (c) TGA and (d) DSC.

[TBA][C12SO4] - FTIR v (cm™): 2962 (C-H of CH,), 2877 (C-H of CHs), 1280 (N-C alifatic),
1216 (C-0), 1023 (S=0). 'H-NMR (600 MHz, DMSO-ds) d (ppm): 3.67 [t, 2H, J=6.1 Hz];
3.23-3.12 [m, 8H]; 1.54 [m, 8H]; 1.44 [m, 8H, J=7.2 Hz]; 1.37-1.21 [m, 20H]; 0.94 [m, 12H];
0.86 [t, 3H]. Water immiscible, 0.19% moisture content. DSC: -22,9°C (melting point), -
35.6°C (crystallization), -55.5°C (glass transition). TGA: 281-321°C (weight loss 97.3%, Tmax

= 306°C). Yield = 87%.
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Fig. S7. Characterization of [TBA][C12ESOQ.]: (a) FTIR, (b) *H-NMR; (¢c) TGA and (d) DSC.

[TBA][C12ESO4]- FTIR v (cm™): 2969 (C-H of CH,), 2872 (C-H of CHs), 1269 (N-C alifatic),
1216 (C-0), 1020 (S=0). H-NMR (600 MHz, DMSO-ds) & (ppm): 3.79 [t, 2H]; 3.67 [t, 2H,
J=6.0 Hz]; 3.49 [t, 2H, J=17.2 Hz]; 3.23-3.11 [m, 8H]; 1.58 [m, 8H]; 1.36-1.19 [m, 8H, J=5.8
Hz]; 0.94 [s, 26H]; 0.85 [t, 12H, J=6.1 Hz]. Water miscible, 0.46% moisture content. DSC.: -

5.0°C (melting point), -12.2°C (crystallization), not detected (glass transition). TGA: 223-
376°C (weight loss 99.4%, Tmax= 318°C). Yield = 90%.
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Fig. S8. Characterization of [TBA][C1.BSOg3]: (a) FTIR, (b) *H-NMR; (c) TGA and (d) DSC.

[TBA][C12BSO3] - FTIR v (cm?): 2960 (C-H of CH), 2878 (C-H of CHs), 1600 (C=C
aromatic), 1570 (C=C aromatic), 1492 (C=C aromatic), 1460 (C=C aromatic), 1280 (N-C
alifatic), 1216 (C-O), 1023 (S=0), 832 (aromatic ring). *H-NMR (600 MHz, DMSO-ds) &
(ppm): 7.62-7.51 [m, 2H]; 7.37-7.01 [m, 2H]; 3.61 [t, 2H, J=5.9Hz]; 3.22-3.08 [m, 8H]; 2.2 [t,
2H]; 1.56 [m, 8H]; 1.46-1.32 [m, 18H]; 1.28 [m, 8H, J=6.4 Hz]; 0.91 [t, 12H, J=7.2 Hz]; 0.88
[t, 3H]. Water miscible, 0.67% moisture content. DSC: 48.8 °C (melting point), not detected

(crystallization), -49.7 °C (glass transition). TGA: 242-395 °C (weight loss 94.2%, Tmax= 339
°C). Yield = 92%.
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Fig. S9. Characterization of [TBA][C12SAR]: (a) FTIR, (b) *H-NMR; (c) TGA and (d) DSC.

[TBA][C12SAR] - FTIR v (cm™): 3428 (N-C=0), 2960 (C-H of CH), 2875 (C-H of CHz), 1681
(C=0), 1280-1186 (N-C alifatic). *H-NMR (600 MHz, DMSO-d6) & (ppm): 3.50 [s, 2H, J=10.1
Hz]; 3.20 — 3.08 [m, 8H]; 2.70 [m, 20H]; 2.48 [s, 3H]; 1.62 [m, 8H]; 1.36 [m, 8H, J=6.5 HZz];
1.20 [t, 3H]; 0.94 [t, 12H, J=7.1 Hz]. Water miscible, 0.30% moisture content. DSC: -17.1 °C
(melting point), -32.0 °C (crystallization), not detected (glass transition). TGA: 181-310 °C
(weight loss 96.3%, Tmax= 224 °C). Yield = 79%.
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5. CONCLUSOES

Neste item estdo descritas as principais conclusdes obtidas a partir dos
resultados apresentados nesta tese. A primeira parte refere-se ao estudo de
interacdo dos liquidos ibnicos com agua e estes resultados foram publicados no
Journal of Molecular Liquids. A segunda parte estd relacionada ao estudo dos
liquidos iBnicos como catalisadores na sintese do carbonato de propileno (PC) e
estes resultados foram publicados na Catalysis Letters. Finalmente a terceira parte
se refere ao estudo dos liquidos ibnicos como catalisadores na sintese do carbonato
de estireno (SC), carbonato de glicidil isopropil éter (GC) e o carbonato de
epicloridrina (EC) estes resultados estdo submetidos na revista Reaction Kinetics,

Mechanisms and Catalysis.

- Interacdo LIs com agua — Artigo 1 (Journal of Molecular Liquids).

Ao compararmos os dois cations utilizados neste estudo ([omim*] e [TBA*)])
vimos que o [bmim*] é um determinante na formacdo da estrutura gelatinosa. Os
dois anions ([C12S047] e [C12ESO47) estudados quando ligados ao [bmim*] formaram
géis com propriedades muito interessantes quando diluidos. Essa propriedade nao
foi percebida quando estes mesmos anions foram ligados ao [TBA*]. Isso
possivelmente € devido ao anel aromatico nitrogenado do imidazol. Pelo fato de o
nitrogénio ser um elemento eletronegativo, capaz de formar pontes de hidrogénio, é
possivel que sejam nestes nitrogénios algumas das pontes capazes de estruturar o

material em forma gelatinosa formando cristais liquidos altamente organizados.

Quando comparamos os dois anions ([C12S047] e [C12ESO47]), onde a Unica

diferenca entre eles é a ligacédo éter no meio da cadeia, percebemos uma diferenca
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muito significativa com a interagdo com a agua. Enquanto que no cation [bmim*]
essa ligacdo (-O-) faz com que os valores de viscosidade aumentem em até 5000x
na diluicdo de 80% quando comparado ao LI puro, devido as interacbes mais fortes
com a agua, no cation [TBA*] este éter faz com que o [TBA][C12ESO4] se torne

miscivel, visto que o [TBA][C12S04] € imiscivel em agua.

- LIs como catalisadores para PC — Artigo 2 (Catalysis Letters).

Vérios liquidos ibnicos foram sintetizados (bmim][C12S04], [bmim][C12ESO4],
([bmim][C12BSO3], [bmim][C12SAR], [TBA][C12S04], [TBA][C12ESO4],
([TBA][C12BSOs3] e [TBA][C12SAR]) e caracterizados para serem empregados como
catalisadores de cicloadicdo de CO2 em 6xido de propileno e mostraram eficiéncia
catalitica. A melhor condic&o reacional para a sintese do carbonato de propileno foi
de 110 °C, 6 h em 40 bar de pressao inicial. O [TBA][C12SO4] foi o LI que
apresentou melhores atividades cataliticas, atingindo 79,2% de conversao e 87,7%

de seletividade, além da alta capacidade de reciclos.

- LIs como catalisadores para SC, GC e EC - Artigo 3 (Reaction Kinetics,

Mechanisms and Catalysis).

Em relacdo ao carbonato de estireno (SC), determinou-se uma condicéo ideal
para a sintese, sendo ela: 80 °C de temperatura, 4 horas e 40 bar de presséo

inicial.

O [TBA][C12BSOg] foi o liquido ibnico que apresentou melhores resultados de
TON e TOF. Com ele, a conversdo chegou a 81,4% e 87,0% de seletividade
Seguido dele, estédo [TBA][C12S04] e o [TBA][C12ESO4] que apresentam a mesma
atividade catalitica e como destaque também o [bmim][C12BSO3].

Para a sintese do carbonato de glicidil isopropil éter (GC), foi determinado
uma condicao ideal, sendo ela: 120 °C de temperatura, 3 horas e 30 bar de pressao

inicial.
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Finalmente para a sintese do carbonato de epicloridrina (EC), determinou-se
uma condicao ideal, sendo ela: 120 °C de temperatura, 2 horas e 30 bar de presséo

inicial.
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6. PROPOSTA PARA TRABALHOS FUTUROS

e Testar os liquidos ibnicos deste trabalho na sorcédo de CO:2 para aplicacdo na

captura de CO2 em gases de exaustao;

e Modificar o cation dos liquidos iénicos partindo de surfactantes catidnicos

comerciais.
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