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RESUMO

Os crescentes niveis globais dos gases do efeito estufa, especialmente as emissdes
de didéxido de carbono (CO2), causam danos ambientais e problemas que afetam a
humanidade e o ecossistema. O CO:2 é o gas do efeito estufa que mais contribui para
esses problemas devido a combustédo de carvao, petréleo e gas natural, transporte, e
outros processos industriais. A captura e armazenamento de carbono (CCS) tem se
mostrado um método eficaz para reduzir a emissao de CO2. A absorgao, por sua vez,
€ a tecnologia mais utilizada para capturar o COz2 pré e pds-combustdo. A
monoetanolamina (MEA) tem provado ser o solvente quimico mais eficiente. No
entanto, a MEA é ambientalmente nociva. O processo comercial Selexol, que usa o
éter dimetilico de polietilenoglicol como solvente fisico também é amplamente usado
na captura do COgz, porém sua alta viscosidade aumenta os custos operacionais.
Dessa maneira, ha a necessidade de desenvolver solventes mais ecologicamente
corretos para a captura de COz, tais como os solventes eutéticos profundos (DESs) e
o0s solventes eutéticos (ESs). Os DESs ou ESs sao formados por meio da mistura de
até trés componentes de alta pureza e baixo custo, que, devido as forgas atrativas,
formam uma mistura eutética. Eles podem ser produzidos em larga escala e além
disso, sdo biodegradaveis e vém sendo apontados, em diversos estudos, como
substitutos dos solventes organicos na absorcado de gases, como o COz, entretanto
apenas a pressao atmosférica. Assim, este projeto de doutorado teve como principais
objetivos: (l) determinar dados de equilibrio de fases de seis tipos de ESs puros a
altas pressoes, até 250 bar; (ll) obter dados de solubilidade de CO2 em seis ESs a
altas pressodes, a fim de verificar qual ES é o melhor absorvente dos gases; (lll)
estudar a influéncia da temperatura e pressao no processo de absorcao; (1V) fazer a
modelagem termodinamica utilizando equacbées de estado e o COSMO-RS na
solubilidade de gases leves em ESs encontrados na literatura. Os dados foram
modelados usando as Equacgdes de Estado (EoS) de Peng-Robinson e Cubic Plus
Association (CPA) para predizer o comportamento das fases e suas propriedades em

fungéo da presséao e temperatura.



ABSTRACT

Increasing global levels of greenhouse gases (GHGs), especially CO2 emissions,
cause environmental damage and problems that affect humanity and the ecosystem.
Carbon dioxide (COz2) is the GHG that most contributes to these problems due to the
combustion of coal, oil and natural gas, transportation, and other industrial processes.
Carbon capture and storage (CCS) is an effective method for reducing CO2 emissions.
Absorption is the most used technology to capture pre- and post-combustion COo.
Monoethanolamine (MEA) has proven to be the most efficient chemical solvent.
However, MEA is environmentally harmful. The commercial Selexol process, which
uses polyethylene glycol dimethyl ether as the physical solvent, is also widely used for
COz2 capture, but its high viscosity increases operating costs. Thus, it is necessary to
develop more environmentally friendly solvents for CO2 captures, such as Deep
Eutectic Solvents (DESs) and eutectic solvents (ESs). DESs or ESs are formed by
mixing up to three components of high purity and usually low cost, which, due to
attractive forces, form a eutectic mixture. They can be produced on large scale, are
biodegradable, and have been suggested in several studies as substitutes for organic
solvents in the absorption of gases such as COg, but only at atmospheric pressure.
Thus, this Ph.D. project had as main objectives: (l) to determine the phase equilibrium
diagram of six types of pure ESs at high pressures, up to 250 bar; (Il) to obtain the CO2
solubility data in six ESs at high pressures, to verify which ES is the best gas absorber;
(1) to study the influence of temperature and pressure on the absorption process; (1V)
to perform thermodynamic modeling using equations of state and COSMO-RS for the
solubility of light gases in ESs found in the literature. The data were modeled using
Peng- Robinson and Cubic Plus Association (CPA) Equations of State (EoS) to predict
the behavior of the phases and their properties as a function of pressure and
temperature.
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1. Introducao

O clima global tem testemunhado mudancas severas na ultima década,
principalmente devido aos gases de efeito estufa liberados pela combustédo de carvao,
petréleo e gas natural (GN) (ALDAWSARI et al., 2020). Dentre eles, 0 COz € o principal
gas de efeito estufa contribuindo significativamente para o aquecimento global e as
alteragdes climaticas (DAVIS; CALDEIRA; MATTHEWS, 2010). Nos ultimos anos, a
concentracdo de CO2 na atmosfera, principalmente a partir da combustao de
combustiveis fOsseis, aumentou drasticamente, sendo 149% superior aos niveis
anteriores a industrializacdo (VALENCIA-MARQUEZ; FLORES-TLACUAHUAC;
VASQUEZ-MEDRANO, 2017). Apesar do declinio em 2020 devido a uma menor
procura de energia durante a pandemia, as emissoes globais de CO2 foram de 31,5
Gt; maior concentragdo anual média na atmosfera, atingindo 4125 ppm
(INTERNATIONAL ENERGY AGENCY, 2022) — cerca de 50% maior que no inicio da
revolugcdo industrial. Por conseguinte, é vital utilizar tecnologias de captura para

reduzir as emissbes de CO2 e minimizar 0 seu impacto nas alteragdes climaticas.

Diferentes abordagens sao consideradas e adotadas por varios paises para
reduzir as suas emissdes de COz2, incluindo: melhorar a eficiéncia energética e
promover a conservagao de energia; aumentar a utilizacao de combustiveis com baixo
teor de carbono, entre eles o gas natural, hidrogénio ou energia nuclear; utilizar
energias renovaveis, tais como solar, edlica, hidroelétrica e bioenergia; aplicar
abordagens de geoengenharia, por exemplo, arborizacao e reflorestamento; e captura

e armazenamento de CO2 (CCS).

A CCS é um dos métodos mais eficazes para evitar a liberacdo de grandes
quantidades de CO2 para a atmosfera. Ela consiste na separagio, transporte e
armazenamento do CO:2 produzido industrialmente num local seguro para ser utilizado
em substancias ou produtos mais valiosos (SCHMELZ; HOCHMAN; MILLER, 2020).
Existem trés sistemas principais de captura de CO2 associados a diferentes processos
de combustao: pés-combustéo, pré-combustdo e oxy-combustao.

A pré e pés-combustdo sdo as mais utilizadas entre elas e possuem trés
principais tecnologias de separacdo — absorcdo, adsorcdo, e separacao por
membranas — em que a absor¢ao € a mais utilizada, inclusive para a remoc¢ao do CO2

do gas natural, no processo conhecido como “adogamento do gas” (do inglés, gas
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sweetening), que consiste na separacao do COz do gas de combustao através de um
solvente liquido regeneravel (BHOWN; FREEMAN, 2011; ALDAWSARI et al., 2020).

Os solventes quimicos tipicamente utilizados na pés-combustdo incluem a
monoetanolamina (MEA), a dietanolamina (DEA) e o carbonato de potassio.
Aroonwilas e Veawab (2004) descobriram que a MEA é o composto mais eficiente
para a absorg¢ao de COz2, com eficiéncia superior a 90%. Entretanto, esses compostos
possuem um potencial para a degradacdao da amina, resultando na perda de
solventes, corrosao do equipamento e geragao de compostos volateis de degradacao
(ROCHELLE, 2012; FREDRIKSEN; JENS, 2013). Além disso, as emissdes de aminas
podem degradar-se em nitrosaminas e nitraminas, que sao potencialmente nocivas

para a saude humana e o ambiente.

Uma das tecnologias de geracao de energia, onde a captura de pré-combustao
€ implementada é a estacdo de geracdo de energia de ciclo combinado de
gaseificacdo integrado (do inglés integrated gasification combined cycle, |IGCC). As
centrais eléctricas IGCC possuem alta eficiéncia, alta flexibilidade na alimentagcéao de
entrada, possibilidade de cogeracéo, facilidade de captura e cogeracao de CO2. A
elevada pressao parcial de CO2 no gas combustivel na captura pré-combustao torna
a absorcdo fisica favoravel para as centrais eléctricas IGCC. O CO2 é absorvido em
solventes fisicos devido a sua maior solubilidade em certos solventes organicos. O
Selexol é um dos varios processos comerciais, que utiliza éter dimetilico de
polietilenoglicol (DEPG) como solvente fisico. Ele apresenta baixa pressao de vapor,
alta solubilidade de COz, estabilidade quimica e térmica, natureza nao corrosiva e nao
téxica. Porém, o solvente DEPG tem alta viscosidade, o que leva a um aumento do
custo de bombeamento (Ramzan et al., 2022)

Dessa maneira, torna-se importante encontrar alternativas mais viaveis para
evitar esses problemas, como por exemplo a utilizacdo dos solventes eutéticos
profundos (do inglés, Deep eutectic solvents, DESs) e dos solventes eutéticos (do
inglés, eutectic solvents, ESs) como absorventes fisicos.

A captura de gases, como por exemplo, o CO:2 pelos DESs e/ou ESs vém
sendo muito estudada apenas a pressao atmosférica, com a finalidade de remover o
CO2 que esta em excesso no ambiente, e tém apresentado resultados promissores,
porém inferiores ao MEA e ao Selexol (HAIDER; KUMAR, 2020; HAGHBAKHSH et
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al., 2021; PISHRO et al., 2021; RABHI; MUTELET; SIFAOUI, 2021; LIU et al., 2022).
Os DESs sao uma mistura de 2 ou 3 componentes puros para 0s quais a temperatura
do ponto eutético esta abaixo da temperatura do ponto eutético esperado para uma
mistura liquida ideal. Caso a mistura ndo obedeca a essa definicao, ela pode ser
intitulada simplesmente como ESs (MARTINS; PINHO; COUTINHO, 2018). Na
literatura poucas misturas foram classificadas como DESs, e, portanto, nesse
trabalho, todas serdo chamadas de ESs. Ap6s sua mistura, os componentes dos ESs
e/ou DESs normalmente tém um ponto de fusdo, na composicao eutética muito menor
que o de qualquer um de seus componentes individuais, um receptor (HBA) e um
doador de ligagéo de hidrogénio (HBD) (DAl et al., 2013). Também sao considerados
solventes verdes, produzidos de maneira simples, com alta pureza e custo
relativamente baixo, e que podem ser produzidos em larga escala. Entretanto, essas
propriedades dependem de quais componentes serdo utilizados na mistura (ABBOTT
et al., 2003; GORKE; SRIENC; KAZLAUSKAS, 2010).

Embora muitos trabalhos estudem a solubilidade do CO2 nos ESs, a sua
definicdo indica que a solubilidade fisica destas misturas ndo € atrativa. Isto ocorre
devido a elevada viscosidade dos ESs, que reduz a dissolugdo do gas, e a
transferéncia de massa causando a lenta difusdo do COz. Além disso, a maioria dos
ESs estudados (especialmente os baseados em ChCl) apresentam desvios negativos
da idealidade (ou seja, coeficientes de atividade inferior a um), diminuindo o volume
livre, e consequentemente a solubilidade (Martins et al., 2020).

Entretanto, informacgdes sobre equilibrio de fases a altas pressées dos ESs
S0 essenciais para muitos processos quimicos e operacdes de separacado que sao
realizadas sob pressées mais altas, além de preencherem uma lacuna da literatura,
uma vez que os dados de equilibrio sélido-liquido (ESL) dessas misturas eutéticas
existem apenas em pressao ambiente (CRESPO et al., 2017, 2018; PONTES et al.,
2017; SILVA et al., 2020). Em relacao a absorcdo do CO2 em ESs, o equilibrio de
fases a altas pressdes € um indicativo de quais sdo as melhores condi¢des de trabalho
para que esse gas seja eliminado do gas natural e/ou da atmosfera, e se essa
absorcao ocorre em quantidade significativa para o processo como um todo. Soma-
se a isso o preenchimento de lacunas na literatura, uma vez que dados de solubilidade
existem apenas até 100 bar (LERON; LI, 2013a, 2013b).
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Além de dados experimentais, a modelagem termodinamica é crucial para
ajudar a compreender o comportamento do sistema. Entretanto artigos contendo
dados de modelagem sdo uma parcela ainda menor da literatura neste topico. Alguns
estudos modelaram solubilidade de CO2 nos ESs, a maioria dos quais utilizou a Teoria
da Associagao Estatistica de Fluidos em Cadeia Perturbada (do inglés, Perturbed
Chain-Statistical Associating Fluid Theory, PC-SAFT) (ZUBEIR et al., 2016; DIETZ et
al., 2017; RABHI; MUTELET; SIFAOUI, 2021) ou a equacao de estado de Peng-
Robinson (ALI et al., 2014; MIRZA et al., 2015; HAIDER et al., 2018, 2020; HAIDER,;
KUMAR, 2020). Contudo, esses estudos e a diversidade de equacoes de estado
utilizadas ainda s&o escassos na literatura, de modo que os resultados obtidos pelos
modelos (por exemplo, parametros de interagéo binaria, k;;) ndo podem ser utilizados

para prever a solubilidade de CO2 em qualquer tipo de ES.

Nesse contexto, este projeto de doutorado teve como objetivo a determinacao
do equilibrio sélido-liquido de seis ESs em diversas fracdes molares, e em pressdes
até 250 bar (cloreto de colina + glicerol, + etileno glicol, + 1,3 propanodiol, + acido
maldnico, + acido latico e + acido glicélico); determinagcédo de dados do equilibrio de
fases em altas pressdes do diéxido de carbono com os mesmos seis ESs ja utilizados,
mas na fracdo molar do ponto eutético, a fim de analisar a absorcao desse gas pelos
ESs; determinacao da densidade de quatro ESs (cloreto de colina + glicerol, + etileno
glicol, + 1,3 propanodiol e + &cido glicélico) em pressdes até 500 bar. Além disso, no
trabalho foi feita a modelagem termodinamica de dados experimentais de solubilidade
de gases leves em ESs encontrados na literatura e também da densidade a altas
pressoes. Para essa ultima etapa foram utilizando os softwares Multiflash e COSMO-
RS.
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2. Justificativa

Este trabalho de doutorado se justificou pelos seguintes motivos:

1. Necessidade de estudar novas alternativas para reduzir a emissédo de CO2 na
atmosfera e remogéao do CO2 das correntes de gas natural para melhora do

meio ambiente;

2. Buscar solventes que absorvam o CO2 de maneira eficiente, cuja produgéao
seja viavel em larga escala e com baixo preco, uma vez que o MEA pode ser
degradado resultando na perda de solventes, corrosdo do equipamento e
geracdo de compostos volateis e o Selexol apresenta altos custos

operacionais;

3. Utilizar os ESs como absorvedores por serem solventes normalmente verdes
e de facil manipulacdo, o que torna o processo mais seguro, ja que nao

oferecem riscos aos seres humanos e ao meio ambiente;

4. Determinar dados de equilibrio de fases de diferentes ESs puros a altas
pressdes, devido a diminuta literatura nessas condi¢cbes, e como anadlise

prévia do seu desempenho frente aos gases leves;

5. Determinagéo de dados de solubilidade de misturas de COz2 e ESs a altas
pressoes, devido a escassez de dados na literatura e para verificar a absorgcao
do gas pelos ESs.
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3. Objetivos

3.1.

Objetivo geral

Este projeto de doutorado teve por objetivo a determinacdo de dados de

equilibrio de fases de seis ESs diferentes a altas pressdes (cloreto de colina + glicerol,

+ etileno glicol, + 1,3 propanodiol, + acido malénico, + acido latico e + acido glicélico),

além da determinacdo de dados de solubilidade de CO2 nesses ESs nas mesmas

condicbes de pressao anteriormente citadas e em quatro temperaturas (298,15,
303,15, 318,15 e 333,15 K).

3.2. Objetivos especificos

Para alcancar o objetivo geral, os seguintes objetivos especificos foram

delineados:

1.

Sintese de seis ESs e caracterizacdo dos mesmos por meio dos experimentos
de densidade a baixas e altas pressoes, viscosidade, indice de refragdo e
condutividade elétrica;

Determinacado de dados de equilibrio de fases dos seis ESs usando uma
célula de alta pressao e a construgao dos respectivos diagramas de fases;

Determinacao de dados de solubilidade do didéxido de carbono (COz2) nos seis
ESs usando uma célula de equilibrio a altas pressdes e construgdo dos
respectivos diagramas de fases;

Avaliacao da influéncia da presséo, da temperatura e do ESs (quanto ao HBD)
na solubilidade do CO:2 para determinar as melhores condicdes de absorcéao
do gas pelo ES;

Modelagem termodindmica do equilibrio de fases dos ESs a altas e baixas
pressdes e das densidades a altas pressoes.
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4. Estrutura da tese

Essa tese esta dividida em oito capitulos que abordam os seguintes topicos:

. Capitulo 1 — Introducao, Justificativa, Objetivos gerais e especificos da
tese de doutorado e sua estrutura

o Capitulo 2 — Gas Solubility Using Deep Eutectic Solvents: Review and
Analysis, artigo de revisdo publicado na revista Industrial & Engineering
Chemistry Research que aborda a solubilidade de gases leves em DESs. Para
escrever esse trabalho, artigos cientificos foram pesquisados nas bases de
dados Google Scholar, Web of Science, Elsevier, e Springer Link usando

como palavras chaves “carbon dioxide solubility,” “deep eutectic solvents,” e
“liquid absorption of carbon dioxide”. Do total de artigos encontrados, apés
uma criteriosa selecao, 25 foram usados totalizando mais de mais de 40 DESs
que foram analisados quanto (i) as diferencas entre DESs e ILs com relacao
a capacidade de absorcéo, (ii) as diferentes técnicas utilizadas para medir a
solubilidade de CO2 em DESs, (iii) a influéncia da razdo molar dos DESs na
solubilidade do géas, observando as interac6es moleculares, (iv) o impacto da
mudanc¢a do HBD na solubilidade do gas, (v) o efeito da mudanca do HBA na
solubilidade, (v) as diferengas entre DESs hidrofilicos e hidrofébicos, e (vi) a

solubilidade de diferentes gases em DESs.

o Capitulo 3 — Materiais e Métodos, em que sdo abordados os materiais que
foram utilizados para a determinacdo dos dados experimentais, o aparato
experimental e o procedimento para determinagdo dos mesmos. Conta
também as metodologias dos softwares Multiflash — e as respectivas
equacoes de estado (EoSs) utiizadas — e COSMO-RS, além das
metodologias experimentais de determinacdo de dados de equilibrio de fases
a altas pressodes e densidade a altas pressoes.

. Capitulo 4 — Carbon Dioxide Solubility in Deep Eutectic Solvents:
Modelling using Cubic Plus Association and Peng-Robinson Equations
of State, artigo publicado na revista Process Safety and Environmental
Protection. Neste artigo modelou-se a solubilidade de CO2 em treze DESs em
uma ampla faixa de temperatura (303,15 a 343,15 K) e presséo (0,06 a 12
MPa), usando as equacdes de estado CPA e Peng-Robinson. Os DESs foram
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considerados pseudo-componentes em uma primeira abordagem e, em
seguida, foram considerados os HBAs e HBDs individualmente. Essa
abordagem foi nomeada como abordagem de componente individual. O
objetivo, com essas duas abordagens, foi comparar os resultados de ambas
para verificar se, ao se seguir a definicdo de DES - segunda abordagem, os
resultados obtidos teriam valores proximos, 0 que nao justificaria o seu uso
uma vez que essa € mais trabalhosa. Além disso, o trabalho comparou as
predigdes da solubilidade do CO2 nos DESs utilizando as duas equacgdes de
estado, a utilizacdo ou ndo do parametro de interagéo binaria e trés diferentes

esquemas associativos para o COo.

o Capitulo 5 — Prediction of greenhouse gas solubility in Eutectic Solvents
using COSMO-RS, artigo em fase de correcéao e submissao. Neste artigo foi
utilizado o COSMO-RS como ferramenta para prever as solubilidades dos
gases CO2, CH4 e H2S em 17 solventes eutéticos a base de cloreto de colina
(ChCl) encontrados na literatura a 298,15 K ou 313,15 K e em pressoes entre
1 e 125 bar. Foi analisada a influéncia das razées molares de HBA:HBD 1:2,
1:3 e 1:4 para a solubilidade do CO2 e 1:1 para a solubilidade do CH4 nos ESs,
e também a comparacao dos resultados do COSMO-RS com os dados da
literatura, e com diferentes equacoes de estado como CPA e Peng-Robinson.
Além disso, inferiu-se o efeito de trés razdes molares diferentes (1:1,5; 1:2 e
1:2,5) do ES composto por ChCl:ureia na solubilidade do COz2, CH4 e H2S.

o Capitulo 6 — Characterization by SLE phase diagrams and density of
Eutectic Solvents based on ChClI, alcohols and acids at high pressures,
artigo em fase de correcdo e submissdo. No artigo foram determinados os
diagramas de fase do equilibrio sélido-liquido de seis solventes eutéticos
(cloreto de colina como HBA, etilenoglicol, glicerol, 1,3 propanodiol, acido
glicolico, acido latico e acido malénico como HBDs) em altas pressdes (6, 10,
14, 20 e 25 MPa) utilizando uma célula de alta pressao com volume variavel.
Os diagramas de fases foram comparados com o0s encontrados na literatura
a pressao atmosférica. Além disso, foram determinadas as densidades de
quatro ESs em suas composicdes eutéticas (cloreto de colina e etilenoglicol,
glicerol, 1,3 propanodiol e acido glicolico) em pressdes entre 1 e 50 MPa e

temperaturas variando de 293,15 a 353,15 K. Os dados foram correlacionados
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com a equacao modificada de Tammann-Tait e modelados utilizando a
equacao de estado CPA considerando os ESs como componentes individuais.

o Capitulo 7 — Phase behavior and thermodynamic modeling of Deep
eutectic solvents and carbon dioxide at high pressures, artigo em fase de
correcao e submissao. Nesse artigo foi determinada a solubilidade do CO2 em
seis ESs (cloreto de colina como HBA, etilenoglicol, glicerol, 1,3 propanodiol,
acido glicdlico, acido latico e acido malénico como HBDs) nas temperaturas
de 298,15, 303,15, 318,15 e 333,15 K e pressdes variando de 0,1 a 26 MPa,
utilizando uma célula de alta pressdo com volume variavel. Além disso, 0s
valores da constante de Henry e as energias livre de Gibbs, foram calculados
nas pressoes e temperaturas estudadas para todos os ESs.

o Capitulo 8 — Conclusoes Gerais, sao apresentadas as conclusdes obtidas a
partir do trabalho desenvolvido e sdo dadas sugestdes para trabalhos futuros

nos temas aqui desenvolvidos.
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Abstract

The increasing global levels of anthropogenic greenhouse gases (GHGs), especially
CO2 emissions, have caused environmental problems that impact the humanity and
ecosystems. Therefore, gas capture and storage are a feasible solution to this global
issue; some aqueous amine solutions, such as monoethanolamine (MEA), have been
used to capture GHGs, but they are not environment friendly. Research on greener
solvents for this task led to deep eutectic solvents (DESs) as a novel option. This
review explores the applications of different DESs; compares the differences between
gas solubility methodologies; and studies the interference of the DESs’ molar ratio, the
influence of HBA and HBD, and the differences between the solubility of some gases
in these solvents. More than 40 DESs have been analyzed; however, some gaps need
to be filled, such as data for gas solubility under higher pressures and thermodynamic

modeling of experimental data.
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1. Introduction

The increase in anthropogenic greenhouse gases (GHGs) emission, especially
carbon dioxide (COz), that started in the pre-industrial era is very likely to be the main
cause of recent atypical changes in the global climate system. The increased global
temperature, sea levels, floods, droughts, rainfall pattern changes, and infectious
diseases can be observed. The continuous GHGs emissions and long-lasting climate
changes are estimated to lead to risk of severe and irreversible impacts on the
humanity and ecosystems, increasing surface temperature up to 5 °C by the end of
this century '-3. According to the Intergovernmental Panel on Climate Change (IPCC),
fossil fuels and minerals used for power generation contribute to almost 80% of the
total CO2 emissions 4.

CO2 emissions are produced from combustion of fossil fuels, transportation, and
other industrial process such as cement manufacturing, natural gas processing, iron
smelters, and ammonia production. In 2019, global energy-related CO2 emissions
remained at around 33 gigatonnes (Gt), following two years of increases, and the
global CO2 emissions from coal decreased by almost 200 million tonnes (Mt), or 1.3%,
from the 2018 level. In 2020, due to the pandemic, the global energy demand
decreased by 3.8% relative to the first quarter of 2019. In October 14, 2020, CO:2
emissions reached 33.1 Gt and the atmospheric concentration reached values around
411.10 ppm >. This increase was due to the higher energy consumption from a global
economy, as well as to the weather conditions in countries, which led to increased
energy demand for heating and cooling 828°. Therefore, CO2 capture and storage
(CCS) has become one of the effective methods to prevent the release of large

quantities of COz2 into the atmosphere.
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CCS comprises three steps: CO2 waste capture, CO2 transportation into a
storage location, and COz storage in a safe place. However, due to the high cost of
separating gas in CCS, approximately US$ 60 per ton of CO2, several efforts have
been made to develop efficient technologies to capture and separate CO2 from
combustion gas, atmospheric air, and synthesis gas. The main technologies for CO2
capture include post-combustion, pre-combustion, oxy-fuel combustion, and
electrochemical separation %2,

Post-combustion capture is the most straightforward technology among the
available technologies. It is used to remove COz from the flue gases produced by a
process using a fossil fuel. According to Figure 1, which shows the post combustion
process, it is necessary remove CO:z from other gases and then capture it using

absorption, adsorption and membrane separation for example, and then COz can be

stored or utilized 3.

Storage

ADSORPTION

CH,

MEMBRANE

SEPARATION

co, N,O

Emission

Fossil Fuels

Figure 1. Post-combustion CO2 capture process.
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In the absorption, the focus of this work, in which atoms, molecules or ions are
dissolved in a bulk phase, the COz2-rich solution of the absorber is transferred to the
regenerator to release COz, which increases temperature and/or decreases pressure.
There are two types of absorption: physical absorption, in which COz2 is physically
absorbed in the solvent and removed in the absorber column, and chemical absorption,
in which chemical reagents capture COz by a reversible chemical reaction, and loosely
bound intermediates are formed °. However, absorption has some drawbacks, such as
the limited number of cycles (absorption and desorption), equipment corrosion, high
energy consumption required by solvent regeneration, solvent loss by evaporation, and
solvent degradation in oxygen-rich atmosphere 0.

Among the several technologies for CO2 capture from flue gases, aqueous
amine solutions, such as monoethanolamine (MEA), methyldiethanolamine (MDEA)
and 2-amino-2-methyl-1-propanol (AMP) have traditionally been used as chemical
solvents to capture COz2 by chemical absorption %9, They exhibit excellent absorption
capacity, high reactivity, high selectivity, and low price 2. However, they are not
environment friendly due to their toxicity, partial degradation, high vapor pressure,
corrosive byproduct formation, intensive energy consumption, and high uptake costs.
Thus, scientists and engineers have developed economic absorbers or CO2 capture
technology 232921, Among the several possibilities, ionic liquids (ILs) and deep eutectic
solvents (DESs) have attracted much attention for replacing aqueous amine
solutions 22731,

ILs have been proposed for CO2 capture due to their low vapor pressure, which
results in low energy consumption for regeneration and COz2 stripping, high thermal
and chemical stability, the possibility of adjusting their properties and, therefore, their

affinity for CO2 molecules, through the selection of suitable ions 8303233 However, ILs
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need to be synthesized, which involves a series of chemical reaction and purification
steps that add cost to the solvent. In addition, some of ILs could be toxic and can be
present poor biodegradability. Moreover, their high viscosities usually limit a large-
scale application when compared with traditional solvents 82134, These disadvantages
can be enhanced depending on the precursor materials chosen to prepare the ILs.

To overcome these disadvantages, DESs have drawn attention as novel
solvents for capturing CO2 11203536 They have very similar properties to ILs, such as
high stability to heat and chemical attack, task specificity, non-flammability, and
negligible vapor pressures. Moreover, DESs have advantages, such as low cost, good
biodegradability, simple preparation process without further purification step, the
possibility of synthesis from biodegradable components, very little byproduct
generation, and low toxicity '3%6-38, DESs are composed of two or more pure
compounds, including hydrogen bond acceptors (HBAs) and hydrogen bond donors
(HBDs), in which the eutectic point temperature is below the temperature of an ideal
liquid mixture 3940,

Over the years, several studies have been carried out to determine the solubility
of carbon dioxide 2202325354143 ' gand few studies have evaluated the solubility of other
gases, such as methane and sulfur dioxide 4448, Therefore, this study explores the
applications of different DESs in CO2 capture technology, compares the different
techniques, and studies the interference of the DESs’ molar ratio, the influence of HBA
and HBD on gas solubility, and the differences between the solubility of CO2, H2S, CH4

and SOz in DESs.

The HBAs used as precursors to DESs preparation in the revised literature are
choline chloride (ChCl), benzyltriphenylphosphonium chloride (BTPC), n-

butyltriphenylphosphonium bromide (BTPB), methyltriphenylphosphonium bromide
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(MTPB), tetra-N-Butyl ammoniumbromide (TBAB)., N,N,N-trimethyl-methanaminium
chloride (TMAC), N, N, N-triethyl-ethanaminium chloride (TEAC), acetylcholine
chloride (ACC), tetraethylammonium bromide (TEAB), tetrabutylammonium chloride
(TBAC), diethylamine hydrochloride (DH), allyltriphenylphosphonium bromide
(ATPPB), alanine, betaine, 1-hydroxyethyl-1,4-dimethyl-piperazinium bromide
(PPZBr), 1-ethyl-3-methylimidazolium chloride (EmimCl), 1-butyl-3-methylimidazolium
chloride (BmimCl), methyltrioctylammonium chloride (Nsss1—Cl),
methyltrioctylammonium bromide (Nsss1—Br), tetraoctylammonium chloride (Nssss—Cl),
tetraoctylammonium bromide (Nssss—Br), triethylenetetramine chloride ([TETA]CI-),
tetraethylenepentamine chloride ([TEPA]CI-) and L-arginine. While the HBDs are urea,
dimethylurea, N-methylurea, ethylenurea, thiourea, ethylene glycol, triethylene glycol,
glycerol, ethanol amine, methyldiethanol amine, diethanol amine, triethanol amine,
thioacetamide, dicyandiamide, 1,4-butanediol, 2,3-butanediol, 1,2-propanediol,
phenol, guaiacol, cardanol, thymol, furfuryl alcohol, piperazine, aminoethylpiperazine,
imidazole, 1,2,4-triazole, 4-methylimidazole, levulinic acid, lactic acid, malonic acid,
phenylacetic acid, octanoic acid, decanoic acid, dodecanoic acid, caprolactam, 2-

methylaminoethanol (MAE) and 2-Ethylaminoethanol (EAE).

Pertinent scientific journals were thoroughly researched to select findings
relevant to the content of this review. Google Scholar, Web of Science, Elsevier, and

LEIN1]

Springer Link were searched using the terms: “carbon dioxide solubility,” “deep eutectic

solvents,” “liquid absorption of carbon dioxide.”

2. Gas solubility in DESs — Measurements

Studies have been conducted to determine the solubility of gases in DESs, as

well as the properties related to gas solubility, such as Henry’s law constant and gas
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selectivity. The first reported article addressing COz2 solubility was carried out by Li et
al. (2008) #°, who determined the solubility of CO2 in the DES composed of choline
chloride (ChCI) and urea at temperatures ranging from 313.15 to 333.15 K and
pressures between 10 and 130 bar. It was found that CO2 solubility in DESs depends
on three factors: (i) COz pressure (COz2 solubility increased with increasing pressure);
(i) temperature (CO:2 solubility decreased with increasing temperature); and (iii) the
ChCl:urea molar ratio also has a significant effect on CO2values #°. For the 2009-2012
period, no publications were returned in the aforementioned databases used in this
study. Subsequently, significant research results were returned for several groups from

2013 to 2020, as shown in Figure 2.
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Figure 2. Number of articles investigating CO2 capture using DESs from 2008 to 2020

— Google Scholar, Web of Science, Elsevier, and Springer Link were the databases
used in the search.
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Gas solubility is one of the most important properties for gas separation 6. The
solubility of some gases in DESs and their aqueous solutions and the Henry’s constant

were evaluated and presented in the Supporting Information in Tables S1 and S2.

Table S1 and Table S2 show pressure and temperature ranges between 0.10—
133 bar and 293.15-353.15 K, respectively. This review presents 40 different DESs
studied for COz2 solubility, and 21 DESs for the solubility of the other gases. In addition,
25 different articles were analyzed to compile Table S1 and Table S2. It is observed
that, in all studies, solubility increases with increasing pressure and decreases with
increasing temperature, as expected. Therefore, the best results are always obtained

at the highest pressure and lowest temperature.

2.1. Comparison between gas solubility in ILs and DESs

Gases solubility in ILs has been explored since 2001 26:50-%6 as well as
determination of gases solubility in DESs has initiated in 2008 4. It was proved that
gases solubility in ILs occurs by either chemical or physical absorption depending on

their functional groups and it has been usually higher than organic solvents 26:57.

The low melting point and low volatility of ILs make them promise candidates as
carbon capture solvents 58, Unfortunately, ILs normally present high viscosity and this
property can increase even more due to intermolecular hydrogen bond formation
between ILs and COz2, which can result in the formation of a gel that harms COz
absorption. However, the increase of viscosity during the CO2 capture can be
circumvented by design ILs to avoid intermolecular hydrogen bond formation between
ILs and COsz. It is desirable to design ILs in which hydrogen bond formation turns to be

preferable intramolecular 5960,
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DESs are a new class of solvents, generally more environmentally friend than
the usual solvents. They have been suggested as an alternative to ILs in many
processes such as extraction and separation of metals and removal of alkali and
transition metal ion from water. Besides, they can also be used for CO2 capture 6163,
a process that also occurs by physical and chemical absorption. Dissolution enthalpy
and entropy of CO2zin DESs are always negative, which indicate that the process is
exothermic but not spontaneous ®’. DESs present melting temperature lower than the
melting points of their respective precursors. Thus, for gas solubility those DESs in
which the melting points are close to ambient temperature are preferred, in order to
reduce energy requirements. Regarding density, they usually present densities in the
range of 1-1.35 g/cm?3, but it changes according to their functional groups and the
HBA:HBD molar ratio %465, As ILs, DESs present high viscosity that makes difficult
mass and heat transfer. Although the viscosity can be diminished with the addition of
water, both water and CO2 molecules can compete each other by DESs . Sarmad et
al. (2017) ° studied the solubility of COz in various DESs and ILs between 293.15 —
313.15 K and 5 — 125 bar, and they observed that choline chloride based DESs is

better CO2 solubilizer than similar ILs counterparts.

Alkhatib et al. (2020) " applied the soft statistical associating fluid theory
equation of state (soft-SAFT EoS) for screening ILs and DESs for CO:2 capture at
industrially relevant conditions and through engineering calculations. They have
evaluated the potentiality of these solvents using cyclic working capacity, heat of
regeneration, viscosity, diffusivity, and solvent consumption. The solubility was
evaluated at 298 K and in the pressure range of 0.001 — 25 bar. They observed that
the majority of studied ILs had a higher CO:z absorption (between xco> = 0.05 and 0.50)

than all the studied DESs (between xco2 = 0.025 and 0.15), which are different results
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from those ones observed by Sarmad et al. (2017) °. Regarding the cyclic working
capacity evaluated at 298 K and at 10 and 25 bar, Alkhatib et al. (2020) 67 observed
that pressure increase from 10 to 25 bar increases the cyclic working capacity of all
solvents examined, but it was higher for ILs than DESs (ranging from 19% to 51% for
ILs and 28% to 43% for DESs). Both DESs and ILs present negligible effect on the
viscosity as they are incompressible fluids, and the CO2 diffusion coefficient increased
as pressure raises from 10 to 25 bar, which enhances the mass transfer of COzand its
absorption. In this study the ILs present a better performance than DESs in terms of

working capacity.

2.2. Techniques used to measure gas solubility

Several techniques have been used to measure gas solubility in DESs. These
techniques were compared in order to understand which one could be the best to be
used. To exemplify, we will analyze techniques that measure CO:2 solubility in
ChCl:urea DES at molar ratio of 1:2. All the details of each technique is described in

Supporting Information.

Unfortunately, it is difficult to classify the best technique, since each one has its
limitation of pressure and temperature and its advantages and disadvantages, as
shown in Table 1. Although the CO:2 solubility values of the studies of Li et al.
(2008) #° and Leron, Caparanga and Li (2013) 4! are close, the second uses a lower

pressure, which promotes less energy expenditure, for example.
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Table 1. Advantages and disadvantages of CO2 solubility in DES apparatus.
Points
Reference
Techniques Positive Negative
¢ CO2 cylinder
e Syringe pump
Li et al. ;;ﬁnstant-temperature e Good temperature With sampling
(2008) 58 and pressure control
¢ Pressure gauge
¢ Volume-variable view cell
e Sample bomb
e Isothermal water bath
Liuetal. eBalance of absorption, e No sampling. Temperature values
(2019) ®°®  «Two chambers to stores and ¢ Small sample amount with low precision
isolates COz2
Alietal. e Variable-volume high-pressure ¢ Computational data With sampling
(2014) 2 equilibrium cell recording
e Buffer tank Temperature values
Mirza et al. e Incubation heater . with low precision
(2015) ™ o Static stainless steel equilibrium No sampling Long time to
vessel achieve equilibrium
e Computational data
Leron et al. ¢ Thermogravimetric recording Temperature values
(2013) 41 scale e No sampling with low precision
e Small sample amount
2.3. DESs molar ratio in gas solubility

An important factor that affects gas solubility, usually increasing it, is the molar

ratio between HBA and HBD donors of DESs. The first study concerning CO:2 solubility

compares the difference in solubility between 1:1.5, 1:2, and 1:2.5 molar ratios of

choline chloride and urea #°. In this study, the highest CO2 solubility was found when

the ChCl:urea molar ratio was 1:2 with the value of 0.309. This occurs probably

because the DES is really formed at 1:2 molar ratio; therefore, its melting point is the

lowest and the molecular interaction favors the dissolution of the gas %7172, Liu et al.

(2019) 99 also studied CO2 solubility in DES composed of choline chloride and urea at
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the same molar ratios as the previous study. They analyzed Henry’s constant and the
lowest value was also found at 1:2 molar ratio, indicating higher solubility than those
at 1:1.5 and 1:2.5 molar ratios, which is consistent with the literature 6. Figure 3 shows

the behavior previously explained.
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Figure 3. Influence of molar ratio on CO2 solubility for ChCl:urea.

Liu et al. (2017) 20 studied COz2 solubility in DESs composed of ChCl:guaiacol,
DH:guaiacol, and ACC:guaiacol, at 1:2, 1:3, and 1:4 molar ratios. They found that COz2
solubility in the same kind of DES increased with increasing molar ratio of guaiacol.
This indicates that guaiacol has an important role in CO2 dissolution into DES probably
because of its hydroxyl group 2. Another study comparing CO2 solubility and DESs
molar ratios was conducted by Haider et al. (2018) 2'. They compared ChCl:diethylene
glycol at 1:3 and 1:4 molar ratios, ChCl:methyldiethanol amine at 1:6 and 1:7 molar
ratios, TBAB:ethylene glycol and TBAB:diethylene glycol at 1:2, 1:3 and 1:4 molar
ratios, and TBAB:methyldiethanol amine at 1:3 and 1:4 molar ratios. In all cases, it was

found that increasing HBD:HBA molar ratio increases COz2 solubility in DESs. In the
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case of glycols, this increase occurs due to the strength of hydrogen bond that

decreases in DESs. And the increasing solubility when increasing amines composition

was reflected due to amine affinity toward COz2 2'. The same behavior previously

discussed in this paragraph also occurs with ChCl:levulinic acid and ChCl:fufuryl

alcohol at 1:3, 1:4, and 1:5 molar ratios 23. It is important to clarify that, in the cases

described in this paragraph, the exact molar ratio at which DES is really formed,

according to Martins, Pinho and Coutinho (2018) 4° is unknown; therefore, the

discussion only concerned molecular interactions in which an increase in molar ratio

leads to increased solubility, which is not necessarily true. The behavior previously

explained that solubility increases with increasing molar ratio, is shown in Figure 4.
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Figure 4. Influence of molar ratio on CO2 solubility.

Ali et al. (2014) #3 studied COz2 solubility in ChCl:glycerol at 1:3 and 1:8 molar

ratios, and MTPB:ethanolamine at 1:6, 1:7, and 1:8 molar ratios. In both cases,

solubility decreased with increasing HBD. This result indicates that physical behavior

of these DESs cannot be predicted considering only the contribution effect of its



CAPITULO 2. Gas solubility using Deep Eutectic Solvents: Review and analysis
43

components’ molar ratio 43. The MTPB:ethanolamine mixture has no solid-liquid
equilibrium study to confirm the exact molar ratio at which DES is formed; however,

ChCl:glycerol mixture is formed at 1:2 molar ratio, where probably occurs the highest

CO:2 solubility 2274,

2.4. Influence of HBD on gas solubility

The hydrogen bond donor is an important factor that must be considered in gas
solubility because it directly interferes with absorption capacity. Leron et al. (2013,
2013", 20132) 224142 gtudied CO2 solubility in ChCl:urea, ChCl:ethylene glycol, and
ChCl:glycerol DESs at 1:2 molar ratio and at moderate pressures. It is possible to
observe that ChCl:glycerol (0.398) > ChCl:urea (0.308) > ChCl:ethylene glycol (0.275),
which was expected since glycerol has a larger alkyl chain and three hydroxyl groups
that can bond more powerfully with CO2. Urea has two amine groups and ethylene
glycol has only two hydroxyl groups bonding less powerfully to CO2 (Table 2) 224142,
Mirza et al. (2015) 7° also measured COz solubility in ChCl:urea and ChCl:ethylene
glycol at 1:2 molar ratio and found a different result from Leron et al., which means that
the DES composed of urea has lower solubility than the DES composed of ethylene
glycol. According to the study, CO2 presents better affinity toward basic solvents than
acidic ones during carbon absorption. In nonaqueous fluids, acidity and basicity are
represented by pKa. Therefore, lower pKa represents acidic species and higher pKa
represents basic species. Analyzing the pKa of the HBDs, the ethylene glycol pKa is
equal to 14.22 75, and the urea pKa is equal to 13.82 78. Since ethylene glycol has the

highest pKa value, it is capable of solubilizing the highest CO2 amount 70-77:78,
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HBDs chemical structures
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In 2014, Ali et al. (2014) *3 studied CO2 solubility in 17 DESs, containing amines

and alcohols as HBD. Comparing ChCl:ethylene glycol and ChCl:triethylene glycol, the

latter has twice the absorption capacity than ChCl:ethylene glycol due to the larger
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alkyl chain, increasing the free volume 244379, They also observed that the use of
ethanol amine as HBD improved the solubility substantially; thus, they investigated the
effect of monoethanol amine (MEA), diethanol amine (DEA) and triethanol amine
(TEA) as HBD with tetra butyl ammonium bromide as HBA. MEA presented the highest
CO:2 solubility, which was not expected since TEA presents the largest alkyl chain,
which increases the steric hindrance (Table 2) 3. Li et al. (2014) & also studied CO2
solubility in ChCl:ethylene glycol and ChCl:triethylene glycol and obtained results
similar to those of Ali et al. (2014) %, which means ChCl:triethylene glycol >
ChCl:ethylene glycol. They also measured the solubility in ChCl:phenol, but the results

were not higher than for triethylene glycol.

Another interesting study was conducted by Lu et al. (2015) 23, in which CO2
solubility was measured in ChCl:levulinic acid and ChCl:furfuryl alcohol at 1:5 molar
ratio. At the same temperature, it was observed that COz solubility in levulinic acid-
based DESs is higher than that of furfuryl alcohol-based DESs. This is probably
because the carbonyl group of levulinic acid establishes stronger bonds with COz2 than

the hydroxyl group of furfuryl alcohol (Table 2) 2380,

Altamash et al. (2019) #* studied CH4 solubility in ChCl:lactic acid, ChCl:malonic
acid at 1:1 molar ratio and ChCl:phenylacetic acid at 1:2 molar ratio. The CHas
absorption performance was: ChCllactic acid > ChCl:phenylacetic acid >
ChCl:malonic acid. CHa4 solubility in ChCl:lactic acid has the highest value due to the

C-OH:-CH4 or C=0---CHya interactions (Table 2) 44.

In 2018, Liu et al. (2018) 8 studied SO2 solubility in DESs containing
ChCl:guaiacol and ChCl:cardanol at 1:3 molar ratio. The results showed that the

absorption capacity of ChCl:guaiacol was higher than those of ChCl:cardanol, probably
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due to the structural difference of guaiacol and cardanol . In the literature, studies

prove that the ether group in guaiacol is helpful for binding acidic SO2

(Table 2) 738183,

2.5. Influence of HBA on gas solubility

Hydrogen bond acceptors play an important role in gas solubility because they
can influence the solubility more than the HBDs 8. In 2016, Ji et al. (2016) 8 compared
the COz2 solubility in DESs composed of phenol as HBD and ChCI, TMAC and TEAC
as HBA at 1:3 molar ratio. They found that CO2 solubility decreases in the following
order: ChCl:phenol > TMAC:phenol > TEAC:phenol. The authors suppose that this
result is due to the molecular interaction between ChCl — which has one hydroxyl
group — and COz2 being stronger than the interaction between TMAC or TEAC and CO:2

(Table 3) &

Table 3. Chemical structures of HBAs discussed in topic 2.4.

HBAs chemical structures
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Deng et al. (2016, 2015) '"25 investigated CO2 and SO:2 solubilities in DESs
composed of levulinic acid as HBD and ChCl, ACC, TEAC, TEAB, TBAC, and TBAB
as HBA at 1:3 molar ratio. For CO:z solubility, at the same temperature,
TEAB:levulinic acid presented the Ilowest CO:2 absorption capacity, and
TBAC:levulinic acid the highest one. With these results, it is observed that the influence
of quaternary ammonium salts on CO2 absorption is related with the structure of
cations rather than of anions. Table 3 shows that the largest the cation, the highest the
COz2 solubility, except for ACC:levulinic acid DES, due to the additional acetyl ester
group decreasing the absorption capacity. For SOz, however, the performance of
anions defined the absorption capacity. The relatively largest bromide ion binds more
to SOz than the chloride ion, as the tetrabutylammonium salt had higher absorption
capacity than the tetraethylammonium salt. For the ChCl and ACC HBAs, when the
hydroxyl group was replaced with acetyl ester the absorption capacity was enhanced.
Therefore, the performance of the ester group is more effective than the hydroxyl group

for SO2 solubility '1.80.85,

Haider et al. (2018) 2' studied CO:2 solubility in ChCl:ethylene glycol,
ChCl:diethylene glycol, ChCl:methyldiethanol amine, ChCl:diethanol amine,
TBAB:ethylene glycol, TBAB:diethylene glycol, TBAB:methyldiethanol amine, and
TBAB:diethanol amine. It was observed that CO2 solubility increased in TBAB-based
DESs. This is probably due to the larger alkyl chain length of TBAB, increasing the free

volume and consequently the absorption capacity when compared to ChCl 2180,

So far, the authors used the alkyl chain length and the functional groups to
determine the best HBA to absorb CO2. Wang et al. (2019) 8¢ studied experimentally
and using molecular dynamics the CO2 solubility in TBPB:phenol and ATPPB:phenol

at 1:4 molar ratio. In order to analyze the effect of HBA type, the site-to-site radial
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distribution function (RFD) and spatial distribution function (SDF) of TBP* - COz and
ATPP+ - COz2 were compared. A sharp and intense peak of CD-HB (CD symbolizes
the atom of CO2 and HB means H atoms in the benzene rings) was observed for the
ATPP+ = COz pair, while, for the TBP+ — CO2 pair, broader and weaker peaks
(CD---H3/H5/H7) were observed. This difference implies stronger interactions between
ATPP+ and COz2 than between TBP+ and COz2, explaining the higher COz2 solubility in

ATPPB:phenol DES &,

2.6. Comparison between hydrophobic and hydrophilic DESs in CO2 solubility

Studies concerning COz2 solubility in hydrophilic DESs are extensive and it is the
main focus of this review. Although hydrophilic DESs have been showed to be an
interesting solvent to gases capture, they can absorb an amount of water during the
absorption process, which reduces their mass absorption capacity as well as lead to
high energy consumption in the CO2 desorption process &’. Hydrophobic DESs seem
to be an alternative to such disadvantage. They were discovered in 2015 and have
been used for removal of fatty acids, biomolecules and metal ions from water 628889,
However, the first study concerning COz2 solubility in these DESs was done only in

2018 %0 and showed promising results.

Zubeir et al. (2018) ° determined the CO: solubility in TBAB:decanoic acid,
Nsss1—Cl:decanoic acid, Nsssi—Br:decanoic acid, Nssss—Cl:decanoic acid and
Nssss—Br:decanoic acid between 298.15 — 323.15 K and 0.90 — 19 bar. They observed
that the hydrophobic DESs investigated present the highest solubility of CO2 (values
between 0.239 — 0.284 mol CO2/mol DES) when compared to other DESs from

literature until that date. These DESs were even better than some fluorinated ILs.
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Gu et al. (2020) 8 measured the CO2 solubility in [TETA]Cl:thymol and
[TEPA]CI:ithymol at 313.15 K and 1 bar. The values observed were equal to 1.298 and
1.355 mol CO2/mol DES, respectively. These values are much higher than those
observed for several ILs and DESs found in literature (Table S1). The authors noted
that during the CO2 absorption process there was no change of water amount in DESs,
which was expected to happen once the flue gases always have an amount of water.
Another interesting result presented in this study was the formation of a new chemical
bond between DES and CO: that are stronger than physical interaction but not
suppress it. Even though with the new chemical bonds, both DESs remains

hydrophobic during CO2z absorption.

Despite the literature presents only these two studies about gas absorption
using hydrophobic DESs, they seem to be a promise solvent to CO2 capture according

to the results presented above and expands the research needs in the topic.

2.7. Comparison of CO2, CHa, H2S, and SO: absorption capacity

COg2 is the most studied gas when it comes to its solubility in DES. Although
SO2, H2S and CH4 are important GHGs, few studies were found in the literature
concerning the solubility of these gases in DESs. Liu et al. (2019) ©° studied COz2, H2S
and CH4 absorption in ChCl:urea. Comparing the solubilities at 313.15 K, 2 bar and
1:2 molar ratio, it was observed that the scale in decreasing order of absorption is: H2S
(0.0464) > CO2 (0.016) > CH4 (0.0008). The authors used Grand-canonical Monte
Carlo (GCMC) to calculate the site-to-site RDFs of ChCl:urea:gas systems. It was
observed that hydrogen bonds were formed between ChCl:urea and H2S, especially
between Cl of ChCl and H of H2S. The RDF profiles of ChCl:urea and COz2 are similar

to those of ChCl:urea and H2S, but in small quantity. This result suggests hydrogen
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bonds formation between ChCl:urea and CO2. Cl of ChCl is again the major site for
binding with CO2. CHa is a rigid and inert molecule, and the RDF profiles of ChCl:urea
and CH4 are flat and noisy, meaning that van der Waals interactions are weak ©°.
Sun et al. (2015) 47 studied SOz absorption in ChCl:urea at the same conditions
mentioned above and obtained a solubility of 1.17, an indication that the interaction

between the DES and SOz is stronger than that with CO2, H2S and CH4 47.

Deng et al. (2015, 2016) '"2% studied CO2 and SOz solubilities in TBAC:levulinic
acid DES at 1:3 molar ratio, 303.15 K, and 6 bar. These gases are the major acid gases
that coexist in real flue gas and efforts to separate SO2 from CO2 are made °' and are
necessary. For that reason, it is important to compare the potential of the DESs to
solubilize these gases. For SOz2, the solubility was equal to 1.052 and, for COz2, the
solubility was equal to 0.04, proving that SO2 has much higher solubility than COz,
approximately 25 times higher 125, Similar results were obtained by Liu et al. (2017,
2018) 2081 who studied CO2 and SO:2 solubilities in ChCl:guaiacol at 1:3 molar ratio,
293.15 K and 1 bar. For SOz, the solubility was equal to 1.056 and, for COz, it was
equal to 0.006, showing that SO2 has the highest solubility when compared with other

gases, such as COz, H2S and CH4 2981 as shown in Figure 5.
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Figure 5. Comparison of the solubility of the gases.

Malik et al. (2021) 9 did ab initio molecular dynamics (AIMD) simulations to
understand the local solvation structure around CO2 and SOz in ChCl:urea and
ChCl:ethylene glycol DESs. They observed that Cl- and Nch}+ interacts strongly with
Cco2 while Oich+ is more associated with Oco2 for atomic distribution around CO2 and
ChCl:urea. Therefore, the ammonium group of [Ch]* is closer to Ccozthan the hydroxyl
group, and the hydroxyl group of [Ch]* is closer to Ocoz2 than the ammonium group.
Concerning the atomic distribution around SO2 and ChCl:urea, they observed a strong
association between CI- and Sso2, and Nurea and Osoz, while Nich+ has a strong
association with both Sso2and Osoz.Thus, the number of Nichj+ molecules surrounding
SOz in the solvation is relatively greater than that of Ojch+. This means that choline
cations approach to SOz from their ammonium group side.

The authors 2 also studied the spatial distribution functions (SDFs) of CO2 and
SOz in both DESs, ChCl:urea and ChCl:ethylene glycol. They observed a similar

isosurface for both DESs, in which the isosurface of Cl-and HBD species are around



CAPITULO 2. Gas solubility using Deep Eutectic Solvents: Review and analysis
52

the Ccoz2 and the isosurface of [Ch]* are symmetrically in both sides of Oco2 as it can
be seen in Figure 6. The same SDFs is not observed for SOz, the CI- isosurface is near
to Ssoz2 molecule differently from the circular solvation around CO2 molecule. This
difference is probably due to the shapes of the two molecules, because COz: is linear
and SOz: is bent. Additionally, Malik et al. (2021) 2 analyzed the total Hirshfeld % and
Mulliken 4 charges to enhance the charge distribution on [Ch]*, CI-, HBD, and solute
species. In all four systems, CO2, SO2 and HBD species of both DESs are not neutral
such that a charge transfer is possible between chloride to choline and chloride to HBD
and solute species. Hirshfeld (Mulliken) CO2 charge distributions have peaks at
-0.135e (-0.015¢) and -0.175e (-0.03¢) indicating perceptible charge transfer from
CI~ to CO2. The charge transfer from CI- to SOz is more pronounced because Hirshfeld
(Mulliken) charge is observed around —0.6e (-0.3¢e). These observations indicated that

Cl-and SOz molecules has a strong interaction, which leads to a better SO2 absorption.
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Figure 6. Spatial distribution functions around the central COz2 (A) and SO:2 (B)
molecules in (1) ChCl:urea and (2) ChCl:ethylene glycol at 333 K. The transparent
green, orange, and red isosurfaces represent Cl-, HBD, and [Ch]* molecules,
respectively. Reproduced with permission from 9. Copyright (2021) American
Chemical Society.
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3. Gas solubility in DES — Thermodynamic Modelling

Some of the returned articles from our search, in addition to experimental
measurements, also studied the thermodynamic modelling to predict gas solubility in
DESs. The models used were Peng-Robinson (PR), Perturbed-Chain Statistical
Associating Fluid Theory (PC-SAFT), Cubic Plus association (CPA), Non-random two-
liquid (NRTL), Conductor like Screening Model (COSMO), Redlich-Kwong (RK) and
Monte Carlo simulation. Other authors chose to study only the aspects of
thermodynamic modelling to evaluate gas solubility in DESs using data published in

literature. Table 4 shows both scenarios.

Table 4. Modelling used in different papers.

Experimental PC- Monte
Reference data PR SAFT CPA |NRTL |[COSMO | RK Carlo
Alioui et al. (2020) % v
Sarmad e;al. (2020) v v
Mirza et al. (2015) 7° 4 v
Haghbakhsh; v
Raeissi (2018) %
Haider etg;al. (2019) v v
Zubeir et al. (2016) v
98
Dietz et al. (2017) % v
Kamgar et al. (2017) v v
100
Haider; Kumar v v v
(2020) 4
Ali et al. (2014) 3 v v

Salehi et al. (2020)

101
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Alioui et al. (2020) % calculated CO2 solubility in seven DESs composed of ChCl
and urea, ethylene glycol, or glycerol at 1:2 molar ratio, ChCl:2-aminothan-1-ol at 1:6
molar ratio, and ATPPB and ethylene glycol or triethylene glycol at 1:4 molar ratio, and
MTPPB:levulinic acid at 1:4 molar ratio using COSMO-RS method. In this study, it is
observed that the calculated solubility is consistent with experimental values but

always higher (between 9 and 63%), as shown in Figure 7.
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Figure 7. Comparison between calculated (COSMO-RS) and experimental CO2
solubility in different DESs.

Kamgar et al. (2017) ' also predicted COz2 solubility in ChCl:urea at 1:1.5, 1:2
and 1:2.5 molar ratio using COSMO-RS and NRTL, but they found different results
from Aliouli et al. (2020) %. COSMO-RS model provided acceptable results for CO2
solubility only at low pressures and high temperatures, where the gas could be
assumed ideal. With the increase in pressure and decrease in temperature, the

difference between predictions and experimental data becomes larger. COSMO-RS
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overpredicts CO2 solubility in DESs, while for other gases it underpredicts the solubility
data, and it did not work for N2 data. NRTL shows better accuracy than COSMO-RS,
probably because COSMO-RS is a totally predictive model, without functional and

adjustable parameters 19,

Zubeir et al. (2016) % modelled CO2 solubility in three DESs composed of
TMAC:lactic acid, TEAC:lactic acid, and TBAC:lactic acid at 1:2 molar ratio using PC-
SAFT equation of state. In a first approach, the authors considered DESs as a pseudo-
pure compound and its parameters were obtained by fitting to DESs density data.
When pure predictions were carried out (kij = 0), a large difference was observed
between calculated and experimental data. Subsequently, the binary interaction
parameter was considered temperature-independent and also different from zero, and
then, the modelling results were in good agreement with the experimental data. In the
second approach, DESs were considered as two individual components (HBA and
HBD), and the pure-component parameters of the HBA and HBD were obtained by
fitting to the density of aqueous solutions containing only the individual compounds of
the DESs. For this case, the relative deviations AARD (%) between PC-SAFT results
and the experimental data were between 12.9% and 6.1%, describing the solubility
correctly 9. Dietz et al. (2017) % also applied PC-SAFT pseudo-pure approach for
modelling CO2 solubilities in TBAC:lactic acid at 1:2 and 1:3 molar ratios. The data
were predicted without adjusting any binary interaction parameter and shows the
AARD (%) between 2.27 and 12.01%, proving that PC-SAFT can be used to model

CO:2 solubility in these DESs %.

Just two papers modelled CO:2 solubility in DESs using the Cubic Plus
Association Equation of State (CPA) %103, In Haghbakhsh; Raeissi (2018) % study,

DESs were considered as a pseudo component with different possible association
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schemes: two (2B), three (3B), four (4B) association sites, solvation and inert. It was
observed that the carbon dioxide association schemes of 2B, 3B, and 4C have no
significant advantage over the inert or solvation association schemes. Using the CPA
model by the inert association scheme (binary interaction coefficient), the study shows
a good agreement with the experimental data, presenting AARD of 6.2%. With the
commonly used association scheme of solvation (cross association volume), AARD is

a little higher, 7.1%, but also in good agreement with the experimental data %.

Several papers modelled COz2 solubility in DESs using Peng-Robinson equation
of state (PR Eo0S) 2143457097 |n all cases, PR EoS presented excellent agreement
between model results and experimental data. However, this is only possible because
the temperature-dependent interaction parameters (ki) were determined. Ali et al.
(2014) 43 showed a large deviation between the calculated and experimental values
when PR EoS was used without the binary interaction parameter, setting kijequals to
zero 43, Haider et al. (2018, 2020) 2'4% also modelled CO2 solubility in TBAB:2-
Methylaminoethanol, BTEACI:2-Methylaminoethanol, TBAB:2-Ethylaminoethanol,
BTEACI:2-Ethylaminoethanol, ChCl:ethylene glycol, ChCl.diethylene glycol,
ChCl:methyldiethanol, ChCl:diethanol amine, TBAB:ethylene glycol, TBAB:diethylene
glycol, TBAB:methyldiethanol, and TBAB:diethanol amine using NRTL, and observed
that the NRTL model has a better fit than PR EoS, showing lower standard

deviations 2145,

All presented models have their own suitability and limitations. When
COSMO-RS is used to predict COz2 solubility in DESs, the DESs representation is a
crucial step, because a single DES is composed of more than one molecule. Therefore,
it is used the electroneutral approach in which ions are treated as two different

compounds in an equimolar mixture, i.e, DESs are represented according to the mole
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composition of their constituents, HBA (formed by the salt cation and the salt anion)
and the HBD '%4. For example, for a [cation][anion]:HBD (m:n) DES, the COSMO-RS
input is mmol of cations, m mol of anions, and n mols of the HBD; all of them contribute
to the total mols number, that differ from the experimental definition (m mol of HBA and
n mol of HBD) 28. Unfortunately, COSMO-RS does not predict well equilibrium data
under high pressure and low temperatures, as mentioned before. This occurs because

the model is completely predictive, with no adjustable parameters .

NRTL model could provide trustworthy results for partial and complete miscible
systems even under high pressure according to articles cited 4>'9°_ In NRTL equation,
a is related to the non-randomness in the mixture and its value changes between 0.20
and 0.47 19, For gas solubility in DESs, Kamgar et al. (2017) reported that NRTL was
capable to describe the experimental solubility data of CH4, N2 and COz2 in ChCl:urea
DES with good accuracy even under 120 bar. COSMO-RS does not present the same
performance as discussed before. The other study presented by Haider and Kumar
(2020) concerning the solubility of CHs4 and CO2 in TBAB:MAE, BTEACI:MAE,
TBAB:EAE and BTEACI:EAE shows the NRTL ability to describe the experimental data
up to 15 bar in comparison to PR EoS. According to the authors, NRTL shows better
results than PR EoS due to the high deviation from the ideal behavior caused by

hydrogen bond in DESs.

PC-SAFT is based on the perturbation theory of Barker and Henderson with
hard-chain as the reference fluid. One limitation to PC-SAFT use to model gas solubility
in DESs is the necessity of pure compounds parameters which are not easily found in
the literature. To overcome this problem, the pseudo-pure component or the individual-
component approaches can be used. In the first one, DESs are considered as a

pseudo-pure component with an average molar mass based on composition and must
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be assigned two association sites to DESs. The density of the DESs and binary
vapor-liquid equilibrium (VLE) data are fitted to obtain the pure-component parameters
and the binary interaction parameter (ki). Induced association between DESs and CO2
is considered as an attractive interaction. On the second strategy, the density of
aqueous solutions of DESs individual compounds are fitted to obtain pure-component
parameters. On this strategy, self-association, cross-association and induced
association between DESs components and COz2 are considered. An important step is
to determine the ki parameter that is done by fitting DES:CO2 VLE data. The ki
parameter is essential to get a good description of experimental data because it is
related to interaction between the gas molecules and DESs, which are particularly
different concerning shape and size of these molecules. Both strategies can be applied

as they are able to model DESs density and the VLE data accurately %2,

CPA EoS requires three physical parameters (ao, b, and c1) and two associative
parameters related to the volume (B) and energy (€). All of them are not easily found
in the literature for DESs. One strategy to determine these parameters is based on
liquid density data along with the pseudo-pure component approach with two
association sites (2B) for DESs. Although many gas solubility data on DESs are
available in literature, there is a restriction to model all of them using CPA EoS due to
the lack of density data of pure DESs, that is, the CPA parameters cannot be defined.
Although the previous studies about CPA EoS mention the need of choosing CO:2
association scheme (inert, solvation, 2B, 3B and 4C), Haghbakhsh and Raeissi
(2018)% stated the association schemes of 2B, 3B, and 4C for COz2 have no significant
advantage over the inert or solvation association schemes if kij parameter of cubic

equation of CPA is considered.
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The PR EoS is used to estimate VLE data, and it is appropriate for systems that
contains hydrocarbons, water, COz, air and combustion gases*. PR EoS also requires
the values of the mixture critical properties to be successfully used to model the gas
solubility, but such data are unknown. Lydersen—-Joback—Reid mixing rule
method 19519 must be used to predict such properties. It is worthy to mention again
that kij parameter has an important role in the results and it is linearly dependent of

temperature®?,

Monte Carlo simulations was used only once to predict gases solubility in DESs.
Although molecular simulations have already being used to compute some properties
of pure DESs, Monte Carlo simulations use is limited due to DESs high viscosity, which
is caused by strong intermolecular interactions. These intermolecular interactions
make difficult the molecule insertion inside the simulation box, which results an
inefficient sampling of phase-space '°'. Salehi et al. (2020) '°' used Monte Carlo
simulations to compute the solubilities of COz2, H2S, CH4, CO, Hz, and Nz in ChCl:urea
and ChCl:ethylene glycol in terms of Henry constant at infinite dilution. The authors
used Optimized Potentials for Liquid Simulations force field (OPLS) and Generalized
Amber force field (GAFF), which return better density results than the first. Despite of
GAFF seems to be more adequate for compute gas solubility in DESs, the authors
conclude that the force field parameters used for the DESs probably are not suitable
for the solubility calculations due to the discrepancy between the calculated and

experimental values.

Concerning the distribution of the thermodynamic models used to predict COz2
solubility in DESs it was observed that Peng-Robinson is the most used EoS; it was
used in 33% of the papers included in this review. This is due to its simplicity compared

to the other models. The least used models were CPA and Redlich-Kong EoS; they
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were used in only 8% of the papers. CPA is more complex, being logical that it is not

used frequently, since Peng-Robinson EoS works very well.

4. Final Discussion

Concerning the distribution between the 25 articles found in the literature,
comparing how many papers have only experimental data, experimental data and
modeling, or only modeling it was observed that 59% of the articles present only
experimental data. In addition, articles containing modeling are still the minority,
representing 23%, and articles with only modelling representing 18%. These
distribution lead us to find a gap as to COz2 solubility in DESs, which would be the lack
of articles containing experimental data and modeling in the same study, and also the

lack of studies containing thermodynamic modeling with several equations of state.

Another possible approach is comparing the number of papers and the range of
pressure used in each one (Figure 8). Most papers present data for CO2 solubility in
DESs in a pressure range between 1 and 20 bar. This is probably due to the ease and
security of working at relatively low pressures. At pressures above 60 bar, the number
of papers decreases abruptly, which also represents a gap in this field. These missing

data could be used to study, for example, the behavior in offshore oil platforms.



Number of articles

CAPITULO 2. Gas solubility using Deep Eutectic Solvents: Review and analysis
61

20 |
18

17
16
16
14
12
12 1
10
7
6
4
I :

05-10 10-50 50-10.0 10.0-20.0 20.0-40.0 40.0-60.0 60.0-80.0 80.0-130.0
Pressure range (bar)

L= B S B =2 I »

Figure 8. Distribution of the number of articles according to pressure range.

Regarding the distribution of papers that studied the solubility of different gases
in DESs, a total of 67% of the papers measure CO2 solubility, followed by SOz
solubility, which is measured in 22% of the papers. Thus, there is a lack of studies on
the solubility of other GHGs; they are also harmful to the environment and sometimes

more dangerous than COa.

This review shows that more experimental data of gas solubility in DESs under
pressure are needed, even for CO2and SOz gases. As mentioned before, gas solubility
experimental data determined above 40 bar are really scarce. The importance of such
data is justified by its necessity to EoS parameters adjustment, which are necessary
in process simulation evolving gas solubility and also to help us to understand the
chemical interactions between the different molecules during the gas absorption under
high pressure. Remember that there are an incredible number of DESs which can be

designed and even small traces about molecules interaction can be helpful on the



CAPITULO 2. Gas solubility using Deep Eutectic Solvents: Review and analysis
62

DESs design process. Note that new DESs can be able to solubilize a great amount
of gas, for instance, it is possible to cite the hydrophobic DESs, which are able to
solubilize more CO2 than any other DESs tested before. Moreover, it is necessary the
determination of pure DESs thermodynamic properties such as density and molar heat

capacity that are suitable in the modelling solubility data process with any cubic EoS.

Although the environmental purpose is really noble to study gas solubility in
DESs, this topic can go beyond for looking for new possibilities, new applications for
such data. For example, is it economical and environmentally safe to use DESs in oil
and gas extraction processes? To answer such question, experimental data are
needed. If DESs can be usable in oil and gas extraction processes, new approaches

about offshore platforms can be found and new challenges will come to be solved.

5. Conclusions and prospects

Anthropogenic GHGs pollution increases the global average temperature and
undesired health effects. Technologies to capture CO2 and other gases using MEA,
MDEA and AMP are commonly applied, exhibiting excellent absorption capacity.
However, they are not environmentally friendly due to their toxicity, partial degradation,
and high vapor pressure. Therefore, green solvents have gained momentum in carbon

capture applications due to their environment-friendly characteristics.

DESs have been investigated as novel solvents for capturing GHGs, especially
CO2 and SOz, in order to overcome these disadvantages. DESs have high stability,
negligible vapor pressures, low cost, good biodegradability, and simple preparation
process, among other interesting characteristics. This review explored the applications

of different types of DESs in gas capture technology.
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In this review, more than 40 DESs were analyzed regarding: (i) the differences
between DESs and ILs about their absorption capacity; (ii) the different techniques
used to measure CO2 solubility in DESs; (iii) the influence of DESs molar ratio on gas
solubility by observing molecular interactions; (iv) the impact of HBD change on gas
solubility; (v) the effect of HBA change on solubility; (vi) the differences between

hydrophilic and hydrophobic DESs; and (vii) the solubility of different gases.

Although there are studies on the solubility of gases in DESs, they are still
scarce in general, and even more scarce for higher pressures, for instance above 50
bar. It is also scarce the solubility of other gases such as SO2, CH4 in DESs. Moreover,
few experimental data were modeled among the returned articles and they were not
much diversified related to the thermodynamics models used; therefore, it is important

to model the solubility data, and to use different thermodynamic models.
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Supporting Information
1. Gas solubility in DESs — Measurements
Table S1. CO:2 solubility in several DESs found in the literature from 2008 to 2021.
Molar - Henry’s

HBA HBD ratio Solubility (x1°) T (K) P(bar) constant (MPa) Reference
Chel Urea 115  0033-0201 313.15-333.15 85012520  18.50 — 28.70 ("2'06(;8&;"1
Chel Urea 12 0.051-0.309 313.15-333.15 10.00—127.30 12.30 — 18.20 (20‘38"’)"'1
Chel Urea 125  0.032-0.203 313.15-333.15 10.60—125.50 22.40 — 29.00 (goe(;;)";

Chel Urea 12 0.013-0.308 303.15-343.15 299 —59.11 1.05-2.34 L‘?g} 39; al
Leron; Li
Chel Ethylene glycol 12 0.006—0275 303.15-343.15 2.36—63.23 214-528 20158) 5
Leron; Li
Chel Glycerol 12 0.006—0.398 303.15-343.15 1.87 —63.47 1.30-3.72 20136 4
Tri Ethylene ] Aliet al.
Chel Glyool 1:4 0.042 298.15 10.00 23.81 2014)5
Chel Ethylene glycol 1:4 0.023 298.15 10.00 43.48 Ali et al.
ylene glyco : : : . . (2014) 5
Chel Ethylene glycol 18 0.026 298.15 10.00 38.46 Ali et al.
ylene glyco . : ) . . (2014) 5
. Ali et al.
Chel Urea 1:4 0.024 298.15 10.00 41.67 2014) 5
. Ali et al.
Chel Urea 125 0.021 298.15 10.00 47.62 2014) 5
. Ali et al.
Chel Glycerol 13 0.045 298.15 10.00 22,22 2014) 5
. Ali et al.
Chel Glycerol 1:8 0.031 298.15 10.00 32.26 2014) 5
: . Ali et al.
Chel Ethanol Amine 16 0.109 298.15 10.00 9.17 2014) 5
Chel Diethanol Amine 16 0.092 298.15 10.00 10.87 Ali et al.
: . . . . Ay
. Ali et al.
BTPC Glycerol 1:12 0.051 298.15 10.00 19.61 AR
BTPB Ethylene glycol ~ 1:12 0.050 298.15 10.00 20.00 Ali et al.
ylene glyco . : ) . . (2014) 5
MTPB Ethanol ami 16 0.144 298.15 10.00 6.94 Ali et al.
anol amine . . . . . (2014) 5
: . Ali et al.
MTPB Ethanol amine 1:7 0.125 298.15 10.00 8.00 (2014) 5
. . Ali et al.
MTPB Ethanol amine 1:8 0.119 298.15 10.00 8.40 (2014) 5
. . Ali et al.
TBAB Ethanol amine 16 0.117 298.15 10.00 8.55 2014)5
TBAB Diethanol amine 16 0.104 298.15 10.00 9.62 Ali et al.
: . . . . 2014) ¢
TBAB Triethanol 13 0.083 298.15 10.00 12.05 Ali et al.

amine (2014) 5
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HBA HBD Molar o o 1ubility (x1) T (K) P(bar) Henry’s Reference
ratio y X constant (MPa)
: Chen et al.
ChCl 1,4-butanediol 13 0002-0016 29315-323.15 1.11-526  3049-4981 "ot
Chel 1,4-butanediol 14 0002-0015 293.15-323.15 1.06-519  32.82-51.84 C?zeor} j; al.
Chel 2,3-butanediol 13 0.003-0015 293.15-323.15 1.07-529  33.22 - 44.30 0?260’11 j; al.
ChCl 2,3-butanediol 14 0003-0019 29315-323.15 1.07-512  26.84—39.19 C(hzeo"; j; al.
ChCl 1,2-propanediol  1:3  0.002-0.016 293.15-323.15 1.08-524  30.68 — 55.08 C(hzeo'] z; al.
ChCl 1,2-propanediol  1:4  0.002-0.016 293.15-323.15 1.04—526  30.59 — 59.42 C?Q%’; j; al.
ChCl Phenol 122 0.002-0.021 293.15-323.15  0.99 — 5.20 2.59 — 4.96 (goit 46;"7
Li et al.
ChCl Phenol 1:3  0.003-0.021 293.15-323.15 1.01-5.14 251410 2o14) "
ChCl Phenol 14 0.003-0021 293.15-32315  1.08—5.29 2.48 — 4.09 ("z'oe1t 46)"'7
Diethylene . Lietal.
ChCl Glyoor 1:3  0.003-0.019 293.15-323.15 1.13-5.18 3.12-5.18 2014)?
Diethylene . Lietal.
ChCl Glyoor 14  0.002-0021 293.15-32315 1.10-5.27 2.80 - 4.96 2014)7
Triethylene . Li et al.
ChCl Glyool 1:3  0.003-0.027 293.15-32315 1.09-5.16 271-4.70 2o14) "
Triethylene . Li et al.
ChCl Glyool 1:4  0.003-0.028 293.15-323.15  1.09—5.20 2.69—4.64 2014)7
ChCl Levulinic Acid 133 0.002-0.030 303.15-333.15 0.79-5.83 2.20-3.74 '(‘2“0‘:;‘;‘2
. . Lu et al.
ChCl Levulinic Acid 1:4  0.002-0.032 303.15-333.15 0.72-5.87 2.09-3.67 2015) &
- , Lu et al.
ChCl Levulinic Acid 135  0.003-0.033 303.15-333.15 0.72-5.81 1.93 - 3.36 2015)5
Lu et al.
ChCl Furfuryl Alcohol ~ 1:3  0.002-0.020 303.15-333.15  0.81 —5.86 3.05-4.79 2015) 5
Lu et al.
ChCl Furfuryl Alcohol ~ 1:4  0.002-0.023 303.15-333.15  0.82—5.85 258 —4.15 2015) ¢
Lu et al.
ChCl Furfuryl Acohol ~ 1:5 0.002-0.023 303.15-333.15  0.77—5.77 250 — 3.81 2015)©
Chl Urea 12 0.0009-0.004 309 -329 040153  38.25-44.44 M(';Z(; g; al.
ChCl Ethylene Glycol ~ 1:2  0.0007 —0.003 309 - 329 047-154  51.33-67.14 M('Zoi g; al.
ChCl Phenol 12 0.070-0275 313.15-333.15 17.10—133.00 24.42—48.36 (;Io?te?l{o
ChCl Phenol 1:3  0.086—0.274 313.15 19.10 — 118.20 43.78 Jietal.
eno . . — V. . . . . (2016) 10
ChCl Phenol 14 0.087-0.293 313.15 21.00 — 121.70 41.54 Jietal.
: . . . . . . 2016) 0
TMAC Phenol 1:3 0.094 - 0.262 313.15 23.60 — 121.70 46.45 Jietal.

(2016) 1
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HBA HBD Molar o o 1ubility (x1) T (K) P(bar) Henry'’s Reference
ratio y X constant (MPa)
. Jietal
TEAC Phenol 13 0.075-0.233 313.15 21.20 - 111.70 47.94 2016)
ACC Levulinic Acid 1:3  0.003-0.031 303.15-333.15 0.66-572  13.92-27.72 D(ZB? Ge)t al
TEAC Levulinic Acid 1:3  0.004-0.028 303.15-333.15 0.66-583  16.30 - 27.17 D(ZB? Ge)t al
TEAB Levulinic Acid 1:3  0.033-0.028 303.15-333.15 0.69-588  17.35-28.66 Dé';? Ge)t al
TBAC Levulinic Acid 1:3  0.005-0.040 303.15-333.15 0.63-590  12.30 —20.96 D(ZB? 69; al
TBAB Levulinic Acid 1:3  0.006-0.037 303.15-333.15 070-5.86  13.00—21.19 D(ZB? :)t al
. Liu et al.
ChCl Guaiacol 13 0001-0021 29315-32815 051-536 24944160 o075
. Liu et al.
ChCl Guaiacol T4 0001-0022 29315-32815 052-543  23.90-37.66  p0.77%
. Liu et al.
Chel Guaiacol 15 0001-0023 29315-32315 053-539  2271-3588 07
. Liu et al.
DH Guaiacol 1:3 0.002 -0.025 293.15-323.15 0.45-5.29 20.79-31.18 (2017) 12
) Liu et al.
DH Guaiacol T4 0002-002 29315-32815 049-551  2007-2997 o075
. Liu et al.
DH Guaiacol 15 0002-0027 29315-32815 054-535  1869-2834 o075
. Liu et al.
ACC Guaiacol 13 0002-0026 29315-32815 054-535  2075-3244 o075
. Liu et al.
ACC Guaiacol 4 0002-0025 29315-32315 055-559  2069-8104 07
. Liu et al.
ACC Guaiacol 15 0002-0026 29315-32315 049-536  2043-3009 07"
) Haider et
ChCl Ethylene Glycol ~ 1:2  0.026 — 0.052 303.15 6.44 — 12.46 24.77 al, (2018) %
Diethylene . Haider et
ChCl Givco 13 0.018-0.035 303.15 5.64 - 11.12 31.77 al, (2018) %
Diethylene ) Haider et
ChCl Givco 14 0.017-0.036 303.15 5.24 - 11.20 31.11 al, (2018)
Methyldiethanol . Haider et
Chel poiihs 16 0.106—0.156 303.15 4.46 - 10.96 7.03 al, 2018)
Methyldiethanol . Haider et
Chel poiihs 17 0.119-0.199 303.15 5.94 - 10.34 5.20 al, 2018)
ChCl Diethanol Amine  1:6  0.032 — 0.090 303.15 6.64 - 9.71 20.75 Haider et
al. (2018) 2
Haider et
TBAB Ethylene Glycol ~ 1:2  0.015 - 0.054 303.15 4.12 -12.79 27.47 al, (2018)
Haider et
TBAB Ethylene Glycol ~ 1:3  0.017 - 0.052 303.15 5.02 - 12.49 29.53 al, (2018)
) Haider et
TBAB Ethylene Glycol ~ 1:4  0.019—0.050 303.15 5.43 - 13.74 28.58 al, (2018)
Diethylene . Haider et
TBAB Glyoor 12 0.034-0.099 303.15 7.21-13.92 21.21 al, (2018)




CAPITULO 2. Gas solubility using Deep Eutectic Solvents: Review and analysis

80
HBA HBD Molar o | ubility (xr) T (K) P(bar) Henry’s Reference
ratio y X constant (MPa)
Diethylene ) Haider et
TBAB Giyco 13 0.038—0.088 303.15 6.88 — 12.05 18.11 al, (2018)
Diethylene . Haider et
TBAB Gvco 1:4  0.047 —0.090 303.15 5.90 — 10.48 12.55 al, (2018)
Methyldiethanol . Haider et
TBAB A 13 0.086 — 0.204 303.15 4.23-10.00 4.92 al, (2018)
Methyldiethanol ) Haider et
TBAB A 1:4  0110-0.225 303.15 5.02 - 10.21 456 al, (2018)
TBAB Diethanol Amine  1:6  0.046 —0.102 303.15 6.10 — 10.11 13.26 Haider et
al. (2018) 13
TBPB Phenol 14 0.018-0205 31315-333.15 164—1578  7.90—9.43 \Agg?;)tjl'
Diethylene . 3 3 Wang et al.
TBPB Givco 1:4  0.017-0212 313,15-333.15 0.94—13.98 6.72 — 8.29 2019)
ATPPB Phenol 1:4  0020-0213 313,15-333.15 1.83-1345  6.46-8.24 V\:ng’g‘;tj"
ATPPB Phenol 16 0.021-0.195 313,15-333.15 1.83-13.87  6.99-8.65 \Azgg?ge)tj"
Chel Ethanol Amine 17 0.056 — 0.286 298.15 1.82-20.15 2.02-3.25 Sarmad et
al. (2020) 15
Ethanol Amine + - Sarmad et
Chel Dot AT 1T 0,031 -0.225 298.15 1.05 —20.11 201-389 "o
Ethanol Amine + Sarmad et
Chel Methyldiethanol ~ 1:7:1  0.052 — 0.259 298.15 1.78 = 20.09 2.01—3.42
) al. (2020) 15
amine
Ethanol Amine + Sarmad et
Chel Methyldiethanol ~ 1:7:5  0.040 — 0.250 298.15 1.41 —20.11 201-3.53
_ al. (2020) 15
amine
Ethanol Amine + Sarmad et
Chel Amino ethyl 171 0.043—0.269 298.15 1.38 —20.05 201-321  Fo00 s
piperazine |
Chel Ethanol Amine + .. 4 065 — 0.360 298.15 157 —22.37 204242 Sarmad et
piperazine al. (2020) 15
Chel Urea 115 0.0004—0.010 313.15-353.15 0.10-2.04  19.50 — 40.20 (Lz“(’) f;;i';s
Liu et al.
Chel Urea 12 00004-0016 31315-353.15 0.41-202  1230-2520 o0
Liu et al.
Chel Urea 125 00003-0009 31315-353.15 0.10-203  21.00-4020  ooi
Diethylene ) Ghaedi et
ATPPB Glyoor 1:4  0.035— 0.541 303.15 1.60 — 19.46 454 al, (2017) 7
Diethylene ) Ghaedi et
ATPPB Givco 110  0.028 — 0.432 303.15 1.56 — 19.54 5.56 Al (20171
Diethylene ) Ghaedi et
ATPPB Givco 116 0.024 — 0.391 303.15 1.66 — 19.54 7.13 Al (20171
Triethylene ) Ghaedi et
ATPPB Glyool 1:4  0.036—0.558 303.15 1.42 - 19.50 3.95 al. (2017) 1
Triethylene ) Ghaedi et
ATPPB Glyool 110 0.030 — 0.450 303.15 1.49-19.53 511 al. (2017) 7
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HBA HBD Molar o o 1ubility (x1) T (K) P(bar) Henry’s Reference
ratio constant (MPa)
ATPPB gfgg?"e”e 116 0.023-0.413 303.15 1.46 — 19.57 6.48 alcar(?g?;)ez
ACC Imidazole 23 0.001-0025 303.15-333.15 0.30-594  2238-39.77 (léio?tg‘;ll{a
ACC Imidazole 12 0.0009-0.027 303.15-333.15 0.27-590  20.91-38.24 (;io‘jts‘;";g
ACC Imidazole 1:3  0.0008-0.028 303.15-333.15 0.26-592  20.27—38.76 ('éio‘:;?';e
ACC 1,2,4-triazole 1:1  0.002-0.027 303.15-333.15 056-593  21.69-37.14 ('éio‘:;?';a
TBAB Octanoic acid 1:2 0.352 313.15 40.00 11.36 Ré%r;e)tj"
TBAB Decanoic acid 12 0.406 313.15 40.00 9.85 Ré%*;gﬂg'-
atm Dodecanoic acid 21 0.345 313.15 40.00 11.59 Ré%*; fitj)‘"
TBAC Decanoic acid 12 0.0086-0.239 298.15-323.15 0.90-19.00  7.55-10.71 Z‘(‘;’gi;‘)atzoa"
Nessi—Cl ~ Decanoic acid 12 0.0112-0.252 298.15-308.15 0.90-19.00  7.18-8.27 Z‘(‘;’gi;‘)atzoa"
Nesss—Cl  Decanoic acid 12 00117-0.284 298.15-323.15 090-19.00  6.17-8.42 Z‘(‘ggirS‘)atzoa"
Nesss-Br  Decanoic acid 12 0.0114-0.284 298.15-32315 090-19.00  6.26—8.49 Zt(‘sgigtzoa"
Nessi-Br  Decanoic acid 12 0.0107-0.257 298.15-323.15 090-19.00  7.15-9.43 Zt(‘sgigtzoa"
[TETAICI-  Thymol 1:3 1.208 313.15 1.00 0.077 (Czig;.t) al.
[TEPAICI-  Thymol 1:3 1.355 313.15 1.00 0.074 gg;{;)ﬁ';
L-arginine  Glycerol 1:5 0.403 353.15 1.00 0.248 ?265‘1 Zt) al.
L-arginine  Glycerol 1:6 0.457 353.15 1.00 0.219 F(*;& Zt) al.
L-arginine Glycerol 1:7 0.451 353.15 1.00 0.222 ?26(;11 Zt) 2;
TBAB 'E;‘;)rrii‘;ﬁ%* 45  0.011-0.197 298.15-318.15 204-16.21  8.23-18.55 aF?;%ZB?tZS
TBAB g'ae;fi:‘;igg 12 0.034-0285 298.15-318.15 500-16.52  5.80 - 14.71 aF?;%ZB?tZS
[TETAIC-  Ethylene Glycol ~ 1:3 1.46 353.15 1.00 0.068 Zr(‘;‘g‘f S?tzf"
[TETAICI- g:ig'e”e 12 1.42 353.15 1.00 0.070 Z?:gfs‘;tzf"

m;

MM;

M;

M
*X; = molar fraction = m; My . in which X; is the molar ratio of component j, 11; is the mass of component j, MMi is the

J

MM]-

molar mass of component j, 171} is the mass of component jand MMj is the molar mass of component j.
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Table S2. Solubility of other gases in several DESs found in the literature from 2013

to 2021.
Molar Henry’s
HBA HBD Gas . Solubility (x7) T (K) P(bar) constant Reference
ratio
(MPa)
Alanine  Lactic Acid CH:  1:1 0.010 - 0.372 298.15 1.00 — 50.00 13.44 Altamash et
al. (2019)
Betaine  Lactic Acid CHs 11 0.009 — 0.348 298.15 1.00-50.00  14.37 Altamash et
al. (2019)
ChCl Lactic Acid CH:  1:1 0.011 — 0.403 298.15 1.00 - 50.00 12.41 Altamash et
al. (2019)
chel Malonic Acid CHs 11 0.010 - 0.309 298.15 1.00-50.00  16.18 Altamash et
al. (2019)
ChCl  Phenylacetic Acid ~ CHs 11 0.012 - 0.476 298.15 100-50.00  10.50 g‘l'_te(‘g‘;sg) et
Liu et al.
Chal Urea CH: 115  000006-00008 31315-353.15 010-203 022-037 o000
Liu et al.
ChCl Urea CHi 12 0.00007-00008 31315-35315 013-203 0.19-031 o 05
Liu et al.
Chal Urea CH: 125 000004-00009 31315-35315 0.11-203 021-034 o005
Liu et al.
Chal Urea HeS  1:15  00014-00554  313.15-35315 010-202 357-858 005
Liu et al.
chCl Urea S 12 00016-00464 313.15-35315 010-202 428-884 o005
Liu et al.
chCl Urea HeS 125 0.0014-00351 31315-353.15  0.12-201 557-11.00 o000
Cui et al.
PPZBr  Glycerol SO2 16 0.990 — 4.280 293.15 0.01 - 1.00 0.023 2019) %
Cui et al.
PPZBr  Glycerol SO: 15 0.960 — 4.100 293.15 0.01 - 1.00 0.024 2019) 2
Cui et al.
PPZBr  Glycerol SO2 1:4 0.980 - 3.970 293.15 0.01-1.00 0.025 2019) *
chel Levulinc acid SO  1:3  0197-0891  293.15-343.15 1.00 0.11-0.51 D(Z'g% Se)t al.
ACC Levulinc acid SO 13 0.256-0.999  293.15-343.15 1.00 0.10-0.39 D(Z'(‘)% 59; al.
TEAC  Levulinc acid SO, 13 0.334-1215  293.15-343.15 1.00 0.08 - 0.30 D(ZB% :)t al.
TEAB  Levulinc acid SO  1:3  0345-1.166  293.15-343.15 1.00 0.09 - 0.29 D(ZB% :)t al.
TBAC  Levulinc acid SO 13 0.226-1.052  293.15-343.15 1.00 0.10 - 0.44 D(Z'(‘)% ;t al.
TBAB  Levulinc acid SO, 13 0.391-1.265  293.15-343.15 1.00 0.08 - 0.26 D(ZB% :)t al.
Sun et al.
chal Ethylene Glycol SO 12 0.980-2.880  293.15-333.15 1.00 0.035-010 0%
i i Sun et al.
ChCl Malonic Acid SO 1 0.640-1.880  293.15-333.15 1.00 0.053-016 o0’ %
chel Urea SO: 12 0.690—1.410  293.15-333.15 1.00 0.071-0.15 ?53165; al.
. Sun et al.
ChCl Thiourea SO: 1 1.320-2.960  293.15-333.15 1.00 0.034 - 0.08

(2015)
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Molar Henry’s
HBA HBD Gas . Solubility (x7) T (K) P(bar) constant Reference
ratio
(MPa)
ChCl Glycerol SO 1 0288-1226  293.15-353.15 1.00 0.082 - 0.35 Y(";r(‘)ﬁ’ ,j)t al.
ChCl  Glycerol SO. 12 0.155-0.819  293.15-353.15 1.00 0.12-0.65 Y(";r(‘)‘-;’ g)t al
ChCl Glycerol SO 13  0107-0618  293.15-353.15 1.00 0.16 - 0.94 Yg&% g)t al
ChCl Glycerol SO: 14 0.087-0508  293.15-353.15 1.00 0.20-1.15 Y(";r(‘)i’ ,j)t al.
Chel Guaiacol SO:  1:4 0.994 293.15 1.00 0.101 Liuetal.
(2018)

i : Liu et al.

ChCl Guaiacol SO: 15 0.948 293.15 1.00 0.105 2018

Liu et al.

ChCl Cardanol SO: 13 0.866 293.15 1.00 0.115 2018)
chcl Cardanol SO 14 0.776 293.15 1.00 0.129 1‘2"(‘) fg)as'(;
chCl  Cardanol s0. 15 0.695 293.15 1.00 0.144 (Lz"é 1‘*;)""3'5
ACC Imidazole SO 1:15 0.631 303.15 1.00 0.157 D(ZB? 79;351‘"
ACC Imidazole SO: 12 0.628 — 1.629 303.15 0.10-1.00 0.061 D(‘;gi’ ;)t al.
ACC Imidazole ST e 0.587 303.15 1.00 0.170 D(‘ZB? ;)tf}"
ACC 1,2,4-triazole SO 1 0.444 303.15 1.00 0.225 D(‘ZB? 76;51‘"
EmimCl  dimethylurea SO: 21 2.50-7.26 293.15 0.10-1.00 0.014 Y(Zr(‘)%g)t al.
EmimCl  N-methylurea SO: 2 2.06-6.25 293.15 0.10 - 1.00 0.016 Y(Z’(‘)gg)t al
EmimCl  thioacetamide SO, 2:1 2.13-6.79 293.15 0.10 - 1.00 0.015 Y(Z’ag:)t 3""2"
EmimCl  caprolactam SO: 2 2.86 - 8.00 293.15 0.10-1.00 0013 Y(Zr(‘)%g)t al.
BmimCl  4-methylimidazole SO 11 1.42 293.15 1.00 0.070 F(';(‘;zgt) al.
BmimCl  4-methylimidazole SO:  2: 1.37 293.15 1.00 0.073 '?;5‘2%; al.

. 4-methylimidazole + . Hou et al.
BMIMC! ¢ lenarea SO:  1:1:1 1.58 293.15 1.00 0.063 2020)

. 4-methylimidazole + . Hou et al.
BMIMC! ¢ enarea SO: 21 1.54 293.15 1.00 0.065 2020) %

. 4-methylimidazole + . Hou et al.
i SO 121 2.29 293.15 1.00 0.044 2020)

. 4-methylimidazole + . Hou et al.
BMIMC! ¢ lenarea SO:  1:12 2.07 293.15 1.00 0.048 2020)
EmimCl  Dicyandiamide SO: 13 0.062-1.652  292.20—353.20 0.006 —1.02 0.009 — 0.06 \?g(‘) ;} )ii'

. . Deng et al.
EmimCl  N-Formylmorpholine SOz 1:1 0.276 — 0.876 293.15-313.15 0.01-0.10 0.004 - 0.01 (2020) %
TBAB  caprolactam SO:  1:1 2.54 293.15 1.00 0.039 Zhang et al.

(2020) 3
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Molar Fenry's
HBA HBD Gas . Solubility (x7) T (K) P(bar) constant Reference

ratio

(MPa)

TBAB  caprolactam SO: 12 2.18 293.15 1.00 0.045 2?238290?33"
TBAB  caprolactam SO: 13 1.86 293.15 1.00 0.054 Z'(‘;ggoit%a"
TBAB  caprolactam SO 14 1.68 293.15 1.00 0.059 ZT;SSSZ?"

2. Techniques used to measure gas solubility

Several techniques have been used to measure gas solubility in DESs. To
exemplify we will analyze techniques that measure COz2 solubility in ChCl:urea DES at

molar ratio of 1:2.

Li et al. (2008) ' used an apparatus described by Zhang et al. (2004) ¥,
composed of a CO:z cylinder, a computer-controlled metering syringe pump, a
constant-temperature water bath, a pressure gauge, a volume-variable view cell, a
sample bomb, and a magnetic stirrer. In an experiment, an amount of DES is inserted
in the view cell, the cell is positioned in the constant-temperature water bath, and CO2
is injected into the system until an appropriate pressure is reached. The system
achieved equilibrium when the pressure remains constant over 5 h. The solubility is
found by using the masses of the liquid and the COz in the sample. To measure CO:2
solubility, the sampling valve of the lower liquid phase was slowly opened to collect the
sample from the phase. At the same time, cell volume was adjusted to keep the
pressure unchanged during the process. The valve was closed when enough sample
was obtained. Using a similar procedure, samples from the intermediate and upper
phases were collected. The highest solubility value at molar ratio of this paper was
0309 for COz2 in ChClurea DES (1:2) at 125 bar and
313.15 K 1, which are the highest pressure and lowest temperature studied by the

authors.
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Liu et al. (2019) '® used an apparatus described by Wang et al. (2011) 3 in
which the entire device consists of an isothermal water bath, balance of absorption,
and sections for receiving data. This device has two chambers, the largest chamber
stores and isolates CO2 before encountering the samples in the smaller chamber,
which is equipped with a magnetic stirrer (the equilibrium cell). A known mass of DES
was placed in the smaller chamber with a magnetic bar. Vacuum (<10 Pa) was then
applied to degas the entire device for at least 2 h. Then, the two chambers were
separated by a needle valve. The larger chamber received known amounts of COz,
measured by a pressure gauge (P;). The needle valve between the two chambers was
opened to allow CO:z to be introduced into the sample in the smaller chamber. A
pressure drop was observed in the larger chamber (P;). Absorption equilibrium was
obtained when the pressures of the two chambers (P; and P,) remained constant for
at least 1 h. Their best solubility was 0.016 at 2.202 bar and 313.15 K 6. CO2
absorption, n, was calculated using Equation 1:

, m
n=pVi—=piVi—pz2\Vo—— (1)
Po

where p; is the density in mol/mL of COz2 in P, represented in bar, p; is the density of
gasin P;, p, is the density of gas in P,, p, is the density of DES, and V; and V, represent
the volumes in mL of the two chambers, respectively. Thus, gas solubility in DESs (x

which is defined as the molar fraction of the gas in the liquid phase) was calculated

using Equation (2):

n

m(a+ b) (2)
aMa + be

n+
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where a and b are the molar ratio of ChCl:urea in DES, M, is the molar mass of ChCl

and M, is the molar mass of urea, both in g/mol.

Ali et al. (2014) 5 used a variable-volume high-pressure equilibrium cell to
conduct their experiments. This cell is equipped with a stirrer, three sapphire windows
and a heating jacket enabling operation at a constant temperature. It is also connected
to a high-performance liquid chromatography (HPLC) pump, and a piston with nitrogen.
Before each experiment, the equilibrium cell was cleaned, evacuated using a vacuum
pump, and maintained at a fixed temperature using a circulating water bath. Thus, a
known amount of DES was inserted in the cell using the HPLC pump. Then, CO2 was
injected into the cell at a defined pressure and the mixture was stirred until equilibrium
was achieved. Constant pressure is reached by changing the volume of the cell by
moving its piston. This volume change is recorded, and the mass of the dissolved COz2
is calculated using the Benedict—Webb—Rubin equation of state. The best solubility

result of this experiment was 0.021 at 10 bar and 298.15 K 5.

Mirza et al. (2015) ° used a static vapor-liquid equilibrium (VLE) rig to quantify
CO:2 solubility, which consisted of a buffer tank with a top-mounted pressure gauge,
incubation heater, a static stainless steel equilibrium vessel fitted with a pressure
gauge and valves on the inlet and outlet of the vessel to control gas flow. Initially, a
known amount of DES is loaded into the equilibrium vessel in which nitrogen gas is
inserted for 2 h at a constant temperature and constant stirrer. Then, COz is introduced
into the vessel through the buffer tank and the system is stirred for more than 20 hours.
Equilibrium is reached when the pressure reading of the vessel remained constant for
4 hours. The best result using this technique was 0.004 at 1.53 bar and 329 K. Due to
the low vapor pressures of the DESs at operating temperatures, it was assumed that

the vapor phase consisted only of pure CO2. Based on this assumption, using the initial
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and final pressure readings of the equilibrium vessel, the initial and final CO2

concentrations were calculated using Equation 3 °:

AP -V
Anco, = RT (3)

where An,, is the amount of CO2 absorbed in DES (mol), AP is the change in pressure
from the initial value to the equilibrium pressure in kPa, V is the volume of the
equilibrium cell in m3, T is the temperature in K, and R is the universal gas constant

(8.314 J.mol".K™).

Leron, Caparanga and Li (2013) 2 used a thermogravimetric pressure scale with
a control system that controls weight, pressure, and temperature of the system to
conduct the experimental measurements, according to the methodology described by
Soriano et al. (2008) 3. The equipment consists of a recording balance designed to
operate at any pressure and a pressure vessel machined. Static operation consists in
introducing gas at the top of the balance and then the recipient is closed. A small
volume of the DES is loaded into the microbalance pan, then the reactor vessel is
closed. The sample is dried and degassed by applying vacuum in the sample with a
diaphragm pump and then fully evacuating the reactor to a minimum of 106 Pa with a
turbo pump. While under vacuum, the sample is heated to 343.2 K for a minimum of 8
h with an external heating coil surrounding the container connected to a remote
temperature controller. The system is purged with COz2 that can flow into the vessel
until the desired pressure is reached. After that, the valve is closed, the temperature is
set, and the system is considered at equilibrium when no change in weight is observed.

The best result achieved in this paper was 0.308 at 59.11 bar and 303.15 K 2.
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1. Materiais

O gés avaliado foi o diéxido de carbono (COz2). Os reagentes utilizados para
sintetizar os ESs foram: Cloreto de colina (ChCI), glicerol, etilenoglicol, 1,3
propanodiol, acido glicolico, acido latico e acido malbnico conforme apresentados na

Tabela 1. Todos os reagentes utilizados foram de grau analitico.

Tabela 1. Pureza e fonte dos compostos utilizados nesse trabalho

Nome quimico Numero CAS Pureza Fonte
Dioxido de carbono 124-38-9 99,8% White Martins
Cloreto de colina 67-48-1 > 98,5% Sigma Aldrich
Etilenoglicol 107-21-1 99,5% Merck
Glicerol 56-81-5 99% Anidrol
1,3 propanodiol 504-63-2 > 98% Sigma Aldrich
Acido glicélico 79-14-1 99,7% Acros
Acido latico 50-21-5 99,5% Sigma Aldrich
Acido malénico 141-82-2 99% Sigma Aldrich

Fonte: Autoria propria

2. Metodologia experimental
2.1. Preparacdo dos ESs

Foram produzidos seis ESs utilizando o cloreto de colina (ChCl) como HBA, e
diferentes moléculas como HBD em diferentes fracbes molares, de acordo com a
Tabela 2. Devido a definicdo de DESs apresentada, optou-se por chamar todas as
misturas desse trabalho de ESs, uma vez que se trabalhou com diversas fracoes
molares que nem sempre correspondem a do eutético profundo.

Os ESs foram produzidos utilizando a metodologia de aquecimento brando
combinado com agitacdo proposta por Abbott et al. (2003). Inicialmente, os reagentes
foram secos em estufa a vacuo por pelo menos 72 horas a 353,15 K, a fim de reduzir
ao maximo o teor de agua presente nos mesmos. Em seguida, foram pesadas
quantidades previamente conhecidas de cada componente, conforme a fragdo molar,
para uma massa total de 100 g, em um Erlenmeyer de 250 ml que foi colocado em um
banho de glicerina com agitacao reciproca a 333,15 K por 120 min, ou até a formacao

de um liquido limpido e homogéneo. Os ESs formados foram entao transferidos para
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frascos @mbar e armazenados a temperatura ambiente em um dessecador para que

absorvessem o minimo de agua possivel.

Tabela 2. Composicao dos ESs que foram estudados no projeto

HBA (1) HBD (2) Fracao molar (x;)  Abreviacao Referéncia
OH 0,30; 0,33; 0,40;

HO™ ChCI.EETGLY (SILVA et al., 2020)

Etilenoglicol 0,45

HO OH
/\flc;\ 0,45; 0,50; 0,55 ChCI:GLY (SILVA et al., 2020)
Glicerol

HO™ ™" 0H

0,33; 0,40; 0,45 ChCl:1,3PROP (SILVA et al., 2020)
1,3 propanodiol

cr o
HO._—N-CH; Gl
CH
: HO)K/OH 0,15; 0,40 chetac GLy —(CRESPOetal, 2018)

Cloreto de colina )
Acido glicdlico

0O
HSCj)J\OH
OH 0,50; 0,55 ChCI:AC LAT (CRESPO et al., 2018)
Acido latico
O O
HO OH 0,30; 0,35; 0,55 ChCI:AC MAL (CRESPO et al., 2018)

Acido malénico

Fonte: Autoria propria

2.2. Determinacgao do equilibrio de fases a altas pressées

Nesse trabalho foi utilizado o método estatico sintético para a obtengéao de
dados experimentais de equilibrio de fases a altas pressbes. A técnica ja é
consolidada consiste em introduzir em uma célula de equilibrio quantidades precisas
da substancia pura para que se possa conhecer a composi¢cao global da mistura. Em
seguida, ajustam-se as condigdes de temperatura e pressao para que uma solucao
homogénea seja formada, e entdo, encontra-se a pressdo ou temperatura na qual
ocorre a transicao de fases (LANZA, 2004; NDIAYE, 2004; DALMOLIN, 2013).
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A Figura 1 apresenta um diagrama esquematico do aparato experimental
utilizado. Esse aparato € formado por um reservatério de solvente na forma de um
cilindro de gas, que também pode desempenhar o papel de fluido de pressurizacao
(1), uma bomba do tipo seringa de alta pressao (ISCO, modelo 260L, Lincoln, USA)
(2), utilizada por permitir facilmente o controle da presséao e quantificagédo de volume
de solvente deslocado. A temperatura do fluido na bomba € controlada através de um
banho termostatico (TECNA, modelo TE-184) (3). O aparato ainda conta com um
transdutor absoluto de pressao para monitoramento (4), uma célula de equilibrio de
volume variavel (5), que é um cilindro de ago inoxidavel 316L com capacidade maxima
de 2,7 x 10 m3 (didametro interno de 17,2 mm e comprimento de 146,5 mm)
considerando a presenca do pistdo mével, e com conexbdes remontadas a cada

experimento.

Figura 1. Diagrama esquematico do aparato experimental de equilibrio de fases a altas pressoes

S 15 16
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Fonte: Autoria propria

Na conexao frontal da célula ha uma janela de safira (6) para que a transicao
de fases seja visualmente observada, e na lateral, ha outra janela de safira, menor (7),
para a entrada de luz. Para a fixacao das janelas sao utilizados dois anéis de vedacao
(Figura 2), que podem ser feitos de borracha, teflon ou cobre. E recomendado para
temperaturas préximas a ambiente ou menores a utilizagdo dos anéis de vedagéao de
borracha e/ou teflon. Ja para temperaturas mais elevadas (acima de 343,15 K), é
recomendado o uso dos anéis de cobre, pois os de teflon podem deformar e causar
vazamento no sistema e/ou trincas nas janelas de safira, 0 que compromete a
operacdao do equipamento (LANZA, 2004). Dessa maneira, nesse trabalho foram
utilizados os anéis de cobre e teflon por serem mais resistentes nas condicdes em que

o trabalho foi desenvolvido.
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Figura 2. Anéis de vedacgao. (A) anel de cobre; (B) anel de teflon; (C) posicionamento das janelas de
safira na célula de equilibrio

Anel de teflon
— Janela de safira

— Anel de cobre

——+— Corpo da celula

C

Fonte: Autoria prépria

Na Figura 1 esta ilustrada também a parte frontal da célula que ainda conta
com conexfes desmontaveis para a alimentacao dos componentes da mistura e
insercao de um indicador de temperatura tipo PT-100 (8 e 9) para controle da
temperatura de operacao. O controle de pressao dentro da célula é feito através de
um pistdao mével (10), de aco inoxidavel 316L, que possui 17 mm de diametro interno,
28 mm de comprimento e dois anéis de Buna- N90 O-rings localizados em suas
extremidades, como exibido na Figura 3(B). Os anéis permitem que o pistao deslize
pelo interior da célula e garantem a vedagéo entre o fundo, que contém o fluido que
sera usado para pressurizar o sistema, e a frente da célula que contém a mistura a
ser estudada.

Entretanto, a montagem do pistdo é uma etapa critica, pois os anéis de
vedacao devem estar igualmente dispostos, ou seja, ambos devem ser colocados no
pistdo e aparafusados com a mesma intensidade. Caso os anéis que sdo ajustados
através de parafusos estejam muito comprimidos, o pistdo nao deslocara dentro da
célula em baixas pressdes e, em altas pressdes, podera deslocar-se brutalmente
devido ao rompimento do anel, 0 que por sua vez causara a passagem da substancia
de estudo, o ES, para o fundo da célula. Se os anéis estiverem pouco comprimidos
também ocorrera a passagem dos fluidos e consequente mistura entre os
componentes da parte frontal da célula com o fluido de pressurizagao.
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Figura 3. Pistdo mdvel. (A) pistdo desmontado, visao de cada componente; (B) pistdo montado, posi¢ao

horizontal

Fonte: Autoria propria

Depois de montado, o pistao é colocado dentro da célula pela parte de tras da
mesma, que € fechada em seguida. Pela parte da frente é colocada uma barra
magnética recoberta com teflon e que tem por fungdo homogeneizar o sistema através
do uso de uma placa de agitagao (11) colocada logo abaixo da célula. Por ultimo, é
feita a conexao frontal com a janela de safira para visualizacdo, ou seja, a célula é
completamente fechada e vedada.

No diagrama da Figura 1 ha também o sistema de resfriamento da célula de
equilibrio que esta envolta por uma camisa metalica. Nesse sistema de resfriamento,
mantido por um banho termostéatico (12), etilenoglicol é recirculado, na temperatura
desejada, mantendo a temperatura do sistema constante.

O sistema possui ainda valvulas agulha, que sdo usadas para a alimentacao
do fluido de pressurizagdo do sistema (13), para descarga e alivio do sistema (14),
garantindo a seguranca durante a operagao; valvulas esfera para interromper o fluxo
na linha de gas (15 e 16) e uma valvula de uma via (check-valve) (17), que garante

que pressoes elevadas nao retornem o gas para o cilindro.

2.2.1. Determinacdo do equilibrio de fases dos ESs puros a altas pressées

A determinacgéo do equilibrio de fases dos ESs puros pode ser realizada como
uma operagao isobdrica. Na qual, uma quantidade conhecida de ES a uma

determinada fracdo molar é inserida na célula, a fim de completar um volume de
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aproximadamente 10 mL, com o auxilio de uma seringa na conex&o frontal, devido a
alta viscosidade do composto que nao pode ser inserido através das conexdes
desmontaveis. Em seguida, a pressao no fundo da célula, que inicialmente esta a 5,5
MPa, pressao de vapor do COz, aproximadamente, é reduzida e mantida em 2 MPa,
por questdes de seguranca, uma vez que o ES estqd a temperatura e pressao
ambiente. A fim de eliminar o ar atmosférico dentro da célula, a conexao do termopar
é parcialmente fechada, e a de fundo é aberta. A pressao € entao pré-fixada através
da insercao de gas, o fluido de pressurizacao, pela bomba seringa na parte de tras do
pistdo, ou seja, aumenta-se a pressdo do sistema. Estabilizada a pressado, a
temperatura € reduzida vagarosamente, até que a transicdo de fases sélido-liquido
seja observada, ou seja, uma temperatura de transicao € determinada a uma dada
pressdo. Esse procedimento é feito em triplicata. Nesse trabalhou avaliou-se as
transicdes a 6, 10, 14, 20 e 25 MPa.

As transicoes observadas acontecem conforme apresentado nas Figura 4 e
5, na qual cada etapa representa a vista da janela de safira frontal da célula, no sentido
da diminuicao da temperatura no sistema isobarico.

Figura 4. Visualizagao das transi¢cdes de fases solido-liquido a altas pressoes, isobaricamente através
do método estético sintético

1 fase = Liquido

Cristais solidos 2 fases < Sdlido-liquido

2 fases = Sdlido-liquido

1 fase = Sdlido

Fonte: Autoria propria
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Figura 5. Vista da janela frontal da célula de pressao a 9 MPa: (A) ChCI:ETGLY liquido na temperatura
de 30 °C; (B) transicao solido-liquido na temperatura de 26,9 °C; (C) ChCI:ETGLY completamente

sélido na temperatura 26,5 °C.

r

Fonte: Autoria propria

2.2.2. Determinagao do equilibrio de fases ESs e CO:>

Para a determinacdo do equilibrio de fases entre os ESs e o CO:2 -
solubilidade, o experimento foi realizado isotermicamente e com o auxilio de duas
bombas seringa. A primeira bomba continha o COz2, que foi inserido juntamente com
o ES na parte frontal da célula, e a segunda bomba foi preenchida com etanol para
alimentar o fundo da célula. A utilizagdo de duas bombas se fez necessaria, pois
algumas transicdes foram encontradas em pressdes baixas, menores que a pressao
de vapor do COz2, o que aumentaria muito o esforco da bomba, fato que ndo acontece
com o etanol, que € liquido. Para esses experimentos, escolheu-se a composicéao
eutética de cada ES para ser estudada.

Inicialmente, escolhe-se as composicoes de ES e CO:2 desejadas e uma
quantidade conhecida do componente menos volatil, o ES, é colocado na célula com
o auxilio de uma seringa na conexao frontal. Para confirmar a auséncia de ar
atmosférico dentro da célula deve ser feita uma troca de atmosfera pela rapida
passagem de pequena quantidade do solvente CO2. A pressdo na bomba contendo
CO:2 é entao fixada em 10 MPa e a temperatura em 278,15 K, e somente quando se
atinge essas condi¢cées o volume de CO2 necessario para se obter a composicao
global pré-estabelecida é lentamente adicionado a célula. O volume de solvente é
calculado com base na diferenca do volume interno da bomba, a densidade, nas
condicbes desejadas, é obtida através do método de Hankinson-Brobst-Thomson
(HBT) e através dessas informacdes a massa de solvente € computada (THOMSON;
BROBST; HANKINSON, 1982).
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O sistema é entao submetido a temperatura desejada, e a pressao da célula
€ aumentada apos a estabilizacdo da temperatura, pela injecao de etanol na parte de
tras do pistdo, auxiliada pela bomba seringa, até que se observe uma unica fase
liguida. A mistura € entdo homogeneizada por cerca de 4 horas através de agitacao
continua. A seguir, a pressdo é vagarosamente reduzida (0,3 a 0,5 MPa/min),
isotermicamente, até que se observe a transi¢cdo de fases, ou seja, uma pressao de
transicdo € determinada em uma dada temperatura. Esse procedimento é feito em
triplicata para cada temperatura e composicao global.

As transigbes observadas acontecem conforme apresentado na Figura 6, em
que cada etapa representa a vista da janela de safira localizada na frente da célula,
com a diminuicdo da pressdo mantendo-se o sistema isotérmico. As transicdes
apresentadas na Figura 6, ndo necessariamente foram observadas em um Uunico
experimento, a figura representa possiveis transi¢cdes que podem ser observadas.

Figura 6. Visualizacédo das transi¢des de fases liquido-vapor a altas pressoes, isotermicamente através
do método estético sintético

1 fase = Liquido

Cloud point

2 fases - Liquido-vapor
PONTO DE BOLHA

2 fases - Liquido-liquido

2 fases = Liquido-vapor
PONTO DE ORVALHO

3 fases - Liquido-liquido-vapor

Py
Fonte: Autoria prépria
Na Figura 7 € apresentada uma foto da vista frontal da unidade experimental
de equilibrio de fases a altas pressdes, com destaque para o cilindro de CO2 (A), a
bomba do tipo seringa (B), a célula de equilibrio (C), a valvula esfera para interromper

o fluxo na linha que o solvente percorre (D) e a valvula de alivio/seguranga (E).
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Figura 7. Vista frontal da unidade experimental de equilibrio de fases a altas pressdes

Fonte: Autoria prépria

Os sistemas que foram determinadas as solubilidades estdo dispostos na

Tabela 3 com a faixa de temperatura de interesse.

Tabela 3. Sistemas e composi¢cdes de CO2 que foram estudados nesse trabalho

Soluto (1) Solvente (2) Xco2 Temperatura (K)

ChCI:ETGLY CO2 0,01;0,05;0,10; 0,20 298,15 K —333,15K
ChCI:GLY CO2 0,01;0,05;0,10; 0,15 298,15 K —333,15K
ChCI:1,3PROP CO2 0,01;0,05;0,10; 0,15 298,15 K- 333,15K
ChCI:AC GLY CO2 0,01;0,05; 0,15; 0,07 298,15 K- 333,15K
ChCI:AC LAT CO2 0,01;0,05;0,10; 0,20 298,15 K —333,15K
ChCI:AC MAL CO2 0,01;0,05;0,07; 0,10 298,15 K —333,15K

2.3. Densidade dos ESs a altas pressées

As densidades dos ESs foram medidas nas temperaturas 293,15 K, 298,15 K,
313,15 K, 333,15 € 353,15 K e na faixa de pressédo 1 — 50 MPa usando um DMA-HPM,
juntamente com a unidade amPDS 5, um densimetro de alta pressao da Anton Paar,

Austria. O equipamento realiza medidas de densidade de gases e liquidos sob

condicdes de temperatura (T) e pressao (P) variando de 263,15 Ka 473,15 Ke 0 a

140 MPa. A célula de medicao foi termostatizada através da circulacao de um fluido

termorregulador, com uma estabilidade de temperatura de £0,01 K, por meio da

circulacao de um banho termostatico (Julabo MC). Verificou-se que a incerteza padrao

sobre a temperatura era de 0,1 K. A pressao foi medida através de um transdutor de
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pressao piezoresistivo de silicone (Kulite HEM 375) com uma precisdo superior a
0,2%. O transdutor foi fixado diretamente na linha de ago inoxidavel 74", para reduzir
o volume morto e colocado entre a célula de medicado DMA-HPM e um pistdo moével.

O densimetro foi calibrado com agua deionizada e nitrogénio, em uma ampla
faixa de temperatura e pressao, indo de 293,15 a 363,15 K e 10 a 600 bar,
respectivamente. O modo utilizado e sugerido pelo fabricante foi o Wide Range, o qual
aplica uma equacao polinomial (Equacgéo 1) para correlacionar o periodo de oscilagao
registrado pelo osciloscépio interno com a densidade do fluido analisado.

p=AA+ AB.dt + AC.dd + AD.dt? + AE.dd? + (AF + AG.dt + AH.dd + Al.dt? +
AJ.dd?).0p? + AK.op* (D

Em que p € a densidade do fluido, dt € a temperatura, dd é a presséo, dp € o periodo

de oscilagcdo e AA a AK sé&o os coeficientes polinomiais de ajuste.

3. Descricao dos modelos
3.1.  Modelagem termodindmica utilizando o software Multiflash

O Multiflash é um software da empresa KBC, que permite modelar e resolver o
comportamento de fase de misturas complexas e substancias puras. O Multiflash pode
modelar quaisquer fases, incluindo hidratos, ceras, asfaltenos e incrustacbes de
haletos. Ele apresenta um banco de dados com mais de 300 componentes puros,
acesso ao banco de dados do Design Institute for Physical Properties (DIPPR) com
mais de 2.200 compostos e a possibilidade de incluir componentes com base em
dados suplementares. Os modelos disponiveis no Multiflash incluem diversas
equacoes de estados para representar 6leo, condensados, gas natural, CO2, agua,
vapor, glicois, refrigerantes, polimeros e outros produtos quimicos.

O Multiflash disponibiliza algumas ferramentas que possibilitam a interface com
outros aplicativos, facilitando o compartilhamento de dados e informacdes. Neste
trabalho foi utilizado o suplemento do Microsoft Excel. Por meio dessa configuracéao,
foi possivel obter o script de cada simulagao realizada e transferir para o Microsoft
Excel, onde também foram realizados os estudos e analises.

O script pode ser entendido como uma “identidade”, a qual contém todas as
informacdes necessarias de cada simulagdao, como por exemplo: a composicao do
fluido, propriedades criticas e termofisicas, parametros do modelo termodinamico
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utilizado e os valores do parametro de interagdo binaria (k;;). Assim, para cada
simulagéo realizada, foi selecionado um script e este compartilhado com o Microsoft
Excel.

Nesse trabalho, o Multiflash foi utilizado para modelar a solubilidade de CO2em
treze DESs em uma ampla faixa de temperatura (303,15 a 343,15 K) e pressao (0,06
a 12 MPa), utilizando as equacdes de estado Peng-Robinson 78 e Cubic Plus
Association (CPA), conforme apresentado no Capitulo 4: “Carbon Dioxide Solubility in
Deep Eutectic Solvents: Modelling using Cubic Plus Association and Peng-Robinson
Equations of State”. Por meio do script, foi possivel calcular as curvas solubilidade
para as equacotes de estado CPA e PR78. Além disso, o software foi utilizado para
modelar, usando a CPA, os dados experimentais de densidade em altas pressées de
seis DESs, conforme apresentado no Capitulo 6: “Characterization by SLE phase
diagrams and density of Eutectic Solvents based on ChClI, alcohols and acids at high

pressures”.

3.1.1. Equacgéao de estado Peng-Robinson

A solubilidade do CO2 nos ESs foi modelada utilizando a equacdo de Peng-
Robinson (PENG; ROBINSON, 1976; MIRZA et al., 2015), definida da seguinte forma:

_RT a(T)
“Vu—b V,(V,,+b)+b(V, —b)

p €Y)

Em que, 1}, é o volume molar, T é a temperatura, P € a pressdo, e R € a
constante universal dos gases. O parametro de energia fisica a e o parametro de co-
volume b sdo funcdes das propriedades criticas — temperatura (T,) e pressao (F.) - €

sdo calculados para cada componente de acordo com as Equagbes 2 e 3,

respectivamente:
2

RTZ T

a; = 0.45724 . 1+m;|1- T (2)
T,

b; = 0.0778 — 3)
Ci

Com,

m; = 0.37464 + 1.54226w; — 0.26992w? 4)

i
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Se w; < 0,49. A equacao de Peng-Robinson (PENG; ROBINSON, 1978) foi

modificada para considerar moléculas cujo w; > 0,49, de acordo com a expressao:
m; = 0.37964 + 1.4850w; — 0.16442w? + 0.01667 w} (5)

Nesse trabalho, foi considerada a equacao de Peng-Robinson 78, uma vez que
os ESs apresentam normalmente fatores acéntricos superiores a 0,49.

As forgas predominantes entre as moléculas de diferentes componentes, que
formam a mistura, foram descritas considerando as regras de mistura. Assim, os

parametros a; e b; da mistura sdo determinados utilizando as regras de mistura de um

unico fluido:
No N
a= Z Z xixj(l — kij),/aiaj (6)
i=1j=1
E
N¢

b= Z x;b; 7)

Em que, x; é a fragdo molar do componente, k;; € o parametro de interagao
binaria ajustado com base nos dados experimentais de equilibrio vapor-liquido (VLE)
entre 0 CO2 e 0 ES, dado por:

aP

= RZTZ (8)
bpP

B= — €))

Uma vez determinados estes parametros, o fator de compressibilidade (Z) pode

ser obtido usando a seguinte equagao que é a equagao Peng-Robinson cubica em Z:
73— (1-B)Z*+ (A-2B—-3B¥)Z—- (AB— B*- B3*)=0 (10)
O coeficiente de fugacidade do componente i pode ser calculado por:

A
zﬁBx< A B) \z+(1+Vv2)B

¢; = exp (Z—l)%—ln(Z—B)—



CAPITULO 3. Materiais e Métodos
107

As fugacidades individuais foram determinadas com base nos coeficientes de
fugacidade e na abordagem ¢ —¢ , em que as fases liquidas e vapor foram

consideradas iguais.

=5 (12)
Com,

= yiplP (13)
fit = x;piP (14)

Foi utilizado um método iterativo para resolver a Equacado 12, que deve

satisfazer simultaneamente duas restri¢des:

in —1 (15)
Zyi =1 (16)

3.1.2. Equacgéo Cubic Plus Association (CPA)

A equacao CPA é composta pela classica equacao de Soave-Redlich-Kwong
(SRK) e a associacdo com a termodinamica estatistica. A pressao é fornecida pela
Equacédo 17 (KONTOGEORGIS et al., 1996, 1999):

)inZ@ — Xa,) (17)

Em que, x; € a fracdo molar do componente i e p € a densidade molar (p = 1/V;,). O

RT a(T) 1RT

P = - —=—(1
V. —b V,(V, +b) 2Vm< TP

dlng
ap

parametro de energia fisica (a(T)) € calculado utilizando a Equacao 18:

2
a(T) =a, (1 + c1(1 — \/Fr)) (18)
ComT, = Tl em que T, € a temperatura critica.

Xy, representa a fragdo molar dos sitios A na molécula i que nao foram ligados a outros

sitios ativos, fornecida pela seguinte Equagéo:

1
1+ p2jX ZBjXBjAAiBj

(19)

Xai
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Em que, A%i8i é a forca de associacdo dada pela Equacgéo 20, que descreve os lagos
de associagao entre duas moléculas diferentes com dois sitios ativos.
AiB]'

RT

AABi= g(V,)ref lexp <£ > — 1] b 4B (20)

Na Equacgéo 20, 4% é a energia da associacao, f“i#j é o volume de associacao, e
g(,)"¢ é a funcéo de distribuicdo radial do fluido de referéncia (esferas rigidas) -

definidas por Elliot; Suresh; Donohue, (1990) como:

1
g(Vm) = =19y (21)
Com,
1
b + b,
bij = — (23)

Portanto, sdo necessérios cinco parametros para descrever um componente
puro usando a CPA: a,, b e c, na parte fisica, e4#/ e p4iBi na parte da associagéo. O
termo de co-volume b estd presente em ambas as partes da equacdo. Esses
parametros sao otimizados por meio do ajuste de dados de pressao de vapor e/ou
densidade liquida dentro de uma faixa de temperaturas desejadas. Para compostos
nao auto-associantes, os parametros otimizados sdo apenas os da equacao SRK.

Para ampliar a CPA a misturas, séo utilizadas regras de mistura convencionais

no termo fisico para a energia e o co-volume b. Para o parametro de energia a;;(T), €

utilizada a seguinte regra de média geométrica:

A1) = > xigay(T) (24)
i J

Com

a;;(T) = /ai(T)aj(T)(l — kyj) (25)

Enquanto o co-volume b da mistura é dado por:

b= Z x;b; (26)
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Se a mistura for formada por compostos ndo-associativos, o parametro de
interag&o binaria k;; € o Unico parametro ajustavel.

Embora o termo de associagdo nao exija regras de mistura, as misturas que
apresentam moléculas de associacao cruzada requerem regras de combinagao dos
parametros de energia e volume de associacdo para calcular o valor da forca de
associacao. As regras adequadas para a CPA foram a combinacao das regras CR-1
e a de Elliott (VOUTSAS; YAKOUMIS; TASSIOS, 1999).

gAiBj = gAiBiy g4)Bj 27)

BAB) = ’BAiBiBA,-BJ- (28)
AABj = \[p4iBipAjB) (29)

Misturas em que apenas um composto tem ligagdes associativas, enquanto o
outro permanece inerte sdo comuns, implicando apenas na ocorréncia de ligacdes
associativas. Folas et al., (2006) chamam tal processo de "solvatagao", que descreve
a inducao da ligacao de hidrogénio entre compostos de associag¢ao polar e compostos
inertes da mistura. Estes casos consideram uma ligacdo de associagcdo entre
compostos polares e inertes, exigindo a otimizagdo do parametro de volume (84:%/) a
partir dos dados experimentais. O parametro de energia (¢4i8/) é calculado utilizando
a regra de combinacao CR-1 modificada (FOLAS et al., 2006).

ABj _ €associating

> (30)

&

3.1.3. Determinacédo das propriedades necessarias dos ESs

Como os solventes eutéticos ndo estdo presentes na base de dados do
software Multiflash, é indispensavel a sua inclusdo por meio dos dados necessarios.
Para cada modelo termodinamico utilizado, o Multiflash exige uma certa quantidade
de dados do componente puro. Para a equagdo Peng-Robinson 78 sao exigidas as
propriedades criticas (pressao, temperatura e fator acéntrico), a massa molar do
componente, a capacidade calorifica a pressao constante (Cp) do gas perfeito (caso
nao haja dados, pode ser considerada zero). Para a equacao CPA séo exigidas todas
as propriedades descritas acima além da pressao de vapor (desconsiderada para o0s

ESs), a densidade do liquido saturado e os parametros fisicos e de associacao
(ao, b, c1, €, B).
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3.1.8.1.  Correlagcio da densidade do liquido saturado

Para a determinacéo da correlagdo da densidade do liquido saturado (mol/m3)
foi necessario inicialmente dados de densidade dos ESs a pressdo atmosférica e em
diversas temperaturas. Em seguida, de acordo com as opg¢des oferecidas pelo
Multiflash, escolhe-se uma correlagdo para que seja determinada a densidade
calculada. Para este trabalho, escolheu-se a equagao 100 da DIPPR:

p=a,+a,T+asT?+ a,T>+ asT* (31)

Entédo, ndo se considerando os coeficientes a4 e as, chutou-se valores para os
demais coeficientes para o célculo das densidades, os desvios absolutos médios (do
inglés, average absolute deviations, %AARD) foram calculados (Equagédo 32), e
através do suplemento Solver do Microsoft Excel, a média dos %AARDs foram
minimizados utilizando a fungéo objetivo indicada pela Equacao 33 para encontrar os

valores corretos dos parametros.

|pexp _ pcalcl
%AARD (p) = ———— x 100 (32)
P p

exp

Np p?xD _ pgalc
OF = min Z <%> (33)
i=1 Pi

Em que, p{* é a densidade calculada; p;** é a densidade experimental e N, é a

quantidade de dados experimentais.

3.1.3.2. Calculo das propriedades criticas dos ESs

Independentemente da EoS utilizada, a modelagem termodindmica requer as
propriedades criticas dos ESs - que ndo sdo facilmente encontradas na literatura. As
propriedades criticas dos ESs foram calculadas utilizando o método modificado de
Lydersen-Joback-Reid proposto por Valderrama e Rojas, (2009) (JOBACK E REID,
1987; LYDERSEN, 1955), e diferentes razées molares de HBA e HBD utilizando a
regra de mistura Lee-Kesler (LYDERSEN, 1955). A presséo critica € o volume foram
calculados utilizando o método de Lydersen, enquanto a temperatura normal de

ebulicao e as temperaturas criticas foram calculadas utilizando o método Joback-Reid.
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O método Joback de contribuicdo de grupo foi escolhido porque calcula
propriedades criticas sem quaisquer dados experimentais e mostra boa precisdo para
moléculas de massa molar elevada, tais como os ESs. Além disso, os ESs foram
preparados usando sais com natureza ibnica semelhante a dos liquidos i6nicos - tal
como determinado com sucesso pelo método modificado Lydersen-Joback-Reid
(SHAHBAZ et al., 2011; HAGHBAKHSH; RAEISSI, 2017; HAIDER et al., 2018).

O ponto de ebulicao normal (T,), a temperatura critica (T,.), a pressao critica (P.)

e o volume critico (V) foram calculados para cada HBA e HBD como se segue:

T, = 198.2 + Z AT,y (34)

T, = . (35)
¢ 105703 + 1L.0121 %, nATy — (3, nATy)?]

P. = M (36)
¢ (0.2573 + Y nAP),)?

V.= 675 + Z AV, 37)

Em que, AT,y, ATy, APy e AV, sao constantes do método modificado Lydersen-
Joback-Reid, M é a massa molecular (g.mol"), e n € o nimero de cada grupo de
contribuigéo.

O fator acéntrico de cada HBA e HBD foi calculado de acordo com a equacao
proposta por Valderrama e Robles, (2007).

(T, — 43)(T, — 43) PN\ (T, —43) P, P
o= T i e ) ~a =y e (5) e (7) 1 (8)

Em que T, é a temperatura critica, P. é a pressao critica, T, € a temperatura de
ebulicado normal e P, é a pressao de ebulicdo normal (0,101325 MPa).

As propriedades criticas dos ESs foram calculadas pelas regras de mistura de
Lee-Kesler, como se segue:

1 1

Ton == ) ) yVebTey (39
Vom T

Vem = Z Z YiYiVeij (40)
i
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Wm = Z Yiw; (41)
i
1
Teij = (TeiTej) 2k i) (42)
1/ 1 1)3
VCij = § (Vci?’ + ch3> (43)
_ Tem
P.., = 0.2905 — 0.085w,, (44)

cm

Em que, m esta relacionado com a mistura e i e j com 0s componentes puros, y é a
fragdo molar de cada componente, e k';; sdo os parametros binarios. Devido a falta

de dados experimentais, k';; foi considerado como 1.
3.1.8.3. Predicao dos parametros da CPA para os ESs

Como mencionado no Topico 3.1.2, sdo necessarios cinco parametros para
descrever os componentes puros: trés paradmetros fisicos (a,, b, ¢;), 0 volume (84:5))
e a energia (¢“i8/). No entanto, estes parametros para os ESs ndo s&o facilmente
encontrados na literatura.

Sendo assim, os parametros dos componentes puros foram determinados
ajustando os seus dados a densidade liquida e a pressao de vapor numa faixa de
temperaturas entre 293,15 e 343,15 K. Como a pressdao de vapor dos ESs é
insignificante, apenas os dados de densidade liquida foram considerados para
otimizar os parametros da CPA. Embora varios estudos tenham determinado a
solubilidade do CO2 nos ESs, existem poucos dados na literatura que apresentam a
densidade dos ESs numa grande faixa de temperatura, o que limita a determinacao
dos parametros da CPA que sdo necessarios. Assim, os critérios de selecao dos ESs
utilizados neste trabalho foram: existir tanto dados de densidade dos ESs como dados
de solubilidade de CO2 nos ESs.

Inicialmente, foram calculadas as densidades utilizando o script do Multiflash
para a CPA que continha apenas as propriedades criticas e os parametros calculados
para a densidade do liquido saturado, chutando assim valores para 0s cinco
parametros da equacdo. Em seguida, os valores de %AARD entre os dados
calculados e experimentais foram obtidos de acordo com a Equagéo 45.
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cal exp
exp

Pi
P;

x 100 (45)

Np
1
saron =LY
) N, Z
l

Apoés o célculo das densidades liquidas usando a programacao do Multiflash, a
soma dentro dos parénteses da Equacédo 45 foi minimizada usando uma funcéao
objetivo no Solver do Microsoft Excel (Equacéao 46), variando os parametros de modo

a encontra-los e consequentemente o valor da densidade liquida calculada.

Mo ppal _ p_exP
OF = min Z (lprl> (46)
i=1 i

Os ESs foram modelados utilizando duas estratégias: (i) como componente
pseudo-puro e (ii) como componente individual. Efetivamente utilizado na literatura
(DIETZ et al., 2017; HAGHBAKHSH; RAEISSI, 2017; HAGHBAKHSH et al., 2021;
RABHI; MUTELET; SIFAOUI, 2021) a abordagem pseudo-pura considera os ESs
como um componente pseudo-puro com massa molar média calculada pela razao
molar de HBA e HBD. Para garantir que a auto-associacao de HBA e HBD formaria
uma ligacao de hidrogénio, foram atribuidos dois sitios de associagéo 2B para os ESs.
A segunda estratégia consistiu em ajustar a densidade liquida de cada componente
do ES (HBA e HBD), considerando tanto a auto-associacdo como a associacao
cruzada entre os HBAs e HBDs. Embora considerado como um componente inerte na
maioria dos estudos, os esquemas de associacdo 2B e 4C foram também
considerados para o CO2 (TSIVINTZELIS et al., 2011; HAGHBAKHSH; RAEISSI,
2017). Como os estudos que abordam a solubilidade de CO2 nos ESs sédo ainda
incipientes na literatura, este estudo avanga o conhecimento modelando a solubilidade
de COz2 nos ESs, considerando o CO2 como inerte, com esquemas de associagdo 2B

e 4C e também de solvatacao.

A Figura 8 apresenta o fluxograma ilustrando o passo a passo do processo de
calculo dos AARDs% e da otimizagao dos parametros da CPA.
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Figura 8. Fluxograma do processo de obtencao dos parametros da CPA para os ESs

(" Calculo das propriedades )

criticas e parametros de
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Multiflash e do script ao
suplemento do Excel
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!
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desvios (%AARD)

!

Fim!

Desvio foi
Minimizagdo da média dos reduzido e os
desvios através do Solver parametros da Tentaiva e

CPA satisfeitos?

erro! Estipular
novos valores

Fonte: Autoria propria

3.1.4. Modelagem da solubilidade do CO:2 nos ESs através das equagbes Peng-
Robinson 78 e CPA

Para a modelagem da solubilidade do CO2 nos ESs usando ambas as
equacdes de estado foram utilizadas a mesma abordagem. Entretanto, enquanto a
equacao de Peng-Robinson 78 dispensa os dados experimentais de densidade e/ou
pressdo de vapor dos pseudo-componentes ESs, exigindo apenas as suas
propriedades criticas, a equacao CPA exige esses dados além dos seus 5 parametros
anteriormente citados.

Os dados experimentais foram modelados considerando duas hipéteses para
o parametro de interagao binaria (k;;), nomeadamente: (i) k;; = 0 e (ii) considerando
uma tendéncia linear de k;; com a temperatura (Equagéo 47), caso em que o
parametro foi ajustado aos dados calculados de solubilidade, com os valores dos

coeficientes (a, € a4).

kij = Qay + alT (47)

k;; € o parametro de interagdo binaria, a, e a, sdo as constantes e T € a temperatura

em Kelvin.
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Sendo assim, utilizando os dados experimentais de solubilidade, temperatura e
pressdo, determinou-se os valores de pressdo calculados através do script do
Multiflash, adotando valores para os parametros a, € a,. Em seguida, calculou-se o
%AARD de acordo com a Equacao 48, e por fim utilizou-se uma funcédo objetivo

(Equagédo 49) para minimizar os desvios, encontrando assim os valores para o k;;

dependente da temperatura.

1 Np P.exp _ pcalc
AARD% = =~ : Pexpl x 100 (48)
P i
Np
pexp _ pcalc
or = min > (17) (49)
i=1 i

Em que N,é o nimero de dados experimentais, P”*Pé a pressao experimental, e pgate
€ a pressao calculada pelo Multiflash.

Essa metodologia foi utilizada tanto para o ES como um pseudo-componente
quanto para o ES como um componente individual. A Unica diferenga € que para o
pseudo-componente tem-se um unico k;; e para o componente individual, o sistema

é considerado um ternario, e, portanto, possui trés k;; (ki3 , ky3, k»3).

A Figura 9 apresenta o fluxograma ilustrando o passo a passo do processo de

célculo dos AARDs% e da otimizag&o dos valores de k;;.
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Figura 9. Fluxograma do processo de obtengao dos valores de k;;para os sistemas CO2+ESs

(" Insercdo dos parametros |

da CPA para os ESs no
\ Multiflash )

|

Inser¢ao do CO, no
Multiflash e do script ao
suplemento do Excel

!

Célculo das pressbes com
base nos dados de
solubilidade

}

Adicao dos valores de
entrada de k;; ao script

!

Calculo da média dos
desvios (%AARD)

|

Desvio foi Fim!
Minimizagado da média dos reduzido e os
desvios através do Solver valores de Tentativae

kysatisfeitos? erro! Estipular

novos valores

Fonte: Autoria propria

3.2. Modelagem termodinamica utilizando o COSMO-RS

O COSMO-RS (do inglés, Conductor-like Screening Model for Realistic
Solvents) é um software que calcula as propriedades termodinamicas de fluidos e
solugcdes com base em dados mecanicos quanticos. As propriedades do COSMO-RS
tém poder de previsao fora do conjunto de parametrizacao, em oposi¢cao aos modelos
empiricos. Ele prediz instantaneamente propriedades termodinamicas, como
solubilidade, coeficientes de particao e de atividade, presséo de vapor, diagramas de
equilibrio liquido-vapor de misturas binarias e ternarias (ELV/ELL), energias de
excesso, azeotropos, entre outros.

Ele é um modelo termodinamico preditivo que combina 0 modelo de solvatagéao
dielétrica continua conhecido como COSMO e a termodinamica estatistica (KLAMT,
1995). Neste sentido, 0 COSMO-RS utiliza a interagao entre uma cavidade contendo
uma molécula e um meio dielétrico, gerado através de célculos baseados na Teoria
Funcional da Densidade Quimica Quantica (DFT), como um estado de referéncia a
partir do qual as energias de interacdo entre as moléculas podem ser inferidas

(KLAMT, 2005). Através da termodinamica estatistica, a definicdo de um conjunto de
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pequenos segmentos de superficie de diferentes moléculas interagindo entre si,
juntamente com o estabelecimento de uma funcao de particdo, a partir da qual a
energia de Gibbs do sistema pode ser derivada, permite o célculo das propriedades
da solugédo a partir do COSMO-RS (KLAMT, 2005).

De fato, o contato entre as moléculas no estado de referéncia do COSMO
provoca o aparecimento de energias de interacao, que contribuem para a energia
global de Gibbs. A partir da energia de Gibbs, é possivel derivar potenciais quimicos,
permitindo assim ao COSMO-RS calcular os equilibrios termodinamicos. O modelo,
em esséncia, depende apenas da geometria da molécula e da densidade da carga de
polarizacdo para determinar as condicbes de equilibrio dos sistemas
multicomponentes, o que constitui uma vantagem notavel sobre as abordagens
empiricas ou semiempiricas. Para calcular a solubilidade dos gases, o0 modelo aplica

um procedimento interativo, em que para cada componente j, a sua fragdo molar (x;)
é variada até a sua pressao parcial (p;) seja igual a um valor de porosidade parcial de

referéncia (imputado ao COSMO-RS). Cada presséao parcial do componente € descrita
pela Equacédo 50 (COSMOTHERM, 2021a).

P = %Y, (50)

Em que, p](-) e y; séo a pressao de vapor e o coeficiente de atividade do componente
Jj, respectivamente.

O presente trabalho, visou avaliar o potencial do COSMO-RS para representar
dados de solubilidade de CO2, CH4e H2S em 17 ESs baseados em ChCl encontrados
na literatura, a 313,15 K, e na faixa de pressdo entre 1 e 125 bar, conforme
apresentado no Capitulo 5: “Prediction of greenhouse gas solubility in Eutectic
Solvents using COSMO-RS”. Além disso, foi investigado o efeito de trés razdes
molares diferentes do ES composto por ChCl e ureia na solubilidade do CO2, CH4 e
H2S.

Para isso, o software COSMOtherm (versdo 21.0) (COSMOTHERM, 2021b)
com o nivel de parametrizagdo BP_TZVPD_FINE_21.ctd foi aplicado para estimar os
dados de solubilidade dos gases do efeito de estufa nos solventes eutéticos. Todos
0S arquivos .cosmo necessarios para o0s gases e alguns precursores dos ESs (fenol,
etilenoglicol e glicerol) foram recuperados da base de dados COSMOtherm TZVPD-
FINE. Para o ChCl e todos os HBDs em falta na base de dados, os ficheiros de entrada
foram obtidos com o software COSMOconfX 2021 acoplado ao pacote TmoleX
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(versa@o 4.5) utilizando o modelo BP-TZVPD-FINE-COSMO+GAS_18 (STEFFEN et
al., 2010). O ChCI foi tratado seguindo a abordagem da mistura eletroneutra
(DIEDENHOFEN; KLAMT, 2010), e os dados de solubilidade previstos foram
corrigidos para os dados de solubilidade a escala laboratorial (COSMOTHERM,
2021a). Detalhes adicionais para o procedimento de célculo da solubilidade de gas
com o COSMOtherm estdo disponiveis no manual de referéncia do software
(COSMOTHERM, 2021a). Alem disso, todos os conformadores de cada molécula

foram considerados nas simulacgdes.
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Abstract

Carbon Dioxide (CO2) is the greenhouse gas that most contributes to global warming
and climate change due to fossil fuels combustion, transportation, and other industrial
process. Carbon capture, storage, and utilization (CCSU) is an effective method to
reduce COz emission. Chemical absorption is the most straightforward technology for
post-combustion CO2, and monoethanolamine (MEA) has been proved to be the most
efficient chemical solvent. However, MEA is not environment friend, thus indicating the
need for developing eco-friendly absorbers for COz capture, such as Deep Eutectic
Solvents (DESs). Despite recent experimental studies investigating COz2 solubility in
DESs, thermodynamic modelling is important to understand the system behavior.
Thus, this study modelled COz2 solubility in thirteen DESs found in a large range of
temperature (from 303.15 to 343.15 K) and pressure range (from 0.06 to 12 MPa).
Cubic-Plus Association (CPA) and Peng-Robinson equations of state were used to
compare efficiency. The results indicate that fitting the binary interaction parameter
(k;;) promotes a better reproduction result than considering k;; equals zero Despite all
association schemes of COz providing accurate results, the 4C association scheme
(two electron acceptors and two electron donors) resulted in better equilibrium
description. Both models describe experimental data very well, yet the individual
component presents better results than pseudo-component approach, corroborating

with DESs definition.

Keywords: Carbon Dioxide; Carbon capture, storage, and utilization; Deep Eutectic

Solvents; Cubic-Plus Association; COz2 solubility.
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1. Introduction

The increase of CO2 atmospheric levels is associated with human population
growth and dependency on commercial energy. Most global CO2 emissions come from
the fossil fuels (Abdelkareem et al., 2018; Elsaid et al., 2020; Li et al., 2020). The
imbalance in the COz2 cycle caused by fossil fuels combustion for transportation, and
other industrial processes increased pre-industrial atmospheric COz2 levels from 280
ppm to around 411 ppm in 2020. Greenhouse gases (GHGs) emissions has increased
the global temperature by 1 °C when compared with pre-industrial levels, showing its
effects on sea levels, floods, droughts, and infectious diseases (Joshi et al., 2011).

In this context, the Paris Agreement aims to hold global average temperature
increase, cutting CO2 emissions by at least 40% by 2030 compared to 1990 (2030
climate & energy framework). For that, negative anthropogenic CO2 emissions must
be reduced by 45% until 2030 and reach zero emissions around 2050 (IPCC, 2018;
Pachauri et al., 2014). In an attempt to reduce the negative effects of fossil fuels on
the environment, a number of researches have investigated cost-effective renewable
energy sources (Mohamed et al., 2017) and process with low or no environmental
impacts (Rabaia et al., 2021).

Carbon capture, storage and utilization (CCSU) likewise comprises an effective
method to reduce CO2 emissions and it is a potentially scalable technology (Tapia et
al., 2016; Zhang et al., 2020), which consists of separating and transporting CO2
produced industrially to be stored in a safe place and converted into more valuable
substances or products.

Nowadays, CCSU technologies can absorb around 85-95% of CO2 produced
by a power plant. CO2 can be captured by three different methods; these are: (i) post-

combustion, (ii) pre-combustion, and (iii) oxy-fuel combustion (Deng et al., 2015; Pires
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et al.,, 2011; Sarmad et al., 2017; Schmelz et al., 2020; Tapia et al., 2016; Wilberforce
et al., 2021). Post-combustion is the most used capture system due to its relative ease
to retrofit and remove CO:z from burning fossil fuel through physical or chemical
absorption/adsorption mechanisms (Ben-Mansour et al., 2016; Chao et al., 2021).

Absorption is the most straightforward technology among post-combustion
ones, which separate COz2 from flue gas by using a regenerable liquid sorbent (Leung
et al., 2014; Li et al., 2020). Monoethanolamine (MEA) is an affordable absorber with
high reactivity and selectivity (Aaron and Tsouris, 2005), low cost, abundant solvent,
uncomplicated retrofitting (Sultan et al., 2021), thus being considered the most
effective chemical solvent to capture CO2 by chemical absorption showing efficiency
over 90% (Abdul Halim et al., 2015; Aroonwilas and Veawab, 2004). However, MEA
may promote degradation, causing solvent loss, equipment corrosion, and volatile
organic compounds (VOCs) emission. Moreover, amine emissions promote a series of
implication to both the environment and human health (Akbari and Valeh-e-Sheyda,
2019; Leung et al., 2014; Rochelle, 2012). Thus, studies must develop eco-friendly and
cost-effective absorbers for capturing CO2 and replacing aqueous amine solutions,
such as Deep Eutectic Solvents (DESs) (Ghaedi et al., 2020; Haider et al., 2020; Li et
al., 2008; Rabhi et al., 2021; Sarmad et al., 2020; Zubeir et al., 2018).

DESs are a mixture composed of two or more pure compounds, including
hydrogen-bond acceptors (HBAs) and hydrogen-bond donors (HBDs), whose eutectic
point temperature is below that of an ideal liquid mixture (Martins et al., 2018). These
low-cost solvents present good biodegradability and low toxicity, besides being easy
to prepare and producing very little byproduct generation. Moreover, DESs also have
high thermal and chemical stability, task-specificity, non-flammability, and negligible

vapor pressures (Hansen et al., 2021; Krishnan et al., 2020; Song et al., 2020). HBA
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and HBDs enable an immense number of combinations, so that DESs may be used in
several different applications, such as gas capture and separation (Gu et al., 2020;
Haghbakhsh et al., 2021; Haider and Kumar, 2020; Rabhi et al., 2021).

Over the years, several studies sought to determine experimentally the solubility
of COz in different DESs, considering distinct techniques, HBAs and HBDs, molar ratio,
temperature and pressure range (Aboshatta and Magueijo, 2021; Ansarypur et al.,
2022; Cichowska-Kopczynska et al., 2021; Gu et al., 2020; Haghbakhsh et al., 2021;
Haider et al., 2021; Liu et al., 2022; Pishro et al., 2021; Qin et al., 2021; Rabhi et al.,
2021). However, thermodynamic modelling is crucial for providing a better
understanding about the system behavior. According to a review conducted by
Pelaquim et al., (2021), articles containing experimental and modeling data are a minor
parcel of the literature, accounting for 23% of the published papers.

Some studies have addressed the thermodynamic modelling of COz2 solubility
in DESs, most of which used Perturbed Chain-Statistical Associating Fluid Theory
(PC-SAFT) (Dietz et al., 2017; Rabhi et al., 2021; Zubeir et al., 2016) or Peng-Robinson
equations of state (Ali et al., 2014; Haider et al., 2019, 2018; Haider and Kumar, 2020;
Mirza et al., 2015). Haider and Kumar, (2020) determined CO2 solubility in amine-
based DESs using Non-Random Two liquids (NRTL) model and Peng-Robinson
equation of state to predict experimental data. The results indicate a better fit for NRTL
than Peng-Robinson. However, studies modelling experimental data of systems
formed by DESs are still scarce in the literature, so that model results cannot be used
to predict COz2 solubility in any type of DESs.

To expand the thermodynamic modelling of CO2 solubility in DESs and provide
a better understanding on CO2 and DES behavior in the mutual solubility, it could also

consider the Cubic-Plus Association equation of state (CPA EoS). Based on the



CAPITULO 4. Carbon Dioxide Solubility in Deep Eutectic Solvents: Modelling
using Cubic Plus Association and Peng-Robinson Equations of State
127

combination of: the classic Soave—Redlich—-Kwong (SRK) EoS with the association
term from statistical thermodynamics, which considers the presence of compounds
capable of hydrogen bonding (Kontogeorgis et al., 1996), this equation describe the
complex equilibria behavior of mixtures formed by hydrocarbons, polar and associating
compounds (Kontogeorgis and Folas, 2009). Only two studies in the literature - both
from Haghbakhsh et al., (2021) and Haghbakhsh and Raeissi, (2017) - model COz2
solubility in DES using CPA EoS and showing good results when compared to
experimental data.

In this study, it was used the CPA and Peng-Robinson 78 EoS to describe the
behavior of 13 binary mixtures found in literature (from Deng et al., (2016); Ji et al.,
(2016); Leron et al., (2013); Leron and Li, (2013b, 2013a); Li et al., (2014) and Wang
et al., (2019)) formed by DES and COz in a large temperature (303.15-343.15 K) and
pressure range (0.06-12 MPa), using the pseudo-component and individual
component approaches. Experimental data was not accompanied by modeling results
on the original paper. This work used Multiflash software from KBC that has a
comprehensive PVT (pressure, volume, temperature) and physical properties package
that quickly and reliably allows the complete modeling of the phase behavior of
complex mixtures and pure substances through equations of state. Thus, the needed
parameters were adjusted from experimental data to both models (CPA and Peng-

Robinson 78).



CAPITULO 4. Carbon Dioxide Solubility in Deep Eutectic Solvents: Modelling

using Cubic Plus Association and Peng-Robinson Equations of State
128

2. Model Description
2.1. Peng-Robinson Equation of State

CO2 solubility in DESs was modelled using the Peng-Robinson EoS

(Mirza et al., 2015; Peng and Robinson, 1976), defined as follows:

RT a(T)

P= -
V.—b V,(V.. +b)+b(V, —b)

(1)

where 1}, is the molar volume, T is the temperature, P is the pressure, and R is the
universal gas constant. The physical energy parameter a and co-volume parameter b
are functions of the critical properties - temperature (T,) and pressure (F.). More details

of Peng-Robinson EoS are presented in the Supporting Information.

The component i fugacity coefficient can be calculated by:

¢; = exp (Z—1)%—ln(Z—B)—

A
2\/§Bx< A B) \z+(1+Vv2)B

Individual fugacities were determined based on fugacities coefficients and

¢ — ¢ approach, whereby liquid and vapor phases were considered as equal.

fi=1" 3)
with,

f =yl P 4)
f = xiprP (5)

An iterative method was used to solve Equation (3), which must simultaneously

satisfy two constraints:
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in -1 (©6)

l

S 0

2.2. Cubic-Plus Association Equation of State

The CPA equation is composed by the classic SRK equation and the
association from statistical thermodynamics. Pressure is provided by Equation (8)
(Kontogeorgis et al., 1999, 1996):

b RT a(T) 1RT
“Vu—=b V,(V,+b) 2V,

ding
1+p
( ap

)inZ(l _XAi) (8)

where x; is the molar fraction of component i and p is the molar density (p = 1/V,,,). All

details of CPA EoS are presented in the Supporting Information.
2.2.1. CPA parameter estimation for DESs

As mentioned in the Supporting Information, five parameters are required to
describe pure components: three physical parameters (ao, b, ¢, ), the volume (84:%/) and
energy (¢4i8/). However, these parameters for DESs are often unavailable in the
literature.

Pure-component parameters were determined by fitting their data to liquid
density and vapor pressure in a 293.15 — 343.15 K temperature range, k;; was fitted
to VLE (DES + COg) in a given of pressure and temperature range. As the vapor
pressure of DESs is insignificant, only liquid density data were considered to optimize
their CPA parameters. Although several studies have determined the solubility of CO2

in DESs, there are a few in literature that present the density of DESs in a range of
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temperature, which limit the determination of the CPA parameters that are needed.
Thus, the criteria for selecting the DESs used in this work were: to have both data of
DESs density and data of COz solubility in DESs

DESs were modelled using two strategies: (i) the pseudo-pure component and
(i)  the individual component. Effectively used in the literature
(Dietz et al., 2017; Haghbakhsh et al., 2021; Haghbakhsh and Raeissi, 2017;
Rabhi et al., 2021), the pseudo-pure approach considers DESs as a pseudo-pure
component with average molar mass calculated by the molar ratio of HBA and HBD.
To guarantee that the HBA and HBD self-association would form a hydrogen bond,
two association sites of 2B scheme were assigned for DESs. The second strategy
consists of fitting the liquid density of each DES component (HBA and HBD), except
glycerol and ethylene glycol, considering both the self - and cross-association between
HBA and HBD. Although deemed as an inert component in most studies, the 2B or 4C
association schemes were also considered for CO2 (Haghbakhsh and Raeissi, 2017;
Tsivintzelis et al., 2011). As studies addressing COz2 solubility in DESs are still incipient
in the literature, this study advances knowledge by modelling CO2 solubility in DESs
considering this element as inert, with 2B and 4C association schemes and solvation

too.

2.3. DESS’ critical properties

Regardless of the EoS used, thermodynamic modelling requires DESs critical
properties — which are not easily found in the literature. Critical properties of ionic
liquids were calculated using the modified Lydersen-Joback-Reid method proposed
by Valderrama and Rojas, (2009) (Joback and Reid, 1987; Lydersen, 1955;), and
different molar ratios of HBA and HBD using the Lee-Kesler mixing rule

(Lydersen, 1955). Critical pressure and volume were calculated using the Lydersen



CAPITULO 4. Carbon Dioxide Solubility in Deep Eutectic Solvents: Modelling
using Cubic Plus Association and Peng-Robinson Equations of State
131

method, while normal boiling and critical temperatures were calculated using the
Joback—-Reid method.

The Joback group-contribution method was choose because it calculates critical
properties without any experimental data and shows good accuracy for high-mass
molecules such as DESs. Moreover, DESs were prepared using salts with similar ionic
nature to ionic liquids — as successfully determined by the modified
Lydersen-Joback—-Reid method (Haghbakhsh and Raeissi, 2017; Haider et al., 2018;

Shahbaz et al., 2011). All calculation report is detailed in Supporting Information.



CAPITULO 4. Carbon Dioxide Solubility in Deep Eutectic Solvents: Modelling
using Cubic Plus Association and Peng-Robinson Equations of State
132

3. Results and Discussion

Table 1 presents a comparison between the most used models to predict the
CO:z2 solubility in DESs, including CPA EoS. The information of Table 1 is regarding the
application of each model and its ability to predict the density of DESs and the CO2
solubility in DESs. It is possible to observe that all models are capable of predict the
CO:2 solubility. Thus, the models can be used in a very pragmatic approach to screen
DESs for prediction of COz2 solubilities in them, saving time compared to experimental
methods, for example. In this work, CPA EoS was used in order to increase knowledge

about its prediction, since only two studies used this model.
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Table 5. Comparison between NRTL, Peng-Robinson (PR), PC-SAFT and CPA models concerning their ability to predict the

density of DESs and the COz2 solubility in DESs.

Model

Application

Ability to predict density of DESs

Ability to predict CO2 solubility in
DESs

NRTL

Based on the local composition concept, NRTL is useful to
partially miscible systems, to describe LLE data (Maximo
et al., 2019; Renon and Prausnitz, 1968)

NOT APPLICABLE @

Kamgar et al.,(2017) and Haider and
Kumar, (2020) indicated that NRTL
model can predicts the COz2 solubility in
DESs at all ranges of temperature and
pressure, better than COSMO-RS and
PR, with %AARD no longer than 4.20

Peng-
Robinson

PR is suitable to predict the density of systems containing
hydrocarbons, water, air, and combustion gases, and to
estimate the VLE data (Ali et al., 2014; Peng and
Robinson, 1976)

NOT APPLICABLE @

Ali et al., (2014); Haider et al., (2020,
2018) and Haider and Kumar, (2020)
showed that there is a good agreement
between experimental and calculated
results using PR.

PC-SAFT

PC-SAFT has been used for systems containing polar,
nonpolar and associating compounds (Gross and
Sadowski, 2001; Zubeir et al., 2016)

The comparison between the density of
DESs calculated using PC-SAFT and the
experimental data showed %AARDs no
longer than 0.06 from Zubeir et al.,
(2016); 0.15 for Dietz et al., (2017); and
0.01 for Rabhi et al., (2021)

Dietz et al., (2017); Rabhi et al., (2021)
and Zubeir et al., (2016) used PC-SAFT
and proved that the model can
represent CO2 solubility in DESs with
good accuracy.

CPA

CPA can be used to calculate the phase equilibria of
binary and multicomponent systems containing different
inert and/or associating compounds, in a broad range of
thermodynamic conditions (Kontogeorgis et al., 1996;
Oliveira et al., 2011)

The comparison between the density of
DESs calculate by CPA and the
experimental data result in a %AARD is
no longer than 0.35 according to
Haghbakhsh and Raeissi, (2017)

According to Haghbakhsh and Raeissi,
(2017), CPA is a suitable model to
predict the density of mixtures involving
CO:2 and DESs, with %AARD no longer
than 19.30

a Peng Robinson and NRTL models does not require density data to describe 002 solubility.
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Table 2 presents CO:z solubilities in DESs within a wide temperature

(303.15-343.15 K) and pressure range (0.063-11.820 MPa) used in this work,

considering 353 experimental data found in the literature.

Table 6. CO:2 solubilities, temperature, and pressure ranges of the studied DESs.

DES (2B) Temperature  Pressurerange  CO, solubility N Ref.
range (K) (MPa) range (x1) P
ChCl:Ethylene glycol 1:2  303.15 —343.15 0.236 — 6.323 0.006 — 0.275 40 (Leron and Li, 2013a)
ChCl:Urea 1:2 303.15-34315  0.299—5.911 0.017 — 0.384 34 (Leron et al., 2013)
ChCl:Phenol 1:3 293.15-333.15 0.104—11.820  0.003— 0.274 o7 (et :I' 58115’); Liet
ChCl:Glycerol 1:2 303.15-343.15  0.187 - 6.347 0.006 — 0.398 40 (Leronand Li, 2013b)
TBPB:Phenol 1:4 313.15-33315  0.164—1.578 0.018 — 0.205 18 (Wang et al., 2019)
jorBDiethylene glyeol 31315 _333.15  0.094 - 1.398 0.013 - 0.212 18 (Wang etal,, 2019)
ATPPB:Phenol 1:4 31315-33315  0.183—1.345 0.020 — 0.213 18 (Wang et al., 2019)
ATPPB:Phenol 1:6 313.15-33315  0.160—1.387 0.021 - 0.195 18 (Wang et al., 2019)
ACC:Levulinic acid 1:3  303.15-333.15  0.066 — 0.576 0.003 — 0.038 o8 (Deng et al., 2016)
TEAC:Levulinic acid 1:3  303.15-333.15  0.066 — 0.585 0.003 — 0.034 o8 (Deng et al., 2016)
TEAB:Levulinic acid 1:3  303.15—333.15  0.069 — 0.588 0.003 — 0.032 o8 (Deng et al., 2016)
TBAC:Levulinic acid 1:3  303.15-333.15  0.063 — 0.592 0.004 — 0.045 o8 (Deng et al., 2016)
TBAB:Levulinic acid 1:3  303.15-333.15  0.070 — 0.586 0.004 — 0.043 o8 (Deng et al., 2016)
TOTAL 353

a Choline Chloride; b tetrabutylphosphonium bromide; c allyltriphenylphosphonium bromide; d Acetylcholine chloride; e
Tetraethylammonium chloride; f Tetraethylammonium bromide; g Tetrabutylammonium chloride; h Tetrabutylammonium bromide

3.1.  Peng-Robinson 78 modelling for pseudo-component approach

The use of Peng-Robinson 78 EoS (PR78) to model CO2 solubility in DESs
dispenses with experimental data on density and/or vapor pressure of DESs

pseudo-component, requiring only its critical properties.
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This study compared the results of COz2 solubility in thirteen DESs obtained by
PR78 EoS using the mixing rules proposed by van der Waals and Twu
(Twu, 1986) — based on a correlation of the nomograph for kinematic viscosity of the
American Petroleum Institute (API) and a mixing rule for blending oils, as shown in
Table S3. Average Absolute Relative Deviation (AARD%) calculated by Equation (9)
shows that both mixing rules works equally for these systems, showing differences of
0.10% for ChCl (choline chloride):Glycerol system in 1:2 molar ratio. The mixing rules
presented low deviations (up to 11.46% using van der Waals and 11.49% using Twu),
which indicates that PR78 is able to properly predict CO2 solubility in all DESs studied.
As a consequence, all subsequently data were modeled considering van der Waals

mixing rule.

AARD% = —z

where N, is the number of experimental data, x®*? is the experimental solubility, and

cal exp
exp

x 100 9

x° is the Peng-Robinson 78-calculated solubility.

Experimental data was modeled by PR78 EoS considering two assumptions for
the binary interaction parameter (k;;), namely: (i) k;; = 0 and (ii) considering a linear
trend of k;; with temperature (Equation (10)), in which case the parameter was fitted
to experimental data on solubility, with the coefficients values (a, and a,) presented in

Table S3.

kij = Qay + alT (10)
k;; is the binary interaction parameter, a, and a; are the constants and T is the

temperature in Kelvin.
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Figure 1 shows the evolution of k;; as a function of temperature of some DESs

considered in this study. In all cases, except for those DES formed with phenol and the

DES formed by TBPB:Diethylene Glycol 1:4 molar ratio, k;; values increase linearly
with the temperature increase. On the contrary, DES formed with phenol and
TBPB:Diethylene Glycol 1:4 molar ratio exhibit a reduction of k;; values with the
temperature increase as Rabhi et al., (2021) observed in their work in which the CO:2

solubility in DESs was modelled by PC-SAFT. The k;; behavior as a function of

temperature is presented in Figure S1 of Supporting Information for the other DESs

studied.
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Figure 9. PR78 interaction parameter k;; as a function of temperature.

The influence of the binary interaction parameter (k;;) on the results considering
k;; = 0 and fitting k;; values to experimental data were evaluated. Table 3 present the
comparison of the AARD% of CO2 solubility in DESs with or without k;; and Figure 2

shows this comparison of ChCl:Ethylene Glycol 1:2 molar ratio. For TBPB

(tetrabutylphosphonium bromide):Phenol 1:4 molar ratio and TBPB:Diethylene glycol
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1:4 molar ratio, k;; had smaller influence on AARD%. When considering the other
systems, k;; = 0 led to non-acceptable AARD% values, despite showing good results
to fitted k;;. As shown in Figure 2 PR78 describes very well the CO2 solubility in all
DESs with fitted k;; values. ChCl:Ethylene Glycol 1:2 molar ratio, for example, shows

a 10.46 deviation at 333.15 K when considering the k;;, increasing to 78.62 without

ijs
such variable. Deviations using PR78 increase with pressure increase because the
equation accuracy is affected by the b/V. magnitude, in which V, is the predicted critical

volume (Peng and Robinson, 1976).

Table 7. Comparison of the AARD% of COz2 solubility in DESs with or without k;; for
PR78 EoS and the solvation for CPA EoS.

DES %AARD PR78 (van der Waals) %AARD PR78 (Twu) %AARD_CPA
kijj=0 ki #0 kij=0 ki #0 Solvation

ChCla:Ethylene glycol 1:2 72.70 11.46 72.88 11.49 15.05
ChCl:Urea 1:2 33.40 6.76 33.62 6.77 8.14
ChCl:Phenol 1:3 74.71 412 74.49 4.10 11.56
ChCl:Glycerol 1:2 49.13 8.57 49.75 8.67 11.59
TBPBP:Phenol 1:4 8.15 7.10 7.99 7.10 11.48
TBPB:Diethylene glycol 1:4 9.53 8.13 9.46 8.13 20.79
ATPPBe¢:Phenol 1:4 33.62 7.65 34.67 7.68 7.68
ATPPB:Phenol 1:6 28.86 4.78 27.75 4.82 8.32
ACCd Levulinic acid 1:3 56.00 3.27 55.99 3.28 3.11

TEACe®:Levulinic acid 1:3 63.23 2.67 63.27 2.68 2.71

TEABf:Levulinic acid 1:3 64.06 2.01 64.09 2.01 2.04
TBACS9:Levulinic acid 1:3 52.64 3.12 52.75 3.14 3.53
TBAB":Levulinic acid 1:3 54.71 1.76 54.80 1.76 1.89
Average of deviation 43.99 5.49 46.27 5.51 7.02
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Figure 10. Comparison of modelling results of COz2 solubility in ChCl:Ethylene Glycol
1:2 molar ratio at 333.15 K using PR78 considering k;; = 0 and k;; # 0.

3.2.  Cubic Plus Association modeling for pseudo-component approach

The same systems were modelled using CPA EoS according to the temperature
and density range presented in Table 4. CPA parameters are derived from
experimental data on density of pure DESs. Although rather scarce in the literature,
105 experimental data were found on density, which were used to calculate CPA
parameters and a CPA-calculated density. AARD% values between the calculated and

experimental data were obtained according to Equation (11) and presented in Table 4.

Np

1

AARDY = —
=52,
14

where N, is the number of experimental data, p**? is the experimental density, and

cal exp
exp

p;
P;

x 100 (11)

p°® is the CPA-calculated density.
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Table 8. Temperature and density ranges at 0.10 MPa for each DESs studied.
DESGE)  wen Tombere  Dewiiamge Doty g
(g.mol™)
ChCl:Ethylene glycol 1:2 89.919  298.15-33315 12473.7-127039 8 005  (Leron etal, 2012)
ChCl:Urea 1:2 91883  293.15-363.15 13288.6-138728 8  0.19 P;T]f‘j‘;;j’;(;‘&)
ChCl:Phenol 1:3 105.489  293.15-318.15 102342-10380.1 6  0.01  (Guoetal,2013)
ChCl:Glycerol 1:2 107.900  298.15-333.15 10848.3-110401 8 004  (Leronetal., 2012)
TBPB:Phenol 1:4 143156  29315-333.15 7300774960 5 003  (Wang etal, 2019)
TBPB:Diethylene glycol 1:4  152.763  293.15-333.15  6934.8-7130.3 5 009  (Wang etal, 2019)
ATPPB:Phenol 1:4 151.941  29315-333.15 75207-77188 5 001  (Wangetal, 2019)
ATPPB:Phenol 1:6 135.418  29315-333.15 8336.0-85695 5 0.6  (Wangetal, 2019)
ACC:Levulinic acid 1:3 132501  293.15-343.15 8346.9-86350 11  0.01  (Dengetal, 2016)
TEAC Levulinic acid 1:3 128512  29315-343.15 8254.4-8537.4 11  0.04  (Dengetal, 2016)
TEABLevulinic acid 1:3 139.625  293.15-343.15 81549-8430.7 11 003  (Dengetal, 2016)
TBAC:Levulinic acid 1:3 156.566  293.15-343.15  6377.1-66069 11  0.01  (Dengetal, 2016)
TBAB:Levulinic acid 1:3 167.678  293.15-343.15 6347.0-6563.3 11  0.02  (Dengetal, 2016)
TOTAL 293.15-343.15  6347.0-13872.8 105  0.05

AARD% values presented in Table 4 (0.05 % on average) ratify the good fitting

of experimental data by CPA EoS. To understand each DESs density behavior,

Figure 3 present the plot of density versus temperature.

Figure 3 shows that density decreases with increases in temperature due to

thermal expansion for all cases. This occurs because heating a substance promotes

the acceleration and spreading of molecules, which start to occupy a larger volume

and consequently reduces density (Leron and Li, 2012).
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Figure 11. Comparison between densities calculated by the CPA EoS (dotted lines)

and experimental data for (A) ATPPB:phenol (1:6) * ATPPB:phenol (1:4)
TPPB:phenol (1:4) * TPPB: Diethylene glycol (1:4) (Wang et al., 2019);

(B) * ACC:Levulinic acid (1:3) ® TEAC:Levulinic acid (1:3) ®* TEAB:Levulinic acid (1:3)

* TBAC:Levulinic acid (1:3) * TBAB:Levulinic acid (1:3) (Deng et al., 2016);

(C) « ChCl:Urea (1:2) (Francisco et al., 2013) ChCl:Ethylene Glycol (1:2)
(Yadav and Pandey, 2014) ChCl:glycerol (1:2) (Leron et al., 2012)
» ChCl:phenol (1:3) (Leron et al., 2012).

As shown in Figure 3(A), the increase in ATPPB:phenol DES molar ratio from
1:4 to 1:6 leads to an increase in DES density, which may be explained by the highest
dispersive forces of phenol, leading to a higher material packing (Zubeir et al., 2016)
and conferring to greater density to this molecule when compared with ATPPB. The

change in the HBA from ATPPB to TBPB with phenol at 1:4 molar ratio promotes a
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reduction in density, possibly due to the smaller density of TBPB compared to ATPPB.
HBA interactions occur between Br~ and hydrogen atoms in the -C-C=C group in
ATPP*, which is attributable to the strong steric hindrance of benzene rings in the
ATPP* cation, promoting a high density (Wang et al., 2019). HBD change from phenol
to diethylene glycol with TBPB at 1:4 molar ratio leads to a decrease in density.
Although phenol and diethylene glycol present similar densities (respectively,
1.07 g/cm3 (Cole, 1960) and 1.12 g/cm® (Awwad et al., 2002)), phenol presents an

aromatic ring which could increase its density when mixed with TBPB.

Figure 3(B) shows that the ACC:levulinic acid DES presents the highest density
at 1:3 molar ratio due to its chain length and ester functional group, allowing
intermolecular forces to act more strongly. When comparing the TEAC:levulinic acid,
TEAB:levulinic acid, TBAC:levulinic acid and TBAB:Levulinic acid DESs as to chain
length, it was verified that chain decrease led to an increase in density due to TEAB
and TEAC smaller ramification and higher density. Changing TBAC or TEAC chloride
to TBAB or TEAB bromide promotes a decrease in density due to the difference
between the two halogens, whereby bromide electronegativity is lower than that of

chloride (Deng et al., 2016).

Figure 3(C) shows that ChCl:urea DES presents the highest density among the
DESs, followed by ChCl:ethylene glycol, ChCl:glycerol and ChCl:phenol. This is due
to the fact that urea has two amine groups and a carbonyl that bonds most powerfully
to ChCI, glycerol has a largest alkyl chain and three hydroxyl groups, and
ethylene glycol has two hydroxyl groups. In a study conducted by Crespo et al., (2019),
the authors showed that DESs density increase with increased excess molar volume,
thus indicating that CPA EoS provides a good fitting to experimental data on density

and suggesting that pure-components parameters will likewise fit well.
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Table 5 presents the critical properties of the studied DESs. As previously
stated, these properties are required to adjust the CPA parameters of the
pseudo-component DESs calculated according the modified Lydersen—Joback-Reid
method. Table 6 shows the optimized CPA parameters of DESs used to calculate liquid
density, and AARD%. The CPA parameters of pure DESs were optimized using
Equation (12). After the calculation of the liquid densities using a Multiflash programing
and CPA estimated parameters, the sum inside the square brackets of Equation (12)
was minimized using Solver from Microsoft Excel varying the parameters in order to

found them and consequently the liquid density value.

N.
P cal

exp

cal _ €xp
OF = min Z (M)

i=1

Pi

(12)

where N, is the number of data points, pf* is the liquid densities calculated using

CPA and p;/*? is the experimental liquid densities.

Table 9. Calculated critical properties and acentric factor of the studied DESs.

Molecular weight

HBA HBD Molar ratio (g.mol") T (K) w P (MPa)
ChCl Ethylene glycol 1:2 89.919 602.000 0.915 4.099
ChCl Urea 1:2 91.883 644.444 0.651 4.954
ChCl Phenol 1:3 105.489 655.663 0.512 4.789
ChCl Glycerol 1:2 107.900 680.672 1.225 3.346
TBPB Phenol 1:4 143.156 694.584 0.511 3.827
TBPB Diethylene glycol 1:4 152.763 500.926 0.997 3.347
ATPPB  Phenol 1:4 151.941 751.768 0.484 4.273
ATPPB  Phenol 1:6 135.418 727.637 0.469 4.657
ACC Levulinic acid 1:3 132.501 744.573 0.772 3.429
TEAC Levulinic acid 1:3 128.512 716.343 0.757 3.266
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TEAB Levulinic acid 1:3 139.625 728.300 0.760 3.291
TBAC Levulinic acid 1:3 156.566 759.050 0.839 2.725
TBAB Levulinic acid 1:3 167.678 769.287 0.842 2.743

Table 10. Optimized CPA parameters of pseudo-component DESs and deviation from

experimental data.

o
ChCl:Ethylene glycol 1:2 1.0-10°% 4.306 105  0.835 0.538 986.694 0.05 0.35
ChCl:Urea 1:2 1.0-10°% 3.894 105 0.835 0.520 969.816 0.19 0.17
ChCl:Phenol 1:3 2.0-10°% 3.90310% 0.110 0.474 978.208 0.01 0.07
ChCl:Glycerol 1:2 3.0-10° 8.13310° 0.810 0.816 973.658 0.04 0.15
TBPB :Phenol 1:4 3.0-10° 5.480 10>  0.830 0.790 938.770 0.03 -
TBPB:Diethylene glycol 1:4 5.0-10° 3.78310°% 0.830 0.777 922.699 0.09 -
ATPPB:Phenol 1:4 9.0-10°% 5.80510%  0.900 0.795 893.233 0.01 -
ATPPB:Phenol 1:6 5.0-10°% 4877105  0.500 0.800 892.302 0.16 -
ACC:Levulinic acid 1:3 2.0-10° 9.848 105  0.500 0.779 828.070 0.01 -
TEAC:Levulinic acid 1:3 4.0-10° 7.16910° 0.100 1.898 903.766 0.04 0.10
TEAB:Levulinic acid 1:3 4.0-10° 7.99810°  0.100 1.199 899.862 0.03 0.11
TBAC:Levulinic acid 1:3 1.7 10+ 1.358 104 0.110 0.524 962.611 0.01 0.20
TBAB:Levulinic acid 1:3 1.7-10+ 1.207 104 0.110 0.641 948.009 0.02 0.21
Average of deviation 0.05 0.17

As shown in Table 6, a, and b parameters present no significant changes
among the DESs — except for TBAC:Levulinic acid 1:3 and TBAB:levulinic acid 1:3,
which present values 10 times higher than those fitted for other DESs. The deviations
of CPA parameters did not exceed 0.19%, thus that CPA EoS is able to predict these
solvents liquid density. In our study, the average AARD was equal to 0.05% — more

three times lower than that found by Haghbakhsh and Raeissi, (2017), which was equal



CAPITULO 4. Carbon Dioxide Solubility in Deep Eutectic Solvents: Modelling

using Cubic Plus Association and Peng-Robinson Equations of State
144

to 0.17%. Such a difference may be different fitting methods used and/or by the

software used for modeling.

CO2 solubility curves in DESs were modelled considering no association
scheme for COz2 (inert), COz solvation — in which the f;; parameter must be fitted —
2B (with one electron acceptor and one electron donor) and 4C association schemes
(with two electron acceptor and two electron donor). Table 7 presents the CPA
parameters of COz in each association scheme. These parameters were used to model
experimental data on COz solubility at different temperatures and pressures, as shown
in Table 2. To compare each analyzed case, AARD% pressure was calculated

according to Equation (13).

Table 11. CPA parameters of COz2 in different association schemes (Oliveira et al.,

2011).

Association J.m3mol? C . .
Schemes a,(J.m¥moP)  p(m3mol) ,  &(J/mol) B AARD%in p AARD% in P
CO, (inert) 0.35 2.7210% 076 0.22 0.83
CO, (2B) 0.34 2.73105 0.77 123714 0.1202 0.15 1.23
GO, (4C) 0.34 2.76 105 0.77 73177  0.0642 0.15 0.31

exp

x 100 (13)

Np
1 Pical _ )

AARD% = —Z —
0 Np i Piexp

where N, is the number of experimental data, P¢* is the experimental pressure, and

Pc® is the CPA-calculated pressure.

Experimental data was modeled by CPA EoS also considering k;; = 0 and k;;
have a linear trend with temperature in which case the parameter was fitted to
experimental data on solubility, with the coefficients values (a, and a,) presented in

Table S2.
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Figure 4 presents experimental data and CPA modelling results of CO:2

solubility in ChCl:Urea 1:2 and TBAB:Levulinic acid 1:3 molar ratios at different

temperatures considering CO2 as inert. The results indicate that temperature

increase promotes a decrease in COz2 solubility. Figure 4(B) also shows that deviation

decreases with increased temperature, going from 13.66% at 303.15 K to 2.88%

at 343.15 K. Such finding indicates that CPA modelling is enhanced at higher

temperatures. The average AARD% for ChCl:Urea 1:2 molar ratio is 8.14%

(Table 3) and for TBAB:Levulinic acid 1:3 molar ratio is 1.89% (Table 3), showing that

CPA is able to describe experimental data.
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| = Experimental 313.15 K

o Experimental 323.15 K PR =
e Experimental 333.15 K ,o/ .
| - -CPA303.15K R R
CPA313.15K e Pt
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r // )/ 5] ,"
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Figure 12. Experimental and CPA modelling of COz solubility at 303.15 K, 313.15 K,
323.15 K, 333.15 K and 343.15 K in (A) TBAB:Levulinic acid 1:3; (B) ChCl:Urea 1:2

considering COz2 as inert and fitted k;;

Table 8 and Figure 5 show AARD% considering k;; =0 or fitted k;;.

In ACC:Levulinic acid 1:3 molar ratio at 333.15 K, for example, deviation was 217.36%.

Once assumed k;; = 0, and thus excluded any strong molecular interactions other than

the hydrogen bonds of the association term, this result was expected. For inert COz,

no interactions were considered (Tsivintzelis et al., 2011). Thus, AARD% is enhanced

for all DESs in all association schemes when fitted k;; is taken into account.
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Table 12. Comparison between AARD% of COz2 solubility in some DESs with or without
k;; in different CO2 association schemes for CPA EoS

%AARD CPA %AARD CPA %AARD CPA %AARD CPA
CO_ Solvation CO_ Inert CO_2B CO_4C
DES 2 2 2 2
ChCl:Ethylene - glycol 15.05 676.68 1405 | 163.08 1133 | 18771  7.20
ChCl:Urea 1:2 8.14 192.97 8.75 667.50  30.75 604.71 22.99
ChCl:Phenol 1:3 11.56 100.00 11.54 100.00 9.29 139.38 6.86
ChCl:Glycerol 1:2 11.59 734.57 11.40 56.61 11.74 58.47 8.86
IEPB:D'ethV'e”e glycol 20.52 100.00 19.45 629.90  6.78 174.97 6.51
ACC:Levulinic acid 1:3 3.11 404.68 2.83 83.28 3.77 92.74 3.21
TBAC:Levulinic acid 1:3 3.53 92.52 3.12 90.76 3.87 98.21 412
TBAB:Levulinic acid 1:3 1.89 371.08 1.54 92.12 2.01 98.42 2.24
Average of deviation 9.42 334.06 9.08 235.41 9.94 181.83 7.75
2.00
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Figure 13. Comparison between CPA modelling of COz2 solubility in ACC:Levulinic acid

1:3 molar ratio at 333.15 K with and without the k;; = 0, considering COz2 as inert.
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Rabhi et al., (2021) also evaluated CO:2 solubility in different DESs
(tetrabutylammonium bromide (TBABr):octanoic acid 1:2, TBABr:decanoic acid 1:2
and DL-menthol:dodecanoic acid 2:1 in a 293.15-393.15 K temperature range and a
pressure up to 122.9 bar, correlating these data using PC-SAFT. They considered
DESs as a pseudo-pure component, in which the deviations seem to rise with the
temperature increase, what is a quite different behavior in comparison to this study
results, but both with the same data trend. It was also analyzed the k;; behavior
considering it temperature-dependent and independent. The results show the linearly

decrease of k;;values with the temperature increase, on the contrary of this study. In
addition, large deviations from experimental data were observed when k;; was

considered independent, as observed in this study. Consequently, both models (PC-

SAFT and CPA) proved to present good agreement with the experimental data.

Table 8 allow to compare AARD% between experimental data and
CPA EoS using different COz2 association schemes. Figure 6 shows the results for
three DESs that solubilize CO2 under high (1-9 MPa) (Figure 6(A)), moderate
(0.20-1.60 MPa) (Figure 6(B)) and low pressures (010 — 0.70 MPa) (Figure 6(C)).
Figure 6 indicates that deviation will be smaller as smaller the pressure range
regardless of the association schemes, thus approaching model results from
experimental data. Figure 6(A) evinces that, for the highest-pressure range, deviation
is higher when CO:2 is considered inert (14.05%) than for the 2B (11.33%) and
4C association schemes (7.20%). As shown in Table 8, this behavior is also
observed for ChCl:Ethylene glycol 1:2, ChCl:Urea 1:2, ChCl:Phenol 1:3, and
ChCl:Glycerol 1:2 DESs, where errors are smaller for the 4C association scheme
than for 2B and inert. Different from inert COz, which requires high values of binary

interaction parameters, the 4C association scheme demonstrates the enhancement
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in consider explicitly the specific polar interactions between CO2 molecules in the

model (Oliveira et al., 2011). Despite that, all association schemes have acceptable

errors. These results differ from those obtained by Haghbakhsh and Raeissi, (2017),

who indicate no improvement errors between 2B, 3B, 4C association schemes and

inert and solvation. This difference may be related to the method used to data

modelling.

Moreover, slightly better results were obtained when CO2 was considered as

inert, in which case only the binary interaction parameter was adjusted, than for

solvation, in which both binary interaction and cross-volume association were adjusted.

This extra adjustable parameter adds more complexity to the modelling approach

(Tsivintzelis et al., 2011).
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Figure 14. Comparison between CPA modelling of CO2 solubility in different
association schemes at 323.15 K in (A) ChCl:Ethylene Glycol 1:2; (B) TBPB:Phenol
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1:3;
(C) TEAB:Levulinic acid 1:3 considering the fitted k;;.

PR78 and CPA were also compared in their best configuration, i.e., with fitted
binary interaction parameter, as shown in Figure 7 and Table 3. For all systems
analyzed considering COz as inert, PR78 showed better results than CPA due to its
smaller deviation — an expected outcome, given than CPA is far more complex than
PR78 EoS, thus making it a good fit for modelling COz2 solubility in DESs. This may be
verified through COz2 solubility in TBPB:Diethylene Glycol 1:4 molar ratio at 313.15 K
(9.53% for PR and 20.52% for CPA), as shown in Figure 7. Considering
ACC:Levulinic acid 1:3, TEAC:Levulinic acid 1:3, TEAB:Levulinic acid 1:3,
TBAC:Levulinic acid 1:3, and TBAB:Levulinic acid 1:3 DESs, this difference was very
low due to the small pressure range (0.065 — 0.60 MPa).
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Figure 15. Comparison between CPA and Peng-Robinson 78 EoS modelling for CO2
solubility in TBPB:Diethylene Glycol 1:4 at 313.15 K.

When considering k;; as equal to zero, both CPA and PR78 EoSs presented

unacceptable deviations. The deviations of PR78 were smaller than those of CPA,



CAPITULO 4. Carbon Dioxide Solubility in Deep Eutectic Solvents: Modelling
using Cubic Plus Association and Peng-Robinson Equations of State
150

probably because the Peng-Robinson 78 presents a single term that makes the
equation mathematically simpler, which contributes for the better adjustment of k;;.
CPA EoS is more complex due to its association term, thus hampering the adjustment

of k;;. Furthermore, the pure-DESs parameters were adjusted for CPA EoS which

might have influenced the uncertainties.

3.3.  Peng-Robinson 78 and CPA modelling for individual approach

The individual component approach consists of fitting the density of each DES
individual component aqueous solutions while considering components
self-association and the interaction between each component and COz: as inert. This
study was conducted by modelling ChCI:Ethylene glycol 1:2, ChCl:Urea 1:2,

ChCl:Phenol 1:3, and ChCl:Glycerol 1:2 DESs.

Firstly, CPA parameters were optimized for ChCI, phenol and urea that are
mixed to form the DESs using experimental data on density in a given temperature
range. Table S4 shows the temperature (293.15-353.15 K) and density (6,960.1—
16,623.1 mol.m™3) ranges used as reference. The CPA parameters were not adjusted
for those HBD for which the Multiflash software had such parameters in its own
database (ethylene glycol and glycerol). Table 9 presents the CPA parameters and the
deviations for choline chloride, urea and phenol, calculated using experimental data,
and glycerol and ethylene glycol collected from the Multiflash database. The results
confirm that CPA is able to predict density with deviations no greater than 0.05% for
ChCl, phenol and urea. For ethylene glycol and glycerol this information can not be

drawn because Multiflash does not provide the deviations.
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Table 13. Optimized CPA parameters for each DES component.

Components  a@,(J m¥mol?)  p(m3mol) C, £ (J/mol) B AARD% in p
Choline Chloride 0.020 3.872104  0.835 0.769 960.868 0.05
Phenol 0.002 2.37810%  0.110 0.465 837.618 0.003
Urea 0.001 9.490 105  0.800 0.497 993.735 0.02
Ethylene Glycol 1.082 3.154105  0.674 17932 0.051 NAza
Glycerol 21352.2 0.054 NA2

a Not applicable. The CPA parameters of both components come from Multiflash database and no AARD% were given.

Table 10 shows the AARD% results for both PR78 and CPA considering COz2
as inert for the four systems studied. As setting k;; values to zero led to non-equitable
results, it was found optimal linear dependent-temperature binary interaction

parameters, as in the pseudo-component approach, by fitting to the experimental data

(Tables S5 and S6).

Table 10 and Figure 8 show that individual component is better than the
pseudo-component approach for all studied systems for both CPA and PR78, as the
deviation is smallest. As DESs are not a pseudo-component, but rather a mixture of
two or more components (Martins et al., 2018), the individual component approach is
expected to predict experimental data better than the pseudo-component one. When
comparing both models, ChCl:Ethylene glycol 1:2 DES was the only one to present a
better result in CPA than in PR78. For the others DESs, both models reached similar
results and showed good agreement with experimental data. When considering CPA
individual component approach, it was found temperature increase to affect predictions
— thus corroborating the results reported by Zubeir et al., (2016) study. This may be
due to the fact that components parameters were only fitted at 298.15K. In contrast,
temperature increase provided best predictions in both the individual and

pseudo-component approached for PR78.
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Table 14. AARD% comparisons using pseudo-component and individual approaches
for CPA with COz2 inert and Peng-Robinson 78

AARD% CPA (CO: Inert)

AARD% Peng-Robinson 78

DES TH) - Pex (MPa) Pseudo Individual P, (MPa)® Pseudo Individual P, (MPa)
ChCl:Ethylene 303.15 2.64 19.26 1.77 3.06 13.47 14.47 2.79
glycol 1:2

313.15 2.68 20.33 2.79 3.01 1314  17.23 3.17
323.15 275 16.92 2.26 2.99 1419  17.26 3.33
333.15 2.76 10.67 2.40 0.94 9.40 11.45 3.00
343.15 2.82 8.07 6.32 3.17 7.48 10.74 276
ChCl:Urea 1:2 303.15 3.60 13.67 4.59 2.41 9.73 7.86 2.34
313.15 2.92 10.57 0.45 293 7.87 5.94 278
323.15 2.96 8.74 1.20 2.98 6.36 4.36 2.98
333.15 3.02 5.64 1.08 3.03 5.40 3.97 3.05
343.15 3.08 2.88 4.05 295 4.72 3.49 293
ChCl:Phenol 1:3 593 15 0.31 1.84 6.62 0.32 212 1.95 0.31
303.15 0.32 20.60 6.74 0.30 7.31 7.22 0.30
313.15 0.31 16.91 6.00 0.30 4.18 4.16 0.31
323.15 0.32 6.72 9.72 0.33 0.87 3.23 0.32
ChClGlycerol 1:22 543 45 272 9.79 252 2.70 1.59 1.47 2.67
313.15 276 8.76 5.92 3.01 5.64 5.15 297
323.15 275 25.20 03.84 232 2318  23.28 231
333.15 2.87 8.75 9.03 3.28 8.09 7.52 3.23
343.15 2.92 5.49 5.93 3.07 4.93 4.84 3.01
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Figure 16. Comparison between pseudo-component and individual approach using
CPA with CO2 as inert for (A) ChCl:Ethylene Glycol 1:2, (B) ChCl:Urea 1:2,
(C) ChCl:Glycerol1:2 and (D) ChCl:Phenol 1:3.

4. Conclusions

The phase behavior of COz2in 13 DESs were modelled using CPA and PR78
equations of state, adding over 300 experimental data. Using the pseudo-component
and individual component approaches, both density and COz2 solubility in DESs were
modelled in a wide temperature and pressure range. This study also investigated the
binary interaction parameter (k;;) as equal or not to zero for both models. To
understand the behavior of CO2in DES with different association schemes, it was
considered DESs as a component with two association sites (2B) and COz2 as inert with
two or four association sites (2B and 4C, respectively) when using CPA EoS, as well

as the case of solvation.
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The results show that CPA adequately predicts these solvents liquid density,
proving that the Cubic-Plus Association technique can be used to optimize parameters
of pseudo- and individual components. Both equations managed to predict the
experimental data, however the deviation was smaller in PR78 — for most DESs — than
in CPA. The binary interaction parameter was considered equal to zero or fitted using
CO:z2 solubility in DES experimental data, showing that only fitted k;; can reproduce
experimental results with good accuracy. All CO2 association schemes presented good
accuracy, especially 4C, which showed smaller deviation — for most DESs — when

compared with the other schemes.

The results also indicate that the individual component approach presents better
results for both CPA considering CO2 as inert and PR78 EoS — for DES are
considered a mixture of components rather than a pseudo-component. Thus, both

equations of state are suitable for modelling COz2 solubility in DESs.
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Supporting Information

1. Model Description
1.1.  Peng-Robinson Equation of State

CO2 solubility in DESs was modelled using the Peng-Robinson EoS

(Mirza et al., 2015; Peng and Robinson, 1976), defined as follows:

_RT a(T)
P_Vm—b_Vm(Vm+b)+b(Vm—b) M

where V,, is the molar volume, T is the temperature, P is the pressure, and R is the
universal gas constant. The physical energy parameter a and co-volume parameter b
are functions of the critical properties - temperature (T,) and pressure (P,) - and are

calculated for each component according to Equations (2) and (3), respectively:

2

RT? T
; =045724— |1+ m;| 1— |— 2
a; = 0.457 P +m; T (2)
P,
with,
m; = 0.37464 + 1.54226w; — 0.26992w; (4)

for w; < 0.49. Peng-Robinson EoS (Peng and Robinson, 1978) was modified to

consider molecules whose w; > 0.49, according to the expression:

m; = 0.37964 + 1.4850w; — 0.16442w? + 0.01667w? (5)

Hence DESs usually present acentric factors greater than 0.49.
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The prevailing forces between molecules of different components, which forms the
mixture were described considering the mixing rules. Thus, the a; and b; parameters

of the mixture are determined using the one-fluid type mixing rules:

N;. N
a = Z Z xixj(l — kij),/aiaj (6)
i=1j=1
and,
N¢

b= Z x;b; (7)

i=1

where x; is the molar fraction of the component i and k;; is the binary interaction
parameter fitted based on CO2 experimental data — DES vapor-liquid equilibrium

(VLE) — given by:

aP

A= R2T2 (8)
bP

B = RT (9)

Once these parameters are determined, the compressibility factor (Z) can be obtained

using the following equation — which is the Peng-Robinson EoS cubic in Z:
73— (1-B)Z*4+ (A—2B—3B?)Z— (AB— B*- B3)=0 (10)

The fugacity coefficient of component i can be calculated by:

A (22jyiaij_ﬁ>1n<M>] (11)

b; _ Ry _
¢; = exp (Z_l)E In(Z - B) 2\/§Bx A B Z+(1+v2)B
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Individual fugacities were determined based on fugacities coefficients and

¢ — ¢ approach, whereby liquid and vapor phases were considered as equal.

o (12)
with,

f =yl P (13)
fit =xi;P (14)

An iterative method was used to solve Equation (3), which must simultaneously satisfy

two constraints:

in=1 (15)

i

Z}’i=1 (16)

1.2. Cubic-Plus Association Equation of State

The CPA equation is composed by the classic SRK equation and the association from
statistical thermodynamics. Pressure is provided by Equation (8) (Kontogeorgis et al.,

1999, 1996):

p RT a(T) 1RT(1+ alng)Z Z(l ¥ )
V. —b V(. +b) 2v,\ TPy )L A 4y (17)

i

where x; is the molar fraction of component i and p is the molar density (p = 1/V,,).

The physical energy parameter (a(T)) is calculated using Equation (18):
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2
a(T) =a, (1 + c1(1 — \/f)) (18)
with T, = Ti where T, is the critical temperature.

X,, represents the mole fraction of sites A in molecule i that were not bonded to other

active sites, provided by the following Equation:

1
C1+pYx ZBjXBjAAiBj

(19)

Xai

where A4iBj is the association strength given by Equation (20), which describes the

association bonds between two different molecules with two active sites.

AiBj

AABI= g(v T [exp (gRT ) _ 1] by 545 (20)

In Equation (20), e4i8j is the association energy, 4% is the association volume, and
g, )™ is the radial distribution  function for reference  fluid

(rigid spheres) — defined by Elliot et al., (1990) as:

90 = 175 @)
with

n= %bp (22)
and

, _bith (23)
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To specify the suitable association scheme, which is the way that COz2 interacts
with other molecules, is an important step. The Xj,; value for the association
compounds depends on the number and type of pure compounds association sites.
Huang and Radosz, (1990) proposed the association schemes.

Therefore, five parameters are necessary to describe a pure component using
CPA E0S: ay, b, and ¢, in the physical part, ¢4:8j and p4ifj in the association part. The
co-volume term b is present in both parts of the EoS. These parameters are optimized
by fitting vapor pressure and/or liquid density data within a desired temperature range.
For non-self-associating compounds, optimized parameters are only those of SRK.

To extend CPA EoS to mixtures, conventional mixing rules are employed in the

physical term for energy and co-volume b. For the energy parameter a;;(T), the

following geometric mean rule is used:

a(T) = Z Z xixja;j(T) (24)
i

with

a;;(T) = |a;(Ma;(T)(1 — ki) (25)

while the mixture co-volume b is given by:
b= 2 x;b; (26)
i

If the mixture is composed by non-associating compounds, the binary
interaction parameter k;; is the only adjustable parameter.
Although the association term requires no mixing rules, mixtures presenting

cross-association molecules require combining rules for the association energy and
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volume parameters to calculate the association strength value. The suitable rules for
CPA were CR-1 and Elliott’s combining rules (Voutsas et al., 1999).

A;B; A;Bj
SA,:B]' — € -|2-£ T (27)

pAiB; = /5AiBiﬁAij (28)
AAiBj = \/ AAiBiAAjBj (29)

Mixtures in which only one compound has association bonds while the other
remains inert are common, implying only the occurrence of association bonds.
Folas et al., (2006) call such a process “solvation,” describing the induction of
hydrogen-bond between polar associating and inert compounds upon mixing. These
cases consider one association bond between polar and inert compounds, requiring
the optimization of the volume parameter (84:8/) from experimental data. The energy
parameter (¢4Bi) is calculated using the modified CR-1 combining rule
(Folas et al., 2006).

B Eassociatin
4;B; _ Zassociating (30)

€ 2

1.3. DESS’ critical properties

Regardless of the EoS used, thermodynamic modelling requires DESs critical
properties — which are not easily found in the literature. Critical properties of ionic
liquids were calculated using the modified Lydersen-Joback-Reid method proposed
by Valderrama and Rojas, (2009) (Joback and Reid, 1987; Lydersen, 1955;), and
different molar ratios of HBA and HBD using the Lee-Kesler mixing rule

(Lydersen, 1955). Critical pressure and volume were calculated using the Lydersen
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method, while normal boiling and critical temperatures were calculated using the
Joback—-Reid method.

The Joback group-contribution method was choose because it calculates critical
properties without any experimental data and shows good accuracy for high-mass
molecules such as DESs. Moreover, DESs were prepared using salts with similar ionic
nature to ionic liquids — as successfully determined by the modified
Lydersen-Joback—Reid method (Haghbakhsh and Raeissi, 2017; Haider et al., 2018;
Shahbaz et al., 2011).

Normal boiling point (T},), critical temperature (T,), critical pressure (P.) and

critical volume (V.) were calculated for each HBA and HBD as follow:

T, = 198.2 + Z AT,y (1)
Ty

- 32

¢ =10.5703 + 1.0121 X nATy, — (5 nATy)7] (32)
M

P = 33
¢ = 02573 + 3 niPy,)? 33)

V.= 675 + Z nAV,, (34)

where ATy, ATy, APy, and AV, are constants of the modified Lydersen—Joback—Reid
method (presented in Table S1), M is the molecular mass (g.mol), and n is the
number of each contribution group.

Each HBA and HBD acentric factor was calculated according to the equation

proposed by Valderrama and Robles (2007):(Valderrama and Robles, 2007)

(Ty — 43)(T. — 43) | (P) (T —43) (P) Hog(Pc)_l (35)

w = 0 — ) ——"10o
(T, — Tp)(0.7T. — 43) 2\p,) ~(T.—T1,) "&\p,
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where T, is the critical temperature and P, critical pressure (calculated by Equation 32
and 33, respectively), T, is the normal boiling temperature and P, is the normal boiling
pressure (0.101325 MPa).

DES critical properties were calculated by the Lee—Kesler mixing rules, as

follows:
1 1
Tem = _lz Z VvV Teij (36)
Vo © 7
Vem = z Z YiyiVeij (37)
i
Wy = Z Viw; (38)
i
1
Teij = (ToiTe;)%k' (39)
1/ 1 133
Veij = 3 (Vci3 + ch3> (40)
RT.
P.,, = 0.2905 — 0.085w,, ch (41)

cm

where m is related to the mixture and i and j to the pure components, y is the mole
fraction of each component, and k';; is the binary parameters. Due to the lack of

experimental data, k’;; was considered as 1.
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2. Complementary Results
Table S15. Groups considered for Modified Lydersen—Joback—Reid method.

Group [ ATom(K) ATm (K) APw (bar) AVm (cm3.mol)
Without rings
-CH3 23.58 0.0275 0.3031 66.81
-CH2- 22.88 0.0159 0.2165 57.11
>CH- 21.74 0.0002 0.114 45.7
>C< 18.18 -0.0206 0.0539 21.78
“CH2 24.96 0.017 0.2493 60.37
“CH- 18.25 0.0182 0.1866 49.92
=C< 2414 -0.0003 0.0832 34.9
C 26.15 -0.0029 0.0934 33.85
=CH 0 0.0078 0.1429 43.97
=C- 0 0.0078 0.1429 43.97
—OH (alcohol) 92.88 0.0723 0.1343 30.4
-O- 22.42 0.0051 0.13 15.61
>C 0 94.97 0.0247 0.2341 69.76
-CHO 72.24 0.0294 0.3128 77.46
-COOH 169.06 0.0853 0.4537 88.6
-CO0- 0 0.0377 0.4139 84.76
HCOO- 0 0.036 0.4752 97.77
O (other) -10.5 0.0273 0.2042 44.03
-NH2 73.23 0.0364 0.1692 49.1
>NH 50.17 0.0119 0.0322 78.96
>N- 11.74 -0.0028 0.0304 26.7
-N° 74.6 0.0172 0.1541 45.54
-CN 125.66 0.0506 0.3697 89.32
-NO2 152.54 0.0448 0.4529 123.62
-F -0.03 0.0228 0.2912 31.47
-Cl 38.13 0.0188 0.3738 62.08
-Br 66.86 0.0124 0.5799 76.6
=l 93.84 0.0148 0.9174 100.79
With rings
-CH2- 27.15 0.0116 0.1982 51.64
>CH- 21.78 0.0081 0.1773 30.56
“CH- 26.73 0.0114 0.1693 42.55
>C< 21.32 -0.018 0.0139 17.62
“C< 31.01 0.0051 0.0955 31.28
-O- 31.22 0.0138 0.1371 17.41
—-OH (phenol) 76.34 0.0291 0.0493 -17.44
>C 0 94.97 0.0343 0.2751 59.32
>NH 52.82 0.0244 0.0724 27.61
>N- 0 0.0063 0.0538 25.17
-N~ 57.55 -0.0011 0.0559 42.15
Other groups
-B- 24.56 0.0352 0.0348 22.45
-P 34.86 -0.0084 0.1776 67.01
-S02 147.24 -0.0563 -0.0606 112.19
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Table S216. Constant values used to determine the binary interaction parameter using

CPA EoS in each studied DES and association scheme for CO2 and its respective

AARD%.
CO2 solvation CO2 2B CO2 4C
DES
g‘&'; 1o | 2833 0007 0 15.05 | -3.125 0009 1133 | -3230 0009  7.20
St‘eca' . 2304 0005 0006 814 | -2584 0007 3075 | -2580 0007  22.99
b

?_gc' +PH 1 5397 0006  -0.015 1156 | -2.657 0007 929 | -3338 0010  6.87
ChClI + 1

it | 1258 0008 0006 1159 | 1363 0004 1174 | -1505 0005  8.86
TEPB +PH | 1450 0002 0006 1148 | -1.309 0003 627 | -1.564 0004  4.88
EBEFC’S Y. | 8347 0009 0006 2052 | 4221 0012 678 | 4393 00138 651
QLF;F:’E * | 0169 -0.001 0006  7.68 | -1.120 0003 436 | -1.078 0003  6.55
QLFT-)GB * | 4421 0003 0006 832 | -1.392 0003 827 | -1.487 0004 538
ﬁgc +LA° | 0669 0002 0007 341 | -0.806 0003 377 | -0.824 0003  3.21
1T_'§,AC +LA 1 1169 0003 0009 271 | -1217 0004 293 | -1273 0005 272
I_%AB +LA | 0920 0002 0007 204 | -1.119 0004 235 | -1.156 0.004  2.10
I%AC” LA 0316 00008 0007 353 | -0747 0003  3.87 | -0.760 0004 412
I_%AB +LA | 0443 00009  0.007 189 | -0674 0.003 201 | -0669 0003  2.24

a Ethylene Glycol, b Phenol, ¢ Glycerol, d Diethylene Glycol, e Levulinic acid
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Table S3. Constant values used to determine the binary interaction parameter using

Peng-Robinson 78 and Peng-Robinson with Twu Model in each studied DES and its

respective AARD%.
DES PR78 PR78 (TWU)
a, a, AARD % a, a, AARD %
ChCI + Ethylene glycol 1:2 -0.724  0.00281 11.46 -0.723  0.00282 11.49
ChCI + Urea 1:2 -0.220  0.00086 6.76 -0.233  0.00090 6.77
ChCI + Phenol 1:3 0.026  0.00054 4.12 0.005  0.00061 4.10
ChCI + Glycerol 1:2 -0.584  0.00209 8.57 -0.583  0.00209 8.67
TBPB + Phenol 1:4 0.153  -0.00047 7.10 0.126  -0.00038 7.10
TBPB + Diethylene glycol 1:4 | 0.488 -0.00152 8.13 0.467 -0.00146 8.13
ATPPB + Phenol 1:4 0.167 -0.00067 7.65 0.167  -0.00067 7.68
ATPPB + Phenol 1:6 0.013 -0.00016 4.78 0.013 -0.00016 4.82
ACC + Levulinic acid 1:3 -0.468  0.00187 3.27 -0.471  0.00188 3.28
TEAC + Levulinic acid 1:3 -0.204  0.00113 2.67 -0.215  0.00117 2.68
TEAB + Levulinic acid 1:3 -0.188  0.00109 2.01 -0.208 0.00116 2.01
TBAC+ Levulinic acid 1:3 -0.219  0.00108 3.12 -0.237  0.00114 3.14
TBAB + Levulinic acid 1:3 -0.172  0.00094 1.76 -0.191  0.00100 1.76
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Table S4. Temperature and density ranges at 1 bar for each HBA and HBD

investigated to use the individual approach.

Temperature Density range AARD%

DES (2B) range (K) (mol/m3) P inp Ref.
Choline Chloride 293.15-353.15  6960.1-7149.2 13  0.05 (F;?”gg;’g)et
Phenol 318.15-343.15 10970.5-112000 6  0.003 (C“g*(‘)ﬁ‘ g)t al,
Urea 293.15-313.15 16523.2—16623.1 3 0.02  (Sadeghiet

al., 2012)
TOTAL 22 0.024

Table S5. Constant values used to determine the binary interaction parameter in the

individual approach, modelling with CPA and CO:z inert.

CPA (CO2 Inert)

Components ky, ks Ky
) 4 ) a, 4 a,

CO2(1) + ChCI (2) + ] ] ] ]
EIGLY (3) 2942  0.012 0.017 -550E-04 -1.989  0.004
CO2(1) + ChCI (2) + ] ] ] _
Urea (3) 5.703 6.80E-04 2.913 0.007 12.456 0.004
CO2(1) + ChCI (2) + ] ]
Phenol (3) 0.215 0.002 2.417 0.005 2.403 0.006
CO:(1)+ChCl(2)+ 1591 0005 1870 0005  -1.599  0.001
Glycerol (3)

Table S6. Constant values used to determine the binary interaction parameter in the

individual approach, modelling with Peng-Robinson 78.

Peng-Robinson 78

Components ky, ki3 kys
aO a1 ao a1 ao a1

CO2(1) + ChCI (2) + ) )

e @ 0723 0003  -0724  0.003 0.724  0.003
CO2(1) + ChCI (2) + ) 3 3 3
e () 0304  0.001 0022 862E-04 -0022 8.62E-04
CO2(1) + ChCI (2) + ] ] ) )
Pheno) (3) 0029 0009 0409 -7.80E-04 0.409 -7.80E-04
CO:(1) +ChCI(2) + 00 (003 0584 0002  -0584  0.002

Glycerol (3)
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Figure S17. PR78 interaction parameter k;; as a function of temperature.
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Abstract

Over the past few years, eutectic solvents (ESs) have been drawing the scientific
community's attention because they are usually more environmentally friendly than
traditional organic solvents. One of the applications of ESs is in the gas capture field,
where they are considered promising absorbers to replace amine- (MEA, DEA, or
MDEA processes), methanol- (Retinol process), dimethyl ethers of polyethylene glycol-
(Selexol process), N-methyl-2-pyrrolidone- (Purisol process), propylene carbonate-
(Fluor solvent process), or morpholine-based (Morphysorb process) solvents on CO2
capture of atmosphere. Although several studies have reported experimental gas
solubility data in ESs, especially for COz2, only a small number of the existing options
are covered. In fact, resorting to experimental methods to obtain the solubility data
seems unfeasible considering the vast number of possible eutectic mixtures.
Therewith, theoretical predictions of gas solubility in ESs are valuable for the fast pre-
screening of prospective solvents. In this work, the ability of the COSMO-RS
thermodynamic model to represent solubility data of CO2, CHs, and H2S in 17 Choline
Chloride-based (ChCl) ESs was evaluated. The experimental data were collected from
the literature at different molar ratios, at 298.15 K or 313.15 K, and in the pressure
range from 1 to 125 bar. COSMO-RS offers a qualitative description of these gases'

solubility, which was expected due to the model's fully predictive character.

Keywords: carbon dioxide, methane, COSMO-RS, solubility, high pressure, eutectic

solvents.
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1. Introduction

The increasing evidence of an imminent global and systemic environmental crisis
has led the scientific community to develop more sustainable products and processes
[1]. In this context, green chemistry has emerged as one of the main topics in
chemistry, aiming to create products and processes to reduce or eliminate the use and
generation of hazardous substances [2]. One of the major green chemistry issues is
replacing traditional organic solvents, usually volatile and toxic, for more sustainable
options, the so-called alternative solvents [3], such as eutectic solvents (ESs).

A eutectic mixture is often defined as a mixture of components that, at fixed
proportions, have a melting temperature lower than the melting points of pure
compounds [4]. The term DES is often attributed to eutectic mixtures formed by at least
two components, a hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA),
with a eutectic point temperature (and a solid-liquid phase behavior) below that of an
ideal liquid mixture, as reported by Martins et al., (2018) [5]. Otherwise, the mixture
can be called simply a eutectic solvent (ESs), which is observed for most systems
reported in the literature.

The ESs reported in the literature have attracted considerable interest from
environmental, economic, and technological viewpoints [6], due to their low prices, low
vapor pressure, nonflammability, biocompatibility, biodegradability, and easy
preparation processes [7-9]. Consequently, both DESs and ESs have received great
attention in recent decades due to their potential to replace organic solvents in various
applications, such as media for extracting and purifying biocompounds [10], hydrate
inhibitors [11,12], metal processing and metal decomposition agents [13—15], two-
phase aqueous system forming agents [16,17], and gas capture media [18,19].

Regarding gas capture, the continuous increase in fossil fuel usage for
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transportation and electricity, along with land misuse and other human activities, have
led to excessive greenhouse gas (GHGs) emissions, especially carbon dioxide (CO2)
[20,21]. According to the International Energy Agency (IEA) global energy review on
CO2 emission in 2021 [22], global energy-related CO2 emissions rose by 6%,
corresponding to 36.3 billion tons of CO2 released to the atmosphere, the largest
registered level in history in absolute terms. Nonetheless, mitigating GHGs emissions
is mandatory because of their negative effects on climate change [23]. The most
effective action toward reducing CO2 emissions would involve replacing fossil fuels
with renewable energy sources [24]. However, fossil-fuel-based power plants continue
to be the most viable process for electricity and power generation due to their lower
price [25,26]. For this reason, technologies to capture flue gases seek to provide a
more realistic approach to reducing emissions in the next few years [27].

Developing strategies such as CO2 capture, utilization, and storage (CCUS)
technology could greatly contribute to reducing CO2 emissions. These technologies
can be divided into precombustion, oxyfuel combustion, and post-combustion capture
[20,28]. The latter is a suitable alternative to reduce COz2emissions in coal-fired power
plants [20]. In post-combustion technology, COz: is separated from the flue gases
through absorption, membrane separation, adsorption, or a combination of these
technologies [29,30]. Alternatively, amine-based (like, MEA, DEA, or MDEA) aqueous
solutions have traditionally been used as chemical solvents to capture CO2z due to their
excellent absorption capacity, high reactivity, high selectivity, and low price. However,
amine-based processes may undergo solvent loss or degradation, equipment
corrosion, and emission of volatile organic compounds (VOCs). Regarding physical
absorption, which is the case of most ESs, Selexol is a commercial process that uses

dimethyl ether of polyethylene glycol (DEPG) as a solvent, and it is applied for the
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selective removal of hydrogen and COz2. This solvent presents low vapor pressure,
chemical and thermal stability, and non-corrosive and non-toxic nature; however, the
high solubility of DEPG, increases the pumping cost. These drawbacks have propelled
the development of new materials for CO2 capture, such as ESs [31-33].

The efficiency of different ESs in physically absorbing CO2 has been mainly
addressed over the years by evaluating experimental CO2 solubility in the liquid phase
[18,21,34-36]. Nevertheless, almost infinite possibilities of HBA and HBD
combinations can result in ESs, and performing experimental solubility studies in all
cases becomes unfeasible. Thus, theoretical predictions of COz2 solubility in ESs are
recommended for fast pre-screening prospective solvents [37,38]. In recent studies,
classical thermodynamic models such as Non-random two-liquid model (NRTL) [19,39]
or equations of state such as PC-SAFT, Cubic Plus Association (CPA), and Peng-
Robinson [40-43], paired with the equilibrium isofugacity criteria, have been
successfully used to describe gas solubility in organic solvents and ESs.

Although the models mentioned above often deliver good representations of the
solubility data, they are semi-empirical approaches that require experimental
thermophysical data, such as density, vapor pressure, and heat capacity, to fit the
model's parameters. Unfortunately, these data are not easily found in the literature
[38,42]. More predictive models, such as the Conductor-like Screening Model for Real
Solvents (COSMO-RS) [44—-46] arise as attractive tools to describe the phase behavior
of systems lacking experimental thermophysical data[45-47]. COSMO-RS has shown
to be useful for solvent screening purposes [47—-49] due to its predictive character with
a qualitative accuracy [21,44]. The model estimates the thermodynamic equilibria of
fluids using a statistical thermodynamic approach combined with quantum chemical

calculations.
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Despite the topic's relevance, only a few studies aiming at modeling COz2 solubility
in ESs have been reported [40,45,51,52]. In this context, this work aims to evaluate
the potentialities of COSMO-RS in describing the solubility of CO2, CH4, and H2S in 17
ChCl-based ESs at 313.15 K and pressures ranging from 1 to 125 bar, and whose data
is reported in the literature. The model's performance was compared with the results
achieved with more empyrical thermodynamic approaches reported in previous
studies, such as the PC-SAFT, CPA, and Peng-Robinson equations of state [42].

2.  Materials and Methods
2.1. Eutectic Solvent database collection

Experimental gas solubility data in ESs were collected from the literature
[31,583-61]. A database comprising the compounds' molecular structure and
polarization charge density (cosmo file) was built, allowing us to infer the COSMO-RS
predictive accuracy. In this study, 208 solubility data points of CO2, CH4, and H2S in 17
different ESs, at 313.15 K and pressures varying from 1 to 125 bar, were gathered
from the literature. All these data are compiled in Table 17.

Choline chloride was chosen as the common HBA, and 15 HBDs were selected,
including ethylene glycol, glycerol, phenol, urea, 1,4 butanediol, 2,3 butanediol, 1,2
propanediol, diethylene glycol, triethylene glycol, levulinic acid, furfuryl alcohol,
guaiacol, lactic acid, malonic acid, and phenylacetic acid. The HBA:HBD molar ratios
of 1:2, 1:3, and 1:4 were considered for COz2 solubility calculation, while the molar ratio
of 1:1 was considered for CH4 calculation due to the scarcity of experimental data. The
only exception was for the ES composed of ChCl (HBA) and urea (HBD), where

HBA:HBD molar ratios equal to 1:1.5, 1:2, and 1:2.5 were studied.
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Gas HBD Molar ratio Pressure range (bar) Gas solubility (x1) Reference
(HBA:HBD)
CO: Ethylene Glycol 1:2 2.48 — 59.02 0.008 - 0.230 Leron and Li (2013)[50]
CO: Glycerol 1:2 1.91 - 59.91 0.019 - 0.331 Leron and Li (2013)[51]
CO2 Phenol 1:2;1:3;1:4 1.16 — 127.40 0.003 -0.275 Jiet al.,, (2016)[52], Li et al., (2014)[53]
CO, Urea 1:1.5;1:2;1:2.5 10.70 — 125.00 0.046-0.309  Lietal., (2008)[54], Liu et al., (2019)[55]
CO. 1,4 butanediol 1:3; 1:4 1.12-5.07 0.003-0.012  Chen et al. (2014)[56]
CO: 2,3 butanediol 1:3;1:4 1.11-5.29 0.003 - 0.014 Chen et al. (2014)[56]
CO: 1,2 propanediol 1:3;1:4 1.21-5.25 0.002 -0.012 Chen et al. (2014)[56]
CO. Diethylene Glycol 1:3; 1:4 1.16 -5.18 0.003-0.015  Lietal., (2014)[53]
CO. Triethylene Glycol 1:3;1:4 1.14-5.19 0.004 —0.020 Li et al., (2014)[53]
CO: Levulinic acid 1:3;1:4 0.60 —5.80 0.003 - 0.027 Lu et al., (2015)[57]
CO: Furfuryl alcohol 1:3;1:4 0.70 - 5.82 0.002 -0.018 Lu et al., (2015)[57]
CO. Guaiacol 1:3;1:4 0.53 -5.43 0.001 - 0.016 Liu et al., (2017)
CH; Lactic acid 1:1 0.05-49.93 0.004 - 0.287 Altamash et al., (2019)[58]
CH: Malonic acid 1:1 0.05-49.93 0.004 — 0.281 Altamash et al., (2019)[58]
CH; Phenylacetic acid 1:1 0.05-49.92 0.005-0.0322  Altamash et al., (2019)[58]
CH, Urea 1:1.5;1:2;1:2.5 0.10 — 2.03 4E-05-0001  Liuetal., (2019)[55]
H.S Urea 1:1.5:1:2;:1:25 0.10 - 2.02 0.002 — 0.055 Liu et al., (2019)[55]
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2.2.COSMO-RS

The COSMO-RS is a predictive activity coefficient model that combines the
dielectric continuum solvation model, known as COSMO, and statistical
thermodynamics [44]. Hereupon, COSMO-RS uses the interaction between a cavity
containing a molecule and a dielectric media, generated through quantum chemistry
Density Functional Theory (DFT) based calculations, as a reference state from which
interaction energies between molecules can be inferred [46]. Through statistical
thermodynamics, the definition of an ensemble of pairwise small surface segments of
different molecules interacting with each other, along with the establishment of a
partition function from which the Gibbs energy of the system can be derived, enables
the calculation of solution properties from COSMO-RS [46].

In fact, the contact between molecules in the reference state of COSMO causes
the appearance of interaction energies, which contribute to the overall Gibbs energy.
From the Gibbs energy, it is possible to derive chemical potentials, thus allowing
COSMO-RS to calculate thermodynamic equilibria. The model, in essence, depends
only on the molecule's geometry and polarization charge density to determine
equilibrium conditions for multicomponent systems, which is a notable advantage over
empirical or semi-empirical approaches. To describe the vapor-liquid phase diagram
at a fixed pressure (isobaric) or fixed temperature (isothermal), the activity coefficient
model computes a list of concentrations that cover the whole range of mole fractions
of the system and calculates the excess enthalpy and Gibbs-free energy, the species
chemical potentials and activity coefficients, the total vapor pressure of the system and
the concentrations of the species in the gas phase. The total pressure of the system is

obtained using the modified Raoult's law:

p= Z plxivi @Y
7



CAPITULO 5. Prediction of greenhouse gas solubility in Eutectic Solvents using
COSMO-RS
189

COSMO-RS assumes ideal behavior in the gas phase, being the species vapor

mole fractions obtained from the ratio of the total pressure and partial vapor pressures

pj = PiXjY ©)
Pex;¥;
Yi = lT” 3)

where p7 and y; are the vapor pressure and the activity coefficient of component j,

respectively.

In the present work, the COSMOtherm software (version 21.0) [59] with the
BP_TZVPD_FINE_21.ctd level of parametrization was used to estimate the solubility
data of the greenhouse gases in the eutectic mixtures. All the required cosmo files for
the gases and some ES precursors (phenol, ethylene glycol, and glycerol) were
retrieved from the COSMOtherm TZVPD-FINE database. For ChCl and all the HBD
missing in the database, the input files were obtained with the COSMOconfX 2021
software coupled to the TmoleX (version 4.5) package using the BP-TZVPD-FINE-
COSMO+GAS_18 template [60]. ChCl was treated following the electroneutral mixture
approach [61]. Additional details for the gas solubility calculation procedure with
COSMOtherm are available in the software reference manual [62]. Moreover, all

conformers of each molecule were considered in the simulations.
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3. Results and Discussion

The solubilities predicted with COSMO-RS were compared against the
experimental data presented in Table 17, which includes solubility of CO2, CH4, and
H2S in 17 different ES with various HBA:HBD molar ratios (1:1, 1:1.5,1:2, 1:2.5, 1:3
and 1:4and), at 313.15 K and pressure ranging from 1 to 125 bar. The Average Relative
Deviation (ARD) for each pTx data set, according to Eq (4), was calculated to evaluate

the COSMO-RS capability to describe the experimental data.

exp __ cal |

ArD = L z|" = @)

where N, is the number of experimental data, i is the analyzed gas (CO2, CH4, and
H2S), x*? is the experimental gas solubility, and x{* is the gas solubility calculated
with COSMO-RS.

All the 208 experimental data points were plotted against the predicted results
(further discussed in the next sections), and the corresponding ARDs are listed in

Tables S1 — S33 of the Supporting Information (Sl).

3.1. CO:2zsolubility in ESs at 1:2 (ChCI:HBD) molar ratio

The experimental and predicted solubility data of COz in ESs at 1:2 HBA:HBD
molar ratio are depicted in Erro! Fonte de referéncia nao encontrada.. For all of
these ESs COSMO-RS could qualitatively describe the experimental data, presenting
ARDs varying between 26% and 81%. Although COSMO-RS underestimated the
solubilities of all ESs, except ChCl:Ethylene Glycol, the model provided similar curve

trends as those reported in the literature [50].
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The best results were obtained for the ESs containing diols as the HBD, the
ChCl:Glycerol (ARD = 26%) and ChCl:Ethylene glycol (ARD = 34%), while higher
deviations were observed for ChCl:Urea (58%) and ChCl:Phenol (ARD = 81%). For
example, the experimental CO2z solubility data, xco2, in ChCIl:Glycerol was 0.31 at
313.15 K and 59.91 bar, and the COSMO-RS predicted value was 0.285,
corresponding to an ARD of 14%. In contrast, the experimental CO:2 solubility in
ChCl:Phenol at the same temperature and 64.5 bar was 0.186, about five times the
value predicted with COSMO-RS (x¢&, = 0.036). In general, for all the studied dataset,
the COSMO-RS prediction is more qualitative, which means that it is able to single out
the best solvents from the worst ones as shown in Erro! Fonte de referéncia nao

encontrada.(C).
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Figure 18. (A) Comparison of the experimental solubility of CO2 in ChCI:Ethylene
glycol (at 1:2 HBA:HBD molar ratio) with the COSMO-RS predictions; (B) Experimental
xco2 VS. xcoz2 predicted with COSMO-RS; (C) solubility differences.

The experimental CO:2 solubility ranks as ChCl:Glycerol > ChCl:Ethyelene
Glycol = ChCl:Urea > ChCIl:Phenol. Since the HBA is the same for all ESs, the
difference between the COz2 solubility values is attributed to the HBDs. As glycerol has
a longer chain length than ethylene glycol and urea, and more hydroxyl groups than
the other HBDs, the free volume of this ES is higher [42]. Consequently, there is more
free space for CO2 hosting in glycerol-based ES than in the others. Although the
solubility rank obtained with COSMO-RS is slightly different from the experimental

trend (ChCl:Glycerol = ChCl:Ethyelene Glycol > ChCl:Urea > ChCl:Phenol), the model
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identifies ChCl:Phenol as the ES with the least solubilization capacity, while confirms
that the ESs containing the diols as HBD provide the highest solubility values.

Erro! Fonte de referéncia nao encontrada.(A) compares the COz2 solubility in
ChCl:Ethylene glycol and the COSMO-RS predictions. As can be seen, an increase in
the pressure leads to an increase in the experimental COz2 solubility values; COSMO-
RS also describes this behavior well. Similar trends were observed for the other studied
ESs. This result is even more evident for ChCl:Urea and ChCl:Phenol, which exhibits
experimental COz2 solubility up to 130 bar. These large deviations seen in Figure 18
were an expected outcome as COSMO-RS assumes the incompressibility of the liquid
state and the ideality of the gas phase, computing only pressure-independent activity
coefficients, and not fugacity coefficients. To improve the prediction results for high-
pressure systems, Moity et al., (2012) emphasize the necessity to combine COSMO-
RS and an equation of state (EoS) [63].

Liu et al., (2020) [37] also predicted the CO2 solubility in ChCl:Phenol at 313.15
K and at low pressures (between 1.22 and 5.03 bar) using COSMO-RS (with the
BP_TZVP_C30_1401 level of parametrization). The authors obtained solubility
predictions one order of magnitude higher than the experimental data, resulting in
ARDs much higher than those obtained in this work. It is also possible to compare the
results of this study with those of Pelaquim et al., (2022) [42] that used Cubic Plus
Association (CPA) and Peng-Robinson equations of state (EoSs) to model the CO2
solubility in ESs. The authors considered the ESs as individual components, as shown
in Table 18, and adjusted the binary interaction parameters (k;;). According to Table
18, it is possible to observe that EoSs (both CPA and Peng-Robinson) described the

CO:z2 solubility in the three ESs much better than COSMO-RS, as proved by the ARDs.
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This was an expected outcome due to the fully predictive character of COSMO-RS,
which does not require any experimental thermodynamic properties as an input.

Table 18. Comparison between the ARDs obtained in this study and those reported by
Pelaquim et al., (2022) for the predicted CO2 solubility in three ESs at 1:2 molar ratio
and 313.15 K.

%ARD in x for

Pressure %ARD in x for %ARD in x for
HBA HBD Peng-
(bar) COSMO-RS? CPA[42]
Robinson[42]
ChCl  Ethylene Glycol 26.80 —27.80 33.81 17.23 2.79
ChCl  Glycerol 27.60 —29.78 25.64 5.15 5.92
ChCl  Urea 28.50 —29.20 58.31 5.94 2.45

3.2. CO:2solubility in ESs at 1:3 and 1:4 molar ratios

Tables S8 — S25 of the Supporting Information and Figure 19Figure 20 present
the experimental and COSMO-RS predicted COz2 solubility in 9 ESs at 313.15 K,
pressure range from 0.50 to 6.00 bar, 1:3 and 1:4 molar ratios as well as the ARDs. In
all cases, COSMO-RS poorly predicted the experimental CO2 solubilities, delivering
higher values than those obtained experimentally. The obtained ARDs varied between
51% (ChCl:Levulinic acid, at 1:4) and 303% (ChCl:Guaiacol, at 1:3). It can be seen
that the COz2 solubility in these ESs is much lower compared to the solubility in the
same ESs at the 1:2 molar ratio presented in Section 3.1, which is not fully captured
by COSMO-RS, that often overestimates the solubility data in the ESs at 1:3 and 1:4
molar ratios. (Figure 19(B) and Figure 20(B)). This was an expected outcome since
the data pressures found at 1:3 and 1:4 molar ratios are up to ten times lower than the
pressures data at 1:2 molar ratio (Tables S3, S11, and S20 of Supporting Information
for ChCl:Phenol). And as previously discussed, an increase in pressure leads to higher

solubility. Despite the higher solubility value observed at 1:2 molar ratio, a relation was
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not found concerning the HBA:HBD proportion since the available solubility data at 1:3
molar ratio were typically measured at lower pressure ranges than those reported for
ESs at 1:2 proportion.

As in the previous section, the deviations between predicted values and the
experimental data increase with pressure increase, as shown in Figure 19(A) and
Figure 20(A). Three factors influence the deviation between experimental data and
those predicted by COSMO-RS: pressure, temperature, and the molar ratio [64]. The
pressure increase, as mentioned before, is responsible for the deviation enlargement.
On the other hand, the molar ratio causes a reduction of the deviations in almost all
mixtures, especially for ChCl:Levulinic Acid (from 111.32 to 51.04%).

Once again, it is possible to compare the predicted COz solubility in ChCl:Phenol
with COSMO-RS to the results obtained in our previous work [42] with CPA and Peng-
Robinson EoSs, at 1:3 molar ratio, 313.15 K, and 3 bar [42]. At those conditions, the
COSMO-RS model shows an ARD of 187%, whereas ARDs of 6% and 4% were
obtained with CPA and Peng-Robinson EoS, respectively. Moreover, it is possible to
compare this study's results with those of Liu et al. (2020) [37]. In this case, the
solubility predictions obtained in this work are closer to the experimental values than
those provided by Liu et al. (2020) [37] for all ESs and pressures at a 1:3 molar ratio

(HBA:HBD).
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Figure 19. (A) Comparison of the experimental solubility of COzin ChCl:Phenol at 1:3
molar ratio (HBA:HBD). with the COSMO-RS predictions; (B) Experimental xco> vs.
predicted xco2 with COSMO-RS.
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Figure 20. (A) Comparison of the experimental solubility of CO2in ChCl:Phenol at 1:4
molar ratio (HBA:HBD). with the COSMO-RS predictions; (B) Experimental xco> vs.

predicted xcoz2 with COSMO-RS.

3.3.

CHgy solubility in ESs at 1:1 molar ratio

Experimental and thermodynamic studies on CHa4 solubility in ESs are scarce in

the literature [19,39,55,58,65,66]. Consequently, a few ESs have been studied for this

application in a limited range of molar ratios. In this work, the solubilities of CH4in ESs

composed of choline chloride as HBA, and lactic acid, malonic acid, or phenylacetic

acid as HBD (at 1:1 molar ratio) were estimated, at 298.15 K, in the pressure range
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(0.05-50) bar. The results are presented in Tables S26-S28 of the SI and compared
to the experimental data reported by Altamash et al. (2019) [58] below.

In this scenario, COSMO-RS underestimates the solubility data by one or two
orders of magnitude, generally resulting in ARDs larger than 80%. Despite the large
deviations, the predicted curves suggest that the solubility increases as the pressure
increases, which is confirmed by the experimental data. Regarding the CH4 absorption
performance, the experimental solubility data exhibit the following order: ChCl:Lactic
acid > ChCl:Phenylacetic acid > ChCl:Malonic acid due to the C—OH---CH4 or
C=0:--CHas interactions [19]. Although COSMO-RS confirms that the ES with malonic
acid delivers the lowest solubility data, the model suggests that ChCl:Phenylacetic acid
would present a higher CHs solubilization capacity than ChCl:Lactic acid in the studied
conditions.

Although no thermodynamic modeling is available to describe the CH4 solubility
in the ESs analyzed by Altamash et al. (2019) [58], Haider and Kumar (2020) [19]
modeled the CH4 solubility in ESs composed of Tetrabutyl Ammonium Bromide
(TBAB):2-Methylaminoethanol ~ (MAE),  Benzyltriethyl —ammonium  Chloride
(BTEACI):MAE, TBAB:2-Ethylaminoethanol (EAE) and BTEACI:EAE using NRTL
model and Peng-Robinson EoS. They observed that both models fit well with the
experimental results; however, the NRTL model was slightly better than the Peng-
Robinson EoS. Therefore, classical thermodynamic modeling again represented the

experimental data better than COSMO-RS.
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Figure 21. (A) Comparison of the experimental solubility of COzin ChCl:Lactic Acid at
1:1 molar ratio (HBA:HBD) with the COSMO-RS predictions; (B) Experimental xco2 vs.
xcoz predicted with COSMO-RS.

3.4. CO2, CHa4, and H:2S solubilities in ChCl:Urea at different molar ratios

Experimental solubility data of other gases like H2S, HCI, N2, and SOz in ESs
are scarce in the literature [19,58,67—71]. Nonetheless, studies addressing modeling,
prediction, or molecular strategies to obtain such data are even rarer. Only one study
used COSMO-RS to predict the CO2, CH4, and H2S solubilities in ChCl:Urea at different
temperatures than 313.15 K was found [39]. In the present study, COSMO-RS was
applied to represent the solubility of H2S, CO2, and CH4 in ChCl:Urea in three different
molar ratios (1:1.5, 1:2, and 1:2.5), at 313.15 K, and in the pressure range varying
between 0.1 and 2 bar. The results are compared with the experimental data measured
by Liu et al. (2019) [55] in Figure 22 and Tables S5 — S7 and S29 — S34 of the SI.

In most cases, the model can predict the correct order of magnitude of the
solubility data, presenting ARDs varying between 37% and 81%. The smallest
deviations were found for the H2S solubilities (37% < ARD < 72%), whereas ARDs

superior to 71% were obtained for COz2. In general, COSMO-RS underestimates the
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solubility values of CO2 and CHa4 (Figure 22), diverging from the data analyzed by
Kamgar et al. (2017) [39]. In contrast, the opposite behavior was registered for H2S.

Unlike the previous cases, COSMO-RS adequately estimates the correct
experimental solubility order for the ChCl:Urea ES: H2S > COz2 > CHa. This behavior
was expected since H2S forms stronger hydrogen bonds with ChCl:Urea than COz,
while CH4, a rigid and inert molecule, presents only weak van der Waals interactions.
The strengths of site-to-site interaction for H2S, which is much stronger than for CO2
and CHg, follow the sequence of Cl (ChCl)---H (H2S) > O (Urea)---H (H2S) > O (ChCl)-
--H (H2S) > N (Urea)---H (Hz2S) > H (ChCl)---S (H2S)> H (urea)---S (H2S)> N (ChCl)---
H (Hz2S) [55].

Regarding the absorption capacity at different molar ratios, for H2S both
COSMO-RS and experimental data followed the order 1:1.5 >1:2> 1:2.5. These results
are not similar to those found in the literature [55], as generally increasing the HBD
molar ratio leads to an increase in the gas solubility. On the other hand, CO2 and CHa4
experimental solubility data follow the order 1:2 > 1:1.5 = 1:2.5, slightly different from
that predicted COSMO-RS (1:2 = 1:1.5> 1:2.5). Different from the H2S, where
absorption is governed by weak site-to-site interactions, the solubilization of CO2 and
CHa4 in mixtures of ChCl:Urea are driven by the solvent-free volume and not by the
[565,72]. Since ChCl:Urea at a 1:2 molar ratio forms a DES (i.e., its melting point is
lower than those of 1:1.5 and 1:2.5 molar ratios), promoting a tight aggregation of the

molecules, and the extra free volume favors the gas absorption [55,72].
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Figure 22. Comparison between the experimental solubility data with the predicted
values with COSMO-RS of CO2, CH4, and H2S in ChCl:Urea at (A) 1:2.5 molar ratio
(HBA:HBD); (B) 1:1.5 molar ratio (HBA:HBD); and (C) 1:2 molar ratio (HBA:HBD).

4. Conclusion

In this study, the solubility of CO2, CH4, and Hz2S in 17 ChCl-based ES retrieved
from the literature, at 298.15 or 313.15 K and in the pressure range from 1 to 125 bar,
were predicted using the COSMO-RS model. In addition, the effect of three different
molar ratios of ChCl:urea on the solubility of CO2, CH4, and H2S was investigated.
Whenever possible, the results obtained in this study were compared with solubility
values estimated with other thermodynamic models in previous works.

In general, the deviations obtained with COSMO-RS were larger than those
achieved by CPA and Peng-Robinson EoSs, which was expected due to COSMO-RS's

fully predictive nature. In most situations, the obtained ARDs were higher than 50%,
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revealing that COSMO-RS provides only a qualitative picture of the investigated
greenhouse gas solubility phenomenon. In a few cases for CO2,(ChClI:Ethylene Glycol
—1:2, ChCl:Glycerol, ChCl:Levulinic acid — 1:4) and H2S (ChCl:Urea — 1:1.5 and 1:2),
the model offered a more quantitative description of the solubility data, achieving
relative deviations inferior to 50%.

The experimental data reveal that an increase in pressure leads to an increase
in solubility, which is also captured by the COMOS-RS predictions. The model
underestimated the solubility data of CO2 and CH4 in ESs with molar ratios of 1:2 and
1:1, respectively. On the contrary, the CO2 solubilities in 1:3 and 1:4 molar ratios ESs
were overestimated by COSMO-RS. Regarding absorption capacity, COSMO-RS
agreed with the experimental data or slightly missed the solubility order.

This study shows that COSMO-RS is a reliable tool for solvent screening
purposes for light gases. Although the model is inadequate for quantitative purposes
in many situations, it is suitable to identify solubility trends in eutectic mixtures, being
capable of identifying promising ES to be further investigated as absorbers in the gas
capture field.
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Supporting Information
1. CO2solubility in ESs

Table S19. Experimental data of CO2 solubility in ChCl:Ethylene Glycol and COSMO-RS
predictions at 1:2 molar ratio.

Experimental Predicted

Solubility  Solubility 1P Ref.

Gas HBA(1) HBD(2) X1 X2 T (K) P (bar)

2.480 7.85E-03 1.14E-02  44.72%
5.650 1.85E-02 2.59E-02  39.74%
10.550 3.56E-02 4.84E-02  35.89%
Ethvlen 19.280 6.69E-02 8.90E-02  33.07% Leronetal,
élzc?ole 0.333  0.667  313.500 27.820 9.97E-02 1.30E-01  30.09% (2013)
38.890 1.45E-01 1.85E-01  27.75%
50.400 1.94E-01 2.48E-01 27.87%

59.020 2.30E-01 3.02E-01 31.37%

CO, ChCl

ARD 33.81%

Table S20. Experimental data of COz2 solubility in ChCl:Glycerol and COSMO-RS predictions at
1:2 molar ratio.

Experimental Predicted
Gas HBA(1) HBD(2) X1 X2 T (K) P (bar) Solubility Solubility RD Ref.
1.910 1.19E-02 8.28E-03  30.40%
6.220 3.90E-02 2.70E-02  30.77%

12.390 7.71E-02 5.39E-02  30.12%
20.120 1.25E-01 8.80E-02  29.74%  Leronetal.,
29.780 1.75E-01 1.32E-01  24.78% (2013)
40.020 2.37E-01 1.80E-01  24.22%

50.400 2.94E-01 2.32E-01  21.08%

59.910 3.31E-01 2.85E-01  13.96%

CO2 ChCl Glycerol 0.333 0.667 313.500

ARD 25.64%

Table S21. Experimental data of COz2 solubility in ChCl:Phenol and COSMO-RS predictions at
1:2 molar ratio.

Experimental Predicted

Solubility  Solubility RD Ref.

Gas HBA(1) HBD(2) X1 x2 T (K) P (bar)

19.900 8.80E-02 1.10E-02  87.49%
34.600 1.26E-01 1.92E-02  84.81%

50.100 1.60E-01 2.79E-02  82.60%

64.500 1.86E-01 3.59E-02  80.69%  Leronetal,
78.000 2.14E-01 436E-02  79.68% (2013)
88.700 2.37E-01 496E-02  79.07%

101.700 2.51E-01 570E-02  77.27%

127.400 2.75E-01 7.18E-02  73.93%

CO: ChCl Phenol 0.333 0.667 313.150

ARD 80.69%
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Table S22. Experimental data of COz2 solubility in ChCl:Urea and COSMO-RS predictions at 1:2

molar ratio and high pressures.

Gas HBA(1) HBD(2) X x2 T(K) P (bar) E’gﬁﬂg}ﬁ:‘;a' gz‘igg}ﬁg RD Ref.
125.000  3.09E-01 2.16E-01  30.00%
104.600  2.83E-01 1.64E-01  42.14%
91200  2.70E-01 1.36E-01  49.62%
79.600  2.53E-01 115E-01  5470%  Lietal,
CO, ChCl Urea 0333 0667 318500 — o o 858502 63179 (2008)
43700  1.91E-01 579E-02  69.71%
28500  1.50E-01 3.67E-02  75.54%
11.300  7.70E-02 1.42E-02  81.61%
ARD 58.31%
Table 23. Experimental data of CO2 solubility in ChCl:Urea and COSMO-RS predictions at 1:2
molar ratio and low pressures.
Gas HBA(1) HBD(2) x1 2 T(K) P (bar) E’gﬁﬂg‘iﬁwa' gg‘iﬂgﬁﬁ: RD Ref.
0.103 1.00E-03 1.79E-04  82.10%
0.508 4.17E-03 8.24E-04  80.23% _
CO, ChCl Uea  0.333 0.667 313.500 1.058 8.43E-03 1.55E-03  81.63% L'(Légig‘)"’
1.539 1.26E-02 2.39E-03  80.97%
2.023 1.62E-02 3.13E-03  80.75%
ARD 81.14%
Table S24. Experimental data of CO2 solubility in ChCl:Urea and COSMO-RS predictions at
1:1.5 molar ratio.
Gas HBA(1) HBD(2) x1 x2 T(K) P (bar) E’gﬁmﬁ;‘;a' gm;ﬁ}ﬁg RD Ref.
0.103 5.50E-04 1.59E-04  71.10%
0.508 2.69E-03 7.84E-04  70.85% _
CO, ChCl Uea 040 060 313.500 1.058 5.36E-03 1.63E-03  69.52% L'(Légig‘)'"
1.539 7.89E-03 2.38E-03  69.86%
2.023 1.04E-02 3.13E-03  69.93%
ARD 70.25%
Table S25. Experimental data of CO2 solubility in ChCl:Urea and COSMO-RS predictions at
1:2.5 molar ratio.
Gas HBA(1) HBD(2) X1 x2 T(K)  P(bar) CXPerimental Predicted o, Ref.
Solubility Solubility
0.116 5.60E-04 1.19E-04  78.78%
0.534 2.79E-03 6.57E-04  76.46% ,
CO, ChCl Uea 0286 0714 313500 1.003 4.89E-03 1.17E-03  76.05% L(';O‘itg"’)")"
1.548 7.18E-03 1.76E-03  75.54%
2.022 9.59E-03 2.35E-03  75.55%

ARD

76.48%
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Table S26. Experimental data of CO2 solubility in ChCI:1,4 butanediol and COSMO-RS
predictions at 1:3 molar ratio.

Gas HBA(1)  HBD(2) o x  T(K) P (ban E’g;ﬂmﬁ;‘;a' g:ﬁﬂg’l}ﬁg RD Ref.
1214  280E-03  823E-03 193.96%
2.331 520E-03  1.58E-02 203.81%
CO; ChCl  14-butanediol 0250 0.750 313.150 3.216  7.30E-03  2.18E-02 198.50% Chgt‘)fjf)a'-’
4102  9.70E-03  2.78E-02 186.47%
5028  121E-02  3.41E-02 181.45%
ARD 192.84%

Table S27. Experimental data of CO2 solubility in ChCI:2,3 butanediol and COSMO-RS

predictions at 1:3 molar ratio.

P

Experimental

Predicted

Gas HBA(1)  HBD(2) (bar)  Solubility  Solubility 10 Ref.
1193  2.90E-03 1.04E-02  258.54%
2224  5.40E-03 1.94E-02  259.09%
CO. ChCl 23-butanediol 0.250 0.750 313.150 3.255 7.90E-03 2.84E-02  259.41% Chgéfjf)a'-’
4.249 1.02E-02 3.71E-02  263.57%
5.288 1.27E-02 4.62E-02  263.66%
ARD 260.85%

Table S28. Experimental data of CO2 solubility in ChCl:1,2 propanediol and COSMO-RS

predictions at 1:3 molar ratio.

P

Experimental

Predicted

Gas HBA(1)  HBD(2) (bar)  Solubility  Solubility "D Ref.
1254  240E-03  7.68E-03  21981%
2178  440E-03  1.43E-02 095449
CO; ChCl propgﬁé o 0750 313.150 3.176  6.70E-03  2.10E-02  213.05% Ch(ezr(;;a‘tl)al.,
4.205 9.30E-03 2.74E-02 194.66%
5154 115602  3.41E-02  196.86%
ARD  209.96%

Table S29. Experimental data of COz2 solubility in ChCl:Phenol and COSMO-RS predictions at

1:3 molar ratio.

P

Experimental

Predicted

Gas HBA(1)  HBD(2) (bar)  Solubility  Solubility RD Ref.
1.169 3.00E-03 9.47E-03 209.84%
2.196 5.90E-03 1.78E-02 189.98% _
CO. ChCl Phenol 0750 313.150 3270  9.10E-03  264E-02  187.12% L(Iz%tfal,l)"
4177  1.14E-02  3.37E-02  188.35%
5157  1.42E-02  4.16E-02  186.54%
ARD 192.37%
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Table S30. Experimental data of CO2z solubility in ChCl:Diethylene Glycol and COSMO-RS
prediction at 1:3 molar ratio.

P Experimental Predicted
Gas HBA(1) HBD(2) X1 x2 T (K) (bar) Solubility Solubility RD Ref.
1.140 3.80E-03 1.43E-02  215.59%
Diothvi 2.208 7.80E-03 2.76E-02  201.05% L I
iethylene ) i} o ietal.,
CO: ChCl Glycoll 0.250 0.750 313.150 3.182 1.11E-02 3.95E-02  190.28% (2014)

4.149 1.54E-02 5.12E-02  195.69%
5.106 1.94E-02 6.28E-02  192.79%

ARD 199.08%

Table S31. Experimental data of COz solubility in ChCl:Triethylene Glycol and COSMO-RS
prediction at 1:3 molar ratio.

P Experimental Predicted
Gas HBA(1) HBD(2) X1 X2 T (K) (bar) Spolubility Solubility RD Ref.
1.140 3.80E-03 1.43E-02 276.82%

| 2208  7.80E-03  2.76E-02  953.39% _
CO, ChCl Trg};‘gﬁfe 0250 0750 313150 3.182  1.11E-02  3.95E-02  55.94% Lé%ﬂj'f
4149  154E-02  5.12E-02  932.78%
5.106 1.94E-02 6.28E-02 223.47%

ARD 248.48%

Table S32. Experimental data of COz2 solubility in ChCl:Levulinic acid and COSMO-RS prediction
at 1:3 molar ratio.

P Experimental Predicted
Gas HBA(1) HBD(2) X1 X2 T (K) (bar) Spolubility Solubility RD Ref.
0.808 2.70E-03 6.08E-03  125.23%
2.100 7.50E-03 1.58E-02 110.23%

CO, ChCl  LevulinicAcid 0250 0750 313.150 3.140  1.13E-02 235E-02  108.26% L(Uzgﬁg;-’
4176  1.50E-02 312E-02  108.29%
5.178 1.86E-02 3.87E-02  107.94%

ARD 111.32%

Table S33. Experimental data of CO2 solubility in ChCl:Furfuryl Alcohol and COSMO-RS
prediction at 1:3 molar ratio.

Gas HBA(1)  HBD(2) v ox TK (b';r) E’g’;:g‘iﬁ:‘;a' g:ﬁg:;}ﬁg RD Ref.
0.808  2.40E-03  6.07E-03 153.03%
2146 B.30E-03  161E-02 155.38%

CO, ChCl f\féf)‘;]rg’l' 0250 0750 313.150 3214  950E-03  241E-02 153179  -uetal

(2015)
4.267 1.26E-02 3.19E-02  152.97%

5.232 1.55E-02 3.90E-02 151.75%

ARD 152.31%
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Table S34. Experimental data of COz2 solubility in ChCl:Guaiacol and COSMO-RS prediction at

1:3 molar ratio.

Gas HBA(1)  HBD(2) v ox T(K) (b':r) E’g;ﬂmﬁ;‘;a' Eiﬁﬂlﬁfﬁﬂ RD Ref.
0.575 1.70E-03 6.54E-03 284.94%,
1457  4.10E-03 166E-02  305.00%
CO. ChCl Guaiacol  0.250 0.750 313.150 2.332  6.50E-03 266E-02  309.48% '-'(‘;g}%'
3.303 9.30E-03 3.78E-02  306.09%
4.296 1.22E-02 492E-02 303.41%
ARD  302.35%

Table S35. Experimental data of CO2 solubility in ChCl:1,4 butanediol and COSMO-RS
prediction at 1:4 molar ratio.

Gas HBA(1)  HBD(2) © x  T(K) P (ban E’ggﬂmﬁwa' g;‘:gg’lfﬁs RD Ref.
1195  260E-03  7.93E-03 20516%
2232  490E-03  148E-02 202.549%
CO. ChCl  14-butanediol 020 080 313.150 3.125  7.10E-03  2.08E-02 192.43% Chgéfjf)a'-’
4.100 9.60E-03 2.73E-02 183.88%
5072  1.19E-02  3.37E-02  183.44%
ARD 193.49%

Table S36. Experimental data of CO2z solubility in ChCl:2,3 butanediol and COSMO-RS

prediction at 1:4 molar ratio.

P

Experimental

Predicted

Gas HBA(1)  HBD(2) sooow o TR o Deeienel el RD Ref.
1109  3.00E-03  9.64E-03 221.40%
2172 6.10E-03  1.89E-02 210.02%

CO: ChCl 23butanediol 020 080 313150 3.180  8.70E-03  277E-02 218.72% Ch(ezgff”a"’
4149 118E-02  3.62E-02  207.06%
5110  145E-02  447E-02  208.06%
ARD  213.09%

Table S37. Experimental data of CO2 solubility in ChCl:1,2 propanediol and COSMO-RS

prediction at 1:4 molar ratio.

Gas P

Experimental

Predicted

HBA(1)  HBD(2) *1 2 T ha  Solubility  Solubility 10 Ref.
1216 210E-03  7.71E-03  267.00%

2252  430E-03  143E-02 232.49% GChen etal.

CO, ChCl proga’ﬁé jo, 020 080 313150 3251 600E-03  207E-02 24456%  (2014)
4214  B810E-03  268E-02  231.40%
5256  1.06E-02  3.35E-02  216.46%
ARD  238.38%
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Table S38. Experimental data of COz2 solubility in ChCl:Phenol and COSMO-RS prediction at
1:4 molar ratio.

P Experimental Predicted
Gas HBA(1) HBD(2) x1 X2 T (K) (bar) Solubility Solubility RD Ref.

1171 3.20E-03  9.53E-03  197.96%
2142 620E-03  1.88E-02  20299%

Co: ChCl Phenol 020 080 313150 3.204  960E-03  277E-02  188.18% o)
4.158 1.25E-02 3.63E-02 190.45%
5.045  157E-02  4.50E-02  186.52%

ARD 193.22%

Table S39. Experimental data of COz solubility in ChCl:Diethylene Glycol and COSMO-RS
prediction at 1:4 molar ratio.

Gas HBA(1)  HBD(2) v ox TK) (b':r) E’gﬁmﬁ?f' g;‘:gg’l}ﬁs RD Ref.
1165  3.00E-03  9.22E-03 207.35%
2171 590E-03  1.72E-02 191.13% _

co, chcl ~ Dethylene 455 080 313150 3135  8.80E-03  248E-02 1g1.80%  -etdl

Glycoll (2014)

4.160 1.19E-02 3.29E-02 176.48%
5.182 1.47E-02 410E-02 178.80%

ARD 187.11%

Table S40. Experimental data of CO2z solubility in ChCl:Triethylene Glycol and COSMO-RS
prediction at 1:4 molar ratio.

P Experimental Predicted
Gas HBA(1) HBD(2) X1 X2 T (K) (bar) Spolubility Solubility RD Ref.
1.196 4.20E-03 1.45E-02 246.38%

| 2193  810E-03  2.65E-02 207.77% _
CO, ChCl Trg};‘gfnne 020 080 313150 3.152  1.24E-02  3.80E-02  206.39% L('z%t&')-’
4150  1.68E-02  498E-02 196.43%
5.190 2.02E-02 6.20E-02  206.95%

ARD 216.78%

Table S41. Experimental data of CO2 solubility in ChCl:Levulinic acid and COSMO-RS
prediction at 1:4 molar ratio.

P Experimental Predicted
Gas HBA(1) HBD(2) X1 x2 T (K) (bar) Solubility Solubility RD Ref.
0.600 2.90E-03 4.37E-03  50.85%
1.769 8.50E-03 1.29E-02  51.51%
o 2.824 1.35E-02 2.05E-02  52.09% Lu et al.,
CO. ChCl Levulinic Acid 0.20 0.80 313.150 3.801 1 85E-02 276E-02 49999 (2015)

4.851 2.31E-02 3.52E-02  52.34%
5.659 2.73E-02 410E-02  50.25%

ARD 51.04%
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Table S42. Experimental data of CO2 solubility in ChCl:Furfuryl Alcohol and COSMO-RS
prediction at 1:3 molar ratio.

P Experimental Predicted
Gas HBA(1)  HBD(2) sooxm T on Ceebiity. sobity  FP Ref.
0.703  250E-03  5.12E-03  104.68%
1922 6.40E-03  1.40E-02  118.24%
Furfury 2954  9.90E-03  214E-02 11656%  Luetal.
CO.  ChCl Alcohol 020 080 313130 7 435 133E02  292E02 119.91%  (2015)

5.028 1.65E-02 3.64E-02 120.64%
5.688 1.83E-02 412E-02  124.90%

ARD 117.49%

Table 43. Experimental data of COz solubility in ChCl:Guaiacol and COSMO-RS prediction at

1:4 molar ratio.

P Experimental Predicted
Gas HBA(1) HBD(2) x1 x2 T (K) (bar) Solubility Solubility RD Ref.
0.534 1.40E-03 6.18E-03  341.63%
1.425 4.40E-03 1.65E-02 275.929%
2.359 7.20E-03 2.75E-02 o i
CO. ChC Guaiacol 020 080 313.150 281.34%  Livetal,

3.355 1.03E-02 3.92E-02 280.28% (2017)
4.318 1.32E-02 5.06E-02  283.08%
5.429 1.65E-02 6.38E-02  286.76%

ARD 291.50%

2. CHasolubility in ESs

Table S44. Experimental data of CH4 solubility in ChCl:Lactic acid and COSMO-RS prediction
at 1:1 molar ratio.

Gas HBA(1)  HBD(2) v ox TK) (b';r) E’g“’;ﬂg‘iﬁ;‘;a' g:ﬁgg’l}ﬁs RD Ref.
0.051 425E-03  3.08E-05 99.27%
0929  1.09E-02  562E-04 94.85%
4944  408E-02  299E-03  92.66%
9.946  781E02  6.03E-03 90.28%
14930  1.16E-01 9.06E-03  92.19%
CH, ChCl  LactcAcid 050 050 298.15 ;Z:g;g 12258: :2;582 221;; A;}frz‘;grg?t
20910  2.34E-01 182E-02  92.19%
34929  2.77E-01 213E-02  92.30%
39922  3.18E-01 244E02 92309
44,933 3.60E-01 2.75E-02  92.359%,
49.933  4.03E-01 3.07E02  92.39%

ARD 93.10%
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Table S45. Experimental data of CH4 solubility in ChCl:Malonic acid and COSMO-RS prediction

at 1:1 molar ratio.

Gas HBA(1)  HBD(2) v ox T(K) (b';r) E’g;ﬂmﬁ:‘;a' 22‘?3'&733 RD Ref.
0.050  3.79E-03  1.80E-05 99.53%
0.918  9.88E-03  3.30E-04  96.66%
4940  3.73E02  1.78E-03  95.24%
9.942  7.47E-02  359E-03  95.00%
14.938 1.06E-01 5.40E-03  94.93%
CH, ChCl  MalonicAcid 050 050 298.15 ;Z:gij 133581 ;52582 2::28:;: Aa'ltlf”(“;:{‘g‘;t
20921  2.14E-01 1.09E-02  94.91%
34914  2.54E-01 127E-02  94.98%
30937  2.91E-01 146E-02  94.99%
44928  3.30E-01 164E-02  95.01%
49.933  3.68E-01 183E-02  95.03%
ARD  9551%

Table S46. Experimental data of CH4 solubility in ChCl:Phenylacetic acid and COSMO-RS

prediction at 1:1 molar ratio.

Gas HBA(1)  HBD(2) v ox TK) (b';r) E’g“’;ﬂg‘iﬁ;‘;a' g:ﬁﬂg’lfﬁs RD Ref.

0.050  402E-03  6.13E-05 98.47%
0916  1.05E02  1.12E-03 g89.25%
4946  396E-02  6.07E-03  84.69%
9.943  764E-02  122E-02  84.03%
14938  1.14E-01 183E-02  83.88%
: 19917  1.52E-01 244E-02  83.88%

oM, chol  PTORERC 050 050 29815 o0 yooeor  g06e0 83.94% Pty
290921  2.30E-01 367E-02  84.01%
34936  2.72E-01  429E-02  g4.04%
39.932 3.13E-01 491E-02 84.33%
44935  3.54E-01 552E-02  84.40%
49.920  3.96E-01 6.14E-02  84.51%
ARD  85.80%
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Table S47. Experimental data of CH4 solubility in ChCl:Urea and COSMO-RS prediction at 1:2
molar ratio.
P Experimental Predicted
Gas HBA(1) HBD(2) X1 x2 TK  pan Solubility Solubility RD Ref.
0.134 7.00E-05 1.75E-05  74.99%
0.527 2.80E-04 6.89E-05  75.41% .
CH:s ChCl Urea 0.333 0667 313150 1.076  5.70E-04  1.41E04 7533% L'(‘;g}g)'
1.536 8.10E-04 2.01E-04  75.229%
2.028 1.10E-03 2.65E-04  75.90%

ARD 75.37%

Table S48. Experimental data of CH4 solubility in ChCl:Urea and COSMO-RS prediction at 1:1.5

molar ratio.
Gas HBA(1)  HBD(2) v ox TK) (b';r) E’g’;mﬁg}a' g;‘:gg’l}ﬁs RD Ref.
0.103 6.00E-05 156E-05  73.97%
0.509 2.50E-04 7.72E-05 69.12% .
CH, ChCl Urea 0.40 060 313.150 0.994 4.90E-04 151E-04  §9.23% ng}g)‘
1,505 6.90E-04 228E-04  66.91%

1.996 9.10E-04 3.03E-04 66.72%

ARD 69.19%

Table S49. Experimental data of CH4 solubility in ChCl:Urea and COSMO-RS prediction at 1:2.5

molar ratio.
Gas HBA(1)  HBD(2) v ox TK) (b';r) E’g;[:g‘iﬁ;‘;a' gzﬁgg’l}ﬁg RD Ref.
0.114  400E-05  137E-05  65.68%
0503  260E-04  6.06E05 7670% |
CH: ChCl Urea 0286 0.714 313150 1.015  470E-04  122E-04 73.99% L'(Légﬁg)'
1520  7.0E-04  1.83E-04 74579%

2.019 9.50E-04 2.43E-04  74.39%

ARD 73.07%

3. H2S solubility in ESs

Table S50. Experimental data of H2S solubility in ChCl:Urea and COSMO-RS prediction at 1:2

molar ratio.
P Experimental Predicted
Gas HBA(1) HBD(2) X1 x2 T (K) (bar) Solubility Solubility RD Ref.
0.117 2.58E-03 4.14E-03  60.40%
0.524 1.24E-02 1.84E-02  47.94% .
H.S  ChCl Urea 0.333 0.667 313.150 0.994 2.35E-02 3.47E-02  47.36% Liuetal,

(2019)
1.526 3.59E-02 5.28E-02  47.27%

2.004 4.64E-02 6.90E-02  48.68%

ARD 50.33%
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Table S51. Experimental data of H2S solubility in ChCl:Urea and COSMO-RS prediction at 1:1.5
molar ratio.
P Experimental  Predicted
Gas HBA(1) HBD(2) X1 x2 TK  pan Solubility Solubility RD Ref.
0.114 3.74E-03 4.72E-03  26.12%
0.547 1.62E-02 2.23E-02 37.61% .
H:S  ChCl Urea 040 060 313.150 0.994 2.92E-02 401E-02  37.50% L'(‘;g} ;‘)"’
1.500 4.23E-02 5.98E-02  41.39%
2.021 5.55E-02 7.96E-02  43.61%
ARD  37.27%

Table S52. Experimental data of H2S solubility in ChCl:Urea and COSMO-RS prediction at 1:2.5

molar ratio.

Gas HBA(1)  HBD(2) v ox TK) (b';r) E’gﬁmﬁ?f' g;‘:gg’l}ﬁs RD Ref.
0.099 2 11E-03 3.19E-03  51.22%
0.482 8.72E-03 155E-02  77.49%

H:S  ChCl Urea 0.286 0.714 313.150 1.014 1.84E-02 324E-02  76.67% L'(L;_g}g)'-’
1.506 276E-02  480E-02  73.77%
1.985 3.51E-02 6.31E-02 79.66%

ARD 71.76%
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Abstract

Deep eutectic solvents (DESs) and eutectic solvents (ESs) have been used in
many applications in the chemical, pharmaceutical, and material fields over the last
decade. Their application is usually at a fixed stoichiometric molar ratio that is not
always optimized since the knowledge of thermophysical properties is required.
However, the thermodynamic characterization of these solvents is often scarce in the
literature, which makes it difficult to understand the mechanisms underlying DESs
interactions and formation. Therefore, this work aims to determine the solid-liquid
phase diagrams of six binary mixtures composed of choline chloride (ChCl) as
hydrogen bond acceptor (HBA) and ethylene glycol, glycerol, 1,3 propanediol, malonic
acid, glycolic acid, and lactic acid as hydrogen bond donors (HBD) under high pressure
and to compare this data with those found in the literature at atmospheric pressure.
Moreover, it is also an objective of this study to determine the density of the
ChCl:ethylene glycol, ChCl:glycerol, ChCI:1,3 propanediol, and ChCl:glycolic acid
mixtures in its eutectic composition under high pressures (1 — 50 MPa) and larger
temperature ranges (293.15 — 353.15 K). These experimental data were then
correlated using the modified Tait—-Tammann equation, and the Cubic Plus Association
(CPA) equation of state model considering the solvents as an individual components.
The experimental results indicate a eutectic behavior for all ESs and a shift of the
melting temperature with pressure increase. Regarding densities under high pressure,
the ESs presented the expected behavior, i.e., the density decreases with the
temperature rise, and increases with the pressure rise. CPA and the modified Tait—
Tammann allowed accurate modeling of the density experimental data, with deviations

no higher than 0.45%.
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1. Introduction

The application of conventional organic solvents has grown over the years
because most industrial processes such as synthesis, extraction, and separation
depend on their use [1]. Large amounts of these solvents are used, reaching
approximately 20,000,000 tons every year [2]. They are mostly comprised of alcohols
and low molecular weight petrochemical derivatives. However, their excessive
consumption causes problems in human health, process safety risks, eco-toxicity, and
waste management concerns since their recycling in many chemical processes are
difficult [2,3].

Therefore, in 2015, the United Nations delineated a new sustainability-centered
plan entitled “Transforming Our World: The 2030 Agenda for Sustainable
Development” to remove the organic solvents and chemical waste pollution from the
environment [4]. Accordingly, it is crucial to reduce the consumption of toxic organic
solvents and replace them with safer solvents.

Green chemistry is responsible to reduce the use and production of these harmful
substances, searching for renewable sources. In addition, introduces sustainable
concepts to develop greener and more sustainable routes, processes, and products
such as the Deep Eutectic Solvents (DESs) and the Eutectic Solvents (ESs) [3]. DESs
and ESs have emerged because they usually present thermal stability, high solvation
ability, and low volatility. Besides, they are liquid at room temperature, non-
combustible, inexpensive, easy to prepare, and usually show good biodegradability,
biocompatibility, and sustainability [5,6].

DESs are a mixture composed of two or more pure compounds, including

hydrogen-bond acceptors (HBAs) and hydrogen-bond donors (HBDs), whose eutectic
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point temperature is below that of an ideal liquid mixture. If the mixture presented a
eutectic point temperature that does not follow the statement above, thus it is called
only Eutectic Solvent [7]. It is important to mention that a wide range of possible HBAs
and HBDs can be found in the literature forming either DESs or ESs. However, which
defines the green characteristic of any eutectic mixtures is the use of more eco-friendly
components such as amines [8], sugars [9,10], alcohol and polyalcohol compounds
[11,12], and organic acids [13-15] as HBD [16,17]. These compounds are preferred
due to their chemical diversity, biodegradability, and sustainability. Also the use of
nontoxic quaternary ammonium salts as HBA, especially choline chloride (ChCl),
because of its biocompatibility and low price [1].

These sustainable solvents have been used in many applications in the chemical,
pharmaceutical, and material fields. They can be used as a replacement for inorganic
acids for hydrometallurgy [18-20], as a doping agent, and chiral source [21,22], as a
versatile ramie fiber degumming [23-25], as CO2 capture [26,27], in membrane
separation applications [28-30], as a candidate for lignocellulose dissolution and
pretreatment [31,32], as an effective extractor [33—37], among others.

Although DESs and ESs are being applied in several fields, the authors usually
select only a fixed stoichiometric molar ratio at the point where the mixtures are visually
liquid at room temperature and report it as optimized, which is not always true. The
decision of the suitable molar ratio of the DES/ES components and operating
temperature must be based on the knowledge of their thermophysical properties (as
density and viscosity) and the solid-liquid equilibria (SLE) phase diagrams which
enhance the design, simulation, and optimization of industrial processes [1,7].

Nevertheless, these essential properties are scarce in the literature on atmospheric
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pressure as well as on high pressures, in a limited temperature range, which makes
difficult the knowledge of the mechanisms underlying DESs/ESs interactions and
formation, consequently, the development of reliable thermodynamic models for
simulation processes is compromised due to the lack of experimental data [17]. Crespo
et al. (2018) [38] also showed that most ESs reported as DESs do not present large
deviations from the ideal-mixture behavior and the eutectic composition relies on the
used precursors.

Regarding the SLE phase diagrams, a research group has determined several
phase diagrams of eutectic mixtures using especially ChClI, quaternary ammonium
chlorides and betaine as HBAs, and polyalcohol, sugars, carboxylic acids, fatty acids
and alcohols, organic chloride-based salt and terpenes as HBDs [14,17,38—43].
Despite of built a large database, the ESs were determined only at atmospheric
pressure and their behavior under high pressures is unknown.

The density of ESs at atmospheric pressure has been determined by several
authors, using a wide range of HBAs and HBDs [13,44-64]. However, the density of
ESs at higher pressures was determined only by a few authors. Leron et al. (2012,
2012(1), (2012(2)) [65-67] reported some density values at pressures up to 50 MPa,
but only at the temperature range (298.15 — 323.15 K) for ESs composed of ChCl as
HBA, ethylene glycol, glycerol and urea as HBDs. Crespo et al. (2019) [1] measured
the densities of the same ESs, however in larger temperature (283.15 — 363.15 K) and
pressure (0.1 — 95 MPa) ranges. Sas et al. (2021) [68] were the last authors to report
the density of the following ESs: menthol:octanoic acid, menthol:decanoic acid,
menthol:dodecanoic acid and dodecanoic acid:octanoic acid at high pressures (0.1 —

60 MPa) and larger temperature range (293.15 — 413.15 K).
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Unfortunately, the determination of these properties and their thermodynamic
modeling is still poorly studied in the literature due to the complex hydrogen bonding
interactions of ESs and the lack of trustworthy experimental data. Crespo et al. (2017,
2018, 2019) [38,39,69] and Pontes et al. (2017) [14] were the only ones to model the
SLE phase diagrams of several ESs. The authors successfully modeled the SLE phase
diagrams using the PC-SAFT equation of state (EoS). To our knowledge, only Crespo
et al. (2019) [1] have modeled the density of ESs at higher pressures, using PC-SAFT,
while Sas et al. (2021) [68] and Leron et al. (2012, 2012(1), 2012(2)) [66,67,70] used
the modified Tait—-Tammann equation, an empirical model, frequently used to correlate
high-pressure density experimental data.

This research seeks to contribute to the knowledge of the physical properties of
ESs. Therefore, the study was shared into two parts: Firstly, it was determined the
solid-liquid phase diagrams of six binary mixtures composed of ChCI and different
alcohol and acids, namely, ethylene glycol, glycerol, 1,3 propanediol, malonic acid,
glycolic acid, and lactic acid using a high-pressure variable-volume view cell at high
pressures (6, 10, 14, and 25 MPa). These results were compared with those presented
in the literature and determined at atmospheric pressure. In the second part, it was
determined the density of four mixtures formed by ChCl, three with alcohols
compounds (ethylene glycol, glycerol, 1,3 propanediol) and one with an acid (glycolic
acid) at the eutectic composition of such mixtures and under high pressures (1 — 50
MPa) and larger temperature ranges (293.15 — 353.15 K). Moreover, the density data
were correlated using the modified Tait-Tammann equation and the CPA EoS
employing Multiflash software. Furthermore, it was assumed an individual component

approach to describe the density of experimental data.
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The materials employed to prepare the ESs used in this work along with their

source, purity, melting properties, and chemical structure are detailed in Table 53Erro!

Fonte de referéncia nao encontrada.. All components were dried under vacuum, at

room temperature and atmospheric pressure for 72 h, and then stored at room

temperature in a desiccator.

Table 53. Source, purity, and melting properties of the components used in this work.

Component CAS Number Supplier Mass purity (%) T .(K) A H (kJ.mol™)
CHs
HO__—N-CHs CI
\/_éHa ? 67-48-1 Sigma Aldrich > 98,5% 597 [41] 4.30 [41]
Choline Chloride
OH
HO ™ 107-21-1 Merck 99,5% 256.60 [71] 9.50 [71]
Ethylene Glycol
Ho/\/\OH
OH 56-81-5 Anidrol 99% 293 [72] 18.28 [72]
Glycerol
HO™ ™" OH
504-63-2 Sigma Aldrich > 98% 249 [72] 11.40 [72]
1,3 propanediol
0O
M on .
HO 79-14-1 Acros 99,7% 351.30 [73] 19.30 [73]
Glycolic Acid
o]
H3Cj)k0H
O 50-21-5 Sigma Aldrich 99,5% 289.90 [74] 11.34 [74]
Lactic Acid
O O
HO OH  141-82-2 Sigma Aldrich 99% 407.50 [75] 23.10 [75]

Malonic Acid
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2.2. Preparation of Eutectic Mixtures
Six ESs were prepared using choline chloride (ChCl) as a hydrogen bonding
acceptor (HBA), and different hydrogen bonding donors (HBD) at different molar ratios,
according to Table 54.

Table 54. Molar ratio (x,) of the ChCI (1) based ESs.

Mixture components Molar ratio (x;) Average of water
HBD (2) System SLE* o* content (%)
Ethylene Glycol (EG) ChCI:EG 0.70; 0.67; 0.60; 0.55 0.67 0.75
Glycerol (GLY) ChCl:GLY 0.55; 0.50; 0.45; 0.40 0.60 0.80
1,3 propanediol (PD) ChCI:PD 0.67; 0.60;0.55 0.70 0.89
Glycolic Acid (GLY AC) ChCIl:GLY AC  0.60; 0.85 0.55 3.58
Lactic Acid (LAT AC) ChCI:LAT AC 0.45; 0.50 0.50 1.09
Malonic Acid (MAL AC) ChCI:MAL AC  0.70; 0.65; 0.45 0.50 1.23

*prepared for use in the measurements of solid-liquid phase diagrams (SLE) and density (p) at high

pressures.

The ESs were produced using the method of heating combined with stirring
proposed by Abbott et al. (2003) [76]. Initially, previously known amounts of each
component were weighed using an analytical balance with an accuracy of +2 x 10™*g
(Shimadzu AUY220, Japan), according to the mole ratio, for a total mass of 100 g, into
a 250 ml Erlenmeyer flask. The mixture was placed in a glycerin bath with reciprocal
stirring at 333.15 K for 120 min, or until the formation of a clear and homogeneous
liquid. Then, the water content of each molar ratio of the investigated ESs was
measured using a Metrohm 831 Karl Fischer coulometer, with the Hydranal-Coulomat
AG analyzer from Riedel-de Haén. The ESs formed were then transferred to amber
flasks and stored at room temperature in a desiccator to avoid possible water

absorption from the environment.
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2.3. Phase equilibrium apparatus and procedure

In this work, the static synthetic method was used to obtain experimental data
for phase equilibria at high pressures using a high-pressure variable-volume view cell.
This apparatus (Figure 23) and experimental procedure have been employed in
previous studies[77-80]. It is formed by a gas cylinder, which contains the pressurizing
fluid (1), and a high-pressure syringe pump (ISCO 260L, Lincoln, USA) (2). The fluid
temperature in the pump was controlled by a thermostatic bath (TECNA, model TE-
184) (3). The system pressure was monitored by an absolute pressure transducer with
a precision of £0.03 MPa (Smar LD 301) (4). The high-pressure variable-volume view
cell (5), with a maximum capacity of 2.7 x 10 ~> m3, presents two sapphire windows (6
and 7) for the visualization of the phase transitions, removable connections for feeding
the mixture components, and the insertion of a PT-100 temperature indicator (8 and 9)
to direct contact with the fluid inside the cell body. The pressure control was provided
by a movable piston (10). The cell also is equipped with a jacket connected to a
thermostatic bath (TECNA, model TE-184) (12) to control the temperature. The system

was magnetically stirred (11) throughout the experimental procedure.
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Figure 23. Schematic diagram of the experimental apparatus for phase equilibrium at
high pressure. (1) gas cylinder; (2) syringe pump; (3 and 12) thermostatic baths; (4)
absolute pressure transducer; (5) high-pressure variable-volume view cell; (6 and 7)
sapphire windows; (8) removable connections; (9) PT-100 temperature indicator; (10)
movable piston; (11) magnetic stirrer; (13 and 14) needle valves; (15 and 16) sphere

valves; (17) micrometer valve.

Phase transitions were measured visually by manipulating the temperature
using a thermostatic bath and a syringe pump with carbon dioxide as pressurizing fluid.
The phase equilibrium determination of pure ESs was performed as an isobaric
operation. Initially, a known amount of ES at a given molar ratio is inserted into the cell
to complete a volume of approximately 10 mL at atmospheric pressure. Then, the cell
was flushed with low-pressure gas to remove residual air. The pressure was pre-set
by inserting the pressurization fluid through the syringe pump, increasing the pressure
to the desired value for data acquisition. Once the required pressure is stabilized, the
temperature is slowly reduced, until the solid-liquid phase transition is observed, i.e., a
transition temperature is determined at a given pressure. This procedure occurs, on
average, 12 hours to complete and was done in triplicate for each molar ratio. In this

work, the phase transitions were evaluated at 6, 10, 14, 20, and 25 MPa.
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2.4. Density of ESs at high pressures

The densities of ESs were measured at the temperatures 293.15 K, 298.15 K,
313.15 K, 333.15, and 353.15 K and pressure range 1 — 50 MPa using a density
measuring module DMA HPM in combination with the evaluation unit mPDS 5, a high-
pressure densimeter from Anton Paar, Austria. The measurement cell was
thermostated by circulating a thermoregulatory fluid, with a temperature stability of +
0.01 K through the circulation of a thermostatic bath (Julabo MC). The standard
uncertainty on temperature was 0.1 K. Pressure was measured using a piezoresistive
silicone pressure transducer (Kulite HEM 375) with an accuracy of better than 0.2%.
The transducer was attached directly to a '4" stainless steel line to reduce dead volume
and placed between the DMA HPM measurement cell and a moving piston.

The densimeter was calibrated with deionized water and nitrogen over a wide
temperature and pressure ranges from 293.15 to 363.15 K and 1 to 60 MPa,
respectively. The mode used was the Wide Range, which applies a polynomial
equation (Equation 1) to correlate the period of oscillation recorded by the internal
oscilloscope with the density of the fluid analyzed.
p=AA+ AB.dt + AC.0d + AD.0t? + AE.dd? + (AF + AG.0t + AH.dd + Al. 0t? +

AJ.0d?).0p* + AK.op* (1)
3. Thermodynamic modeling

3.1. Modified Tait-Tammann Equation
The parameter of the modified Tait—-Tammann equation were fitted to the liquid
densities of ESs measured in this work according to Equation 2 [81].

_ pref (1)
,D(T, p) - 1—C.ln( B(T)+p ) (2)

B(T)+pTef
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Where p™/ is the density of the ES at a reference pressure (p™¢f); B(T) is a

parameter that depends on temperature, and C is a temperature-independent

parameter.
2
pref (T = z a,T! (3)
i=0
1 .
B(T) = ; b;T (4)

The parameters of a; from Equation 3 were optimized by fitting them to the
experimental densities at reference pressure p™/= 0.1 MPa. The coefficient C and the
parameters of b; were obtained by fitting the modified Tait—Tammann equation to the

experimental data at high pressures.

3.2. Cubic Plus Association EoS

CPA EoS combines the classic Soave-Redlich-Kwong equation and the
association term from statistical thermodynamics. Pressure is provided by Equation 5
[82,83]:

p RT a(T) 1RT<1+ alng)z Z(l X) .
“V—b VOt D) 2V \ P Tap ) LL Ay )

i

where x; is the molar fraction of component i; p is the molar density (p = 1/V,,);
g is a simplified hard-sphere radial distribution function; and X, represents the mole
fraction of sites A in molecule i that were not bonded to other active sites. The equation

can be also expressed in terms of compressibility factor (Z) as Equation 6.

7= 1 ap
"~ 1—bp RT(1+bp)

(6)
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Where a is the physical energy parameter calculated using Equation 7; and b is

the co-volume parameter.

a(T) = ag[1 + i (1= yT)]° %)

with T, = Tl where T, is the critical temperature. The critical properties of the

c

studied HBA and HBDs were calculated by the modified Lydersen—-Joback—-Reid
method (Table 55) [84,85], as explained in our last study [86].

To extend CPA EoS to mixtures, conventional van der Waals one-fluid mixing
rules were employed in the physical term for energy and co-volume b. For the energy

parameter a;;(T), the following geometric mean rule is used:

a(1) = ) > gy (T) ®
U

with

a;;(T) = /ai(T)aj(T)(l — kij) €))

And,

b= Z x;b; (10)

Table 55. Critical properties of the HBA and HBDs studied in this work.

Component Molecular weight (g.mol")  T¢ (K) P. (MPa) w

Choline chloride 139.62 622.97 3.05 0.76
Ethylene glycol 62.07 598.73 6.75 0.99
1,3 propanediol 76.09 621.75 5.51 1.00
Glycerol 92.04 715.99 6.32 1.46

Glycolic acid 76.05 674.80 6.75 0.97




CAPITULO 6. Characterization by SLE phase diagrams and density of Eutectic

Solvents based on ChCl, alcohols and acids at high pressures
236

3.3. CPA parameter estimation for ESs

Five parameters are needed to describe pure components: three physical
parameters (a,, b, c;), the volume parameter (4i8/) and energy parameter (e%i8J).
However, these parameters are not easily available in the literature for most precursors
of ESs.

Two approaches can be assumed for modeling ESs, the pseudo-component,
and the individual-component ones. Although the pseudo-component approach has
been successfully used in the literature[87,88], in this study the individual component
will be used because, in the last study of the research group, this approach was shown
to be more appropriate for ESs as they are a mixture of HBAs and HBDs and not a
new component as explained by Martins et al. (2018) [7].

The individual-component approach consists of treating each HBA and each
HBD as a pure component. In such a case, the CPA parameters were obtained by
fitting them to the liquid density of each HBA and HBD considering both the self and
cross-association interactions. After parameters adjustment, they were used to
calculate the density at high pressure by CPA EoS. The results from CPA were
compared to experimental data determined in this work by average absolute relative
deviation (AARD%) according to Equation 11. The AARD% minimization was done by
the objective function of Equation 12 using Solver from Microsoft Excel to adjust the
binary interaction parameters (k;;).

Np

1
AARD% = —2
b=

cal exp
Pi — P
exp

P;

x 100 (11)

i
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Np
cal _ exp
OF = min z (p‘prl) (12)
i=1 i

where N, is the number of experimental data, p®*" is the experimental density,

and p® is the CPA-calculated density.

4. Results and Discussion
4.1. Solid-liquid equilibrium at high pressures

The temperature-composition (molar fraction of HBDs; x,) diagrams are shown
in Figure 24 - phase equilibrium experimental data at six pressures along with the
phase equilibrium experimental data found in the literature at atmospheric pressure.
All experimental data are detailed in Tables S1 — S6 of Supporting Information. Due to
limitations of the high-pressure variable-volume view cell apparatus, it was not
investigated all ESs molar ratios since the connections used in the unit support
temperatures up to 343.15 K, and the thermostatic bath reaches temperatures up to
262.15 K. All the studied systems, such as depicted in Figure 24Erro! Fonte de
referéncia nao encontrada., present a single eutectic point, which is expected for

systems with immiscible components in the solid phase [17,89].
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Figure 24. Solid-liquid phase diagrams at high pressures of binary mixtures composed
of ChCI (1) and (A) ethylene glycol (2); (B) 1,3 propanediol (2); (C) glycerol (2); (D)
glycolic acid (2); (E) lactic acid (2); (F) malonic acid (2).

Looking at Figure 24 one can notice that the eutectic temperature was found

only for the ESs composed of ChCI:EG (Figure 24 (A)) at temperatures between 295
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and 299 K and ChCI:MAL AC (Figure 24 (F)) at temperatures between 284 and 291 K.
The eutectic temperature was not determined for the other systems due to apparatus
limitations. However, the trend of the liquidus line of all systems remained the same as
those at atmospheric pressure. In Figure 24 (A) it is possible to infer that the eutectic
point is located between the mole ratios 0.67 and 0.70 of ethylene glycol, agreeing with
the phase diagram found in the literature determined at atmospheric pressure [17].
And in Erro! Fonte de referéncia nao encontrada. (F) the eutectic point occurs
between 0.45 and 0.65 molar ratios of malonic acid, also agreeing with the literature
on atmospheric pressure [89]. Therefore, the eutectic composition does not change
with increasing pressure. This was also observed in SLE phase diagrams of fatty acids
methyl and ethyl esters [90,91], fatty alcohols [92], and organic systems [93].

It can also be seen that the increase in melting temperature is relatively small
between the pressures 6 — 25 MPa, but large between 0.1 — 6 MPa for all studied ESs
(Table S1 — S6 of Supporting Information). For example, the increase in melting
temperature of the ChCI:EG system (Erro! Fonte de referéncia nao encontrada.
Erro! Fonte de referéncia nao encontrada.(A)) between 0.1 and 6 MPa
(ATe-0.1)mPa) was on average 54 K, whereas the temperature increases when pressure
increases from 6 to 25 MPa (AT 25 -6)mpa) is on average only 3.30 K. Tables S1 — S6 of
Supporting information show that for both polyalcohol (ChCI:EG and ChCI:PD) and
carboxylic acids-based ESs (ChCI:GLY AC and ChCI:.LAT AC), the increase in HBD
carbon chain length leads to a reduction of approximately 40 and 18 degrees in AT -
0.1)MPa, for polyalcohol and carboxylic acids-based ESs respectively. In contrast to this
behavior, an enlargement of approximately 1.2 and 15 degrees is observed in AT 25 -

e)MPa, for both families of ESs. To complement this observation, the existence of an
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extra hydroxyl group for polyalcohol-based ESs, from ChCI:EG to ChCI:GLY, or an
extra carboxylic group for carboxylic acids-based ESs, from ChCl: GLY AC to
ChCI:MAL AC, shows the same influence on temperature. Unfortunately, more
experimental data are required to deepen this discussion and to draw some
conclusions about the topic.

These differences occur because pressure increases can lead the mixtures to
states of smaller volume, i.e., more compact structures [94]. Therefore, the electrons
tend to states of lower kinetic energy, and the pure component melting temperature
subjected to high pressure will be higher than at atmospheric pressure [94]. In addition,
at atmospheric pressure the molecules are not so tightly packed, so the energy
required for a phase transition is lower, and consequently, the melting temperature will
be lower. On the other hand, at higher pressures, the molecules are closer, and very
tightly packed, requiring more energy for the phase transition, so the melting
temperature will be higher as well [94]. Possibly, between 6 and 25 MPa, the molecules
are as close as possible and the difference between the melting temperatures is
smaller than at atmospheric pressure and 6 MPa.

Along with the previous explanation, it can be also justified by the water content
of ESs. In this study the water content was no higher than 3.9%, however, in Silva et
al. (2020) was no higher than 0.04% for polyalcohol ESs, and Crespo et al. (2018) was
no higher than 1.3% for carboxylic acids ESs [17,89]. These differences may influence
the results by slightly increasing the melting temperature of the system, but not
changing the shape of the curve. When present in ESs, water is absorbed by the
components forming strong interactions, and reducing the inter- and intramolecular

interactions between HBA and HBD, which change their properties [95].
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It is well known that an increase in water content reduces the viscosity and
increases the conductivity, but only a few studies have evaluated the changes in
melting temperature. Meng et al. (2016) showed that for the ES formed by ChCI and
urea at a 1:2 molar ratio, the increase in the water content reduces the melting
temperature from 298.15 K for the dry ES to approximately 276.15 K with a water
addition of 10% [96], both system at atmospheric pressure (~0.1 MPa).

The ESs melting temperature seems to be influenced by the difference between
the HBDs melting temperature and water melting temperature. For example, the urea
melting temperature is approximately 406.15 K and water melts at 273.15 K, at
atmospheric pressure (~0.1 MPa). In this case, the addition of water to urea-based ES
causes a decrease in its melting temperature. Whereas, in this study, the melting
temperature of ChCI:EG (Erro! Fonte de referéncia nao encontrada. (A)) increases
with water addition since the melting temperature of ethylene glycol is 260.61 K [97],
13 degrees lower than the water melting temperature at atmospheric pressure.
Therefore, an ES formed by ethylene glycol will have its melting temperature
increased, depending on the amount of ethylene glycol (molar ratio of HBA and HBD)
and water. The same behavior was observed for ChCI:PD (Erro! Fonte de referéncia
nao encontrada. Erro! Fonte de referéncia nao encontrada.(B)), ChCl:GLY (Erro!
Fonte de referéncia nao encontrada. (C)), and ChCI:.LAT AC (Erro! Fonte de
referéncia nao encontrada. (E)). Whereas ChCIl:GLY AC (Erro! Fonte de referéncia
nao encontrada. Erro! Fonte de referéncia nao encontrada.(D)) and ChCl:MAL AC
(Erro! Fonte de referéncia nao encontrada. (F)) presented the opposite behavior
since their melting temperature is much higher than the water at atmospheric

pressure., 351.30 K [73], and 408.15 K [98] respectively.
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Both low kinetic energy and high-water content influence SLE phase diagrams
of ESs at high pressure. However, it is not already known the proportion in which each
factor influences the liquidus line shift of the phase diagrams concerning the
temperature axis. It is also important to mention that these data have never been
reported in the literature to our knowledge, turning out to be relevant results even at
larger water contents than the literature data at atmospheric pressure. Moreover, in
industrial processes, ESs will hardly be used at low water contents because of the high
solvent demand, and drying them is economically unfeasible.

Figure 25 shows PxT phase diagrams of ChCI:EG system at four molar ratios
bringing another way to look at these discussions. One can notice that the pressure
influences the melting temperature of the ESs in all molar ratios, since the increase in
pressure causes an increase in the melting temperature, as previously explained. In
Figure 25, the solid region is on the left side of the coexistence line and the liquid
region, consequently, is on the right side. It may be noted that the coexistence line of
solid and liquid phases moves toward the solid region as the amount of ethylene glycol
rises in the mixture, gradually increasing the liquid phase region in the phase diagram.
This behavior was observed in all polyalcohol-based and ChCI:LAT AC ESs studied
and can be seen in Figures S1, S2, and S4 of Supporting Information. However, it is
not observed for ChCI:MAL AC (Figure 26) and ChCI:GLY AC (Figure S3), the
coexistence line moves in the direction of the liquid region as the quantity of malonic
and glycolic acids increase in the mixture, gradually expanding the solid phase region

of the phase diagram.
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Figure 25. Phase diagrams PxT of the ES composed of ChClI (1) and ethylene glycol

(2) at four molar ratios and five pressures.
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4.2. Density of ESs at high pressure

The density of four ChCl-based ESs (ChCl combined with ethylene glycol,
glycerol, 1,3 propanediol, and glycolic acid at 1:2, 1:1.5, 1:2.3 and 1:1.2 molar ratios,
respectively) at a pressure ranging from 1 to 50 MPa and temperature ranging from
293.15 10 353.15 K were measured.

Figure 27 presents a comparison between the high-pressure data for ChCI:EG
at pressures up to 50 MPa reported in this work with those reported by Crespo et al.
(2019) [1] over a wide temperature and pressure range (283 — 363 K and 0.1 — 95
MPa). Another set of experimental data was reported by Leron et al. (2012) [70] at
pressures up to 50 MPa but in a limited temperature range (298 — 323 K) hindering the
comparison.

The comparison results show that the measured data in this study are in good
agreement with those found in the literature as well as the percentage average
deviations (calculated according to Equation 13) which are in the range of -0.3 t0 -0.6%
(Figure 27(A)) and the density differences are no higher than -0.007 g.cm (Figure 27

(B)).

pexp _ plit
%ARD(,D) =100- pe—xp (13)

All data in this work present density values lower than those determined in the
literature. These negative small differences can be associated with the higher water
content of the ES in this study and minor discrepancies in the molar ratio of the
mixtures. The deviations increase with the temperature increase in the order 293.15 <

313.15 < 333.15 < 353.15 K.
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density differences.

The densities measured in this work for ChCl-based ESs along with the CPA
modeling and the modified Tammann-Tait fitting are sketched in Figure 28. All the
density values are summarized in Tables S7 — S10 in Supporting Information.

According to Figure 28, density decreases with the temperature raise at a
constant pressure, which is caused by the liquid thermal expansion [70]. Whereas, at
a constant temperature, density tends to slightly increase with pressure raise due to
compression [67]. The density almost did not change with pressure since ESs are
considered practically incompressible liquids [67]. At the pressures (1 to 50 MPa) and
temperature range (293.15 to 353.15 K) considered in this work, the temperature has
a prominent impact on density than pressure, a behavior also found in the literature
[1,66-68,70].

Concerning the HBDs influence on density values, it is observed an increase in
ESs density in the following order: glycolic acid > glycerol > ethylene glycol > 1,3
propanediol. The explanation for this result can be related to the excess molar volume

of the mixtures which is an additive property. The excess molar volume of binary
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mixtures is known as a complex property due to its dependency on size, shape,
chemical nature of the pure components, interactions between the solutes, and/or the
solvents, and/or the solute-solvent, and structural effects [99].

As ChCl is the HBA for all ESs, the major influence on the excess molar volume
is generated by the HBDs. ChCl presents a density of 1.1008 g.cm at 293.15 K and
atmospheric pressure considering its densities of aqueous solutions measured by
Francisco et al. (2013) [100]. At these conditions, the estimated excess molar volumes
of the ESs are —4.03 cm3.mol" for ChCI:GLY AC, —1.70 cm3.mol " for ChCIl:GLY, —0.96
cm3.mol ! for ChCI:EG and —0.57 cm3.mol" for ChCI:PD. Therefore, the high negative
excess molar volume values for ChCl:GLY AC indicate stronger and more favorable
interactions than the other studied ESs, including ChCI:EG. Besides, the enthalpic
effect in ChCl:GLY AC and ChCI:GLY agrees with the significative negative deviations
from the ideal behavior observed by Crespo et al. (2018) [38] and Silva et al. (2020)
[17] where the SLE phase diagrams were measured, since the interactions between
HBA and HBD are stronger, decreasing the free volume, i.e., promoting an increase in

density.
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Figure 28. Densities measured at high pressures for ChCl-based ESs at (¢) 293.15 K;
(») 298.15 K; (o) 313.15 K; (o) 333.15 K; (e) 353.15 K Symbols represent the
experimental data and dashed lines represent (A) CPA correlation using a
temperature-dependent binary interaction parameter; (B) CPA predictions using
k;; = 0; (C) modified Tammann-Tait fitting.

To correlate the experimental data was used the modified Tammann-Tait
equation and the CPA EoS. The coefficients a,, a;, and a, of the Tammann-Tait

equation (Equation 3) are shown in Table 56 and the coefficients by, b; and C of

Equation 4 are shown in Table 57 with the respective average absolute deviation
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(AAD%). It is possible to observe in Figure 29, that the values of the parameter B(T)
decrease with temperature raise as reported for previous liquid systems
[68,70,81,101]. In Figure 28 (C) and Table 57, it can be noted that the Tammann-Tait
equation provided a good correlation with the densities as functions of temperature
and pressure, with AADs% smaller than 0.45%. Despite the low AAD% values in this
work, the literature has shown better correlations of the equation, with lower
AAD%[66-68,70].

Table 56. Modified Tammann-Tait coefficients aq, a4, and a, of Equation 3.

ES a, (kg.m?3) a, (kg.m3K") a, (x10* kg.m3K2?)
ChCIEG 1253.035 -0.35494 -3.4083
ChCI:PD 1150.247 0.02403 -8.9701
ChCI:GLY 1338.205 -0.50538 -1.7771
ChCI:GLY AC 1438.761 -0.86898 4.0594

Table 57. Modified Tammann-Tait coefficients by, b4, and € of Equation 4.

ES be b, (MPa) C AAD%?
ChCIEG 399.98 -4.8243 -0.19623 0.159
ChCI:PD 741.34 -0.2104 0.20016 0.083
ChCI:GLY 750.15 -1.8100 0.03502 0.191
ChCI:AGLY AC 380.03 -2.0597 -0.08903 0.441

2 AAD% = 100 x 31 [Plexp=pical
Np

t Piexp
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Figure 29. B(T) parameter behavior of Tammann-Tait equation with the temperature
for ChCl (1):PD (2).

To describe the density experimental data by CPA EoS two steps are
necessary. The first one consists of the optimization of the CPA parameters of each
HBA and HBDs by density experimental data in a given temperature and density range
(Table S11 of Supporting Information). The CPA parameters for some HBDs (ethylene
glycol and glycerol) were not adjusted since Multiflash software already had such
parameters in its database.

Table 58 shows the CPA-adjusted parameters and the deviations for ChCl, 1,3
propanediol, and glycolic acid calculated according to the Section 3.3 using density
experimental data, and for ethylene glycol and glycerol obtained from the Multiflash
database. One can see that CPA EoS predicts well the density of these components
with deviations not higher than 0.03%. It is worth noting that ethylene glycol and
glycerol do not present the deviations because Multiflash does not provide this

information.
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Table 58. Optimized CPA parameters for each ES component.

Component  a, (J.m%mol?) ? (m13)'m°" ¢,  &(J.mol) B AARD% in p
ChCl 4.252 1.564 E-04 1576 5.267 E+04 5.903 E-05 0.005
EG 1.793 E+04 0.051 NAa
PD 2.074 8.131 E-05 1.876 3.255E+04 2.87 E-03 0.010
GLY 2.135 E+04 0.054 NA2
GLY AC 1.995 7206 E-05 1.844 5525E+04 4.139 E-05 0.031

@ Not applicable. The CPA parameters of both components come from the Multiflash database and no

AARD% were given.

The second step consists of ESs densities calculation at high pressures. As the
density of the system components is one of the required properties of the model
parametrization, it is supposed that the mixture density will be accurately described by

the model with no binary interaction parameter (k;;) [1].

Table 59 presents the density deviations for the studied ESs without any k;;,
and it is observed that CPA cannot describe densities at high pressure precisely, with
deviations higher than 7% for ChCI:GLY AC. Figure 28 (B) shows more clearly the high
deviations and demonstrates that the modified Tammann-Tait equation shows better
results (Figure 28 (C)).

Due to the large deviation presented by CPA EoS without any k;;, a linear trend
of k;; with the temperature (Equation 14) fitted to experimental data to enhance the
CPA prediction and to take into account the temperature effect on experimental
density.

Table 59 provides the constant values of Equation 14 and the deviations
considering k;; # 0, and Figure 28 (A) illustrates the results of the correlation. One can

notice that the deviations are smaller, with values no greater than 0.50%, making the
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CPA EoS a reasonable model to be used for density prediction at high pressures.
Nevertheless, the experimental data slope and range differ from the ones provided by
the CPA EoS since the analytic EoSs cannot describe the density temperature
dependence. In comparison with the modified Tammann-Tait equation, even with k;; #
0 adjustment, CPA presented higher deviations, an expected result due to the
predictive nature of the modified Tammann-Tait equation and a smaller number of
used parameters [101].

kij=ao+a,T (14)
k;j is the binary interaction parameter, a, and a; are the constants and T is the

temperature in Kelvin.

Table 59. Constant values used to determine the binary interaction parameter

(kij # 0) and a comparison between AARD% in the ESs studied in this work with or

without k;;.
kii = ao + alT(K) kl] = 0
Eutectic Solvent
a a, AARD% AARD%
ChCIEG -1.402 0.0014 0.365 2.132
ChCI:PD 0.262 -0.0017 0.450 2.937
ChCI:GLY -5.073 0.0168 0.495 0.603
ChCI:GLY AC -2.839 0.0060 0.385 7134

5. Conclusions
In this work, the solid-liquid equilibrium phase diagrams of six ESs (ChCI:EG,
ChCI:PD, ChCI:GLY, ChCI: GLY AC, ChCl: LAT AC, and ChCI:MAL AC) and the
densities of four ESs at high pressures (ChCI:EG, ChCI:PD, ChCIl:GLY and ChClI: GLY

AC) were measured in a wide temperature and pressure ranges to enhance the
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literature on the thermophysical properties of ESs. In particular, the solid-liquid
equilibrium at high pressures was reported in this work for the first time.

All systems presented the same behavior of atmospheric pressure concerning
the trend of the phase diagrams, i.e., a single eutectic point, with the eutectic
composition not changing with pressure increase. The melting temperature increase is
relatively small between the pressures 6 — 25 MPa but large between 0.1 — 6 MPa
because the pressure raise led the mixtures to states of smaller volume, thus the
energy for the phase transition is higher as well as the melting temperature. Besides,
the water content of ESs studied in this work is higher than that at atmospheric
pressure, which can influence the results by reducing the inter- and intramolecular
interactions. Nevertheless, it cannot be measured the proportion in which each factor
influences the liquidus line shift of the phase diagrams concerning the temperature
axis.

Regarding densities at high pressure, it was possible to note that the data
measured in this study agree with those from the literature for ChCl:EG. As expected,
density decreases with temperature raise and increases with pressure raise. However,
the influence of temperature on density is higher than pressure. The excess molar
volume was measured for all ESs and shows that the high negative values for
ChCI:GLY AC represents stronger and more favorable interactions.

Moreover, the modified Tammann-Tait equation and CPA EoS were used to
correlate the experimental data. The first one provided a good correlation with density
presenting AADs% smaller than 0.45%. CPA EoS was used considering the ESs as

an individual component and showed deviations no higher than 0.50%. In comparison,
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the modified Tammann-Tait presented better predictions, as expected, since the
modified Tammann-Tait has a predictive nature and a smaller number of parameters.
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Supporting Information

1. Solid-liquid equilibrium at high pressure

Table S1. Experimental data (x2, T) of the SLE system composed of choline chloride
(1) and ethylene glycol (2) at high pressures’.

Pressure (MPa)

AT (6 -0.1)MPa AT 25 - 6)MPa

6 10 14 20 25
X2 T (K) X2 T (K) x2 T (K) X2 T (K) x2 T (K)
0.668 295.18 0.668 29540 0.668 296.97 0.668 298.04 0.668 298.74 * 3.56
0.601 313.10 0.601 313.08 0.601 313.68 0.601 315.31 0.601 317.32 67.10 4.22
0.550 337.91 0.550 339.02 0.550 339.69 0.550 339.84 0.550 341.02 46.01 3.10
0.700 294.30 0.700 29598 0.700 296.06 0.700 296.02 0.700 296.64 48.80 2.34
Average 53.97 3.30

1 Standard uncertainties (u) are: u(T)=0.32 K, u/(p)= 0.08, u,x)= 0.0003
* No data were found

Table S2. Experimental data (x2, T) of the SLE system composed of choline chloride
(1) and glycerol (2) at high pressures’.

Pressure (MPa)
AT -0.1)mPa AT (25 - 6)mPa

6 10 14 20 25
x2 T (K) x2 T (K) X2 T (K) X2 T (K) x2 T (K)
0.401 340.65 0.401 341.01 0.401 341.47 0.401 342.71 0.401 344.35 33.05 3.70
0.450 323.15 0.450 323.91 0.450 324.53 0.450 324.82 0.450 324.98 29.55 1.83
0.500 296.60 0.500 306.38 0.500 308.49 0.500 311.20 0.500 313.40 5.70 16.80
0.549 279.50 0.549 28250 0.549 285.16 0.549 286.90 0.549 287.67 29.60 8.17
Average 24.48 7.62

1 Standard uncertainties (u) are: u(T)= 0.56 K, u,(p)=0.02, u;(x)= 0.0001

Table S3. Experimental data (x2, T) of the SLE system composed of choline chloride
(1) and 1,3 propanediol (2) at high pressures’.

Pressure (MPa)
AT@-o1mpa  AT25-6)MPa

6 10 14 20 25
x2 T (K) x2 T (K) x2 T (K) x2 T (K) x2 T (K)
0.667 290.04 0.667 293.24 0.667 29458 0.667 295.07 0.667 296.54 7.04 6.49
0.601 309.60 0.601 310.22 0.601 311.05 0.601 311.56 0.601 312.12 20.40 2.52
0.550 330.07 0.550 331.72 0.550 332.28 0.550 332.96 0.550 334.47 * 4.40
Average 13.72 4.47

1 Standard uncertainties (u) are: u(T)= 0.32 K, ur(p)= 0.08, ur(x)= 0.0003
* No data were found
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Table S4. Experimental data (x2, T) of the SLE system composed of choline chloride

(1) and glycolic acid (2) at high pressures’.

Pressure (MPa)
ATe-o0nmpa  AT(25-6)mPa

6 10 14 20 25
X2 T (K) X2 T (K) X2 T (K) X2 T (K) X2 T (K)
0.600 289.15 0.600 290.09 0.600 290.15 0.600 289.07 0.600 289.46 8.23 0.31
0.850 291.79 0.850 291.99 0.850 292.17 0.850 291.95 0.850 291.95 38.49 0.16
Average 23.36 0.24

‘1 Standard uncertainties (u) are: u(T)=0.42 K, u,(p)= 0.07, u,x)= 0.0001

Table S5. Experimental data (x2, T) of the SLE system composed of choline chloride

(1) and lactic acid (2) at high pressures’.

Pressure (MPa)
ATe-onympa AT (25-6)MPa

6 10 14 20 25
x2 T (K) X2 T (K) X2 T (K) X2 T (K) X2 T (K)
0.449 325.20 0.449 327.13 0.449 330.85 0.449 333.75 0.449 333.95 8.32 8.75
0.500 294.33 0.500 304.15 0.500 310.60 0.500 314.72 0.500 315.89 2.62 21.56
Average 5.47 15.16

1 Standard uncertainties (u) are: u(T)= 0.82 K, uy(p)= 0.04, u(x)= 0.0002

Table S6. Experimental data (x2, T) of the SLE system composed of choline chloride

(1) and malonic acid (2) at high pressures’.

Pressure (MPa)
ATe-o01mpa  AT(25-6)mPa

6 10 14 20 25
x2 T (K) x2 T (K) x2 T (K) x2 T (K) x2 T (K)
0450 28420 0.450 286.15 0.450 287.57 0.450 289.19 0.450 290.98 17.28 6.78
0.650 307.51 0.650 306.92 0.650 306.40 0.650 308.08 0.650 308.26 10.01 0.75
0.700 324.15 0.700 326.44 0.700 325.70 0.700 325.15 0.700 324.58 4.53 0.43
Average 10.61 4.65

1 Standard uncertainties (u) are: u(T)= 0.97 K, u,(p)= 0.03, u;(x)= 0.0001
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Figure S1. Phase diagrams PxT of the ES composed of ChCl (1) and 1,3 propanediol

(2) at three molar ratios and five pressures.
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Figure S2. Phase diagrams PxT of the ES composed of ChCI (1) and glycerol (2) at

four molar ratios and five pressures.

26
24

26

x,= 0.60

@

Solid phase

Liquid phase

24
22
_.20
[0
Q 18
=3
5 16
514
012
2 10
8

6

x=0.85

Solid phase

®
Liquid phase

278 280 282 284 286 288 290 292 294 296 298

Temperature (K)

278 280 282 284 286 288 290 292 294 296 298

Temperature (K)

Figure S3. Phase diagrams PxT of the ES composed of ChCl (1) and glycolic acid (2)

at two molar ratios and five pressures.



CAPITULO 6. Characterization by SLE phase diagrams and density of Eutectic
Solvents based on ChCl, alcohols and acids at high pressures

274
26 26
x.=0.45 x=0.50 ®
24 [ 24
22+ 22+
20k _20} °
© ©
o 18} 18}
= =
o 16 | Solid phase o6 Solid phase
§ 14+ ) ;14 L )
3 12} 2| 812t
& 1ol @ S| 10} @ Liquid phase
sl 2 8l
g
6 L 1 1 1 1 1 _I 6 L 1 1 1 1 1 1
270 280 290 300 310 320 330 340 270 280 290 300 310 320 330 340

Temperature (K)

Temperature (K)

Figure S4. Phase diagrams PxT of the ES composed of ChCI (1) and lactic acid (2)

at two molar ratios and five pressures.



CAPITULO 6. Characterization by SLE phase diagrams and density of Eutectic

Solvents based on ChCl, alcohols and acids at high pressures

2. Density at high pressure

275

Table S7. Experimental data of density as a function of pressure and temperature for

the system composed of ChCl and ethylene glycol (1:2)".

p (g.cm?)
Pressure (MPa) T (K)

293.15 298.15 313.15 333.15 353.15
1.0 1.1162 1.1120 1.1046 1.0918 1.0804
5.0 11177 11137 1.1062 1.0934 1.0818
10.0 1.1195 1.1158 1.1075 1.0954 1.0839
15.0 1.1212 1.1181 1.1088 1.0972 1.0859
20.0 1.1229 1.1202 1.1103 1.0990 1.0877
25.0 1.1245 1.1216 1.1118 1.1007 1.0897
30.0 1.1260 1.1233 1.1132 1.1024 1.0912
35.0 1.1273 1.1247 1.1148 1.1040 1.0929
40.0 1.1287 1.1260 1.1163 1.1056 1.0945
45.0 1.1301 11273  1.1178 1.1072  1.0958
50.0 1.1313 1.1286 1.1193 1.1086 1.0963

1 Standard uncertainties (u) are: u(T)= 0.007 K, uy(p)= 0.01, u,(p)= 7-10* g.cm?

Table S8. Experimental data of density as a function of pressure and temperature for

the system composed of ChCl and glycerol (1:1.5)".

p (g.cm?)
Pressure (MPa) T (K)

293.15 298.15 313.15 333.15 353.15
1.0 1.1725 1.1656  1.1581 1.1469 1.1356
5.0 1.1746 1.1686 1.1629 1.1503 1.1393
10.0 11763 1.1710 1.1650 1.1524  1.1421
15.0 11779 11730 1.1666 1.1548 1.1445
20.0 11795 1.1748 1.1680 1.1568 1.1461
25.0 1.1809 1.1764 1.1693 1.1584 1.1476
30.0 1.1824 114777 11705 1.1600 1.1491
35.0 1.1840 1.1787 1.1720 1.1615 1.1507
40.0 1.1854 1.1794 1.1734 1.1627 1.1522
45.0 1.1867 1.1798 1.1750 1.1642 1.1540
50.0 1.1880 1.1801 1.1763 1.1652 1.1556

1 Standard uncertainties (u) are: u(T)= 0.007 K, ur(p)= 0.01, u,(p)= 7-10* g.cm?
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Table S9. Experimental data of density as a function of pressure and temperature for

the system composed of ChCl and 1,3 propanediol (1:2.3)".

p (g.cm?)
Pressure (MPa) T (K)

293.15 298.15 313.15 333.15 353.15

1.0 1.0804 1.0752 1.0674 1.0561 1.0454
5.0 1.0819 1.0782 1.0692 1.0577 1.0472
10.0 1.0838 1.0801 1.0713 1.0597 1.0494
15.0 1.0856 1.0819 1.0733 1.0616 1.0516
20.0 1.0874 1.0837 1.0752 1.0636 1.0534
25.0 1.0889 1.0853 1.0770 1.0653 1.0555
30.0 1.0902 1.0871 1.0787 1.0671 1.0574
35.0 1.0915 1.0887 1.0802 1.0687 1.0592
40.0 1.0930 1.0900 1.0818 1.0705 1.0610
45.0 1.0945 1.0914 1.0834 1.0721 1.0626
50.0 1.0959 1.0931 1.0849 1.0737 1.0642

1 Standard uncertainties (u) are: u(T)= 0.007 K, uy(p)= 0.01, u,(p)= 7-10* g.cm?

Table S10. Experimental data of density as a function of pressure and temperature for

the system composed of ChCl and glycolic acid (1:1.2)".

p (9.cm?)
Pressure (MPa) T (K)

293.15 298.15 313.15 333.15 353.15
1.0 1.2254  1.2230 1.2139 1.2023 1.1888
5.0 1.2298 1.2268 1.2167 1.2030 1.1910
10.0 1.2320 1.2288 1.2188 1.2049 1.1933
15.0 1.28337  1.2303 1.2205 1.2067 1.1955
20.0 1.2352 1.2317 12220 1.2085 1.1975
25.0 1.2367 1.2329 1.2237 1.2102 1.1995
30.0 1.2381 1.2343 1.2253 1.2118 1.2014
35.0 1.2396 1.2355 1.2267 1.2131 1.2033
40.0 1.2409 1.2369 1.2281 1.2140 1.2048
45.0 1.2422 1.2381 1.2294  1.2150 1.2063
50.0 1.2436 1.2394 1.2307 1.2156 1.2079

1 Standard uncertainties (u) are: u(T)= 0.007 K, uy(p)= 0.01, u,(p)= 7-10* g.cm?3
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Table S11. Temperature and density ranges at 1 bar for each HBA and HBD
investigated to use the individual approach.

Component Temperature range (K) Density range (mol/m3) N, AARD% inp Ref.
Choline Chloride 293.15 - 353.15 7681.34 — 7884.03 13 0.01 Francisco et al. 2013'
1,3 propanediol 293.15-318.15 13631.75 — 13839.39 6 0.01 Zhang et al. 20202
Glycolic acid 293.15-373.15 15401.43 — 16028.63 17 0.03 Crespo et al. 20183
References
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Lactic Acid and Choline Chloride with Choline Lactate lonic Liquid and the Choline
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Water and Ethanol. RSC Adv. 2013, 3, 23553-23561.
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Abstract

The global climate has witnessed severe changes in the last two decades, mainly due
to greenhouse gases released into the atmosphere. COz2 is the main greenhouse gas
that contributes to global warming and climate change, therefore finding an effective
method to avoid the release of large amounts of COz2 into the atmosphere has been
the objective of many research centers. The main CO2 capture system is absorption
which uses a regenerable liquid solvent such as monoethanolamine (MEA),
diethanolamine (DEA) or Selexol process. However, these compounds have the
potential to degrade resulting in equipment corrosion and the generation of volatile
compounds. On that basis, it is important to find other solvents, a more viable
alternative, for example, the Deep Eutectic Solvents (DESs), that have been used in
numerous fields due to their high thermal stability, low vapor pressure,
inexpensiveness, and non-toxicity. The capture of CO2by DESs has been extensively
studied at atmospheric pressure. Information on phase equilibria at high pressures of
DESs+CO:z is essential for many chemical processes and also to fill a gap in the
literature. The seek of this study, was to measure the CO:2 solubility in six DESs
(ChCl:ethylene glycol, ChClI:1,3 propanediol, ChCl:glycerol, ChCl:glycolic acid,
ChCl:lactic acid, and ChCl:malonic acid) at 298.15, 303.15, 318.15 and 333.15 K. The
CO:2 solubility increases with the pressure raise and decreases with the temperature
raise. The absorbed COz in all DESs was not higher than 0.20 mol COz/mol DES,
probably due to its high viscosity and small mass transfer, and a better result was

reached using ChCI and malonic acid DES.
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1. Introduction

In the last few years, Deep Eutectic Solvents (DESs) became suitable
candidates to act in several applications in chemical industries due to their great
potential as a solvent, especially in green chemistry’2. The interest in such
components is due to their high thermal stability, wide liquid range, low vapor pressure,
and volatility. Moreover, they are usually tunable solvents, inexpensive, non-toxic and
non-flammable, biodegradable, and easy to prepare since require any purification
steps®4. Consequently, the production costs and the environmental effects are
reduced, achieving the objectives of green engineering, i.e., safety, maximum
efficiency, and minimum ecological and health impacts at all stages®.

DESs are a mixture of two or more components composed of a hydrogen bond
acceptor (HBA) and a hydrogen bond donor (HBD) in which the eutectic point
temperature is below the temperature of an ideal liquid mixture, forming a homogenous
liquid phase®. They have been used in numerous fields as polymerization’, biomass
processing®?, biocatalysis'?, extraction'™-3, denitrification'4, battery technology'>-'7,
synthesis of nano-particles'®2°. However, one of the most interesting applications is
the absorption of gases, especially carbon dioxide (CO2)*.

The dependence on nonrenewable fossil resources since the industrial
revolution resulted in a constant increase in global energy?'. Therefore, hydrocarbons
and, mainly CO2 produced by incomplete combustion in the industry have led to
worldwide climate change events with a negative impact on the planet's ecosystems
and environment such as the increase of 0.8 °C in the global temperature??. The
atmospheric concentration of COz2 has been increasing drastically, hitting 415 ppm in

October 202223, and is expected to reach 900 ppm by 20502', making the prevention
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and control of CO2 absorption urgent. Postponing this issue promotes and favors
climate change.

Carbon capture and storage (CCS) is the main technology used to reduce CO2
emissions which are expected to lead to a 24% reduction of total emissions by 2060%4.
Transportation, compression, and storage are the established and technologically
available steps, however, the capture step which accounts for almost two-thirds of the
total CCS costs is an obstacle?. The idea of capturing COz2 is to obtain an extremely
concentrated COz2 stream and separated it from gas mixtures such as flue gas released
from power plants. Absorption in a solvent, use of a membrane to selectively separate
COg2, adsorption into solid surfaces, and cryogenic distillation of flue gases are
examples of the used methods to capture CO2%5.

Although the high energy requirements for solvent regeneration impact costs,
CO2 absorption is the most widely used and mature full-scale technology to capture
the gas??%. The chemical fluids used in this process are usually alkanolamines
(monoethanolamine (MEA), diethanolamine (DEA), N-methyldiethanolamine (MDEA),
and trimethylethanolamine) which chemically remove CO: efficiently but present
several drawbacks as thermal degradation, high volatility, toxicity and regeneration
temperature, equipment corrosion, pollution and energy-intensive consumption6-28,
Concerning physical solvents, Selexol is a mature technology that uses the physical
absorbent of Dimethyl Ethers of Polyethylene Glycol (DEPG), presents low vapor
pressure, chemical and thermal stability, non-corrosive and non-toxic nature. However,
its high viscosity enhanced the pumping cost.

Therefore, the development and application of new efficient, low-cost, and

sustainable solvents are needed, such as DESs. Li et al. (2008) were the first authors
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to determine the COz2 solubility in DESs at high pressures. They investigated the DES
composed of choline chloride (ChCl) and urea at three molar ratios, different
temperatures, and pressure ranges and found that all variables influence solubility°.
After that, several authors investigated the solubility of COz in other DESs, considering
different combinations of HBAs and HBDs?'2830-36  reaching 73 studied DESs
according to Haghbakhsh et al. (2021)*. Although the number of DESs investigated
has been high, it is not meaningful compared to the number of DESs discovered so
far, which exceeds 300. In addition, there is also a limitation in the temperature and
pressure ranges studied in the published works, which along with the restricted number
of DESs studied becomes a gap in the study of COz solubility.

This study comes to expand the literature on CO:2 solubility in DESs at high
pressures. Hence, the COz solubility measurements in six DESs were performed using
a high-pressure variable-volume view cell at four temperatures of 298.15, 303.15,
318.15, and 333.15 K and pressures ranging from 0.1 to 26 MPa. The selected DESs
were composed of ChCl as the HBA and ethylene glycol, 1,3 propanediol, glycerol,
glycolic acid, lactic acid, and malonic acid as the HBDs. In addition, Henry’s constant
values and standard Gibbs free energies of dissolution were calculated at the studied

pressures and temperatures.

2. Experimental Section
2.1. Materials

Carbon dioxide (mass fraction purity 0.999 in the liquid phase) was supplied by
White Martins S.A. (Brazil). Choline Chloride (ChCI) with purity higher than 98.5%, 1,3
propanediol (purity = 98%), lactic acid (purity = 99.5%), and malonic acid (purity >

99%) were purchased from Sigma Aldrich. Ethylene glycol (purity = 99.5%) was
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purchased from Merck, glycerol (purity > 99%) from Anidrol, and glycolic acid (purity
> 99.7%) from Acros. All components were dried at room temperature and under
vacuum for 72 h before the DESs preparation and placed at room temperature in a
desiccator. All details of the components are presented in Table 1.

Table 1. Chemical structures, CAS number, and melting properties of the components

used in this work.

Component CAS Number  Molar weight (g.mol-") T (K) A, H (kd.mol™)
0=C=0 124-38-9 44.01
Carbon Dioxide
CHa
HO. _~N-CHs GCI”
= e 67-48-1 139.62 5974 4.30%

Choline Chloride

OH
HO/\/ 107-21-1 62.07 256.6045 9.50%
Ethylene Glycol

HO/\l/\OH

OH 56-81-5 92.09 29346 18.284
Glycerol
/\/\
HO OH 504-63-2 76.09 2494 11.40%
1.3 propanediol
O
)K/OH 79-14-1 76. 1.3047 19.30%
HO 9 6.05 351.30 9.30
Glycolic Acid
0
HasC
OH 50-21-5 90.08 289.9048 11.3448
OH
Lactic Acid
O O 141-82-2 104.06 407.50% 23.10%
HO OH
Malonic Acid

2.2.  Preparation of Deep Eutectic Solvents
DESs were prepared at their eutectic composition and have proven to be a Deep
Eutectic Solvent in previous works®%5'. ChCl was selected as the hydrogen bond

acceptor (HBA), and three polyalcohols and three carboxylic acids were chosen as the
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hydrogen bond donors (HBDs). Table 2 shows the molar ratios used for the prepared
DESs.

According to the required molar ratio, known quantities of each component were
weighed using an analytical scale with a precision of +2 x 10~*g (Shimadzu AUY220,
Japan) for a total mass of 100 g. The mixture was placed into a 250 ml Erlenmeyer
flask, and then into a glycerin bath with reciprocal stirring at 333.15 K for 120 min, or
until a clear, homogeneous liquid is formed. The formed DESs were transferred to
amber flasks and kept at room temperature in a desiccator for minimal water
absorption. This procedure was conducted following the methodology of heating
combined with stirring proposed by Abbott et al. (2003) 2.

As DESs are usually hygroscopic systems, the water content of each
investigated mixture was measured using a Metrohm 831 Karl Fischer coulometer, with
the Hydranal-Coulomat AG analyzer from Riedel-de Haén.

Table 2. Molar ratio (x,) of the ChCI(1)-based DESs prepared for use in the

measurements of COz2 solubilities at high pressures.

DES Molar ratio (x;)
HBA (1) HBD (2) System Solubility Average of water content (%)
ChCl Ethylene Glycol ~ ChCLEG 0.67 0.75
ChCl Glycerol ChCI:GLY 0.60 0.80
ChCl 1,3 propanediol  ChCIl:PD 0.70 0.89
ChCl Glycolic Acid ChCI:GLY AC 0.55 358
ChCl Lactic Acid ChCI:LAT AC 0.50 09
ChClI Malonic Acid ChCl:MAL AC 0.50 193

2.3. Phase equilibrium apparatus and procedure
The experimental data determination of CO2 solubility in DESs was done using

a high-pressure variable-volume view cell®3*-°¢ a widely employed and reliable method.
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The experimental apparatus (Figure 1) contains an ethanol container, which is
the pressurization fluid (1), and a high-pressure syringe pump (ISCO 260L, Lincoln,
USA) (2) that guides the fluid into the cell. The device is also equipped with a CO2 gas
cylinder (3) and another high-pressure syringe pump (4) in charge of filling the front of
the cell along with the DES. To ensure that COz is liquid, a thermostatic bath (TECNA,
model TE-184) (5) controlled the pump fluid temperature.

An absolute pressure transducer with a precision of £0.03 MPa (Smar LD 301)
(6) measures the system pressure, and the phase transitions occur in a high-pressure
variable-volume view cell (7), with a total capacity of 2.7 x 10 > m3. The transitions
are observed by two sapphire windows (8 and 9). To feed the mixture components and
determine the cell temperature, removable connections (10) and a PT-100 temperature
indicator (11) are inserted in the cell. The pressure control inside the cell is carried out
by a mobile piston (12). The temperature inside the cell is controlled by a cooling
system formed by a metal jacket in which ethylene glycol is recirculated through a
thermostatic bath (14) at the desired temperature.

To ensure equipment safety, several valves are installed: to flush and relieve
the system (16), to stop the flow in the gas line (17 and 18), and a check valve (19) to

guarantee that at high pressures no gas returns to the cylinder.
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Figure 1. Schematic diagram of the experimental apparatus for phase equilibrium at
high pressures. (1) ethanol container; (2 and 4) syringe pumps; (3) gas cylinder; (5 and
14) thermostatic baths; (6) absolute pressure transducer; (7) high-pressure variable-
volume view cell; (8 and 9) sapphire windows; (10) removable connections; (11) PT-
100 temperature indicator; (12) movable piston; (13) stir plate; (15 and 16) needle
valves; (17 and 18) sphere valves; (19) check valve.

To determine the phase equilibrium between the DESs and COz, the experiment
was done isothermally with the aid of two syringe pumps. The first pump contained the
COz2 that was inserted together with the DESs into the front of the cell, and the second
pump was filled with ethanol to feed the bottom of the cell. The use of two pumps was
necessary since some transitions were found at pressures lower than the vapor
pressure of CO2, which would increase the pump’s effort, and does not occur with
ethanol, since it is liquid.

Initially, the desired CO2 compositions were chosen and a known amount of the

less volatile component, namely DES, was placed in the front connection of the cell.
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To confirm the absence of atmospheric air inside the cell, an atmosphere exchange
was done by injecting COz and eliminating the atmospheric air by slightly opening the
feed connection. The pressure was then set at 10 MPa and the temperature at 278.15
K, when these conditions were reached the required volume of CO2 was slowly added
to the cell. The solvent volume was calculated based on the difference in the internal
volume of the pump, the density at the desired conditions was obtained using the
Hankinson-Brobst-Thomson (HBT) method and based on this information the solvent
mass was determined®’.

Finally, for data acquisition, the system was submitted to the desired
temperature, and the cell pressure was increased by injecting ethanol at the back of
the piston, supported by the syringe pump, until a single liquid phase was observed.
The mixture was then homogenized for at least 4 hours through continuous stirring to
guarantee the existence of only one phase. After that, the pressure was slowly and
isothermally reduced (0.3 to 0.5 MPa/min) until the formation of two phases, i.e., a
transition pressure is determined at a given temperature. This procedure was done in
triplicate for each temperature and overall composition.

3. Thermodynamic modeling
3.1.  Henry’s law constant

Henry’s law can represent the physical solubility of very dilute concentrations of
dissolved gases in liquid solvents. The quantity of the dissolved gas in a liquid is
proportional to its fugacity in the gas phase. Henry’s law constant (H,) can be

quantitatively obtained using the solubility experimental data according to Equation 1%8.

y
(P, T, x;)

Hx(PrT) = x
2

(1)
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where H,(P,T) is Henry’s law constant based on the molar ratio; fZ”q(P, T,x,) is the
fugacity of COz2 in the liquid phase, i.e., the DES, at the equilibrium pressure (P) and
temperature (T); and x, is the molar ratio of COzin the liquid phase.

In the vapor-liquid equilibrium, the fugacity of COz2 in the liquid phase should be

equal to the COz fugacity in the gas phase as follow:
P, T,x2) = P (P, T,y2) = P> (P, T, y2) (2)
in which £, (P, T, ) is the fugacity of COz2 in the vapor phase; y,is the molar ratio of
COz in the vapor phase; and ¢, (P, T, y,) is the fugacity coefficient of COz in the vapor
phase.

It is well-known that the vapor pressure of DESs at the studied temperature is
very small compared with the CO2 equilibrium partial pressure and can be neglected®®.
Moreover, it was assumed that the vapor phase has only carbon dioxide and is
approximately equal to unity. The fugacity coefficient of COz can be calculated using

the third term of the virial equation, so H, is expressed according to Equation 3:

£UP,T, x3) _P(PTy2) P$.(P,T)
X2 X2 - X2

H,(P,T) = (3)

It was also possible to determine the Gibbs energy (A,;;sG) according to the

correlation below, in which P° = 0.1 MPa:

H(T, P))

AdiSG = RTln( PO

(4)

4. Results and Discussion
4.1.  CO:z solubility in DESs
The CO:2 experimental solubility data in six DESs were measured at 298.15,

303.15, 318.15, and 333.15 K under pressures varying from 0.1 to 26 MPa. Only one
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molar ratio of each DES was chosen, respecting their eutectic composition. Each data
point was repeated three times, however, due to the nature of the experimental
apparatus, repeating the exact molar ratio is not possible. Since each data point was
collected separately and a trend was observed, the accuracy of the data is strongly

reliable. All experimental data are depicted in Figure 2 and presented in Tables 3 — 8.
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Figure 2. Solubility isotherms of CO2 (2) in (A) ChCI:EG (1); (B) ChCI:PD (1); (C)
ChCI:GLY (1); (D) ChCI:GLY AC (1); (E) ChCI:LAT AC (1); (F) ChCI:MAL AC (1). The
symbols represent (¢) 298.15 K; (o) 303.15 K; (¢) 318.15 K; (o) 333.15 K.

The solubility of COz2 in all six DESs tends to increase with pressure raise and
decrease with temperature raise, thus higher solubilities are obtained at high pressures
and low temperatures. This trend was expected and also similar to several works
reported in the literature®2'2560, Regarding the temperature, the solubility decreases

probably due to a decrease in the intermolecular interactions forces, resulting in a
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higher rate of escape from the solution?'. Besides, at higher temperatures, the gas
desorption is favored, which raises the CO2 desorbed and reduces de CO2 absorbed?*.
It is possible to observe in Figure 2 that all DESs absorbed small quantities of
COz2, with a maximum of 0.20 mol CO2/mol DES. At values higher than these, two
phases coexist even after five hours of homogenization. This is probably due to the
high viscosity of the DESs, which hinders the mass transfer inside the high-pressure
variable-volume view cell and the strong HBA and HBD intermolecular hydrogen bonds
lead to lower COz2 solubility. In addition, several solid-liquid phase diagrams of DESs,
including those in this study, exhibit near-ideal behavior, leading to a strong interaction
between the components, i.e., a small free volume, promoting low solubilities of COz2.
One can see that in Tables 5 -8 at 298.15 K, for some CO2 compositions, the transition
pressure was not observed due to the high viscosity and weak homogenization.
Leron et al. (2013)%" also measured the CO: solubility in ChCI:ETGLY at 1:2
molar ratio, but the results differ from this work, and the DES water content was not
reported by the authors. DESs are usually hygroscopic, and the effect of the water
content on CO:z2 solubility varies based on the DES molar ratio (HBA:HBD). The water
can act as an anti-solvent and significantly decrease the solubility or can lead to a
reduction of the DESs viscosity, increasing the solubility®°. In the case of ChCI:ETGLY,
researchers found that the increase in the water content reduces CO2 solubility®?.
Therefore, the DES prepared by Leron et al. (2013) possibly presented a smaller

content of water than the DES used in this work.

Table 3. Isothermal vapor-liquid equilibrium (VLE-BP) of ChCI:EG (1) + CO2 (2) system

in four temperatures™.
298.15 K 303.15K 318.15K 333.15K
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P (MPa) X2 P (MPa) x2 P (MPa) x2 P (MPa) x2
2.76 0.02 2.94 0.02 3.84 0.02 4.03 0.02
2.54 0.06 3.01 0.06 3.96 0.06 7.31 0.06
3.29 0.10 4.66 0.10 9.02 0.10 10.29 0.10
11.38 0.20 17.58 0.20 23.21 0.20 25.02 0.20

*V — vapour phase, L — liquid phase, E —equilibrium, BP — bubble point

Table 4. Isothermal vapor-liquid equilibrium (VLE-BP) of ChCI:PD (1) + COz2 (2) system

in four temperatures™.

298.15 K 303.15 K 318.15K 333.15 K
P (MPa) %) P (MPa) ) P (MPa) ) P (MPa) )
3.43 0.02 3.50 0.02 415 0.02 4.80 0.02
4.07 0.05 4.73 0.05 5.79 0.05 6.51 0.05
5.75 0.10 6.37 0.10 8.05 0.10 10.28 0.10
8.88 0.15 9.08 0.15 10.40 0.15 13.23 0.15

V- vapour phase, L — liquid phase, E —equilibrium, BP — bubble point

Table 5. Isothermal vapor-liquid equilibrium (VLE-BP) of ChCI:GLY (1) + CO2 (2)

system in four temperatures.

298.15 K 303.15K 318.15K 333.15K
P (MPa) X P (MPa) X P (MPa) X P (MPa) X
0.01 1.80 0.01 2.74 0.01 3.54 0.01
0.05 2.12 0.05 2.82 0.05 3.58 0.05
2.35 0.10 2.67 0.10 3.56 0.10 4.22 0.10
6.77 0.17 7.72 0.17 9.11 0.17 12.13 0.17

V- vapour phase, L — liquid phase, E —equilibrium, BP — bubble point

Table 6. Isothermal vapor-liquid equilibrium (VLE-BP) of ChCI:GLY AC (1) + CO2 (2)

system in four temperatures.

298.15 K 303.15K 318.15K 333.15K
P (MPa) x2 P (MPa) x2 P (MPa) x2 P (MPa) x2
0.02 1.33 0.02 0.02 2.36 0.02
3.28 0.06 3.99 0.06 4.67 0.06 5.57 0.06
3.1 0.08 4.10 0.08 5.70 0.08 7.98 0.08
0.16 4.02 0.16 6.19 0.16 14.63 0.16
0.19 6.26 0.19 8.30 0.19 22.03 0.19

V- vapour phase, L — liquid phase, E —equilibrium, BP — bubble point

Table 7. Isothermal vapor-liquid equilibrium (VLE-BP) of ChCI:LAT AC (1) + CO2 (2)
system in four temperatures.

298.15 K 303.15K 318.15K 333.15K
P (MPa) x2 P (MPa) x2 P (MPa) x2 P (MPa) x2
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0.02 1.80 0.02 2.33 0.02 2.62 0.02
1.67 0.05 1.97 0.05 2.62 0.05 2.99 0.05
1.97 0.10 2.21 0.10 2.93 0.10 3.70 0.10
2.84 0.20 3.38 0.20 10.28 0.20 13.28 0.20

*V — vapour phase, L — liquid phase, E —equilibrium, BP — bubble point

Table 8. Isothermal vapor-liquid equilibrium (VLE-BP) of ChCI:MAL (1) + COz2 (2)

system in four temperatures.

298.15 K 303.15K 318.15K 333.15K
P (MPa) X P (MPa) X P (MPa) X P (MPa) X
0.01 0.24 0.01 0.63 0.01 0.94 0.01
1.13 0.05 1.71 0.05 2.18 0.05 2.75 0.05
1.91 0.08 2.60 0.08 3.52 0.08 4.43 0.08
0.42 0.10 1.52 0.10 2.07 0.10 3.69 0.10

*V — vapour phase, L — liquid phase, E —equilibrium, BP — bubble point

A comparison between the results of this work with those of Haghtalab and
Ghahremani (2015)83 can be seen in Figure 3. In their work, the CO2 solubility in N-
methyldiethanolaminen (MDEA) + 2-amino-2-methyl-1-propanol (AMP) + piperazine
(PZ) was measured in a high-pressure cell in a composition of (25+10+15) wit% at
several temperatures and up to 4 MPa. Alkanolamines as MDEA are commonly used
to remove gas contaminants, PZ acts as a chemical activator and AMP is a steric
amine which is the hindered form of MEA, both enhancing the CO2 absorption rates®s.
It is possible to observe that the COz solubility in the six DESs is lower than the COz2
solubility reported in the literature. The different absorption mechanisms are the reason
for such a difference in alkanolamines solution both chemisorption and physisorption

act, whereas in the studied DESs COz is only physically absorbed®*.
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Figure 3. Comparison between COz2 solubility in the six DESs studied in this work at
318.15 K and in MDEA+AMP+PZ (25+10+15) wt%53 at 313.15 K.

Another interesting comparison can be made between the own studied DESs,
comparing those DES in which alcohol compounds are HBDs with those in which
carboxylic acids are HBDs (Figure 4) as ChCl is the HBA for all solvents. One can
observe in Figure 4(A) that the DESs are arranged in decreasing order in terms of their
CO:z2 solubility as follows: ChCl:GLY > ChCI:PD = ChCI:ETGLY. A possible explanation
is related to the excess molar volume of each DES: the higher the value of excess
molar volume, the higher the solubility of COzas shown in Table 9. The increase in the
alkyl chain length, i.e., the enhancement in the free volume in ChCIl:GLY also improves
the COz2 absorption capacity. Similarly, in Figure 4(B) the descending order in terms of
CO:2 solubility in carboxylic acid-based DES was ChCI:AC MAL > ChCI:AC LAT >
ChCI:AC GLY. In this case, the increase in the alkyl chain length (from glycolic acid to

lactic and malonic acid) enhanced the CO: solubility.
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Figure 4. Comparison between the COz2 solubility of the studied DESs (A) containing

alcohol as HBDs and (B) containing carboxylic acids as HBDs.

Table 9. Excess molar volume of the studied DESs in this work.

DESs Excess Molar volume (cm3.mol")
ChCL:EETGLY -0.73
ChCI:GLY -1.62
ChCI:PD -0.66

It is also important to compare the influence of DESs precursors (HBA and/or
HBDs) on CO:z2 solubility to understand if there is any benefit in using DESs. For that,
it was used Global Phase Equilibrium Calculations (GPEC), a computer program that
allows the calculation of phase diagrams and other thermodynamic plots for binary
systems using equations of state56. The calculation results are presented in Table
10 and Figures 5 and 6 show a comparison between the experimental data of CO:2
solubility in ChCIl:GLY and ChCI:AC GLY DESs, and the predicted COz2 solubility in
GLY and AC GLY using Peng-Robinson EoS. Moreover, the binary interaction
parameter (k;;) was assumed to be equal to zero and the data were analyzed at 318.15
K and 333.15 K. It is possible to observe that in both cases and temperatures, the
predicted COz2 solubility in the HBDs is higher than the experimental COz2 solubility in
their respective DESs. The difference between the solubilities increases at higher

temperatures, for example, the pressure difference in the CO:2 solubility between
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ChCI:GLY and GLY at 0.06 CO2 molar ratio and 318.15 and 333.15 K are 2.90 MPa
and 3.33 MPa, respectively. This also occurs for ChCI:AC GLY and AC GLY when the

CO2 molar ratio is increased.
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Figure 5. CO2 solubility in (A) ChCI:GLY at 318.15 K; (B) GLY at 318.15 K; (C)
ChCI:GLY at 333.15 K; (D) GLY at 333.15 K. The symbols represent the experimental
data of this work, and the lines represent the predicted data using Peng-Robinson

considering k;; = 0 though GPEC software.
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Figure 6. CO2 solubility in (A) ChCI:AC GLY at 318.15 K; (B) AC GLY at 318.15 K; (C)
ChCI:AC GLY at 333.15 K; (D) AC GLY at 333.15 K. The symbols represent the
experimental data of this work, and the lines represent the predicted data using Peng-
Robinson EoS considering k;; = 0 though GPEC software.

A study conducted by Alizadeh, Esser and Kirchner (2021)87 analyzed the
interaction between CO2 and ChCILETGLY using ab initio molecular dynamic
simulations (AIMD) under two pressure levels to better understand the CO2 absorption
in DES. They found a strong anion (Cl') and HBD effect and a minor cation (Ch*) effect
on CO2 absorption. It was expected cooperation between the anion and HBD, however,
competition between them was indicated. This should be the reason why COz2 solubility

in pure HBD compounds is always higher than in DESs as shown in Table 10 and

Figures 5 and 6.
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Table 10. Comparison between the experimental data of CO2 solubility in the two DESs
determined in this work and the CO:2 solubility in the HBDs of the studied DESs
obtained through GPEC software using Peng-Robinson EoS and considering

eos ChCI:GLY + CO: (MPa) GLY + CO2(MPa) xco2 ChCI:AC GLY + CO;(MPa) AC GLY + CO2(MPa)
318.00K 333.18K 318.00K 333.18K 318.08 K 333.43K 318.08K  333.43K
0.01 2.74 3.54 0.25 0.38 0.02 - 2.36 0.43 0.57
0.05 2.82 3.58 1.48 1.79 0.06 4.67 5.57 1.77 2.24
0.10 3.56 4.22 2.95 3.79 0.08 5.70 7.98 242 2.90

0.17 9.11 12.13 5.52 7.08 0.16 6.19 14.63 5.14 6.01
- - - - 0.19 8.30 22.03 6.30 7.20

4.2. Thermodynamic properties

Henry’s law constant and Gibbs energy are important parameters to understand
the gas solubility in a solvent. These properties were calculated and are shown in Table
11. Since solubility and Henry’s law constant are inversely proportional, it was
expected that the constants increased with temperature raise for all DESs and
decreased with pressure raise.

Also, the standard Gibbs energies were calculated, and their positive values
indicate a nonspontaneous process of the CO2 solubility in all studied DESs. By the
temperature increase, one can observe that the positive values of A, G becomes
higher, moving the process to a more nonspontaneous state, due to the low capacity

of DES to absorb COz2 at high temperatures®.
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Table 11. Calculated values of Henry’s law constant and change in Gibbs energy of
CO:2 — DESs.
CO. - DES Temperature (K) Pressure (MPa) H,.(P,T) (MPa) AgisG (kJ.mol™)

4.03 97.30 19.08
7.31 20.68 14.78
333.15
10.29 7.77 12.07
25.02 0.23 23.03
3.84 79.43 17.66
3.96 21.15 14.16
318.15
9.02 5.83 10.75
23.21 0.10 -0.35
ChCI:ETGLY
2.94 66.06 16.38
3.01 17.65 13.05
303.15
4.66 8.40 11.17
17.58 0.13 71.13
2.76 61.72 15.94
2.54 16.60 12.68
298.15
3.29 9.03 11.17
11.38 0.63 45.79
4.80 51.42 17.30
6.51 19.85 14.67
333.15
10.28 5.55 11.13
13.23 2.08 8.41
4.15 41.82 15.97
5.79 15.37 13.32
318.15
8.05 5.08 10.39
10.40 1.96 7.87
ChCI:PD
3.50 34.19 14.72
4.73 12.80 12.24
303.15
6.37 4.50 9.61
9.08 1.40 6.65
3.43 31.36 14.28
4.07 12.943 12.08
298.15
5.75 4.483 9.44
8.88 1.162 6.09
12.13 0.65 5.20
ChCI:GLY 333.15 4.22 8.29 12.24

3.58 16.69 14.18
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3.54 129.28 19.85
9.11 0.74 5.27
3.56 6.71 11.12

318.15
2.82 13.92 13.05
2.74 108.32 18.47
7.72 0.74 5.27
2.67 6.71 11.12

303.15
2.12 13.92 13.05
1.80 108.32 18.47
6.77 0.61 4.46

298.15
2.35 5.53 9.95
22.03 0.18 16.87
14.63 1.22 6.94
11.73 4.24 10.39

333.15
7.98 9.39 12.59
5.57 18.17 14.42
2.36 78.84 18.49
8.51 4.72 10.19
8.30 2.33 8.33
318.15 6.19 4.20 9.89
5.70 9.26 11.98

ChCI:AC GLY

4.67 14.93 13.24
6.26 2.28 7.88
4.34 7.61 10.93
4.10 8.65 11.25

303.15
4.02 4.37 9.52
3.99 12.06 12.09
1.33 50.19 15.68
3.82 7.46 10.69
298.15 3.28 12.17 11.91
3.11 9.13 11.19
2.62 59.98 17.73
2.99 22.66 15.03

333.15
3.70 11.53 13.16
ChCI:AC LAT 13.28 0.98 6.32
2.33 50.36 16.47
318.15 2.62 18.89 13.87

2.93 9.66 12.10
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10.28 1.02 6.14
1.80 41.23 15.19
1.97 15.53 12.73
303.15
2.21 8.03 11.07
3.38 3.56 9.01
1.67 14.33 12.31
298.15 1.97 7.50 10.71
2.84 3.50 8.82
0.94 48.47 17.14
2.75 21.20 14.84
333.15
3.69 9.97 12.75
4.43 11.93 13.25
0.63 34.57 15.44
2.07 8.45 11.72
318.15
2.18 17.50 13.65
ChCI:AC MAL 3.52 10.07 12.19
0.24 15.02 12.64
1.52 6.85 10.66
303.15
1.71 14.44 12.54
2.60 8.76 11.28
0.42 3.27 8.66
298.15 1.13 12.31 11.95
1.91 8.55 11.04

5. Conclusions

In this work, the CO2 solubility in six DESs (ChCI:ETGLY, ChCI:PD, ChCI:GLY,
ChCI:AC GLY, ChCI:AC LAT, and ChCI:AC MAL) was determined at 298.15, 303.15,
318.15 and 333.15 K to enhance the literature on the thermophysical properties of
DESs. Henry’s law constants and the standard Gibbs energy were calculated.

In all cases, the COz2 solubility increases with the pressure raise and decreases
with temperature raise as expected, obtaining higher solubilities at high pressures and
low temperatures. Henry’s law constants agree with these results, with higher values

at higher temperatures and small values at higher pressures.
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The absorbed amount of COz in all DESs was small, and not higher than 0.20
mol CO2/mol DES, probably due to its high viscosity which hinders the mass transfer
and the quasi-ideal behavior of solid-liquid phase diagrams of DESs. Comparing the
experimental results with those from the literature on COz2 solubility in more common
solvents, the absorption capacity is up to 1.5 times smaller.

A comparison between the experimental COz solubility in ChCI:GLY and
ChCI:AC GLY and predicted COz2 solubility in their pure HBDs shows that the solubility
in the precursors is higher than in their DESs.

The CO:z2 solubility in alcohol-based DESs was arranged as follows: ChCl:GLY
> ChCI:PD = ChCl: ETGLY because of the excess molar volume values, since the
higher the value, the higher the solubility, and due to the higher alkyl chain length in
ChCI:GLY. Whereas the COz2 solubility in carboxylic acid-based DESs was organized
as ChCI:AC MAL > ChCI:AC LAT > ChCI:AC GLY because of the alkyl chain length
increase.
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1. Conlusoes Gerais

A presente tese contribuiu com a modelagem de dados da literatura
relacionados a solubilidade de COz: e outros gases em mais de 15 ESs, utilizando as
equacoes de estado Peng-Robinson e CPA, e também o software COSMO-RS. Além
disso, dados de equilibrio sélido-liquido a altas pressdes, densidade a altas pressdes
e dados de solubilidade de CO2 em seis ESs foram estudados utilizando uma célula
de alta press&o de volume variavel, com dados inéditos para a literatura.

Inicialmente, foi possivel observer que as equacdes de estado Peng-Robinson
e CPA conseguem descrever de maneira adequada o comportamento do CO2 nos
ESs, com desvios menores que 20% para a CPA e menores que 11% para a Peng-
Robinson, quando otimizados os parametros de interagéo binaria (k;;). Além disso, &
importante ressaltar que a abordagem do componente individual para os ESs
apresenta melhores resultados, uma vez que esses solventes sao considerados uma
mistura € ndo um novo componente. A modelagem termodinamica de dados de
solubilidade de gases leves em ESs é de extrema importancia, pois com as
informacgdes obtidas através da modelagem seria possivel prever quais os melhores
absorventes, uma vez que a quantidade de ESs existentes é muito grande. Entretanto,
esses dados e a investigacdo de mais equacdes de estado ainda s&o escassos na
literatura fazendo com que a predicao para qualquer sistema entre gas e ES nao seja
possivel.

O COSMO-RS é outro modelo que pode predizer a solubilidade de gases em
ESs, entretanto ndo possui resultados tao acurados quanto as equagdes de estado,
uma vez que ele nao utiliza nenhum parametro e € uma ferramenta totalmente
preditiva. Em altas pressbées, o COSMO-RS também apresenta maiores desvios pois
ele calcula apenas os coeficientes de atividade independentemente da pressao.
Apesar disso, ele apresentou desvios médios absolutos menores que 0,21, podendo
ser considerado um modelo mais qualitativo do que quantitativo, ou seja, pode ser
usado uma pré-selecao dos melhores DESs que podem absorver os gases leves a fim
de economizar tempo e custos, que é ainda pouco visto pela literatura.

Ja experimentalmente, os diagramas de fase solido-liquido dos solventes
eutéticos sdo de grande importancia para a determinacdo das melhores condicoes
desses solventes e também para definir se ele € de fato um ES. Nesse trabalho, foram
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determinados os diagramas soélido-liquido de seis ESs (ChCI + etilenoglicol, + glicerol,
+ 1,3 propanodiol, + acido glicélico, + acido latico e + &cido malbnico) em altas
pressdes pela primeira vez na literatura. Todos os sistemas apresentaram 0 mesmo
comportamento observado a pressao atmosférica, ou seja, um Unico ponto eutético,
com a composicao eutética nao alterando com o aumento da pressao. O aumento da
temperatura de fusdo é relativamente pequeno entre as pressdes 6 - 25 MPa, mas
grande entre 0,1 - 6 MPa uma vez que o0 aumento da pressao leva as misturas a
estados de menor volume, fazendo com que a energia para a transicao de fases seja
mais elevada, bem como a temperatura de fuséo.

A densidade é outra propriedade importante para os ESs. Em presséo
atmosférica ela ja foi amplamente estudada, porém, novamente em alta pressao
poucos dados sao encontrados na literatura. Nesta tese também foi determinada a
densidade de 4 ESs (ChCI + etilenoglicol, + glicerol, + 1,3 propanodiol, e + acido
glicdlico) em pressdes entre 1 — 50 MPa e temperaturas entre 298,15 e 353,15 K.
Obsevou-se que a densidade diminui com o0 aumento da temperatura e aumenta com
0 aumento da pressao, conforme esperado. Além disso, a equacao Tammann-Tait
modificada e a equacdo CPA foram utilizadas para correlacionar os dados
experimentais. A primeira forneceu uma boa correlagdo apresentando AADs%
menores do que 0,45%. A CPA mostrou desvios nao superiores a 0,50%. Em
comparagdo, a Tammann-Tait modificada apresentou melhores previsbes, como
esperado, uma vez que ela tem uma natureza preditiva e menos parametros.

Por fim, a solubilidade do CO2 em seis DESs (ChCl + etilenoglicol, + glicerol, +
1,3 propanodiol, + acido glicdlico, + acido latico e + acido maldnico) foi determinada
em 298,15, 303,15, 318,15 e 333,15 K para enriquecer a literatura sobre as
propriedades termofisicas dos DESs. Em todos os casos, a solubilidade do CO2
aumenta com o aumento da pressao e diminui com o aumento da temperatura como
esperado. As constantes da lei de Henry concordam com estes resultados, com
valores mais elevados em temperaturas mais elevadas e com valores menores em
maiores pressoes. Além disso, a quantidade absorvida de CO2 em todos os DESs foi
pequena, e nao superior a 0,20 mol CO2/mol DES, provavelmente devido a sua
elevada viscosidade, o que dificulta a transferéncia de massa. Comparando os
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resultados experimentais com os da literatura relativos a solubilidade de CO2 em
solventes mais comuns, a capacidade de absorcao € até 1,5 vezes inferior.

A determinacdo de dados experimentais do equilibrio sélido-liquido e a
densidade de ESs a altas pressoes é de extrema importancia para a literatura de modo
a enriquece-la com mais propriedades termofisicas desses solventes, ainda nao
existentes, além de auxiliar na escolha dos melhores solventes na utilizacao de
processos. A determinacdo de dados experimentais e a modelagem termodinamica
da solubilidade de CO2 em ESs a altas pressdes também preenche uma lacuna na
literatura, e foi estudada de modo a tentar encontrar uma alternativa
ambientavelmente amigavel aos solventes orgénicos tradicionalmente utilizados na
captura de CO2 na CCS. Infelizmente, para os ESs estudados nessa tese, foi possivel
observar que eles ndo absorvem de maneira mais eficiente que os solventes comuns,
nao os tornando interessante para o fim pretendido. Entretanto, se faz necessario
estudar diferentes tipos e familias de ESs, como os hidrofébicos, que ja se mostraram

mais eficientes, para que novas alternativas sejam encontradas.
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2. Sugestoes para trabalhos futuros

A partir da discussao deste trabalho € possivel concluir que ainda existe uma
diversidade muito grande de ESs a serem estudados através do equilibrio solido-
liguido e da densidade tanto a pressao atmosférica quanto a altas pressoes, além de
diversas outras propriedades termofisicas. Esses estudos enriqueceriam o
conhecimento sobre os sistemas contendo ESs e otimizariam diversos processos.

Com relagdo a solubilidade de gases leves em ESs, ha a necessidade de
determinar essa propriedade em outros tipos de ES, como por exemplo, os
hidrofébicos e hidrofilicos, a fim de verificar se ha algum grupo de familia que os ESs
possam ser bons absorventes. Adicionado a isso, ha uma lacuna na literatura com
relacdo aos gases estudados, uma vez que a maioria dos estudos se concentram no
COg2, entdo seria interessante o estudo da solubilidade em outros gases, como o
metano, etano, sulfeto de hidrogénio, nitrogénio e hidrogénio. E posteriormente,
aplica-los em maior escala.

Além disso, é preciso avaliar mais modelos termodinamicos e equagdes de
estado que consigam modelar os dados de solubilidade e também de densidade a
altas pressoes, para que se torne possivel sem a necessidade de dados experimentais
predizer quais seriam os melhores absorventes para a captura de gases.
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