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palavras-chave

resumo

Di6éxido de carbono, técnicas de captura de didéxido de carbono, liquidos
iGnicos,1-alquil-3-metilimidazdlio  bis(trifluorometilsulfonil)imida, equilibrio
liquido-vapor, equagdo de estado CPA, medicbes a altas pressoes,
dissulfureto de carbono, tetraclorometano.

As emissOes de dioxido de carbono tém hoje uma grande importancia
na industria de engenharia quimica, pelo que a sua captura e armazenamento
sdo uma importante area de investigacdo. Os liquidos i6nicos tém sido
estudados como solventes (“green solvents”) para a separacdo de gases e
captura de diéxido de carbono.

Os liquidos id6nicos sdo uma nova classe de solventes orgéanicos, que
devido aos seus catifes organicos assimétricos e aos aniées inorganicos, nao
podem constituir uma estrutura cristalina, permanecendo assim no estado
liquido a temperatura ambiente ou temperaturas proximas desta.

Estes compostos apresentam uma vasta gama de propriedades
interessantes, tais como a alta estabilidade térmica; o estado liquido numa
grande amplitude térmica; a boa solvatacdo, tanto para compostos polares
como ndo polares; e uma das mais interessantes, colocando-os como uma
alternativa viavel para substituir os solventes orgéanicos volateis, a sua pressao
de vapor desprezavel. Outra grande vantagem destes solventes "neotéricos" é
a possibilidade de modelar as suas propriedades, através da infinita
combinacdo de catides e anibes, permitindo desenhar os liquidos i6nicos de
acordo com os objectivos especificos de uma operagéo particular melhorando
0 seu desempenho.

J& foram aplicadas varias equacgbes de estado para descrever a
solubilidade do didoxido de carbono nos liquidos i6nicos (equilibrio liquido-
vapor), tais como a PC-SAFT, soft-SAFT, Peng-Robinson, Krichevsky-
Kasarnovsky, entre outras equacdes de estado.

Neste trabalho, dados experimentais para o equilibrio liquido-vapor do
sistema de diéxido de carbono + 1-alquil-3-metilimidazélio
bis(trifluorometilsulfonil)imida foram modelados pela primeira vez com a
equacgéao do estado Cubic Plus Association (CPA E0S), em que os parametros
da equacédo séo obtidos através do ajuste de dados experimentais de presséo
de vapor e densidade. Com o objectivo de estudar a solubilidade do diéxido de
carbono noutros compostos, foram também medidos os equilibrios liquido-
vapor dos sistemas dioxido de carbono + dissulfureto de carbono e diéxido de
carbono + tetraclorometano, numa célula de alta pressdo, e os dados
experimentais obtidos foram igualmente modelados com a CPA EoS.

A equacdo de estado CPA j& demonstrou ser uma ferramenta
termodinamicamente flexivel tendo descrito correctamente o equilibrio liquido-
vapor de misturas contendo componentes associativos e nao associativos
distribuidos por diferentes fases fluidas.

Mostra-se que este modelo permite uma boa descricdo dos dados
experimentais disponiveis.






keywords

abstract

Carbon dioxide, CO, capture tecniques, ionic liquids, 1-alkyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, phase behavior, CPA Eo0S,
high pressure experimental, carbon disulphide, carbon tetrachloride.

Carbon dioxide emissions have today a great importance in the
chemical engineering industry, so its capture and storage are an important field
of research. lonic liquids have been studied as green solvents in gases
separation and for carbon dioxide capture.

lonic liquids are a new class of organic solvents that due to their
asymmetric organic cations and organic or inorganic anions cannot form an
ordered crystal and therefore remain liquid at or near room temperature.

These compounds present a wide range of interesting properties, such
as high thermal stability, large liquid temperature range, good solvation both for
polar and non polar compounds, and one of the most interesting, putting them
as a viable and ambient friendly alternative to replace the volatile organic
solvents, is their negligible vapor pressure. Other major advantage of these
“neoteric” solvents is the possibility of fine tune their properties through the
endless combination of cations and anions. This designer characteristic allows
one to build task-specific ionic liquids that have an enhanced performance for
specific operations.

Several equations of state have been applied to describe the carbon
dioxide solubility in ionic liquids (vapor-liquid equilibrium) such PC-SAFT, soft-
SAFT, Peng-Robinson EoS, Krichevsky—Kasarnovsky EoS, among others.

In this work, the experimental vapour-liquid equilibrium data of the
systems carbon dioxide + 1-alkyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide ionic liquids were modelled for the first time
with the Cubic plus Association Equation of State (CPA Eo0S) with the EOS
parameters fitted to vapor pressure and densities of the ionic liquids. In
addition, it was used a high pressure cell to measure the vapour-liquid
equilibrium of the binary systems carbon dioxide + carbon disulphide and
carbon dioxide + carbon tetrachloride and the experimental data obtained were
also modelled with the CPA EoS.

The CPA EoS had already demonstrated to be a flexible
thermodynamic tool for correctly modelling the phase equilibrium of mixtures
containing both associative and non-associative components distributed by
different fluid phases.

It is shown that this model allows for a very good description of the
experimental data available.

Xi



Xii



CONTENTS

(70T 01 (=T o | K= TSP Xiii
I ES] 0 ) N = o] =23 XV
LIST Of FIQUIES e XVii
N[0 ] 0 0 T=T o o = L 1= XiX
LISt OF SYMDOIS ...ttt XiX
LT (=T=] QL= 1 =] =R XiX
SUPBI S CTI TS, ettt XX

F Y o] o] (=3 =4[] 1 XX
R 101 0 To U} 4 T ] o 1
1.1 AnthropogeniC CarbOon DIOXIAE ..........uuueuuuuururiniiiiiuiiiiiieiiiieeiinieieeaeeiineeeeeennnne 3
1.1.1 Carbon dioxide sources and effeCts..............iiiiiiiiiiiiiiiiii e 3
1.1.2 Carbon dioxide capture technolOgies. ..o 5

1.2 1ONHC LIQUIOS ...ttt 11
1.3 Carbon Dioxide solubility in 10NIC LIQUITS .........uvvriiiriiiiiiiiiiiiiiiiiiiiiiiiees 14

2. MO 17
2.1 Cubic plus Association Equation of State...............ccevvvviiiiiii e 19
2.2 ReSUILS @nd DISCUSSION.......cceiiiieeeeeeeee e 25
2.2.1 Compilation and selection of available data.................cccccvviiiii e, 25
2.2.2 Correlation of the CPA pure compound parameters .........ccccceeeveeeeeveeevivnnnnnnn. 26
2.2.3 Correlation of the vapour—liquid equilibrium (VLE)..........ccccoiiieiiieiiiiee. 34

3. Experimental measurements and CPA Modelling.........ccccvviiiiiiiiiien e, 41
B L MAEEHIAIS ..o 43
3.2 Experimental Apparatus and ProCedure..........ccooeiieiiiiiiiiiiiiii e 43
3.3 EXPErMENTAl DALA .....cvvvviiiei i e e e e e e araaa 45
3.4 Experimental data modelling With CPA ... e 48
3.4.1 Compilation and selection of available data...................ccccccviiiiiie e, 48
3.4.2 Correlation of the CPA pure compound parameters ..........cccceeeeeeeeeeeeeiinnnnnnnn. 48
3.4.3 Correlation of the vapour—liquid equilibrium (VLE)..........ccccooiiiiiiieiiiie. 49

A, CONCIUSIONS ... s 53
U U= Y0 56
5. Bibliographic REfErE&NCES .....uuiiii i e 57
F Y o] o1=T o 1 PRI 65
N O 1 ToF= LI o 0] 0= 1= 67
B. Vapour pressure and liquid density parameters correlation ..............ccccceevvieinnnnn. 68

xiii






LIST OF TABLES

Table 1 Names, abbreviations and structures of the most common cations and anions.12
Table 2 Henry’s law constants for carbon dioxide in several ionic liquids at 298 K [25]. 14
Table 3 Association schemes based on the terminology of Huang and Radosz [42]. .... 24
Table 4 lonic liquids studied and availability of data. ..............ccccooeiiiiiiiiiiis 26
Table 5 CPA pure compound parameters and modelling results for carbon dioxide...... 27

Table 6 CPA pure compound parameters and modelling results for [C,mim][NTf,] series,

CONSIAErNING NON- SSOCIATION. .....uuttiiitiiiiittttieetieeeeeibebb bbb 28

Table 7 CPA pure compound parameters and modelling results for the [C,mim][NTf,]

series, considering SChEME LA. .. ... e e 29

Table 8 CPA pure compound parameters and modelling results for the [C,mim][NTf,]

series, considering SChemME 2B........coo oo 30

Table 9 CPA pure compound parameters and modelling results for the [C,mim][NTf,]

series, considering SChEeME 4C..... .o e 30

Table 10 Comparison between CPA pure compound parameters of [C,mim][NTf,] and

other compounds depending on the association scheme considered. ........................... 34

Table 11 CPA VLE results for [Comim][NTf,]+CO, systems considering non-association

for Ky =0 and Kij # 0. .o 35
Table 12 CPA VLE results for [Comim][NTf,]J+CO, systems and binary interaction
parameters considering association scheme 2B...........cccccooviiiiiiiiiiiiii e, 36

Table 13 CPA VLE results for [Csmim][NTf,]+CO, systems and binary interaction

parameters considering association SCheme 2B...........ccccooviiieiiiiiiiiin e 36

Table 14 CPA VLE results for [Comim][NTf,]+CO, and [Csmim][NTf,]+CO, systems and

binary iNteraction ParamELErS. ......uu i e 40

Table 15 Experimental solubility data of carbon dioxide in carbon tetrachloride (CCly,) for
different CO, mole fractions and for 293.22, 313.26 and 333.22 K. ....ovvviiieiiieiiieeiaeennn, 46

Table 16 Experimental solubility data of carbon dioxide in carbon disulphide (CS,) for
different CO, mole fractions and for 293.27, 313.26 and 333.13 K. ....ovvviviiiiiiieeeeeennn, 46

Table 17 CPA pure compound parameters and modelling results for CO,, CS,, CCl4 and
O T 48

XV



Table 18 CPA VLE results for CCl,+CO, system and binary interaction parameters with
NON-BSSOCIALION. ...ttt 50

Table 19 CPA VLE results for CS,+CO, system and binary interaction parameters with

[ [0] g B EoXs 0 LA =1 {10 ] DU 51

Table A 1 Molecular weight and critical properties for CO,, CCl, and CS; [51]. ............ 67

Table A 2 Molecular weight and critical properties of the [C,mim][NTf,] family [55, 56]. 67

Table B 1 Parameters used in the vapour pressure correlation for CO,, CCl, and CS,

Table B 3 Parameters used in the vapour pressure correlation for the [C,mim][NTf]

L= 1101125 68

Xvi



LIST OF FIGURES

Figure 1 Indicators of human influence on the atmosphere during Industrial era [14]...... 4

Figure 2 Post-combustion capture process diagram [21]. .......cooovviiiiiiiiiiiiiiiiiieeeee, 6
Figure 3 Pre-combustion capture process diagram [21]........cccooeviiiiiiiiiiiiiiiiiiiieeeee, 7
Figure 4 Oxy-combustion process diagram [21]........coooriiiiiiiiiiii e, 7

Figure 5 Cost reduction benefits of innovative CO, capture technologies versus time to

COMMETCIANZATION [3, 4]. .. eeiieteeieiiiitttteeeeee et et e ettt e e et s e e s essennsesene 9

Figure 6 Number of publications about ionic liquids since 1990 to 2008 (results from
Web of Science, May 0f 2009). ... 11

Figure 7 ap parameter values dependence with alkyl chain length (n), for non-association
(m), 1A (@), 2B (A) and 4C (@) schemes assoCiation. ..............ceuevveeeeeeeeeeeeeieiieeieeennene. 31

Figure 8 ¢, parameter values dependence with alkyl chain length (n), for non-association
(m), 1A (@), 2B (A) and 4C (@) schemes assoCiation. ..............ceeevveeeeieieeeeeeieeiieieeeenene. 32

Figure 9 b parameter values dependence with alkyl chain length (n), for non-association
(m), 1A (@), 2B (A) and 4C (@) schemes assoCiation. ..........cccvvvvviiiiiieeeeeeecee e, 32

Figure 10 ¢£*% parameter values dependence with alkyl chain length (n), for 1A (@), 2B

(A) and 4C (@) SChemes asSSOCIAtION. ..........uuuiiiii e 33

Figure 11 pA® parameter values dependence with alkyl chain length (n), for 1A (@), 2B

(A) and 4C (@) SChemes asSSOCIALION. ..........uuiiiii e 33

Figure 12 VLE Experimental data of [Comim][NTf,]+CO, and CPA predictions for non-
association for T=293.04K(#), T=323.16(®) and T=353.11(¢) with kij=0 (---) and kij=-
0.016, -0.009 and -0.037, reSPECHVEIY (— ). uueiieeiiiiiiiie e e 35

Figure 13 VLE Experimental data of [Comim][NTf,]+CO, and CPA predictions for
scheme 2B (—) and non-association (---), for T=293.04K(®) T=298.26K(#®),

T=303.36K(#), T=313.31K(#), T=323.16K(#), T=333.11(#)T=343.20(¢#)  and
T=353.11(4). coveeveeeeeeeeeeeeeee e eeeeeeeee et e et et ee et e e et ettt et e et e e 37

Figure 14 VLE Experimental data of [Csmim][NTf,]+CO, and CPA predictions for
scheme 2B (—) and non-association (---), for T=293.25K (@), T=303.18K (),

T=313.18K (#), T=323.19K (#), T=333.18 (#), T=343.20 (#) and T=353.15 (#)....... 38

Xvii



Figure 15 Interaction parameters dependence with temperature, with non-association
(®) and for scheme 2B (#), for [Comim][NTf,]+CO, SYStEMS. ...coooviiiiiiiiiieeeieiiiiieeeen 39

Figure 16 Interaction parameters dependence with temperature, with non-association
(®) and for scheme 2B (#), for [Cymim][NTf,]+CO, SYStEMS. ....cooviviiiiiiiieeei e 39

Figure 17 High preSSure Cell.........oovviviiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee ettt 43
Figure 18 Schematic apparatus: 1 — analytical balance; 2 — thermostat bath circulator; 3
— computer for data and video acquisition; 4 — vacuum pump; 5 — piezoresistive silicon
pressure transducer; 6 — magnetic bar; 7 — endoscope plus a video camera; 8 — light
source with optical fiber cable; 9 — high pressure variable-volume cell; 10 —temperature
PIODIE. e 44

Figure 19 Experimental solubility data for CO; in CCl, for T=293.22 K (#), T=313.26 K
(9) ANA TT333.22 K () wettiiiiiiiiiiiiiiieeieitee s 47

Figure 20 Experimental solubility data for CO; in CS; for T=293.27 K (®), T=313.26 K
(9) AN T=333. 13K (). coiiiiiiiiiiiie et 47

Figure 21 Experimental solubility data for CO, in CCl, for T=293.22 K (#), T=313.26 K
(@) and T=333.22 K (#) and CPA predictions (—) with non-association. ..................... 49

Figure 22 Interaction parameters dependence with temperature, with non-association for
(01O PR O @ P 1Y (= 1 PSSP 50

Figure 23 Experimental solubility data for CO,in CS, for T=293.27K (®), T=313.26K (¢)
and T=333.13K () and CPA predictions with non-association for vapour pressure and

liquid density experimental data fitting (—) and using critical properties (---). ................ 51

Xviii



NOMENCLATURE

List of symbols

a

=z

NP

x =1 u»n» O T

Greek letters

B

Yo,
o
4

)

energy parameter in the physical term
parameter in the energy term (a), Pa m® mol™
cross-interaction energy parameter between molecules i and j
site A in molecule i

co-volume, m® mol™

parameter in the energy term, dimensionless
simplified radial distribution function

Henry’s law constant, bar

binary interaction coefficient

mole number

mixture reference component

number of points

vapour pressure, Pa

gas constant, Pa m® mol™* K*

solubility

temperature, K

mole fraction
mole fraction of component i not bonded at site A

acentric factor

compressibility factor

association volume

mole density, mol m
vapour

association strength
association energy, J mol™

reduced liquid density

XiX



Subscripts

Superscripts

assoc.

phys.

Abbreviations

AAD
COSMO-RS
CPA

CR

DEA
DIPA
ECR

EoS
GC-EoS
lIs

LD
MDEA
MEA

OF
PC-SAFT
PR
RK-EoS
SAFT
SRK
SWCF
tPC-SAFT
\Y

VLE
VOCs

critical

pure component indexes
liquid

reduced

association

physical

average absolute deviation

conductor-like screening model for real solvents
cubic-plus-association equation of state
combining rule

Diethanolamine

Diisopropanolamine

Elliott combining rule

equation of state

group contribution equation of state

ionic liquids

length dependence

N-Methyldiethanolamine

Monoethanolamine

objective function

perturbed-chain statistical associating fluid theory
Peng-Robinson equation
Redlich-Kwong equation
statistical associating fluid theory
Soave-Redlich-Kwong equation

square well chain fluid equation

truncated perturbed chain-polar statistical associating fluid theory

Values
vapour-liquid equilibrium

volatile organic compounds

XX



1. INTRODUCTION






1. Introduction

The Earth’s climate is largely a result of the physical and chemical properties of
the atmosphere [1]. With the coming of Industrial era about 150 years ago, fossil fuel
burning and forests clearing increased the atmospheric carbon dioxide levels to their
present levels and as a result the atmospheric chemistry has drastically changed with
dire consequences to the Earth’s climate [1, 2].

To mitigate anthropogenic carbon dioxide emissions and climate changes, it is
critical to develop new and more efficient technology to prevent carbon dioxide
emissions or remove it from atmosphere altogether. Studies are being done in this area,
such as the development of new industrial processes and new solvents and materials for
CO; capture and storage [3-5].

lonic liquids are one of the new classes of neoteric solvents in study, not only for
CO; capture but also for many other applications in chemical process [6-9]. They are
composed by organic cations and organic or inorganic anions and their properties can be
tuned by changing the ions according to the desired properties. Their principal
characteristics are the negligible vapour pressure, which made them a probable
substitute for the organic volatile solvents, high thermal stability and being liquid in a

broad range of temperatures.

This work addresses the study of the CO, solubility in ionic liquids and other

solvents such as CS, and CCl,.

1.1 Anthropogenic Carbon Dioxide

1.1.1 Carbon dioxide sources and effects

Anthropogenic carbon dioxide, after water vapour, is one of the gases
responsible for the runaway greenhouse effect observed. Greenhouse effects is a
physical effect of Earth’s atmosphere [10] that consists on the trapping of the outgoing
radiation by atmospheric gases, being water vapour and carbon dioxide the main
contributors, in addition to others such methane, nitrous oxide, chlorofluorocarbons, etc.,
due to their great absorption capacity [11, 12]. These greenhouse gases are the

responsible for the increase in the global temperature [10, 11].
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Modelling the Carbon Dioxide Solubility with CPA EoS

Greenhouse gases concentrations have been increasing due to human activity in
the atmosphere (see Figure 1), in particular carbon dioxide that increased approximately
33% during the last century [1], results in an intensification of the anthropogenic
greenhouse effects when compared to the natural greenhouse effect, trapping more
radiation (heat) which is believed to be one of the major causes of climate change [1, 10,
12, 13]. This temperature increase is responsible for the glaciers melting, sea level
rising and consequent problems [4].

Indicators of the human influence
on the atmosphere during the Industrial era
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Figure 1 Indicators of human influence on the atmosphere during Industrial era [14].

But there are other ambient problems due to the atmospheric carbon dioxide
concentration besides greenhouse effect and its consequences. The ocean is the largest
natural receptacle for carbon dioxide, that dissolved, generates carbonate and
bicarbonate ions. The increase of these ions increases ocean acidity, with unknown

conseqguences to marine life [4].

The largest point source of anthropogenic carbon dioxide emissions, being
responsible for more than 80% of the emissions [15], is the combustion of fossil fuels (oil,
coal and natural gas) used in power plants, transportation, industrial facilities and uses

such as in homes and commercial buildings (energy-related). There are yet other

4/68 Universidade de Aveiro



1. Introduction

sources that do not include fossil fuel combustion reaction but produce CO, as a by-
product such as the cement industry, petroleum products in feedstock and end-uses,
chemical and metals production [16].

With the aim to reduce CO, emissions many technologies, approaches, materials,

solvents and molecules have been investigated and developed such as [3-5, 17]:

- Improve vehicles, appliances, and industrial process efficiencies to reduce fossil
fuel consumption [4];

- Use alternative energy sources, such as wind, hydro, solar, nuclear, which are
carbon dioxide emissions free [4];

- Carbon dioxide capture and storage into a geologic formation (consists in three
steps: capture, transport and storage of carbon dioxide), ocean (which has been
abandoned due to the environmental impact) or terrestrial ecosystems (through natural

processes, such as the growth of plants and microorganisms) [4].

1.1.2 Carbon dioxide capture technologies

Carbon dioxide can be captured from power plants, industrial processes, or other
sources, and there are three technological pathways to do it: post-combustion capture,
pre-combustion capture, and oxy-combustion [2-5, 17-20], which rely on gas separation
technologies with solvent/sorbents, membranes and cryogenic distillation.

In general, carbon dioxide capture technologies can provide a reduction of about

95% of carbon dioxide emissions [12].

» Post-combustion capture
This approach consists in removing carbon dioxide after fossils fuel combustion
(Figure 2). Due to the low concentration, about 3-15% of the hot flue gas, the
thermodynamic driving force for carbon dioxide capture is low, which requires higher

performance or higher circulation volume of the solvents [21].
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Figure 2 Post-combustion capture process diagram [21].

» Pre-combustion capture

In this approach, carbon dioxide is captured before fuel burning. Reduction in
size and costs of carbon dioxide capture facilities can be achieved, if the concentration
and pressure of CO; can be increased [3, 19].

One method for this approach is the gasification process (Figure 3), which
converts the fuel in carbon monoxide and hydrogen - “syngas”. Then carbon monoxide
reacts with steam producing carbon dioxide (at high concentration (35-45%) and high
pressure) and additional hydrogen. After this second reaction, the carbon dioxide
produced can be captured by diverse separation technologies and the resulting
hydrogen can generate CO,-free electricity, producing only heat and water vapour of its
burning [3-5, 17, 19, 21, 22].

Despite being more complex and consequently more expensive than processes
involved in post-combustion, due to the high concentration of carbon dioxide produced
and its high partial pressure, this process can be cost-effectively used to make large
amounts of clean hydrogen for the power industry as well as in refineries and other

chemical industries [3, 19, 21].
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Figure 3 Pre-combustion capture process diagram [21].

» Oxy-combustion

This is an alternative for CO, capture from flue gas and consists in burn the fossil

fuel with nearly pure oxygen (greater than 95%), instead of air, mixed with flue gas. This

results in an exhaust gas consisting predominantly of concentrated CO, and water

vapour. The CO, (typically greater than 80% by volume) is then easily captured after

remove water vapour by cooling and compressing the gas stream [3, 21, 22].

o~
-

Natural Gas

Power Plant Clean Electricity
Air Seperation Unit i i
\ N, CO/H.Orecycle CO‘. o
Boiler Storage
Air 0, A
- Steam

Turbine

Fuel
e.g. pulverised coal

CO, rich flue gas

Inerts & Acid
gas removal

Gas cooling
&drying

Precipitator

Inerts SO, NO,, HCl

Figure 4 Oxy-combustion process diagram [21].
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Modelling the Carbon Dioxide Solubility with CPA EoS

1.1.2.1 Currently available carbon dioxide capture processes:

» Chemical solvents:

e Amines solutions:

Amines react with carbon dioxide to form a water soluble compound:

R—NH, +CO, + H,0 - R—NH," + HCO,” (1)

The conventional alkanolamines used in aqueous organic medium or in
combination with aqueous potassium carbonate are [23]:
- Monoethanolamine (MEA)
- Diethanolamine (DEA)
- Diisopropanolamine (DIPA)
- N-Methyldiethanolamine (MDEA)

But these solvents make post-combustion an expensive stage due to intensive
energy consumption, cost increases and corrosion problems caused by the high energy
consumption for regenerating amine solutions, parallel loss of the volatile amines, the
uptake of water into the gas stream and low pressure of the gas stream.

To improve the system performance many modifications can be implemented
such as amine modifications, packing towers modifications to reduce pressure drop and
increase contacting, increase heat integration to reduce energy requirements, use of
additives to reduce corrosion and allow higher amine concentration and improved

regenerating procedures [3, 4, 23] .
e Potassium carbonate:
It consists in converting carbonate to bicarbonate in the presence of carbon
dioxide. When heated the reaction reverts for the carbonate releasing carbon dioxide:

K,CO, +CO, + H,0 <> 2KHCO, )

This process and structure packing improvements present some improvements

compared to amine solutions due to the lower energy requirements for regeneration.
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» Physical solvents:

The performance of physical solvents depends on the solvent used, the partial

pressure of carbon dioxide and operating temperature. Therefore higher loadings are

achieved with higher partial pressures and lower temperatures.

The most common physical solvents used are Selexol (mixture of dimethyl ethers

of polyethylene glycol), Rectisol (chilled methanol) and propylene carbonate [4, 17, 19].

» Emerging technologies:

New technologies are being investigated to improve efficiency and costs over

carbon dioxide capture, being some of them reported below. In Figure 5 it can be seen

the potential cost reduction benefits once innovative carbon dioxide capture technologies

are commercialized.

Cost Reduction Benefit —>

Il Post-Combustion

. Pre-Combustion

AOxycombustion

@®rBI
membranes
@ Advanced -SOI:;’ t
physical Sorbet
solvents B Membrane
MAmine M Advanced SR
solvents amine AiTvs
@ Physical solvents
solvents
Ac ryogenic
@®oxygen

Present 5+ years 10+ years

M lonic liquids
W MOFs

M Enzymatic
membranes

AcCAR
process

15+ years

A Chemical
@ looping
A.OTM boiler

M Biological
processes

20+ years

Time to Commercialization

v

Figure 5 Cost reduction benefits of innovative CO, capture technologies versus

time to commercialization [3, 4].

Aqueous ammonia

Aqueous ammonia scrubbing principles are similar to those for amine systems.

Ammonia reacts with CO, forming ammonium carbonate which can react with additional

CO, to form ammonium bicarbonate:

2NH, +CO, +H ,0 —(NH, ),CO,

(NH,),CO, +CO, +H ,0 — 2NH,HCO

Universidade de Aveiro
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Modelling the Carbon Dioxide Solubility with CPA EoS

This process has some advantages such as the lower heat of reaction which
results in energy savings, lower energy requirements at lower pressures, low cost,
potential for high carbon dioxide capacity, lack of degradation and higher tolerance for
oxygen in the flue gas [3, 4].

e Membranes
In post-combustion capture, since the partial pressure of CO, in a typical flue gas
is considerably low, vacuum is required on the permeate side or a sweep gas must be
used, requiring a further separation. Because of the higher partial pressure of CO; in the
raw syngas, the use of membranes with pre-combustion capture is more promising [3, 4,
19].

e Regenerable solid sorbents

Solids can act as physical sorbents or form a chemical compound at one set of
operating conditions and be regenerated at another set of conditions, releasing the
adsorbed CO, and regenerating the original compound. One example of these
compounds is sodium carbonate [3, 4].

Handling difficulties are inherent to solids, where moving (or fluidized) beds for
the solids or fixed beds with periodic gas flow switching can be used. Due to the large
volume of flue gas from a typical coal-fired power plant, large equipments will be

necessary [3, 4].

e Metal organic frameworks (MOFs)
MOFs are a new group of hybrid material with possible high CO2 capacity and low
energy requirements for regeneration. They are built from metal ions with well-defined
coordination geometry and organic bridging ligands and are extended structures with

carefully sized cavities that can adsorb CO2[3, 4].

e Enzyme-based systems
Carbozyme is developing enzyme-based systems which utilizes carbonic
anhydrase (CA) in a hollow fiber contained liquid membrane having, in laboratory scale,
the potential to capture 90% of CO, followed by regeneration at ambient temperature.
These systems can capture and release carbon dioxide by mimicking of the mammalian

respiratory system [3, 19].
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1.2 lonic Liquids

lonic liquids are a new class of neoteric organic solvents that can be applied to a
large number of process and chemical reactions. Due to their unique attractive properties
it is expected that their use may have a strong impact in chemical engineering in the
near future [24]. Therefore many studies have been carried to develop and increase the
available information and knowledge about these new solvents in recent years, as can

been seen in Figure 6.

2000

1600 -

1200

800

Numver of Publications

400

Figure 6 Number of publications about ionic liquids since 1990 to 2008 (results from Web of Science,
May of 2009).

lonic liquids are molten salts generally composed by a large asymmetric organic
cation and an organic or inorganic anion in equal humber by which they are electrically
neutral [25].

The cations families most studied are the imidazolium, pyridinium, pyrrolidinium
and phosphonium based while the anions can be bis(trifluoromethylsulfonyl)imide,
tetrafluoroborate, hexafluorophosphate, halogenates, among many others. Some of

these ions are illustrated in Table 1.
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Table 1 Names, abbreviations and structures of the most common cations and anions.

Name

Abbreviation

Structure

Most common cations

1,3-dimethylimidazolium; R=CHj;
1-ethyl-3-methylimidazolium; R=C,Hs
1-butyl-3-methylimidazolium; R=C4H,
1-pentyl-3-methylimidazolium; R=CsHi;
1-hexyl-3-methylimidazolium; R=CgHj;

[dmim]*
[Comim]" or [emim]*
[C4mim]” or [bmim]*
[Csmim]” or [pmim]*

[Cemim]” or [hmim]*

1-N-butyl-3-methylpyridinium; R=C4H, [ompy]* | =
l'\.é’
1-N-hexyl-3-methylpyridinium; R=CsHj; [hmpy]* 1|<
1-butyl-1-methylpyrrolidinium [ompyrr]* N
/ + W
Tetrabutylphosphonium [P(Cy)a]”

Most common anions

e
e | F
Tetrafluoroborate [BF,] S
!
I
F F
Hexafluorophosphate [PFe] r>l<F
Bis(trifluoromethylsulfonyl)imide [NTE,] -;\ OS S
- ) . O\‘\\é’fD
1,1,2,3,3,3-Hexafluoropanesulfonate [HFPS] . '; \ ;\u
I
Methyl sulfate [MeSO,] -~ ﬂ/(}
6]
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1. Introduction

By choosing specific ions and/or functional groups, ionic liquid properties can be
tuned and so the ionic liquids can be designed for a particular application.

In spite of this diversity, ionic liquids share some common properties such as
negligible vapour pressures, which results in very low volatility and reduce fire hazards,
high thermal stability, low melting points, large liquid range covering room or near room
temperatures, adjustable solvation behaviour with good solvating capacity for both
organic and inorganic compounds.

These salts are liquid in a wide range of temperatures due to their negative Gibbs
free energy of fusion, small lattice enthalpy and large entropy changes which are a result
from the large asymmetric cations, conformational flexibility of the ions and weak

coulombic forces, which cannot form a crystalline structure like common salts [6, 25-27].

There are many possible ionic liquid applications in the chemical industry. lonic
liquids can be used as solvents in chemical reactions and process separation, such as in
catalytic reactions, cleaning and purifications operations, gas separations, liquids
separations and as gas storage, electrolyte in fuel cells, lubricants and heat transfer
fluids, being the most interesting research areas the replacement of volatile organic
compounds and gas separation [7-9, 26, 28-30].

lonic liquids are considered a possible replacement for conventional volatile
organic compounds (VOCs) used in the chemical industry because of their negligible
vapour pressure, having a lower impact on air pollution and environmental benefits [26,
28, 29, 31, 32]. Yet they are miscible with water [33, 34] which can be a path to enter on
the environment. For some ionic liquids their toxicity and impact on aquatic ecosystems
has been studied. The imidazolium and pyridinium based lls have a toxicity inferior to
most organic solvents that seems to increase with the cation alkyl chain length while the
anion influence is smaller than that of the cation. Their toxicity can also be controlled and
minimized tuning ionic liquid properties by an adequate choice of the ions that compose
the ionic liquid [33].

The interest in ionic liquids for gas separations results also from their non-
volatility which cannot contaminate gas streams, their high stability which made their use
possible at higher temperatures making possible their use in conventional absorbers and
strippers [26] or supported liquids membranes, reducing the amount of solvent
necessary because the reduced loss of solvent and not-degradation of the membrane
with time [26, 35].
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The knowledge of gas solubility in ionic liquid, among other mixture properties, is
essential for ionic liquids application in chemical processes and their development, being
carbon dioxide solubility one of the most investigated aiming at their use in CO, capture
processes.

1.3 Carbon Dioxide solubility in lonic Liquids

Carbon dioxide solubility in ionic liquids has not been studied only aiming at
carbon dioxide capture and gas separation, but also because supercritical carbon
dioxide can be used to extract compounds from ionic liquids and to separate ionic liquids
from organic liquid mixtures promoting phase separation without contamination of the
ionic liquid [7, 26, 36].

Some researchers have demonstrated that the carbon dioxide is one of the most
soluble gases in ionic liquids, making ionic liquids capable of gas separation for natural
gas and flue gas [26]. Carbon dioxide solubility in ionic liquids is affected by cations
and/or anions change, degree of fluorination of the anion or the cation and other CO,-

philic groups [26, 36].

Solubility can be expressed by the Henry’s constant, being solubility inversely
correlated to the Henry’s law constant (P =H xS). Table 2 presents some Henry’s law
constants for carbon dioxide solubility in some ionic liquids. It allows the comparison of
the carbon dioxide solubility in some ionic liquids and the influence of the ions and

functional groups.

Table 2 Henry’'s law constants for carbon dioxide in
several ionic liquids at 298K [26].

Compound :
(bar)
[Camim][PFg] 534 +0.3
[Camim][BF,] 59.0+2.6
[CamIm][NTT;] 33.0+0.3
[Cemim][NTT;] 31.6+0.2
[Cempy][NTf;] 32.8+0.2
[CeHaFomIm][NTH;] 284 +0.1
[CgH4F13mim][NTf,] 27.3+0.2
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Cations changes do not have a considerable influence in carbon dioxide solubility
being this mostly affected by the anions [7, 26]. Fixing the cation [C,mim]" and
comparing the anions [NTf,], [BF4] and [PF¢], it can be observed that the solubility is
drastically different for each anion, noting that it decreases from [NTf,] to [PFe] to [BF.]
[26]. Fixing the anion [NTf,] and varying the cation, such [Csmim]*, [Csmpy]” and [Na111]",
the solubility is similar for all ionic liquids. For some cations, such as choline, carbon
dioxide solubility is lower, which can be explained by the stronger hydrogen bonding
between the choline and [NTf,]” making the anion less available to interact with the
carbon dioxide [26]. These comparisons suggest that the interaction of carbon dioxide
with the anion is higher than that with the cation.

Comparing imidazolium based ionic liquids, such [C,mim][NTf;], [C,mim][BF,] and
[C.mim][PF¢] the increase in the cation alkyl chain length slightly increases the carbon
dioxide solubility in the ionic liquids due to the highest free volume in the ionic liquid, but
this effect is minor compared to that of the anion [26].

Addition of fluoroalkyl groups to the cation or anion seems to increase the carbon
dioxide solubility, but this increase will occur only until the maximum CO,-philicity is
reached which correspond to an optimum number of fluorine atoms in the fluoroalkyl
chain [36].
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2. Model

Due to the very large number of possible ionic liquids, it is necessary to develop
correlations and predictive models able to describe behaviours and properties based on
experimental measurements of selected systems. Several models have already been
applied to carbon dioxide and ionic liquid systems, such as tPC-SAFT [24, 37], soft-
SAFT [32], COSMO-RS [38], SWCF-EoS [28, 39], RK-EoS [29, 40], GC-EoS [41] and
Krichevsky—Kasarnovsky EoS [42] , but the Cubic Plus Association equation of state
(CPA EO0S) is being applied for the first time in this work as a model for ionic liquids
systems.

The CPA EoS was proposed by Kontogeorgis and co-workers [43] and since
1995 has been developed and applied to diverse systems showing great results on the
description of phase behaviour. The systems for which it already have been applied were
composed by associating components and/or non associating components and the
results were improved compared to others obtained with equations that only take into
account one binary interaction parameter such as the PR EoS and the SRK EoS, among
others [43].

2.1 Cubic plus Association Equation of State

The CPA EoS is composed by two terms: one is the physical term described by
the Soave-Redlich-Kwong equation of state (SRK Eo0S), which takes into account the
physical interactions between the components, and the other is related to the associating
term and is described by the Wertheim’s theory accounting for the specific site-site

interactions due to hydrogen bonding and solvation effects [43].

In terms of the compressibility factor, the CPA EoS is expressed by the following

equation [43]:

Z — Z phys. + Z assoc
1 ap
1-bp RT(l+bp) (5)

Gl IO EEN
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where ais the energy parameter, bthe co-volume, pthe density of the liquid, g the
simplified radial distribution function, X; the mole fraction of the component iand X, the

mole fraction of pure component i not bonded at site A.

The energy parameter for pure components is given by a Soave-type
temperature dependency:

a=afi+afi-\T . ©)

where T, is the reduced temperature (T, =T /T, , being T, the critical temperature). The
a, and c, constants are estimated by fitting experimental vapour pressure and liquid

density data of the pure component.

X, is the central point of the association term, is related to the association

Ai
strength between site A on molecule i and site B on molecule j(AA‘BJ') and is

calculated by solving the following set of equations:

X

1
LY x> X AN ()
i B

where B;represents the summation over all sites and depends on the class of the

association scheme.

The association strength A s given by:

AV = g(p)| exp G b, 8 )
RT I ’

where &*¥is the association energy and,b’/*B" the association volume. When self-

. _— AB; B
association occurs, the association strength A"’ becomes ARB
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AABi _ gABi AB;
=g(p)| exp RT —1b; 877 )

The simplified radial distribution function, g(,0) , is expressed as:

1
9(p) = 197" (10)

where 7 is the reduced liquid density given by 77 = %bp.

Therefore the CPA EoS has five pure compound parameters, three for non-

associating compounds: a,, ¢, and b and two for associating compounds: "% and

,BA“Bj. These pure compound parameters are obtained for each compound by fitting

experimental vapour pressure and liquid density data.

The objective function used for the regressing of the pure compound parameters
[44, 45] is:

NP F:exp._Picalc. 2 NP piexp._picalc. 2
OF =Z(—P_exp. ] +Z(—p_exp_ - (11)

> Mixtures

When the CPA EoS is employed to mixtures, it is necessary to apply mixing and
combining rules to the physical parameters. Those here applied are the van der Waals

one-fluid mixing/combining rules:
a=> > xXa;, where a; =,/a;a, (1—kij) (12)
i
being kij the binary interaction parameter and

b = IZ Xibi . (13)
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The objective function used for the estimation of the binary interaction parameter

exp. _ y.calc.

OF = Z(%) (14)

When the system is composed only by non-associating compounds, the CPA
EoS reduces to the SKR Eo0S, being required only the three pure compound parameters

of the physical contribution.

For binary mixtures with self-associating and non-associating compounds, the
binary interaction parameter is the only adjustable parameter and combining rules are

not needed for the association energy and volume [44].

For cross-associating compounds (association between different molecules),
combining rules for the energy and volume of association are also required. From some

investigations [43, 46, 47], different sets of combining rules have been proposed

including for £*®, g*® and the association strength (A*®):

AB; AjB; AB; AjBj
B. + B +
chBi :% , 'BABJ :%’ (15)

which are referred as CR-1 set [43, 48, 49];

AB; AjB;
N8 = e +¢ , ﬁABJ _ /ﬂf\BalBAij ’ (16)

2
which are referred as CR-2 set [48, 49];

2N — [ gAB A8 ,ﬂAiBj - /ﬂAiBiﬂAiBj ’ (17)

which are referred as CR-3 set [48, 49];

(18)

AAiBi _ ,‘,AABiAAJBi
which is referred as CR-4 set (or Elliot rule, ECR) [43, 48, 49].

From these combining rules the most commonly used are the CR-2 set and the
CR-4 sets [48].
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» Association scheme

The association scheme is related to the number and type of association sites for
the associating compounds. There are several schemes classified by Huang and Radosz
[50], which can been seen in Table 3.

The 1A scheme is applied to acids and assumes that the acid groups work as a
glue spot able to bond with a lone pair of electrons, a H atom or a site of the same type.

The schemes 2B or 3B are applied to alcohols and amines. The scheme 2B
assumes that hydrogen bonding occurs between the hydroxyl hydrogen and one of the
lone pairs of electrons from the oxygen atom of another alcohol molecule.

The scheme 4C is used for highly hydrogen bonded substances, as glycols and
water, and assumes that hydrogen bonding occurs between the two hydrogen atoms and

the two lone pairs of electrons in the oxygen of another molecule.

Universidade de Aveiro 23/68



Modelling the Carbon Dioxide Solubility with CPA EoS

Table 3 Association schemes based on the terminology of Huang and Radosz [43, 50].

Species Formula Type
0--HO.
o~ ~
Acids —C c— 1A
“ou-- 67
O 3B

Alcohols

2B

Glycols Cf;?/\ e /?ﬁ 4C

4C

=
oL:0»

I

o

C
Water £ H A 3B

H
B
A
B:w
© 3B
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2.2 Results and Discussion

lonic liquids from the [C,mim][NTf,] series were the ionic liquids selected for the
study of the CPA Eo0S application and its performance on describing carbon dioxide
solubility behaviour in ionic liquids.

2.2.1 Compilation and selection of available data

Before starting modelling, there are some experimental data required, such as
vapour pressure and liquid density data and critical properties for the compounds in

study.
Vapour pressure (P?) and liquid density (p"*) data for carbon dioxide were

obtained from the DIPPR database [51], which are described by the following

correlations (the constants are present in Table B 1 and Table B 2 (Appendix B)):

19
P":exp{A+TE+C><InT+D><TE}, (19)

The usually reduced temperature range applied is from 0.45 to 0.85, which
covers most of the liquid range, from close to the triple point to the critical point.
However, due to the limited temperature range of the DIPPR database for carbon dioxide

data, the reduced temperature range covered was from 0.71 to 0.90.

Carbon dioxide critical properties were also obtained from the DIPPR database
[51] (Table A 1, Appendix A).

Being ionic liquids such new solvents, available data for some investigations is
sometimes scarce, which is why it was necessary a review of the available or supplied
vapour pressure, liquid density data and vapour-liquid equilibrium data (PTx) for the ionic

liquids under study (Table 4).
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Table 4 lonic liquids studied and availability of data.

Compound P P PTx
[Comim][NTf;] 4 v v
[Csmim][NTf;] x v x
[Camim][NTT;] 4 v v
[Csmim][NTf;] x v v
[Cemim][NTf;] 4 v v
[C7mim][NTf,] x v x
[Csmim][NTf;] 4 v x

Liquid phase density data for ionic liquids were obtained from the literature [52-
54] and vapour pressure data were obtained from a correlation (equation 21) provided by
Prof. Luis Belchior Santos, from University of Porto developed based on data measured

at his laboratory (constants in Table B 3, Appendix B).

In(ij = A—TE, with P =1Pa (21)

o

The critical properties for the ionic liquids studied were obtained from Valderrama
et al., estimated applying the modified Lydersen-Joback-Reid method there proposed
[55, 56] (Table A 2, Appendix A).

2.2.2 Correlation of the CPA pure compound parameters

The estimation of the pure compounds parameters is a crucial step before
applying the equation of state. It was carried out, as mentioned before, by simultaneous
regression of vapour pressure and liquid density data for non-associating and

associating compounds using the equation 11.
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This was achieved using a FORTRAN routine based on a modified Marquardt
algorithm for non-linear least squares, which was obtained from the Harwell subroutine
library (http://hsl.rl.ac.uk/archive/cou.html). This routine allows constrained regression of
the CPA parameters, so the user can set up the range of allowed values for each
parameter, avoiding the regression of parameters with non-physical meaning.

The global average deviation (%AAD) for vapour pressure or liquid density is
calculated by:

Xooi =X i 22
% AAD = %ZIN_ZABS{ exp.i calc,i :IX].OO, ( )
exp,i

where X can be vapour pressure or liquid density.

Carbon dioxide is considered as a non-associative compound therefore only

three parameters of the physical part of the equation of state are required (Table 5).

Table 5 CPA pure compound parameters and modelling results for carbon dioxide.

N C, bx10" %AAD
Compound _
(Pa m® mol?) (m® mol™?) pe P
CO; 0.35 0.76 0.27 0.22 0.83

The study about the present ionic liquids was carried taking into account non-
associative and associative interactions between the ionic liquids and the association
scheme was also investigated.

In a first approach the ionic liquids are treated as non-associating compounds
and therefore only the three physical parameters were estimated. These pure

parameters are reported in Table 6.
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Table 6 CPA pure compound parameters and modelling results for the [Comim][NTf;] series, considering

non- association.

a C, bx10* %AAD
Compound

(Pa m® mol?) (m® mol™) pe P
[Comim][NTf;] 25.12 0.58 2.95 2.27 1.06
[Csmim][NTf,] 24.48 0.49 2.67 0.50 0.62
[Camim][NTF] 25.56 0.52 2.85 0.88 0.84
[Csmim][NTF,] 25.08 0.57 2.91 0.67 0.62
[Cemim][NTF,] 25.62 0.66 3.18 0.28 0.61
[C;mim][NTF] 24.85 0.80 3.38 2.96 1.33
[Csmim][NTF] 25.14 0.89 3.56 3.28 1.36
Global %AAD 1.55 0.92

Considering ionic liquids as associating compounds (self-associating
compounds), the association schemes 1A, 2B and 4C were studied, and it became then
necessary to estimate the five pure compound parameters.

The parameter values depend on the chosen association scheme. The
parameters were determined for scheme 1A for all the ionic liquids in this study and
schemes 2B and 4C for [Comim][NTf;], [Csmim][NTf,], [Csmim][NTf,] and [Csmim][NTf,].

Tables 7, 8 and 9 report the respective parameters for each association scheme.
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2. Model

As can be seen from the previous tables, a good description of vapour pressure
and liquid densities can be achieved with CPA for carbon dioxide and the various ionic
liquids studied, being the global average deviation inferior to 1%, with a decrease in the
deviation when association is considered. The parameters obtained are higher than the
expected when compared to pure parameters for other compounds [43].

Figures 7 to 11 show the CPA pure compound parameters dependence with the
alkyl chain length of the substituent group in the methylimidazolium ring.

It can be seen that for non-association, the a, parameter can be considered
constant, approximately 25 Pa m® mol?. For scheme 2B the a, parameter is not

constant and for scheme 4C it is observed a slight decrease with the increase of the alkyl

chain length. Considering scheme 1A, a linear behaviour can be observed.

|
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Figure 7 a, parameter values dependence with alkyl chain length (n), for non-association
(™), 1A (@), 2B (») and 4C (®) schemes association.

Comparing ¢, estimated values, it can be observed that does not exist a specific

particular behaviour, for the different schemes considered, with the alkyl chain length
(Figure 8).
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Figure 8 c¢; parameter values dependence with alkyl chain length (n), for non-association

(%), 1A (@), 2B (+) and 4C () schemes association.

b estimated values, for the diverse studied association and non-association
schemes, present a linear dependence with the alkyl chain length (Figure 9), except for
[Comim][NTf,] presenting higher values which might be explained due to the vapour
pressure parameters which also do not present the same linear behaviour for n=2 as for
the other ionic liquids (n=4, 6 and 8). This linear dependence is also seen for other

compounds such as alkanes [57].
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Figure 9 b parameter values dependence with alkyl chain length (n), for non-association
("), 1A (@), 2B (») and 4C (®) schemes association.
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2. Model

The parameters of associating term are represented in Figure 10 and 11. For
schemes 1A and 4C, the parameters values can be considered constant and alkyl chain
length independent. The same is not observed for the 2B scheme, where the alkyl chain

length is more influent.
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Figure 10 ehB parameter values dependence with alkyl chain length (n), for 1A (@), 2B

(#) and 4C (#) schemes association.
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Figure 11 BA% parameter values dependence with alkyl chain length (n), for 1A (@), 2B

(#) and 4C () schemes association.
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A brief comparison between the alkyl chain length dependence (LD) and values
(V) of the five pure compound parameters estimated for the [C,mim][NTf,] family with the
parameters obtained for other compounds is presented in Table 10.

Table 10 Comparison between CPA pure compounds parameters of [Cymim][NTf;] and other compounds
depending on the association scheme considered.

o ILs compared a, C, b P BAE
Association scheme _
with: LD \% LD (VILD| V |LD| V |LD]| V
1A Acids [49] = >> ~ ~ ~ ~ ~ >> * ~
2B Alcohol [43] z |>>>| = <l=z|l=~|=|>|=]| >
4C Glycol [43] * > * ~| =z | ~ | = > > ~
Non association Alkanes [57] = [>>>] = ~l~|l~|—|—|—]|—

Symbols: =different; ~ similar; < smaller; > higher.

2.2.3 Correlation of the vapour-liquid equilibrium (VLE)

The description of the vapour-liquid phase equilibrium was performed for
[Comim][NTf,]+CO, and [C,mim][NTf,]+CO, systems by modelling the experimental data
using the CPA EoS and the pure compounds parameters estimated in the previous

section, where one binary interaction parameter, k.., was adjusted.

ij?

The experimental vapour-liquid equilibrium data of [Comim][NTf,]+CO, system
were obtained from the literature [7] and for [Csmim][NTf,]J+CO, system were previously
measured by Pedro Carvalho from this research group (PATh) and still remain

unpublished.

The global average deviation (%AAD) for vapour-liquid equilibrium is calculated

by:

Xexpi — Xealc. 23
%AADz%Z_NZABS{eX‘”—“'“}lOO, 23)
i= X )
exp,i

where X is the mole fraction.
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An interaction parameter is needed to obtain a better vapour-liquid description as
can be seen in Figure 12, where the %AAD is slightly higher when k; =0 (Table 11),
being this more significant for higher temperatures. The study of k; influence was made

only for some temperatures for the [C,mim][NTf,]+CO, system, considering ionic liquids

as non-associating compounds.

Table 11 CPA VLE results for [Comim][NTf,]+CO, systems considering non-

association for kij =0and kij #0.

%AAD
Temperature/K
P k, =0 k, %0 (Table 12)
293.04 22.94 16.56
323.16 18.70 15.84
353.11 23.00 9.56

15.0

12.5 -

10.0 -

7.5

Pi/MPa

0.1 03 0.5 0.7
Xcog

Figure 12 VLE Experimental data of [Comim][NTf,]+CO, and CPA predictions for non-
association for T=293.04K(#), T=323.16( ) and T=353.11(#) with kij=0 (---)

and kij=-0.016, -0.009 and -0.037, respectively (—).
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Table 12 and Table 13 summarize the interaction parameters and the global
average deviations between the CPA modelling results and the VLE experimental data of
[Comim][NTf,]+CO, system at temperatures between 293.04-353.11K, and
[C4mim][NTf,]+CO, system at temperatures between 293.25-353.15K.

Global average deviations for both approaches are around or inferior to 20%,
which for %AAD in composition are acceptable. Thus the results show that the CPA EoS

has a good performance for describing CO,+ionic liquids mixtures.

Table 12 CPA VLE results for [Comim][NTf,]+CO, systems and binary interaction parameters considering
non association and scheme 2B.

ki %AAD
Temperature/K
Non-association 2B Non-association 2B
293.04 -0.016 -0.022 16.56 16.08
298.26 -0.014 -0.019 16.32 15.55
303.36 -0.011 -0.015 16.57 16.28
313.31 -0.007 -0.012 16.96 16.36
323.16 -0.009 -0.013 15.84 15.18
333.11 -0.024 -0.029 11.61 15.89
343.20 -0.026 -0.031 11.08 10.69
353.11 -0.037 -0.042 9.56 9.26
Global %AAD 14.31 13.83

Table 13 CPA VLE results for [Csmim][NTf,]+CO, systems and binary interaction parameters considering
non association and scheme 2B.

ki %AAD
Temperature/K
Non-association 2B Non-association 2B
293.25 -0.035 -0.028 22.17 22.74
303.18 -0.033 -0.021 20.95 21.68
313.19 -0.031 -0.015 21.23 22.08
323.19 -0.034 -0.016 19.81 20.61
333.18 -0.038 -0.018 18.71 19.43
343.10 -0.068 -0.052 11.34 11.72
353.15 -0.072 -0.055 10.83 11.25
Global %AAD 17.86 18.50
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2. Model

In Figure 13 and Figure 14, experimental data and CPA EoS correlation for
vapour-liquid equilibrium is shown for non-association and association scheme 2B, for
[Comim][NTf,]+CO, and [Csmim][NTf,]+CO, systems, respectively. It was found a good
agreement between the experimental data and the model, being a better description
achieved for intermediate compositions. These figures also show that the improvement

considering non-association or association scheme 2B is almost insignificant.

15.0

12.5 -

10.0 -

7.5 -

P/MPa

5.0 -

25 -

OO T T T T T T

0.1 0.2 03 04 05 06 0.7 0.8
Xcoy

Figure 13 VLE Experimental data of [Comim][NTf;]+CO, and CPA predictions for scheme 2B (—) and
non-association (---), for T=293.04 K (#), T=298.26 K (#), T=303.36 K (), T=313.31 K ( ),

T=323.16 K (¢), T=333.11 K (#), T=343.20 K (#) and T=353.11 K (#).
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15.0

12.5 -

10.0 -

7.5 -

P/MPa

0.0 T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 14 VLE Experimental data of [Camim][NTf,]+CO, and CPA predictions for scheme 2B (—) and
non-association (---), for T=293.25 K (#), T=303.18 K (), T=313.18 K (), T=323.19 K (¢),

T=333.18 K (#), T=343.20 K (#) and T=353.15 K (#).

The kij parameters are temperature dependent, presenting an analogous

behaviour for non-association and scheme 2B and for both systems studied. The
difference between the schemes is similar in the range of temperature studied for
[Comim][NTf,]+CO, system, being a little higher for [Camim][NTf,]+CO, (see Figure 15
and Figure 16). The lower absolute values are observed for lower temperatures, and
when non-association is considered for [Comim][NTf,]+CO, systems, and scheme 2B for

[Camim][NTf,]+CO, systems.
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Figure 15 Interaction parameters dependence with temperature, with non-association
(#) and for scheme 2B (#), for [Comim][NTf,]+CO, systems.
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Figure 16 Interaction parameters dependence with temperature, with non-association
(#) and for scheme 2B (#), for [Csmim][NTf,]+CO, systems.

It can be seen that the scheme with lower k; absolute values, is the scheme that
better describes the VLE experimental data, despite the very small difference between

%AAD obtained for each scheme.
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Another approach was to use a single binary interaction parameter for modelling

these VLE experimental data, for all temperatures. The results show that, for the 2B

association scheme, only one k; parameter is needed to obtain a good description of the
model, due to the lower Global %AAD difference observed, which can be seen, by

comparison, in Tables 12, 13 and 14. Therefore these results can suggest that the CPA

EoS can be used as a predictive tool, with a small and temperature independent binary

interaction parameter.

Table 14 CPA VLE results for [Comim][NTf,]+CO, and [Camim][NTf,]+CO, systems and binary interaction

parameters.
Global k; Global %AAD
System
Non-association 2B Non-association 2B
[Comim][NTf,]+CO, -0.013 -0.017 16.34 14.54
[C4mim][NTf,]+CO, -0.036 -0.021 20.88 23.33

For the 1A and 4C schemes it was not achieved any acceptable results due to

the non convergence of the phase equilibrium calculations routine which leads to the

assumption that these schemes cannot describe this equilibrium.
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3. Experimental Measurements and CPA Modelling

With the aim of further understanding the interactions between CO, and solvents,
carbon dioxide solubility in carbon disulphide and carbon tetrachloride were also studied.

Carbon disulphide and carbon tetrachloride were chosen duo the similar
geometric structure to carbon dioxide and methane, respectively, and the influence that
the change of some atoms in the solvent molecule can have in the solubility.

Due to the lack of experimental data for these systems, carbon dioxide solubility
measurements were performed in a high pressure cell.

3.1 Materials

The chemicals used for the measurements were carbon disulphide, carbon
tetrachloride and carbon dioxide. Carbon disulphide was acquired from Panreac with
mass fraction purities 99.9 % and Carbon tetrachloride was acquired from SDS with
mass fraction purities 99.9 %.

The carbon dioxide used was from Air Liquide with a purity of =2 99.998 % and
H,0O, O,, C,Hm, N> and H, impurities volume fractions lower than (3, 2, 2, 8 and 0.5)><10'6,

respectively.

3.2 Experimental Apparatus and Procedure

Solubility measurements were carried out in a high pressure equilibrium cell

(Figure 17) using a visual synthetic method, sketched in Figure 18.

Figure 17 High pressure cell.
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Figure 18 Schematic apparatus: 1 — analytical balance; 2 — thermostat bath circulator; 3 — computer for data
and video acquisition; 4 — vacuum pump; 5 — piezoresistive silicon pressure transducer; 6 —
magnetic bar; 7 — endoscope plus a video camera; 8 — light source with optical fiber cable; 9 —

high pressure variable-volume cell; 10 — temperature probe.

The cell, based on the design of Daridon et al. [7], consists of a horizontal hollow
stainless-steel cylinder, closed in the extremes by a movable piston and a sapphire
window, there is another sapphire window in the cell wall. These windows allow an
optical fiber to illuminate the cell chamber and the visual observation of what happens
inside the measuring cell, which is achieved by a video acquisition system made up of an
endoscope plus a video camera placed behind one of the sapphire windows in order to
display on the screen of a computer. The orthogonal positioning of both sapphire
windows minimizes the parasitic reflections and improves the observation in comparison
to axial lighting.

The mixture homogenization is ensured by a small magnetic bar placed inside the
cell by means of an external magnetic stirrer.

The sapphire windows on the cell wall and the magnetic bar limit the minimum
internal volume of the cell to 8 cm?, while the maximum value is fixed to 30 cm®. The
presence of the magnetic stirrer, as well as the cell reduced volume, help to minimize the

inertia and temperature gradients within the sample.
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The cell is thermostatized by circulating a heat-carrier fluid, thermo-regulated with
a temperature stability of +0.01 K by means of a thermostat bath circulator (Julabo MC),
through three flow lines directly managed into the cell. The temperature is measured with
a high precision thermometer, Model PN 5207 with an accuracy of 0.01 K, connected to
a calibrated platinum resistance inserted inside the cell close to the sample.

The pressure is measured by a piezoresistive silicon pressure transducer (Kulite)
fixed directly inside the cell to reduce dead volumes, that was previously calibrated and
certified by an independent laboratory with IPAC accreditation, following the EN 837-1
standard and with accuracy better than 0.2 %.

A fixed amount of liquid was introduced inside the cell and the exact mass
introduced is determined by weighting the liquid holder during its introduction with a
precision balance (Sartorius) with an accuracy of 1 mg.

The CO; was introduced under pressure from an aluminum reservoir tank. Its
mass was measured with the precision balance by weighing the reservoir tank while
filling and introduced into the measuring cell by means of a flexible high pressure
capillary.

After preparation of a mixture of known composition at the desired temperature at
low pressure was reached, the pressure was then slowly increased at constant
temperature until the system becomes monophasic. The pressure at which the last
bubble disappears represents the equilibrium pressure (bubble pressure) for the fixed

temperature.

3.3 Experimental Data

The solubility of carbon dioxide in carbon tetrachloride was measured for mole
fraction from 0.16 to 0.70, for 293.22, 313.26 and 333.22 K, and pressures from 1.09 to
7.85 MPa, and is reported in Table 15.
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Table 15 Experimental solubility data of carbon dioxide in carbon tetrachloride (CCls) for different CO> mole
fractions and for 293.22, 313.26 and 333.22 K.

Temperature/K
293.22 313.26 333.22
Xco, P/MPa Xco, P/MPa Xco, P/MPa
0.16 1.09 0.16 1.57 0.16 2.10
0.20 1.38 0.20 2.00 0.20 2.67
0.30 2.04 0.30 2.93 0.30 3.87
0.40 2.61 0.40 3.79 0.40 5.02
0.50 3.07 0.50 4.49 0.50 6.04
0.60 3.51 0.60 5.15 0.60 7.02
0.70 3.84 0.70 5.73 0.70 7.85

The solubility of carbon dioxide in carbon disulphide was measured for mole
fraction from 0.05 to 0.60, for 293.27, 313.26 and 333.13 K, and pressures from 0.97 to
8.52 MPa, and is reported in Table 16.

Table 16 Experimental solubility data of carbon dioxide in carbon disulphide (CS,) for different CO, mole
fractions and for 293.27, 313.26 and 333.13 K.

Temperature/K
293.27 313.26 333.13
Xco, P/MPa Xco, P/MPa Xco, P/MPa
0.05 0.97 0.05 1.36 0.05 1.75
0.10 1.93 0.10 2.55 0.10 3.18
0.20 3.22 0.20 4.34 0.20 5.44
0.30 3.87 0.30 5.37 0.30 6.92
0.40 4.09 0.40 5.90 0.40 7.81
0.50 4.13 0.50 6.11 0.50 8.30
0.60 4.07 0.60 6.12 0.60 8.52

In Figure 19 and Figure 20, carbon dioxide solubility behaviour in temperature
and pressure is presented. As can be seen, solubility of carbon dioxide in this solvents
increase with increasing pressure and decreases with increasing temperature. For the

CCl4+CO; system, an almost linear depence with the composition can be seen. For the

46/68 Universidade de Aveiro



3. Experimental Measurements and CPA Modelling

CS,+CO; system a linear dependence only can be seen for the lowest concentrations of
carbon dioxide.
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Figure 19 Experimental solubility data for CO; in CCl4 for T=293.22 K (@), T=313.26 K (' ) and T=333.22 K
(®).
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Figure 20 Experimental solubility data for CO; in CS, for T=293.27 K (#), T=313.26 K (' ) and T=333.13 K
(®).
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3.4 Experimental data modelling with CPA

The experimental carbon dioxide solubility data in carbon tetrachloride and
carbon disulphide were also modelled with the CPA EoS.

3.4.1 Compilation and selection of available data

Vapour pressure, liquid density, and critical properties were also required and
obtained from the DIPPR database [51] (Equation 19, Equation 20, Table Al, Table B 1
and Table B 2).

The reduced temperature range covered for carbon tetrachloride and carbon
disulphide was from 0.45 to 0.85.

3.4.2 Correlation of the CPA pure compound parameters

Carbon disulphide (as carbon dioxide in this work) and carbon tetrachloride (as
methane [44], which as similar structure having different volume and electronegative due
to hydrogen atoms substitution by chlorine atoms) were considered non self-associating
compounds, thus only three CPA parameters were required (Table 17). It was achieved
a very good description of vapour pressure and liquid density with very low values
obtained for %AAD.

Table 17 CPA pure compound parameters and modelling results for CO,, CS,, CCl4 and CHa.

N C bx10° %AAD
Compound _
(Pa m® mol) (m® mol™) pc P
CO, 0.35 0.76 2.72 0.22 0.83
CS, 1.14 0.60 4.95 0.76 0.74
CCl, 1.90 0.74 8.10 1.01 0.63

Comparing the parameters of carbon dioxide, carbon disulphide and carbon
tetrachloride, it can be seen that the parameters a, and b are higher for CS, and for CCl,
than for CO, and the ¢, parameter variation is very small. Thus the parameters a, and b

vary more than the parameter c, for the different compounds.
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The results obtained for these molecules can be due to the increase of the

molecule size and weight mass and influenced by the critical temperature.

3.4.3 Correlation of the vapour—liquid equilibrium (VLE)

VLE modelling results for CCl,+CO, and CS,+CO; are presented below.

» CCI;+CO; system

In Figure 21, experimental data and CPA EoS correlation of vapour-liquid
equilibrium (solubility) is shown. It can be seen that a great agreement was achieved
with global average deviation of 3.94% in composition, with small and positive binary
interaction parameters (Table 18). An improved description is achieved for lower CO,

mole fraction.
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Figure 21 Experimental solubility data for CO;in CCl, for T=293.22 K (), T=313.26 K () and T=333.22 K

(®) and CPA predictions (—) with non-association.
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Table 18 CPA VLE results for CCl4+CO, system and binary interaction

parameters with non-association.

Temperature/K ki %AAD
293.22 0.075 3.81
313.26 0.087 3.89
333.22 0.093 4.13

Global %AAD 3.94

kij values versus temperature are represented in Figure 22, where a linear

dependence with temperature can be seen.
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Figure 22 Binary interaction parameters dependence with temperature,
with non-association for CCl4+CO; system.

» CS,+CO, system

The modelling results obtained for this system, using the CPA parameters
estimated by vapour pressure and liquid density experimental data, for 293.27 K and for
333.13 K were not very good. So, in order to get better results, CPA modelling was done
using the compound critical properties for 313.26 K and 333.13 K. Comparing the model
description for 333.13 K, a better result is obtained when the critical properties are used.
These observations can be seen in Figure 23, being supported by the %AAD and kj

values, shown in Table 19, which are higher than the obtained for CO,+CCl, systems.
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Figure 23 Experimental solubility data for CO; in CS; for T=293.27K (#), T=313.26K ( ) and T=333.13K
(#) and CPA predictions with non-association for vapour pressure and liquid density experimental

data fitting (---) and using critical properties (—).

Table 19 CPA VLE results for CS,+CO;, system and binary interaction parameters with
non-association.

Approach Temperature/K kij %AAD

_ N _ 313.26 0.11 32.37
Using Critical Properties

333.13 0.10 27.89

Using fitted parameters 333.13 0.18 44,58

These bad results might be associated to deficient experimental data; therefore

CS,+CO, vapour-liquid equilibrium must be measured once again.
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4. Conclusions

Due to environmental issues originated by carbon dioxide emissions, its capture
has become critical and the processes employed are being improved and new processes
developed.

lonic liquids are one of the new sorbents investigated for carbon dioxide capture,
being the solubility of carbon dioxide in some of these fluids higher than in conventional
solvents. Another important improvement obtained by using these solvents, due to their
negligible vapour pressure, is the possible replacement of volatile organic compounds
(VOCs) which are prejudicial to Man and the environment.

Due to the increasing utilization of ionic liquids in chemical and industrial
processes, it is necessary to develop correlations and predictive models able to describe
behaviours and properties.

Several models have already been applied to describe vapour-liquid equilibrium
data of carbon dioxide and ionic liquids systems, being for the first time, in this work, the
Cubic Plus Association equation of state applied (CPA EoS), where 1A, 2B and 4C
association schemes and non-association were studied.

CPA parameters were estimated by fitting vapour pressure and liquid density
experimental data for the [C,mim][NTf;] ionic liquids selected and carbon dioxide and
good results were achieved with global deviation in vapour pressure and liquid density
inferior to 1% when association is considered for ionic liquids.

[Comim][NTf,]+CO, and [Csmim][NTf,] +CO, vapour-liquid experimental data were
modelled and successful results were achieved, considering carbon dioxide a non-
associating compound and the ionic liquids as non associating and auto associating
compounds (scheme 2B), with global deviations in composition inferior to 20%. The
global deviation difference obtained for both cases is very low thus the use of the
association does not improve the performance of the CPA EoS. A good description of
vapour-liquid equilibrium data of the systems studied was also possible with a single
temperature independent binary interaction parameter.

In addition, carbon dioxide solubility in carbon disulphide and in carbon
tetrachloride were measured in a high pressure cell and also modelled with the CPA
EoS. Carbon dioxide solubility increase with increasing pressure and decreases with
increasing temperature, and was found to be higher in carbon tetrachloride than in
carbon disulphide. The CPA modelling results of the CO,+CCl, system achieved had a
very good agreement with the experimental data, with global deviations in carbon dioxide
composition equal to 3.94%, but for the CO,+CS, system results were not that good,
being necessary another approach, with better results, that is the modelling using the

critical properties.
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Due to the very satisfactory results obtained, the CPA EoS is a useful and
satisfactory model to accurately describe the vapour-liquid equilibrium of CO, systems.

Future work:

e CPA pure compound parameters optimization (try to reduce its values) and use
constant values for them for all the ionic liquids, to obtain improved modelling results with
CPA.

e Vapour-liquid equilibrium experimental data modelling with constant CPA pure
compound parameters and temperature independent binary interaction parameters for
the [C,mim][NTf;] ionic liquid family.

e SRK EO0S (reduced CPA EO0S, using the critical properties) modelling with the
aim to compare the results obtained by vapour pressure and liquid density experimental

data fitting and the ones by the use of the critical properties.

e Phase equilibrium measurements and CPA modelling for other carbon dioxide +
ionic liquids systems in order to find selective ionic liquids, or ionic liquids mixtures, that

improve carbon dioxide solubility.

e Additional solubility measurements of carbon dioxide and carbon disulphide to

confirm the experimental data presented in this work, and its modelling.

e Solubility measurements of other compounds usually associated to gas mixtures
in ionic liquids and carbon dioxide, to obtain more useful data for chemical and industrial

processes.
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Appendix

A. Critical Properties

Table A 1 Molecular weight and critical properties for CO,, CCl, and CS; [51].

M, T. P.
Compound 1 w
(kg mol™) (K) (MPa)
CO, 0.04401 304.21 7.38 0.22362
CCl, 0.15382 556.35 4.56 0.192552
CS; 0.07614 552.00 7.90 0.110697
Table A 2 Molecular weight and critical properties of the [C,mim][NTf,] family [55, 56].
M, T. Pc
Compound 1 w
(kg mol™) (K) (MPa)
[Comim][NTf;] 0.39132 12449 3.26 0.1818
[Csmim][NTf;] 0.40534 1259.3 2.99 0.2573
[Camim][NTf] 0.41937 1265.0 2.76 0.2656
[Csmim][NTf;] 0.43338 1281.1 2.56 0.3442
[Cemim][NTf;] 0.44742 1287.3 2.39 0.3539
[C7mim][NTf;] 0.46145 1305.0 2.23 0.4349
[Csmim][NTf;] 0.47548 1311.9 2.10 0.4453
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B. Vapour pressure and liquid density parameters correlation

Table B 1 Parameters used in the vapour pressure correlation for CO,, CCl, and CS; [51].

Compound A B C D E
CO, 140.54 -4735 -21.268 4.0909x1072 1.0
CCl, 78.44 -6128 -8.5766 6.8465x10° 2.0
CS, 67.11 -4820 -7.5303 9.1695x10 1.0

Table B 2 Parameters used in the liquid density correlation for CO,, CCls and CS; [51].

Compound A B C D
CO; 2.768 0.262 304.21 0.291
CCl, 0.998 0.274 556.35 0.287
CS, 1.796 0.287 552.00 0.323

Table B 3 Parameters used in the vapour pressure correlation for the [C,mim][NTfz] family.

Compound A B

(K)
[Comim][NTH;] 27.12 -14286
[Camim][NTf,] 24.68 -13300
[Camim][NTf;] 26.98 -14235
[Csmim][NTf;] 27.50 -14473
[Cemim][NTf;] 28.85 -15192
[C7mIm][NTf;] 29.15 -15318
[Cemim][NTf;] 29.58 -16409
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