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palavras-chave

resumo

Dioéxido de carbono, metano, liquidos idnicos, separacéo de CO,/CHy,
solubilidade, interaccGes, compostos nao-volateis, desvios a
idealidade,selectividade CO,/CH,, volume molar, tenséo superficial

As alteracdes climaticas e as demais mudancas associadas aos gases de
efeito de estufa, concretamente ao didxido de carbono, tém vindo a suscitar
cada vez mais interesse, proporcionando a descoberta e o desenvolvimento de
técnicas e processos que promovam a mitigacdo deste gas na atmosfera.

Os liquidos idnicos sdo uma classe de compostos que tém vindo a gerar um
interesse crescente, desde a sua descoberta em 1914 até a actualidade. S&o
sais, compostos por ides, liquidos a temperatura ambiente, e possuindo
propriedades como baixa pressao de vapor, ndo inflamabilidade, larga janela
eletroquimica, grande estabilidade quimica e térmica e o facto de serem
liquidos numa faixa de temperatura extensa, tém contribuindo para o
desenvolvimento de processos ambientalmente mais conscientes. A troca do
catido ou do anido permite alterar significativamente as propriedades do liquido
ibnico e adapta-lo ao fim pretendido.

As areas de aplicagéo dos Lls tém vindo a expandir, destacando-se neste
trabalho a sua aplicacdo na purificac@o de correntes de misturas gasosas. A
separacao do diéxido de carbono de metano é de elevada relevancia no que
toca a purificac@o do gas natural. A presenca de CO, diminui o poder de
combustdo do gas natural, provoca problemas de corrosao nas tubagens e
equipamentos e aquando a combustdo do gas natural o CO, é emitido
contribuindo para a polui¢do atmosférica.

Neste trabalho utilizaram-se dados de equilibrio liquido vapor para sistemas de
CO, com liquidos i6énicos e outros solventes nao volateis, analisando os
desvios a idealidade apresentados por estes sistemas, tentando perceber
desta forma, melhor o mecanismo que controla a solubilidade deste gas.
Foram igualmente analisados os desvios a idealidade para sistemas de CH, e
liquidos idnicos.

Estudou-se para diferentes LIs qual o composto preferencialmente absorvido,
CO, ou CH,, recorrendo ao calculo da selectividade.

Com o objectivo de analisar como algumas propriedades termodindmicas dos
liquidos idnicos afectam a solubilidade dos gases, estudou-se o efeito do
volume molar e da tenséo superficial destes solventes.
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abstract

Carbon dioxide, methane, ionic liquids, CO,/CH,4 separation, solubility,
interactions, non volatile compounds, deviations to ideality, CO,/CH, selectivity,
molar volume, surface tension.

Climate change and other changes related to greenhouse gases, specifically
carbon dioxide, have been raising increasing concern, providing the discovery
and development of techniques and processes that promote the mitigation of
this gas in the atmosphere.

lonic liquids are a class of compounds that have been generating increasing
interest since its discovery in 1914 until today. They are salts, composed of
ions, that are liquid at room temperature, and having properties such as low
vapor pressure, wide temperature ranges in the liquid state, non-flammalbility,
wide electrochemical window, high chemical and thermal stability, have
contributed to the development of more environmentally conscious processes.
The exchange of the cation or anion can significantly change the properties of
the ionic liquid and adapt it to a specific end in mind.

lonic liquids application areas have been expanding, focusing this work on its
application in the purification of gas streams. The separation of carbon dioxide
from methane is very important in the purification process of natural gas. The
presence of CO, reduces the heating value of natural gas, causes corrosion
problems in pipes and equipment and is emited as an atmospheric poluent
during natural gas combustion.

In this work we used liquid vapor equilibrium data for CO, systems with ionic
liquids and other non-volatile solvents, analyzing the non-ideality of these
systems, thus trying to understand better the mechanism that controls the
solubility of this gas. The non-ideality for systems of CH, and ionic liquids was
also analyzed.

The prefered sorption of CH,; and CO, in different ionic liquids was studied,
using the definition of solubility selectivity.

In order to analyze how thermodynamic properties of ionic liquids influence the
solubility of these gases, the effect of molar volume and surface tension of
these solvents was analyzed.
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CO2/CH4 separation with ionic liquids 1. Introduction

1.1. Environmental issues

One of the most prominent global issues of this century is clean energy
production. This generalized concern leads to social, economic, and scientific debates
that focus on energy usage, energy sources, and sustainable energy strategies.[1]

Climate change is already happening, and represents one of the greatest
threats facing our planet. Global average air and ocean temperatures increasing, more
frequent extremes of weather, melting glaciers and polar ice, and rising sea levels are
some observations that show the warming of the climate.

In the longer term, these changes threaten to cause serious damage to our
economies and the environment we depend on, putting the lives of millions of people
in danger and causing the extinction of animal and plant species.

These changes are sometimes caused by natural factors but the climate
changes that we are witnessing and experiencing today are almost entirely caused by
human activities that change the atmosphere's composition.

This mankind activities with impact on the atmosphere began with the
Industrial Era, and since then lead to an increasing atmospheric concentration of
several greenhouse gases (GHGs), gases that are transparent to incoming solar
radiation, but that absorb and reradiate infrared radiation from the Earth, which
keeps more heat in our atmosphere, facilitating global warming. [2]

Some greenhouse gases occur naturally and are emitted to the atmosphere
through natural processes. During the past century humans have substantially added
to the amount of greenhouse gases in the atmosphere by burning fossil fuels such as
coal, natural gas, oil and gasoline to power our cars, factories, and by the destruction
of forests.

The principal greenhouse gases that enter the atmosphere because of human
activities are: CO2, CHs, N20 and fluorinated gases.!3! Of these gases, CO2 is the most
important, accounting for about 80 % of the enhanced global warming effect, even
though it has the lowest Global Warming Potential and a relatively short life-time in

the atmosphere. [4]
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1.2. Carbon dioxide

Carbon dioxide (COz) is released in a number of ways, naturally during the
carbon cycle and by anthropogenic activities.

Within the carbon cycle occur natural processes that release CO: into the
atmosphere and that remove CO2 from the atmosphere. Examples of such processes
are animal respiration, by which oxygen and nutrients are converted into CO; and
energy, and plant photosynthesis by which CO; is removed from the atmosphere and
stored as carbon in plant biomass.

When in balance, the total carbon dioxide emissions and removals from the
entire carbon cycle are roughly equal. In that way, such processes, except when
directly or indirectly perturbed out of equilibrium by anthropogenic activities,
generally do not change the average atmospheric greenhouse gas concentrations.

Anthropogenic activities, however, can cause additional quantities of these and
other greenhouse gases to be emitted or sequestered, thereby changing their global
average atmospheric concentrations.

The global largest source of CO; emissions globally is the combustion of fossil
fuels. When they are burned the carbon stored in them is released almost entirely as
CO2. The main fossil fuels burned by humans are petroleum (oil), natural gas and coal,
for electricity generation, industrial uses, transportation, as well as in homes and
commercial buildings. Figure 1.2.1 displays emissions for each of these sectors, by
fuel type. Petroleum supplies the largest share Coal and natural gas follow in order of

importance.

2500 4 Relative Contribution by
Fuel Type

5 000 . W Natural Gas

Petroleum
1,500 ~ M Coal
1,000 -
510 ]
ol

Residential Commercial  Industrial Transportation  Electricity
Gengeration

To GO, Eq.

Figure 1.2.1: CO; emissions from fossil fuel combustion, by fuel type and end-use sector.[3]
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Anthropogenic climate change needs to be addressed, and in that context,
measured to avoid inordinate CO; emissions and energy usage, as well as developing
new energy sources feasible of partially shift the actual fossil fuels energy sources to
renewable sources.!°!

The increase of the atmospheric CO2 concentration, however, shows that
strategies to prevent COz emission alone will not suffice to stop climate change. In this
context there is a need to develop techniques aiming at the sequestration of COo,
namely technologies of carbon capture and storage (CCS).le!

Using these technologies, CO; could be captured from large, stationary sources,
like power plant flue gases, preventing its release to the atmosphere. Following
capture, the CO2 must be compressed and transported to a location, typically in

appropriate geologic formations, for storage.[7-8]

1.3. CO: Capture Technologies

One very promising approach for reducing CO2 emissions is its capture at a
power plant, transport to an injection site, and sequestration for long-term storage in
any of a variety of suitable geologic formations.[°]

The purpose of CO2 capture is to remove carbon dioxide from industrial and
energy-related sources, producing a concentrated stream of CO; at high pressure
ready for storage.[°]

There are three technological pathways that can be pursued for CO2 capture:

post-combustion capture, pre-combustion capture and oxy-combustion.

1.3.1. Post-Combustion Capture

Sl ) Power

Turbines
* Nitrogen
Post- ﬂ’ ™ —
Combustion Air . Filie gas Co,
— N, (70%)
CO, (3-15%)

Figure 1.3.1: Block diagram of Post-Combustion Capture system.[°]
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In post-combustion capture, the COzis separated from the flue gas produced by
fuel combustion.[]

Commercially available technologies include CO; capture using absorption in
an aqueous amine solution. The CO: is then stripped from the amine solution and
dried, compressed and transported to the storage site.[*]

Some of the options for this type of capture are based on separation principles

such as chemical and physical absorption, adsorption, cryogenics and membranes.

1.3.2. Pre-Combustion Capture

Nitrogen

Air
Separation
Unit

Air

co, .
Pre- Fuel Capture Combustion Power
- ﬁ » Turbine
Combustion H, Air
CO, (40% i
2 (40%) Heat's o Steam
® Cycle

Figure 1.3.2: Block diagram of Pre-Combustion Capture system.[

In pre-combustion capture, carbon is removed from the fuel before
combustion.[°]

For coal this can be done by gasification. After reforming, the product gas is
then shifted to produce a hydrogen-rich fuel gas mixed with CO2. The CO2is removed
by physical absorption and the hydrogen combusted in a gas turbine. In this way the
COz is removed at a higher concentration in the gas stream and at high pressure.
When applied to natural gas, the gasification step is replaced with a reforming stage

to produce the synthesis gas.[4
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1.3.3. Oxy-Combustion Capture

Nitrogen Steam
Trubines = Fawsr
Air 4
Oxy-
Combustion Boiler Co,

Recycle Flue Gas
Figure 1.3.3: Block diagram of Oxy-Combustion Capture system.[®]

In oxy-combustion, the fuel is burned in an atmosphere of oxygen that contains
little or no nitrogen.[* 9! This gives a flue gas consisting mainly of CO; and water vapor
which can be condensed to give a highly concentrated CO2 stream for transport and
storage.

In the case of natural gas, a commonly specified gas turbine combined cycle
power plant generates a low CO; concentration in the flue gas.[*]

Once the COz has been separated by any one of the methods identified above,
then it must be compressed into liquid, transported via pipeline, and injected into

deep wells for long-term storage or used beneficially for other purposes.

1.4. Purification of gas streams

The separation of CO2z from CHs is an important process in many industrial
areas such as natural gas processing, biogas purification, enhanced oil recovery and
flue gas treatment.[10]

The progress of the international energy demand shows a 1.7% average
annual growth in the 2005-2020 period. The worldwide demand for the use of
natural gas as a cleaner and more efficient fuel is constantly rising. Novel transport
technologies, the remarkable reserves found, the lower overall costs and the

environmental sustainability all point to natural gas, less polluting than oil and coal

e
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and now used in more efficient plants, as the primary energy source in the near
future.[11]

Natural Gas demand will account for the highest growth rate, and in the future
it will exceed that of coal that will be penalized by the increasing restrictions in
pollutant emissions.[11]

In addition, natural gas, namely methane, is considered as a main feedstock for the
chemical industry.[12!

Although methane constitutes the key component of natural gas, as produced
from gas fields, natural gas generally contains considerable amounts of impurities
including water, carbon dioxide, nitrogen, sulphur compounds and other
hydrocarbons.[11-12]

The carbon dioxide content in natural gas can vary from 4 to 50%. Before a
natural gas rich in carbon dioxide can be transported in pipelines to end users, it
must be treated to maintain the pipeline quality, this is, to an acceptable level by the
gas producer prior to export (2-5% CO3).[13-14]

The reasons why CO; in natural gas must be reduced to the levels mentioned
above are several. Carbon dioxide reduces the heating value, takes up volume in the
pipeline and as an acidic gas, has the potential to cause corrosion in pipes and process
equipment. Besides, being a greenhouse gas, the emission of CO; from the combustion
of the natural gas is a serious concern associated with global climate change, so it has
to be removed to prevent atmospheric pollution.[10. 12, 15-16] [t {s also removed because
it causes catalyst poisoning in ammonia synthesis,[14-15] and is able to solidify in
cryogenic process.[10]

There are many technologies available for treating gas streams as will be

shown below.
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1.5. Gas treating technologies

There are a wide range of gas purification technologies. Absorption in basic
solvents, adsorption and membrane technology are some examples of them as shown

in Figure 1.5.1,[12 following a brief description of the most applied in industry.

I I I I ]
Absorption Adsorption Cryogenics Membranes Microbial/Algal
Systems

MEA [ Polyphenyleneoxide
Caustic i Polydimethylsiloxane

Pressure Swing
Washing

Figure 1.5.1: Technology options for CO2 Separation and Capture.[17]

1.5.1. Membranes

There are many different types of gas separation membranes, including porous
inorganic membranes, palladium membranes, polymeric membranes and zeolites.[18]
They selectively transport gases through the membrane based on the interaction with
the membrane and the difference in partial pressure of the gases across it.[*]

A range of configurations exists either simply as gas separation devices or
incorporating liquid absorption stages. This process has not yet been applied on a
large scale and there are challenges related to the composition and temperature of
the flue gases.[1°]

Membrane separation processes offer many advantages, including a potential
for high energy efficiency, ease of scale-up due to modular design, good weight and
space efficiency, and great operational flexibility for handling feed streams of varying

compositions or flow rates. Membrane processes usually operate at ambient
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temperature thereby avoiding the energy losses associated with heat exchange, and
are also environmentally safe. [16]

However, membrane processes are subject to limitations when compared with
gas absorption processes, CHs losses could be higher (depending on the gas
selectivity of the membranes) and the scale-up is less economical.[1¢]

This is a rather new technology much development is required before

membranes could be used on a large scale for capture in power stations.[% 20!

1.5.2. Adsorption

This operation is based on a cyclical process in which the gas mixture flows
through a packed bed of solids such as zeolites or activated carbon, in the surface of
which the carbon dioxide is adsorbed. The solid is then purified in stages using
differences in either pressure (PSA) or temperature (TSA) to remove the carbon
dioxide and compress it for storage. [19-20]

PSA and TSA are commercially practiced methods of gas separation and are
used to some extent in hydrogen production and in the removal of CO2 from natural
gas.

Adsorption is not yet considered attractive for large-scale separation of CO2
from flue gas because the capacity and CO2 selectivity of available adsorbents is low.

However, it may be successful in combination with another capture technology.[20]

1.5.3. Cryogenic

This type of technique uses low temperatures to cool, condense and purify
carbon dioxide from gas streams. Cryogenic separation is widely used commercially
for streams that already have high CO: concentrations (typically >90%) but it is not
used for more dilute CO2 streams.[2°]

Cryogenic separation has the advantage that it enables direct production of
liquid CO2, which is needed for certain transport options, such as transport by ship.
Cryogenics would normally only be applied to high concentration, high pressure
gases, such as in pre-combustion capture processes or oxygen fired combustion.[20]

A major disadvantage of cryogenic separation of CO2 is the amount of energy

required to provide the refrigeration necessary for the process. Another disadvantage

.
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is that some components, such as water, have to be removed before the gas stream is

cooled, to avoid blockages.[14]

1.5.4. Absorption

A number of gas purification processes using absorption methods exists. These
processes are based on either physical dissolution of gases in liquids or on dissolution
combined with chemical reaction in the liquid phase.[21]

The most common technology for CO2removal today is absorption with amine-
based absorbents such as monoethanolamine (MEA), diethanolamine (DEA),
methyldiethanolamine (MDEA) and the newly developed sterically hindered
amines.[*]

The major advantage of the amine treatment is that it is a widely
commercialized technology in which the hydrocarbon loss is almost negligible.

Gas absorption processes constitute at present about 70% of the techniques
used for treating natural gas.[16]

To meet the specifications mentioned above, the natural gas is most commonly
treated with an aqueous alkanolamine solution in absorption columns. While aqueous
amine solutions are effective to remove CO: from natural gas under a variety of
conditions, aqueous amine processes often suffer from issues with corrosion, amine
degradation, and solvent losses. Furthermore, the use of aqueous amine processes is
highly energy intensive, largely as a consequence of the thermodynamic properties of
water.[22]

The major drawbacks of the traditional gas absorption separation processes
are mainly caused by the nature of the solvent, and the type of interactions given
between the solute and the solvent. In an industrial gas absorption process, it is
desirable to achieve fast absorption rates and high solute capacities into a solvent
that is easily regenerated and which volume make-up is minimized.[23]

lonic liquids (ILs) seem suitable for being used as a solvent in gas absorption;
their potential for replacing the traditional solvents is attributed to their singular
characteristics. For example many ILs show a high solubility for carbon dioxide and
therefore are promising substances for gas separation processes in which COzshall be

separated from a mixture. Such type of separation includes the reduction of the CO2
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concentration in natural gas, which contains up to 10% COz, depending on the source
area. As essential data, for using ILs in such gas-separation processes, the solubility of
methane, as main component of natural gas, carbon dioxide, and their mixtures must
be measured.[24]

The potential of ILs for replacing the traditional solvents is attributed to their
singular characteristics. The non-volatile nature of ionic liquids plays two important
roles. First, there will be no cross-contamination of the gas stream by the solvent
during operation, this means no solvent loss and no air pollution. Second,
regeneration of the solvent is easy, a simple flash or mild distillation step is all that is
required to remove the gas from the solvent, again with no cross-contamination.

In addition to their use as conventional absorbents, ionic liquids may also be

immobilized on a support and used in a supported liquid membrane (SLM).

1.6. Ionic liquids

Ionic Liquids have attracted an increasing interest in the last decades with a
diversified range of applications. The types of ionic liquid available have also been
extended to include new families and generations of ionic liquids with more specific

and targeted properties, Figure 1.6.1.

Multi-functional ILs
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Figure 1.6.1: Evolution of IL generations.[25]
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Generally, ILs are salts composed of organic cations and organic or mostly
inorganic anions. They have melting points less than 100 °C and many of the most
interesting systems actually have melting points around or below room temperature
which are called “Room Temperature Ionic Liquids” (RTILs).[26-28] The cation is
generally a bulk organic structure with low symmetry.[2°l Common ionic liquids

anions and cations are shown in Figure 1.6.2.
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Figure 1.6.2: Representative cations and anions used as building blocks in IL formulation.[30]

However these are only a sample of the almost infinite variety available; the
possible choices of cation and anion that will result in the formation of ILs are

numerous.

They have many fascinating properties which make them of fundamental
interest since both the thermodynamics and kinetics of reactions carried out in ionic

liquids are different to those in conventional molecular solvents.[31]
1.6.1.IL Properties
There is a great interest in ILs because of their special properties. As they are

made up of at least two components which can be varied (the anion and cation), they

can be designed to possess a particular set of properties. [31]

1.
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One of the most important characteristics that distinguishes ionic liquids from
other salts is the fact that most of them remain liquid at room temperature, since
their ions do not pack well and thus reduces the lattice energy.[32-33]

In contrast to traditional organic solvents, these compounds do not evaporate,
the coulombic interactions in ILs are in most cases remain strong enough to make the
ILs vapor pressure negligible at room temperature. Thus no volatile organic
components are created, so they cannot lead to fugitive emissions.[32-34] This makes
ILs a serious alternative for volatile organic compounds which contributes towards a
clean and “green” chemistry.[26-27] They minimise the risk of atmospheric
contamination and reduce associated health concerns, that is why they are frequently
called “green solvents”.[35]

The low vapour pressure makes them combustion resistant, evaporation-
proof, and suitable for vacuum applications, and the melting point below the
decomposition temperature means that many ILs have very wide temperature ranges
in the liquid state.[34]

Their ionic character is mainly responsible for an unusual solubility behavior
of substances, which are hardly soluble in normal solvents.[3¢] They have the ability to
dissolve many different organic, inorganic, organometallic and polymeric materials:
high solubility implies smaller reactor volumes.[37]

Other general important properties are:

-They are relatively cheap, and easy to prepare.[37]

-They are highly polar. [2¢]

-They consist of loosely coordinating bulky ions.

-They have high thermal conductivity and a large electrochemical window.

-They show good electrical conductivities and moderate viscosities. [3¢]

-Thermally stablel26-27]

-Nonflammable and not explosivel26-27]

-Less toxic than usual organic solvents

-They are feasible to recycle and repeatedly reuse them.[33]

-They have ionic interactions (mutual electrostatic attraction or repulsion of charged

particles), which makes them very miscible with polar substances. At the same time

I.
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the presence of the alkyl chain on the cation determines their solubility in less polar
fluids.[38]

They exhibit the ability to dissolve a wide variety of compounds like salts, fats,
proteins, amino acids, surfactants, sugars and polysaccharides. ILs have very
powerful solvent properties allowing them to dissolve a wide range of organic
molecules, including crude oil, inks, plastics, and even DNA.[33]

As the chemical structure of ILs is made up of at least two components which
can be varied (the anion and cation), the solvents can be designed with a particular
end use in mind, or to possess a particular set of properties, that’s the reason, why
they are also known as “designer solvents”.[27,29-31, 38]

Properties such as melting point, viscosity, water-miscibility,[30-31] density,
hydrophobicity,[3! acid/base character, and coordinating ability[3] can be varied by
simple changes to the structure of the ions.[34 The fine tuning of properties is
possible by the variation of the cation or anion family and/or by the length and
branching of the alkyl groups incorporated into the cation.[38]

So, as they can be tuned for specific properties, it's not surprising that this salts

show tremendous employments in a variety of chemical processes.
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1.6.2. IL Applications

By varying the cations and anions, the physico-chemical properties of ionic
liquids can be tuned and specifically optimised for a wide range of applications. Some

of them are exemplified in Table 1.6.1.

Table 1.6.1: Examples of areas of application of ionic liquids.[3]

Ionic liquid market segments with examples of possible applications:

Engineering Fine Chemistry Energy Storage
e Extraction e Organic synthesis e Electrochemical double
¢ Separation (incl. Peptides & layer (ECDL) capacitors
 Distillation Oligonucleotides) o Batteries
¢ Adsorption ¢ Inorganic synthesis e Fuelcells
¢ (Gas storage ¢ (Catalysis e Mobile energy
¢ Engineering fluids ¢ Fluorocontaining

¢ Membrane technology groups

Surface Technology |+ Enzyme catalysis Electrochemistry
o Surfactants ¢ Cellulose e Sensors
¢ Lubricants ¢ Polymers » Electroplating
* Antistatic e Petrochemistry e Electrochromic devices
¢ Anti corrosion e Light emitting EC-cells
¢ Dispersions ¢ Dye sensitized solar cell
/Photovoltaic

The major application areas of ionic liquids are as solvent replacement, in
purification of gases, heterogeneous and homogeneous catalysis and biological

reaction media.[33]

1.6.2.1. Solvent replacement
Environmental care and development of cleaner technologies has become a
major concern throughout both industry and academia. Thus, the search for
alternative solvents has become a high priority. Ionic liquids, known to be
environmentally friendly, could easily stand as a viable replacement to the hazardous

VOCs in large scale. ILs are able to dissolve a variety of solutes and therefore, be used
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in liquid-liquid extractions where hydrophobic molecules will partition to the IL

phase.[33]

1.6.2.2. Purification of gases

The use of ionic liquids for gas separation processes has recently attracted
much attention due to high solubilities of various gaseous species in ionic liquids.

The non volatility of ILs prevents any cross contamination of the gas stream by
the solvent during the process. Moreover, regeneration of the solvent may be easily
performed by a simple flash or distillation to remove the gas from the solvent without
cross contamination. Moreover, the no solvent loss and no air pollution derived from
their non volatility makes ILs as even more attractive replacements.[33 40]

As already mentioned, ILs can be used as supported liquid membranes. In
conventional membranes, gas dissolves in liquid but then the liquid in which the gas
dissolved evaporates rendering the membrane useless. Due to the non volatility of
ILs, they can be immobilized on a support and used as supported liquid membranes.
ILs are also used for storage and delivery of hazardous specialty gases such as

phosphine (PH3), arsine (AsH3) and stibine (SbH3).[33]

1.6.2.3. Homogenous and heterogeneous catalysis

Both homogeneous and heterogeneous catalysis have many advantages
associated. Combining the advantages of both processes brings considerable process
enhancements that can be achieved through the use of ionic liquids.

A selected IL may be immiscible with the reactants and products, but on the
other hand may also be able to dissolve the catalysts. ILs combine the advantages of a
solid for immobilizing the catalyst, and the advantages of a liquid for allowing the
catalyst to move freely. [33]

Some of the examples in chemical reactions and catalysis where ILs are
utilized are: reactions of aromatic rings, clean polymerization, Friedel Crafts
alkylation, reduction of aromatic rings, carbonylation, halogenation, oxidation,
nitration, sulfonation, solvents for transition metal catalysis, immobilization of

charged cationic transition metal catalysis in IL phase without need for special

I..

ligands, in situ catalysis directly in IL.[33]
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2. Results and Discussion

The use of ionic liquids as solvents in gas separation processes requires

knowledge about the solubility of the main components that constitute the gas stream

in study. In this specific case, data of the solubility of methane (CH4) and carbon

dioxide (CO2) is essential, and in that way it was collected from literature. In Table 2.1

are presented the references of all experimental data obtained from literature for

different ILs and their pressure and temperature ranges.

Table 2.1: Literature solubility data for different systems of CO; + ILs and CH4 +ILs;
Temperature and pressure ranges.

Gas Ionic Liquid p/MPa T/K Literature Reference
[C2mim][Tf2N] 0.6-50 293-363 [41]
[C4mim][Tf2N] Upto1l5 283-333 [42-43]
[C5mim][Tf2N] 0.6-50 293-363 [41]
[C6mMIm][Tf2N] Aprox. 0.1 298-343 [44-45]
[C4mim][BF4] Upto1.3 283-323 [42]
[C4mim][PF6] Upto1l3 283-323 [46]

CO: [THTDP][Tf2N] 0.1-72 293-363 [47]
[Cémpy][Tf2N] Aprox. 0.1 298-333 [40]
[C2mim][BF4] Aprox. 0.1 298-343 [45]

[C4mim][CH3S04] Aprox.0.1 298-343 [45]
[C2mim][CF3S03]  Aprox.0.1 298-323 [48]
[C2mim][DCA] Aprox.0.1 298-323 [48]
[H3C-C5mim][Tf2N] Aprox. 0.1 313 [49]
[H3C-C3mim][Tf2N] Aprox. 0.1 313 [49]
[H3C-C1mim][Tf2N] Aprox. 0.1 313 [49]
[HCC-C5mim][Tf2N] Aprox. 0.1 313 [49]
[NC-C5mim][Tf2N]  Aprox. 0.1 313 [49]
[NC-C3mim][Tf2N]  Aprox. 0.1 313 [49]
[NC-C2mim][Tf2N]  Aprox. 0.1 313 [49]
[C4mim][PF6] Upto 1.3 283-333 [42, 50]
[C2mim][BF4] Upto 1.3 283-343 [42, 45, 51]
[C6mim][Tf2N] Upto10 293-413 [45, 52]

CHa [C6mpy][Tf2N] Aprox.0.1 298-333 [40]
[C2mim][Tf2N] Aprox. 0.1 298-343 [45]
[C4mim][BF4] Aprox. 0.1 283-343 [51]

[C4mim][CH3S04] Upto 10. 293-413 [45] [53]
[C2mim][CF3S03]  Aprox. 0.1 313 [48]
[C2mim][DCA] Aprox. 0.1 313 [48]
[H3C-C5mim][Tf2N] Aprox. 0.1 313 [49]
[H3C-C3mim][Tf2N] Aprox. 0.1 313 [49]

1.



CO2/CHasseparation with ionic liquids 2. Results and Discussion

[H3C-C1mim][Tf2N] Aprox.0.1 313 [49]
[HCC-C5mim][Tf2N] Aprox.0.1 313 [49]
[NC-C5mim][Tf2N]  Aprox.0.1 313 [49]
[NC-C3mim][Tf2N]  Aprox.0.1 313 [49]
[NC-C2mim][Tf2N]  Aprox.0.1 313 [49]

2.1. Deviations to ideality of CO: solutions in non volatile

solvents

The first aim of this work is to develop a deeper understanding of the
molecular mechanism that dominates the CO2 sorption. For this purpose, non ideality
of CO; solubility in ionic liquids and in non-volatile solvents is analyzed, since non
volatile solvents have a low vapor pressure like IL; study them will contribute to
understand the CO2 sorption in ionic liquids.

The non ideality of a solution and its impact on the solubility of a given solute
depends on the solute-solute, solute-solvent and solvent-solvent interactions. Up to
present several authors have discussed the solute-solvent interactions, but this type
of interactions alone only allows an understanding of how the solvent molecules
surround and interact with the solute ions.

The CO2 molecule is an amphoteric substance that can act as either an acid
(electron donor) or a base (proton acceptor) according to the nature of the solvent
molecule, forming electron donor acceptor (EDA) complexes.[54-55]

Some evidences reported by few authors revealed that the strength of the
interactions between CO; and the solvent are not sufficient to explain the solubility of
this molecule. [54-57]

Danten et al. 4 in their paper to a better understanding of interactions of
carbon dioxide (CO:) with organic and/or inorganic compounds, showed that even
though the CO2EDA complexes with sp3 O-donating atoms (such as H20 and alcohols)
are more stable than complexes involving sp2 O-donating atoms (such as aldehydes
and ketones) the solubility data shows that CO: is less soluble in the former than on

the latter. [54]

.
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Kazarian et al. [¢] observed that the strength of the interactions between
solute and solvent cannot be the only responsible for the solubility of COz in ionic
liquids. Their results contradicted those expected by other researchers that also
studied systems of CO; with BF4 and PF6 anions, because they predicted that the
strength of the interaction between CO; and PF6, in ionic liquids, should be stronger
than with BF4, and this was not consistent with Kazarian’s results that provide strong
evidence that what happens is exactly the opposite.[5°]

Other researchers that in their work concluded that interactions between the
ionic liquids and the dissolved CO2 has no direct relationship on the solubility of CO-
was SeKi et al.[57] They showed that although the interactions of COz with BF4 and PF6
anion-based ILs are stronger than those with the Tf2N, the solubility of CO2 on these
ionic liquids is larger than in the former and thus the interactions alone are not
enough to provide an explanation for the COzsorption.

The solubility of gases in ionic liquids and other non-volatile solvents still
raises some doubts, namely regarding to what are the real properties that affect it.
Besides the data presented in Table 2.1 for COz/ionic liquid systems, to analyze the
non ideality of CO; in non volatile solvents solutions, experimental VLE data was
collected for systems of CO2 with long chain alcohols, long chain alkanes, fatty acids
and fatty acid esters.

The experimental solubility data of all systems was compared with those on an
ideal solution. An ideal solution is one that can be described by Raoult's law that is
defined as

Yeo, P = xcoz-?ﬂgo: (1)

where pZ, is the vapor pressure and x., is the liquid and v., the vapor mole

fraction of CO>. As the solvents in question are non-volatile, it can be considered that

the vapor phase is pure CO2, v, = 1, so that the equation becomes

P = Xgo,-Plo, (2)

For each system the results are plotted and presented from Figure 2.1.1 to
Figure 2.1.6.
In Table 2.1.1 is reported the solubility data of CO; in Alkanes found in the

literature. For a temperature around 313 K, a Pressure- CO; mole fraction diagram is

1.
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represented in Figure 2.1.1 along with the dashed line given by Raoult’s law that
represents an ideal solution.

Table 2.1.1: Gas solubility data for the CO; + alkanes systems; Literature reference.

Gas Non volatile solvent Literature Reference

Decane [58]
Pentadecane [59]
CO, Hexadecane [59-60]
Nonadecane [58]
Eicosane [61-62]
Docosane [61]
16 -
B Decane310K X
14 - A Pentadecane 313.15K
@ Hexadecane 313 K
12 - Hexadecane 314 K -
¢ Nonadecane 313 K
10 ®  Eicosane 310K f'
2 *  Eicosane 323 K = _
=8 - = Docosane323K |
““:;_'"‘ == == Raoult'slaw, 313K >|;?(x B ~ -
: 5’
-
4 -
2
O . " T T T T 1
0 0.2 0.4 0.6 0.8 1

Xcoz

Figure 2.1.1: Literature CO; solubility data in alkanes + Ideality described by Raoult’s law at
~313 K. [58-62]

The representation of the CO; isothermal solubility data (p-xcoz) of different
alkanes in Figure 2.1.1 shows that the data collected from literature practically
overlaps the straight line given by Raoult’s law. This means that this type of systems
present a near ideal behavior at low mole fraction compositions of CO2, and that a
CO2z-alkane interaction is just like a CO2-CO2 and alkane-alkane interaction.

For the systems in which the solvents are alcohols, the data from literature is
shown in Table 2.1.2. The data is plotted at temperatures close to 313 K along with

Raoult’s law.
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Table 2.1.2: Gas solubility data for the CO, + alcohols systems; Literature reference.

Gas Non volatile solvent Literature Reference

Octanol [63-64]
Nonanol [64]
O, Decanol [63-64]
2-methylpentan-2,4-diol [65]
Undec-10-en-1-ol [65]
Undecan-6-ol [65]
Undecan-2-ol [65]
14 7 ¢  Octanol 318K
@ Octanol 218K o
12 - A Nonanol 218K [ X
®E Decanol 318K
¥ Decanol 318K - ¥
10 1 ¢ 2-methylpentan-2,4-diol 313 K !
*  Undec-10-en-1-0l 313K X —_ -
€‘> g = -
o 8 - = Undecan-6-0l 313 K AN - -
a. ) = - -
S Undecan-2-0l 313 K %—_ -
~ == == Raoult'slaw, 313K ﬁ et -
Q 5 -
@ K -
J?% -~ -
4 - AR P
® ‘ '?K’ -
2 - *Zl( P
%
-
-
0 T T T T 1
0 0.2 0.4 % 0.6 0.8 1
co2

Figure 2.1.2: Literature CO> solubility data in alcohols + Ideality described by Raoult’s law at
~313 K. [63-64]

[t can be observed that all the solubility data is placed above the ideality line,
so these systems present positive deviations to ideality. This shows that the
intermolecular forces between molecules of COz and alcohol are less important than
they are between CO2-COz and alcohol-alcohol molecules.

The CO2+ PEG systems, unlike those one discussed previously present negative
deviations to ideality that increase with the polymer molecular weight. The behavior
of the data found in literature referenced in Table 2.1.3 can be observed in Figure

2.1.3.
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Table 2.1.3: Gas solubility data for the systems CO; + PEGs; Literature reference.

Gas Non volatile solvent Literature Reference

PEG 400 [66]
CO; PEG 600 [66]
PEG 1500 [67]
10 @
9 L PEG 400313 K
PEG 600313 K m _- yl
8 1 B PEG1500316K oA .
7 L = = Raoult'slaw 313K A o <
@ P -
w [ A7
L. -
2 -7
4 g =
” A
3 L _6 =
P4
2 ” - A [
-~
1 - ” < q
-~
”
0 1 1 1 1 ]
0 0.2 0.4 0.6 0.8 1
Xcoz

Figure 2.1.3: Literature CO; solubility data in PEGs + Ideality described by Raoult’s law at
~313 K.166]

With respect to the systems whose non volatile solvents are fatty acids, CO>
solubility information is reported in Table 2.1.4. The representation of this data and

the ideality described by Raoult’s law can be seen in Figure 2.1.4.

Table 2.1.4: Gas Solubility data for the systems CO; + fatty acids; Literature reference.

Gas Non volatile solvent Literature Reference

Hexanoic Acid [68]
CO2 Octanoic Acid [68-69]
Decanoic Acid [69]
Octadecenoic Acid [70-71]
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10 ~ ©
© Octadecenocic Acid 313 K m
9 ¢ HexanoicAcid 308 K
8 - A Hexanoic Acid 308 K |
O  OctadecenoicAcid 313 K m X X
77 X  Octanoic Acid 308 K mo & &
6 - B Octanoic Acid 313K X -

= ] N -

=¥ ®  Decanoic Acid 313K < -

E 5 | = = Raoult'slaw 313K QO/ -

j= 9

4 _ 0%
<8
3 P
> S
2 - -~ ©
-
1 - -6
-
-
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Xcoz

Figure 2.1.4: Literature CO; solubility data in fatty acids + Ideality described by Raoult’s law
at =313 K. [68-69]

These systems present mild positive deviations that become ideal and then

negative as the molecular weight of the acid increases. The negative deviations

observed for the large molecular weight compounds, as well as for PEGs, suggests

that the solubility is entropically driven.

In Table 2.1.5 all the data used for the systems with fatty acid esters is

presented. The solubility diagram is plotted at 313 K as can be seen in Figure 2.1.5.

Table 2.1.5: Gas Solubility data for the systems CO; + fatty acid esters; Literature reference.

Gas Volatile solvent Literature Reference
Methyl Myristate [71-72]
Methyl Palmitate [71-72]

Methyl Oleate [73-74]
Methyl Stearate [72]
Methyl Linoleate [73]
CO;  Ethyl Myristate [74]
Ethyl Palmitate [74]
Ethyl Oleate [75]
Ethyl Stearate [74-75]
Ethyl Linoleate [75]
EPA Ethyl Ester [73]
DHA Ethyl Ester [73]
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Methyl Myristate 313 K
Methyl Myristate 313 K
Methyl Palmitate 313 K
Methyl Palmitate 313 K
Methyl Oleate 313 K
Methyl Oleate 313 K
Methyl Stearate 313 K
Methyl Linoleate 313 K
Ethyl Myristate 313 K
Ethyl Palmitate 313 K
Ethyl Oleate 313 K
Ethyl Stearate 313K
Ethyl Stearate 313 K
Ethyl Linoleate 313 K
EPA Ethyl Ester 313 K
DHA Ethyl Ester 313 K
= == Raoult'slaw, 313K

5 n
_ - e mR4s
_-=8e @ Lol
_ - - e Fa

0 T T T T 1
0] 0.2 0.4 0.6 0.8 1

20 -

15 A

Il o @ <X | C¢>p 00

p/MPa

BB <
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Figure 2.1.5: Literature CO; solubility data in fatty acid esters + Ideality described by Raoult’s
law at =313 K. [71-75]

The p-x data lies below the Raoult’s law line on the VLE region, and so these
systems are said to have negative deviations from ideality.

Figure 2.1.6 shows the RTIL CO; solubilities compared to Raoult’s law. The
deviations from ideality are negative and so, as observed for all systems, except those

with alcohols, the CO2 solubility seems to be entropically driven.
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50 S
—  [C2mim][Tf2N] 298 K p
Fd
45 ¢ [CAmim][TF2N] 298 K <?l, s
& [CAmim][TF2N] 298 K ;
40 _ Sifi
B [C5mim][Tf2N] 298 K p _
35 | @ [Cemim][Tf2N] 298 K s
A [C4mim][BF4] 298 K , =
30 © ¥ [camim][PF6] 298 K L7
& 5c - [HTDP|[TR2N]298K 7 = -
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Xcoz

Figure 2.1.6: Literature CO> solubility data in lonic liquids + Ideality described by Raoult’s law
at 2298 K. [41-43, 46-47]

A more relevant way to quantify the deviations from ideality of a given mixture
is to estimate its excess Gibbs energy. The excess Gibbs energy of a solution may be
expressed as the sum of the combinatorial contribution, GEC¢mb, and the residual
contribution, GERes:

— GE.REE a GE.CD!?!E:I (3)

The combinatorial part provides the contribution due to differences in size and
shape of the molecules in the mixture, while the residual part accounts for the
interactions between the species. Now it is of interest to analyze the combinatorial
part, the entropic effects due to the size and shape, since we have seen that the non
ideality does not result only from the intensity of the interactions between the
molecules (the residual term).

The vapor pressure of a mixture in a non-ideal case can be described in a
similar way as that shown before for an ideal solution trough the use of an activity

coefficient, by the so called modified Raoult’s law

P = Xco, Yo, Plo, (4)
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The activity coefficient is related to the excess Gibbs energy and can be defined

as

) =RTI(y) )

The activity coefficient of a component i can be considered as the sum of two
contributions, but only the combinatorial part will be hereafter analysed.

In(y;) = In(¥£°™) +In (y7=) (6)

The use of lattice models has already been applied by several authors to model
ionic liquid by assuming that the fluid structure can be approximated by a solid-like
structure as that of Figure 2.1.7. This is possible, because due to some properties of
ionic liquids, they seem to share characteristics that makes them somewhat like
polymer systems, namely the fact that they are usually composed of cations and
anions with long alkyl chains or a long chain like structure and their negligible vapor

pressures. [76]

Q Q CH; | CH,
CH, O O CH, | CH,
CH, | PFs | ()| PFe
CHzl@ cHs [(O) e
OO 1O
CH, | CH, CHzr’@ CHs,

Figure 2.1.7: Schema of the lattice model for a selected ionic liquid: solid-like structure. [76]
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In this work, the Flory-Huggins model was used to express the contribution to
non-ideality that is caused by the entropic effects, that is given by the activity

coefficient expressed as:

in(veer®) = n(55) + (1=52) )

where @, is the volume fraction of CO2 and is given by

‘ngflj: = Rl W r'"':l:': - (8)

-n r . - 1 -
SO0z 00z T¥solventes Y solvents

The modified Raoult’s law becomes
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P = Xcp2-2XP (fﬂlmr T (1 o, J)-Pcﬁo: (9)

So, to obtain a prediction of the solubility of CO2 in the different solvents the modified
Raoult’s law was determined and represented for a model system.
For the COz-alkanes system the result is represented in Figure 2.1.8 along with

the data already presented before.

16
B Decane310K

X
Pentadecane 313.15K
Hexadecane 313 K
12 Hexadecane 314K

[

14

¢ Nonadecane 313K
10 - % Eicosane 310 K XI='
S % Eicosane 323K =
E 8 = Docosane 323K X x -
Q = = Raoult'slaw, 313K
6 e Flory-Huggins Eicosane, 313K

0] 0.2 0.4

Xcos 0.6 0.8 1

Figure 2.1.8: Literature CO; solubility data in alkanes + Ideality described by Raoult’s law and
Flory Huggins prediction at =~ 313 K.

The Flory-Huggins model predicts a line that lies below the ideal one, so for
this case it predicts negative deviations to ideality. As the literature data represented
have near ideal behavior, the COz-alkane interactions must be weaker than the CO2z-
CO2 or alkane-alkane interactions so that there is an effect of positive deviations from
the residual part that was not taken into account and that explains this near ideal
behavior.

For the COz-alcohol systems, the deviations to ideality predicted by the Flory-

Huggins model are presented in Figure 2.1.9.
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Figure 2.1.9: Literature CO2 solubility data in alcohols + Ideality described by Raoult’s law

and Flory-Huggins prediction at =~ 313 K.

As can be seen, even though the CO2-OH strong interaction the solubility data

lies all above the ideality. In this way, it can be concluded that in spite of being very

strong the CO2-OH are not stronger than the OH-OH interactions. This is a good

example that shows that even the solute-solvent interactions are strong it doesn’t

mean that we have an enhanced solubility, solubility doesn’t depend only on these

interactions.

With regard to the systems with PEGs, the result prediction is shown in Figure

2.1.10. The non-ideal behavior can be well described by the Flory-Huggins equation.
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Figure 2.1.10: Literature CO; solubility data in PEGs + Ideality described by Raoult’s law and

Flory Huggins prediction at =~ 313 K.

As for the systems with PEGs, also those with fatty acids show a non-ideal

behavior than can be described by the Flory-Huggins equation. Such results lead to

believe that the deviations are mainly due to the entropic effects, and that the

residual contribution has no effect on them and in some cases it can be even negative.
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Figure 2.1.11: Literature CO; solubility data in fatty Acids + Ideality described by Raoult’s law
and Flory Huggins prediction at = 313 K.

When fatty acid esters play the solvent role, the negative deviations by Flory

Huggins predictions to the ideal behavior are large, suggesting that the residual

contribution for the non ideality is negative. In that way, it seems that the CO2-

carbonyl interactions are energetically favorable when compared with the CO2-CO>

interactions and the carbonyl-carbonyl interactions established between the ester

molecules, thus favoring the formation of the Electron Donor-Acceptor complexes

formed between CO2 and the carbonyl group of the fatty acid esters. This probably

means that if we add a carbonyl group to the ionic liquid structure, the CO? solubilty

would be enhanced since the CO2-carbonyl interactions are favorable.
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Figure 2.1.12: Literature CO; solubility data in fatty acid esters + Ideality described by
Raoult’s law and Flory Huggins at =313 K.

In the systems of COz-lonic liquids, Figure 2.1.13, the solubility data
represented lies between the straight line of Raoult’s law and that predicted by the
Flory-Huggins model. Thus, deviations in ionic liquids are intermediate between the
ideal behavior and the predicted by the Flory-Huggins model. This type of behavior
suggests that the combinatorial term of the Gibbs free energy is larger than the
residual, which implies that the solubility of CO: in ILs is controlled by entropic
effects. But, since the experimental data, obtained from literature, lies somewhat
above that predicted by Flory-Huggins, one may implie that there must be some
unadjustment in the solute-solvent interactions relatively to the solute-solute and
solvent-solvent interactions that are destroyed upon the salvation of the solute and

that are not energetically compensated.
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Figure 2.1.13: Literature CO; solubility data in Ionic Liquids + Ideality described by Raoult’s
law and Flory-Huggins prediction at <298 K.

From the prediction of the non-ideality results the Flory-Huggins predicts a
larger solubility of CO2 in ionic liquids than that is observed experimentally.

For most of the systems studied, the deviations are essentially due to entropic
effects, that is, due to the differences in size and shape of the molecules in the
mixture. This analysis also supports the idea that the solubility of CO; is not directly
related to the intensity of the CO:-solvent interaction or in other words, to the
stability of the EDA complex formed. Since the entropic effect increases as the size
difference between the CO; molecule and the solvent increases, increasing the size

difference between the mixture components must increase the CO; solubility.
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2.2. Deviations to ideality of CHs solubility in ILs

The other component that is of interest to this work is methane, and so, the
study of the deviations to ideality for systems of this gas with ILs is important for a
better understanding of the CO2/CH4 separation with ionic liquids.

For this, as in the case of CO2, the experimental solubility data in IL was taken
from different sources of the literature and is reported in Table 2.1. The solubility is
given in terms of p-xcuys isotherms data and in some cases in terms of Henry’s law
constants. The solubility of CHs4 in ILs is linear with pressure so some authors prefer
to use Henry’s constants to describe their behavior, rather than showing the
individual data points.

The solubility of a gas in a liquid is frequently described in terms of Henry’s

law, which is defined as

H(T.p) = limx,__.,:_f; (10)

L
where H1(T,p) is the Henry’s constant , f; is the fugacity of the gas dissolved in the

liquid phase and x; is the mole fraction of gas dissolved in the liquid phase. The
Henry’s constant depends on temperature but is relatively insensitive to pressure.
Knowing that the fugacity of the gas in the liquid phase must be equal to the fugacity
of the gas in the gas phase and approximating the gas phase fugacity as the gas phase

pressure, the following form of Henry’s law can be obtained
py = Hy(T).x4 (11)
where p, is the partial pressure of the gas and H,(T) will have units of pressure and is

inversely proportional to the mole fraction of gas in the liquid. Henry’s law predicts a
linear relationship between the solubility and the pressure, and only at higher
pressures a deviation to this linearity is expected.

All Henry’s law constants are calculated on a mole fraction basis. A large value
of the Henry’s law constant corresponds to low solubility, while a small value
indicates high gas solubility.

In an ideal solution there is no energy change from mixing the components and

no volume change. Each component operates independently so that there are no
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synergistic effects of the components being mixed together. In that way, as an
example of an ideal solution we have here adopted the behavior of the CHs/n-hexane
solution, as their molecular structures are very similar, when they are mixed, a
methane-hexane interaction will be almost like a methane-methane interaction or
hexane-hexane interaction. Thus, considering our specific work conditions, for the
systems involving methane, the ideality can be assumed as the system CHs/Hexane.
Figure 2.2.1 and Figure 2.2.2 illustrates the p-x diagrams for the different ILs
and the ideality given by the p-x data of CHs/hexane system at 311 K and 333 K

respectively.

¥ [C4mim][CH3S04]

¢ [Comim][Tt2ZN]
[CZ2mim][BF4]

A [C4mim][PF6]

¥ [Compy][TE2N]

[Comim][Tf2N]

[CZ2mim][ Tf2N]

[C4mim][CH3S04]

[C4mim][PFo]

[C4mim][BF4]

[C4mim][Tf2N]

= == Linear (ideal, 311K)

p/MPa

0.0 0.1 0.2 0.3 0.4 0.5
XcHa

Figure 2.2.1: Pressure-CH4 molar composition diagram for the systems CH4 + ionic liquids at
~313 K.[40, 45-46,50-51, 53]
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Figure 2.2.2: Pressure- CH4 molar composition diagram for the systems CH4 + ionic liquids at
~333 K.[45,50-53]

As typically observed for gas solubilities in liquids, the solubility decreases as
temperature increases.

On the basis of the diagrams presented, it can be seen that all the solubility
data lies well above the ideal line, so these systems have in general strong positive
deviations to ideality. Due to these results, it seems correct to say that the CHs-IL
interactions are non favorable and much weaker than the IL-IL ones.

For a given anion, it is observed that the alkyl chain length in the cation and
the type of cation influences the solubility of CH4 in ILs. It seems that for a series of
ionic liquids with the same anion, [Tf2N], the solubility increases as the chain length
on the imidazolium ring of the cation increases in the order [C2Zmim] <[C6émim]. The
pyridinium cations present a higher solubility of CH4 relatively to the imidazolium
cations. The solvent effect on chemical processes can be understand in terms of
polarity of the solvent, and so as CH4 is a non polar molecule, it will dissolve better in
a solvent of lower polarity. The imidazolium ring has a higher polarity than the

pyridinium, and so CHy is less soluble in the imidazolium ionic liquid as can be seen in
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Figure 2.2.1.The greater the polarity of ILs the higher the deviation to ideality in the
CH4-IL systems.

The behavior of ionic liquids having the same cation, [C4mim], reveal that the CH4
solubility is very dependent on the anion type. The solubility increases in the order
[CH3S04]<[BF4]<[PF6]<[Tf2N]. For the cation [C2mim] can be observed that the
solubility increases in the order [BF4]<[T{2N].

2.3. CO:z and CH4 solubility dependence with temperature

In Figure 2.3.1 and Figure 2.3.2 isotherms for COz and CHs; in
[C4mim][CH3S04] are presented.
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Figure 2.3.1: Solubility of CO; in [C4mim][CH3S04] at various temperatures.[77]
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Figure 2.3.2: Solubility of CH4 in [C4mim][CH3S04] at various temperatures.[53
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In the case of CO; the solubility seems to be strongly temperature dependent,
since, as can be seen in Figure 2.3.1, the isotherms are well separated. As the
temperature increases, the solubility becomes lower.

In the case of CH4 the behavior is different, the isotherms presented practically
overlap each other which shows the low temperature dependence of CH4 solubility.
The solubility remains almost the same for the different temperatures presented.

Besides the different influence of temperature upon the gas solubility, the
figures reveal a large difference in the solubility of these gases in ionic liquids. It is

clearly that CO2 presents a larger solubility than CHa.
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2.4. Correlation of COz and CH4 solubility in ILs with the surface

tension

The purpose of this section is to study if there is any relationship between the
solubility of CO; and CH4 in ionic liquids and the surface tension of these solvents.

Liquid surface tension is an equilibrium thermodynamic property that is
important in design of industrial applications. A gas molecule to enter in to the
solvent requires that a cavity is produced in the solvent of essentially the same size of
the gas molecule. Surface tension is related with the energy that is necessary to create
that cavity. Previous works show that the logarithm of the gas solubility is linearly
related to the solvent surface tensions for a series of solvents.[78-80]

In Figure 2.4.1 is represented an example of this linearity for the case of the

gas Argon.
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Figure 2.4.1: Logarithm of the Ostwald coefficient for argon as a function of the surface
tension of diverse solvents. [80]

To verify if the same happens with the solubility of CH4 and CO: in ionic
liquids, data of solubility is represented as a function of ionic liquid surface tension.

The solubility is described in terms of Henry’s constants, and the surface tension was

..
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taken from the literature. In Figure 2.4.2 and Figure 2.4.3 are represented Henry’s law
constants based on CO; solubility as a function of ionic liquid surface tension at two
different temperatures. Taking into account the results presented, it seems that in
general there is a relation between the solubility and the surface tension of the
solvent. The solubility of CO: in ionic liquids decreases as the surface tension
increases. However, a high scatter of the data is observed preventing the

development of any meaningful correlation.
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Figure 2.4.2: Henry’s law constants in terms of CO> solubility as a function of ionic liquid
surface tension at 303K. [41,45,81-86]

..



CO2/CHsseparation with ionic liquids

2. Results and Discussion

12

10 -

20

30

35 40
y/mNm-!

55

+ [CAmim][BF4]

m[C8MIM]BF4

A [CAmim][PF6]

¥ [C2mim][Tf2N]

@ [CAmim][Tf2N]

= [C5mim][Tf2N]
[CoMIm][TF2N]

> [C2mim][triflate]

+ C4mim[PF6]

+ CAmim[BF4]

@C8mim[BF4]

A C2Zmim[Tf2N]
C4mim[DCA]
CAmim[MeS04]
C4mim[SCN]
[C2mim][EtS04]

Figure 2.4.3: Henry’s law constants in terms of CO; solubility as a function of ionic liquid

surface tension at 313K.[41,45,50,81-90]

Figure 2.4.4 and Figure 2.4.5 represent, for CHy4, the Henry’s law constants as a

function of ionic liquid surface tension at 313 K and 333 K respectively. The behavior

of these diagrams is identical to that observed for CO2 It seems that a relation

between the two properties exists but the data is too scarce to attempt to establish a

correlation.
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Figure 2.4.4: Henry’s law constants in terms of CH4 solubility as a function of ionic liquid
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2.5. Correlation of CO:z and CHi solubility in ILs with molar

Volume

In Figure 2.5.1 and in Figure 2.5.2

is represented the plot of Henry’'s law

constants based on solubility data of CO2 and CH4 as a function of ionic liquid molar

volume at 303K. The data represented was taken from different sources of the

literature. The solubility of both gases is dependent on the molar volume of ILs, as can

be seen in the representations.
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Figure 2.5.1: Henry’s law constants, based on CO gas solubility, dependence with ionic liquid

molar volume at 303 K.[48 50,92-96]
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Figure 2.5.2: Henry’s law constants, based on CH4 gas solubility, dependence with ionic liquid
molar volume at 303 K.[40, 48,50-51,93]

On the basis of the results, with the increase in the molar volume of the
solvent, the gas solubility increases, since Henry’s law constants are inversely related
to solubility. It appears that for very large molar volumes, an increase of this
thermodynamic property has no longer a significant effect on solubility.

The relation of the data plotted can be expressed by a potential equation,
revealing a good approximation. In the case of CO2 the equation that relates Hcoz with
the molar volume of IL is

Hco: =1.51 % 10° % L,:;E-Es;_ a2)

and for CHs is
H., =1.5036x 10% x V187 (13)

iy

The molar volume of the ionic liquids can be related to their molar mass as can

be seen in Figure 2.5.3 by a linear relation.
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Figure 2.5.3: Molar volume-molar mass diagram of ionic liquids.

The relation obtained can be combined with that correlating the Henry’s
constant with molar volume to produce a correlation between Henry’s constant and
molar mass of the IL.

Hep, = 150,6 X (0,9832x M, )72 (14)

Knowing the molecular weight of a specific ionic liquid the CO2 solubility can

be determined by Equation (14).

Taking Equation (15) as its starting point, that describes the solubility of a gas
in a liquid expressed in molality, Carvalho et al. [°7], showed that CO2 solubility in non
volatile solvents, expressed in molality, is solvent independent.

P=H.m" (15)

Representing the solubility data of COz in ionic liquids and other non volatile
solvents in terms of a Pressure vs molality diagram, Figure 2.5.4, it is evident that in
general the solubility of CO: in this type of solvents follows the same behavior. As can
be seen the experimental data practically falls on the same position, and can be
adjusted by a linear relation. So, in their work, the authors took at different

temperatures the value of Henry’s constant from the slope of the linear relation that

..

had been adjusted to the p-m diagram at different temperatures.
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Figure 2.5.4: Pressure-molality diagram of CO; + non volatile solvents at 313 K. [97]

Comparing the Henry’s law contants from Carvalho et al at 303 K, converted to
mole fraction basis (H;) with that given by the Equation (14) (H:) for different ionic
liquids, it can be concluded that the values obtained are similar. In Figure 2.5.5 are
presented the Henry’s law constants obtained in both ways and as can be seen the
difference between them is not very large. In that way, the prediction of CO; solubility

in IL from Equation (14) seems to be a good aproximation.
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Figure 2.5.5: Relation between the solubility determined by equation (14) and the one
proposed by Carvalho et al. at 303 K.[97]
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In the case of methane, unlike of what is observed for with CO,, data of

pressure vs molality for different ionic liquids doesn’t fall into a single line. It is clear

that the behavior of the isotherms is very different and depends on the solvent

namely, on the ionic liquid. So, in the case of CHs, contrarly of what happens with CO2,

it is not possible to obtain Henry’s law constants from a pressure vs molality diagram.

18

16

14

12

10

p/MPa

| L 4
*

_ 0

4 & .

1 &

L

A0

0 0.2 0.4 0.6
mo

0.8

*
B [C6mim][TF2N]
Cami

[
[
[
[C
[

E]
=55 5 3 =
=
ol

£ [CAmim][Tf2N]

Figure 2.5.6 : Pressure-molality diagram of CH4 + lonic liquids at 313 K.[40,51.53,98]



CO2/CHasseparation with ionic liquids 2. Results and Discussion

2.6. CO:/CHs selectivity

From the measured solubilities of pure gases reported in the literature it can
be assumed that from a CH:/CO: mixture the component CO: is absorbed
preferentially. This strongly preferred absorption of a component from a mixture is
described with the term selectivity. A high selectivity is required for the separation
processes because the higher the selectivity, the higher is the preferencial dissolution
of a specific component, leading to a high enrichment of one component and
consequently to a better purification.

The selectivity can be determined by solubility measurements of the mixture
components in the same solvent. As the gas solubility is inversely proportional to

Henry’s law constants, the selectivity of CO2 to CHs4 can be defined as:

S .., =_—Hs 16
CO/CH, ~ Ry (16)
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Figure 2.6.1: Solubility selectivity given in terms of Henry’s law constants for CO,/CHa. [40.45,
48-50, 52-53, 77, 86]
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The ideal separation selectivity of CO2/CH4 is defined as the ratio of the ideal
solubility of both components in terms of Henry’'s constant, and these were
determined by the slope of the ideality given by Raoult’s law (in the case of CO2) and
the solubility data of the system CHs4/hexane (in the case of CHa).

In Figure 2.6.1 is presented the selectivity of CO; with CHy in different ILs as a
function of temperature. As depicted for all the systems the selectivity is greater than
the ideal and decreases as the temperature increases.

The largest selectivities were observed at a temperature of 298K and for the
ionic liquid [C1mim][CH3S04] and [C2mim][BF:]. So based on the selectivity data, this
two ionic liquids would be most indicated to separate a gaseous mixture of CO2 and

CHa.



CO2/CHasseparation with ionic liquids 2. Results and Discussion

2.7. Selectivity dependence with IL molar volume

It was shown above that CO2 and CH4 solubilities in ionic liquids are dependent
on the IL molar volume. This should indicate that the selectivity is also molar volume
dependent.

Figure 2.7.1 presents the CO2/CH4 selectivity depence with the IL molar

volume.
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Figure 2.7.1: Diagram of CO,/CH4 Solubility selectivity as a function of IL molar volume

Analyzing the diagram it seems that the selectivity decreases with the ionic
liquid molar volume and thus low molar volume ionic liquids are ideal for the
separation of methane and carbon dioxide. This can be explained by the lower
dependence of Hcoz with IL molar volume when compared to the dependence of Hcha,
like can be observed in Figure 2.5.1 and Figure 2.5.2. The data available is however
very limited and a define conclusion can only be achieved when more solubility data

becomes available.
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2.8. Deviations to ideality of COz/protic IL systems

Protic ionic liquids are a family of ILs which are easily produced through the
combination of a Brgnsted acid and a Brgnsted base. What dintinguishes them from
other ILs is the proton transfer from the acid to the base, leading to the presence of
proton-donor and -acceptor sites.

Solubility data of CO; in hydroxyl ammonium ionic liquids was taken from
literature [99-100] and represented simultaneously with Raoult’s law and Flory Huggins

in Figure 2.8.1.
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Figure 2.8.1: Literature CO; solubility data in Protic ionic liquids + Ideality described by
Raoult’s law and Flory Huggins prediction at 313 K. [99-100]

As can be seen, the solubility data from literature lie always above the ideal
behavior line, meaning that these systems present large positive deviations to
ideality. A CO2-protic IL interaction is less favorable than a IL-IL one, and so the
formation of the EDA complex is not favorable.

This family of ionic liquids is not a viable option for CO: capture when

compared with the other ionic liquids studied.
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This work addresses the understanding of the molecular mechanism that
dominates the sorption of the COz gas in ionic liquids.

The near ideal behavior of the CO: solubility in alkanes should result from
positive deviations in the enthalpic term, since the Flory-Huggins model predicts
negative deviations and the experimental data behaves very close to ideality.

The CO: displays deviations in ionic liquids that lie between the ideality and
that predicted from entropic factors, wherby the solubility of CO2 in ionic liquids is
controlled by entropic effects, the combinatorial term is larger than the residual.

Fatty acids and PEGs non ideal behavior can be well described by the Flory
Huggins model, suggesting that the CO2-carbonyl interactions compared to the CO»-
COz and carbonyl-carbonyl interactions are energetically more favorable.

From all the systems those with alcohols are the only that present positive
deviations to ideality, althougth the CO2-OH interactions are strong.

On the basis of the deviations that the solubility of CO2 in systems of different
non volatile solvents present it can be, in general, concluded that the solubility of this
gas in this type of solvents depends on the combination of the different interactions
involved, namely the solute-solute, solvent-solvent and solute-solvent. It shows that
the favorable interactions between the gas and the solvent are not the dominat factor
that influences the solubility.

The results of the deviations of the CHs-IL systems to the ideal behavior reveal
that the CHy-IL interactions are much weaker than the IL-IL ones, since the systems
have strong positive deviations to ideality. The solubility of CH4 becomes influenced
by the alkyl chain length in the cation, representing higher solubility for longer chain
lengths on the imidazolium ring. The type of cation also has an effect on solubility,
CH4 is more soluble in pyridinium ionic liquids than in imidazolium, this can be
explained due to the lower polarity of the pyridinium ring that will dissolve better the
non-polar CH4 molecule.

The selectivity of CO2/CHs confirms the prefered solubility of CO; in ILs
compared to that of CHs. As a high selectivity means that a compound of the mixture
is preferentially solubilized than an other one, so it is possible based on the selectivity

to choose the most adequate solvent, that in this case are [C1mim][CH3S04] and

[C2mim][BF4].
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Analysis of the effect of the surface tension of ionic liquids on solubility of CO>
and CHg, can only establish the existence of a general trend, as the surface tension
increases the solubility decreases, since the high scatter of data does not allow any
correlation.

The solubility of CH4 and CO: is dependent on the molar volume of ILs, an
increase in the molar volume implies an increase in the gas solubility, but as the
molar volume becomes very large the effect becomes insignificant. The relation
between solubility and molar volume can be correlated by a potencial equation for
both gases.

Hydroxyl ammonium ionic liquids proved to be unfavorable to be used as
solvents for the separation of CO; from CHy, since the interaction between CO; and

this type of ionic liquids are not favorable.



4. Bibliographic References



CO2/CH4 separation with ionic liquids 4. Bibliographic References

10.

11.

12.

Camper, D., Scovazzo, P., Koval, C., and Noble, R., Gas Solubilities in Room-
Temperature Ionic Liquids. Industrial & Engineering Chemistry Research, 2004.
43(12): p. 3049-3054.

Robert M. Cushman, S.B.J., The Relative Importance of Sources of Greenhouse-
Gas Emissions: Comparison of Global Through Subnational Perspectives.
Environmental Management 2002 29: p. 360-372

October 15th, 2009 15/12/09]; Available from:
http://www.epa.gov/climatechange/emissions/index.html#ggo.

CO2 Capture and Storage: VGB Report on the State of the Art. 2004, VGB

Powertec: Essen.

Williams, T., Carbon capture and storage:technology, capacity and limitations.
2006.

Ausfelder, F., Bazzanella, A, DECHEMA e.V., Verwertung und Speicherung von
C02.2008.

Anderson, S. and Newell, R., Prospects for Carbon Capture and Storage
Technologies. Resources for the future, 2003.

Lal, R., Carbon sequestration. Philosophical Transactions of the Royal Society B:
Biological Sciences, 2008. 363(1492): p. 815-830.

Figueroa, ].D., Fout, T. Plasynski, S., Mcllvried, H., and Srivastava, R.D,,
Advances in CO2 capture technology--The U.S. Department of Energy's Carbon
Sequestration Program. International Journal of Greenhouse Gas Control, 2008.
2(1): p. 9-20.

Atchariyawut, S., Jiraratananon, R., and Wang, R., Separation of CO2 from CH4
by using gas-liquid membrane contacting process. Journal of Membrane Science,
2007.304(1-2): p. 163-172.

Tagliabue, M., Farrusseng, D., Valencia, S. Aguado, S. Ravon, U, Rizzo, C,
Corma, A, and Mirodatos, C., Natural gas treating by selective adsorption:
Material science and chemical engineering interplay. Chemical Engineering
Journal, 2009. 155(3): p. 553-566.

Xiao, Y., Low, B.T., Hosseini, S.S., Chung, T.S., and Paul, D.R., The strategies of

molecular architecture and modification of polyimide-based membranes for CO2

B..


http://www.epa.gov/climatechange/emissions/index.html#ggo

CO2/CH4 separation with ionic liquids 4. Bibliographic References

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

removal from natural gas--A review. Progress in Polymer Science, 2009. 34(6):
p. 561-580.

Datta, A.K. and Sen, P.K.,, Optimization of membrane unit for removing carbon
dioxide from natural gas. Journal of Membrane Science, 2006. 283(1-2): p. 291-
300.

Hart, A. and Gnanendran, N., Cryogenic COZ2 capture in natural gas. Energy
Procedia, 2009. 1(1): p. 697-706.

Mamun, S. Svendsen, H.F., Hoff, K.A,, and Juliussen, O., Selection of new
absorbents for carbon dioxide capture. Energy Conversion and Management,
2007.48(1): p. 251-258.

Bhide, B.D., Voskericyan, A., and Stern, S.A., Hybrid processes for the removal of
acid gases from natural gas. Journal of Membrane Science, 1998. 140(1): p. 27-
49.

Edward S. Rubin, A.B.R,, A technical, economic, and environmental assessment of
amine-based CO2 capture technology for power plant greenhouse gas control.
Environ. Sci. Technol., 2002. 36: p. 4467-75.

Sridhar, S., Smitha, B., and Aminabhavi, T.M., Separation of Carbon Dioxide from
Natural Gas Mixtures through Polymeric Membranes—A Review. Separation &
Purification Reviews, 2007.36(2): p. 113 - 174.

CO2CRC - Cooperative Research Centre for Greenhouse Gas Technologies.
02/12/09 [cited 2009 25/12/09]; Available from:

http://www.co2crc.com.au/about/co2crc.html.

CO2 capture project. 2008 [cited 2009 December]; Available from:

http://www.co2captureproject.org/pdfs/3 basic methods gas separation.pdf.

Pohorecki, R. and Moeski, C., A new absorbent for carbon dioxide and hydrogen
sulphide absorption process. Chemical Engineering and Processing, 1998.
37(1): p. 69-78.

Bara, J.E., Camper, D.E., Gin, D.L., and Noble, R.D., Room-Temperature lonic
Liquids and Composite Materials: Platform Technologies for COZ Capture.

Accounts of Chemical Research, 2009.

e


http://www.co2crc.com.au/about/co2crc.html
http://www.co2captureproject.org/pdfs/3_basic_methods_gas_separation.pdf

CO2/CH4 separation with ionic liquids 4. Bibliographic References

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Galan Sanchez, L.M., Meindersma, G.W., and de Haan, A.B., Solvent Properties of
Functionalized Ionic Liquids for COZ Absorption. Chemical Engineering
Research and Design, 2007. 85(1): p. 31-39.
Dreisbach, F., Meister, D., Losch, H.W., Weif3ert, T. Petermann, M., lonic liquids
for gas separation: Measurement of selective gas solubilities of the gas-mixture
CH4/C02.
Olivier-Bourbigou, H., Magna, L., and Morvan, D., lonic liquids and catalysis:
Recent progress from knowledge to applications. Applied Catalysis A: General.
In Press, Corrected Proof.
Goharshadi, E.K.,, and Moosavi, M., Thermodynamic properties of some ionic
liquids using a simple equation of state. Journal of Molecular Liquids 2008. 142:
p. 41-44.
Subbiah Sowmiah, V.S., Ming-Chung Tseng, Yen-Ho Chu, On the Chemical
Stabilities of lonic Liquids. Molecules 2009. 14: p. 3780-3813.
Marsh, K., Deev, A, Wu, A, Tran, E., and Klamt, A., Room temperature ionic
liquids as replacements for conventional solvents - A review. Korean Journal of
Chemical Engineering, 2002. 19(3): p. 357-362.
Chiappe, C. and Pieraccini, D., Ionic liquids: solvent properties and organic
reactivity. Journal of Physical Organic Chemistry, 2005. 18: p. 275-297.
Pandey, S., Analytical applications of room-temperature ionic liquids: A review
of recent efforts. Analytica Chimica Acta, 2005.
Martyn ]. Earle, K.R.S., lonic liquids. Green solvents for the future. Pure Appl.
Chem., 2000. 72: p. 1391-1398.
Brennecke, ].F. and Maginn, E.J., lonic liquids: Innovative fluids for chemical
processing. AIChE Journal, 2001.47(11): p. 2384-2389.
Keskin, S., Kayrak-Talay, D., Akman, U., and Hortagsu, 0. A review of ionic
liquids towards supercritical fluid applications. The Journal of Supercritical
Fluids, 2007.43(1): p. 150-180.
Wishart, J.F., Energy applications of ionic liquids. Energy & Environmental
Science, 2009. 2: p. 956-961.
Plechkova, N.V. and Seddonab, K.R., Applications of ionic liquids in the chemical
industry. The Royal Society of Chemistry, 2008. 37: p. 123-150.

..



CO2/CH4 separation with ionic liquids 4. Bibliographic References

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

Heintz, A. and Wertz, C., lonic liquids: A most promising research field in solution
chemistry and thermodynamics. Pure and Applied Chemistry 2006. 78(8): p.
1587-1593.

Seddon, K.R,, Ionic Liquids for Clean Technology. ]J. Chem. T ech. Biotechnol,
1997. 68: p. 351E356.

Marsh, K.N., Boxall, J.A., and Lichtenthaler, R., Room temperature ionic liquids
and their mixtures--a review. Fluid Phase Equilibria, 2004. 219(1): p. 93-98.
lonic Liquids: Applications, industrial processes & products - Merck Chemicals.

2010 [cited 2010 January]; Available from: http://www.merck-

chemicals.com.pt/.
Anderson, ].L., Dixon, J.K., and Brennecke, ].F., Solubility of CO2, CH4, C2H6,
C2H4, 02, and N2 in 1-Hexyl-3-methylpyridinium

Bis(trifluoromethylsulfonyl)imide: Comparison to Other Ionic Liquids. Accounts
of chemical research 2007.40(11): p. 1208-1216.

Carvalho, P.J., Alvarez, V.H., Machado, J.J.B., Pauly, ]., Daridon, J.-L., Marrucho,
.M., Aznar, M., and Coutinho, ].A.P., High pressure phase behavior of carbon
dioxide in 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ionic
liquids. The Journal of Supercritical Fluids, 2009. 48(2): p. 99-107.

Anthony, J.L., Anderson, ].L., Maginn, E.J., and Brennecke, ].F., Anion Effects on
Gas Solubility in Ionic Liquids. The Journal of Physical Chemistry B, 2005.
109(13): p. 6366-6374.

Aki, SN.VK, Mellein, B.R,, Saurer, EMM., and Brennecke, ].F., High-Pressure
Phase Behavior of Carbon Dioxide with Imidazolium-Based lonic Liquids. The
Journal of Physical Chemistry B, 2004. 108(52): p. 20355-20365.

Kumelan, J., Kamps, A.P.S. Tuma, D., and Maurer, G., Solubility of COZ2 in the
ionic liquid [hmim][Tf2ZN]. The Journal of Chemical Thermodynamics, 2006.
38(11): p. 1396-1401.

Finotello, A., Bara, J.E., Camper, D., and Noble, R.D., Room-Temperature lonic
Liquids: Temperature Dependence of Gas Solubility Selectivity. Industrial &
Engineering Chemistry Research, 2007.47(10): p. 3453-3459.

Anthony, ].L., Maginn, E.J., and Brennecke, ].F., Solubilities and Thermodynamic
Properties of Gases in the Ionic Liquid 1-n-Butyl-3-methylimidazolium

..


http://www.merck-chemicals.com.pt/
http://www.merck-chemicals.com.pt/

CO2/CH4 separation with ionic liquids 4. Bibliographic References

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hexafluorophosphate. The Journal of Physical Chemistry B, 2002. 106(29): p.
7315-7320.

Carvalho, P.J., Alvarez, V.H., Marrucho, .M., Aznar, M., and Coutinho, J.A.P., High
carbon dioxide solubilities in trihexyltetradecylphosphonium-based ionic liquids.
The Journal of Supercritical Fluids, 2010. 52(3): p. 258-265.

Camper, D., Bara, |, Koval, C., and Noble, R., Bulk-Fluid Solubility and Membrane
Feasibility of Rmim-Based Room-Temperature Ionic Liquids. Industrial &
Engineering Chemistry Research, 2006. 45(18): p. 6279-6283.

Carlisle, T.K,, Bara, ].E., Gabriel, C.J., Noble, R.D., and Gin, D.L., Interpretation of
CO2 Solubility and Selectivity in Nitrile-Functionalized Room-Temperature lonic
Liquids Using a Group Contribution Approach. Industrial & Engineering
Chemistry Research, 2008. 47(18): p. 7005-7012.

Jacquemin, J., Husson, P., Majer, V., and Gomes, M.F.C., Low-pressure solubilities
and thermodynamics of solvation of eight gases in 1-butyl-3-methylimidazolium
hexafluorophosphate. Fluid Phase Equilibria, 2006. 240(1): p. 87-95.
Jacquemin, ]., Costa Gomes, M.F., Husson, P., and Majer, V., Solubility of carbon
dioxide, ethane, methane, oxygen, nitrogen, hydrogen, argon, and carbon
monoxide in  1-butyl-3-methylimidazolium tetrafluoroborate  between
temperatures 283 K and 343 K and at pressures close to atmospheric. The
Journal of Chemical Thermodynamics, 2006. 38(4): p. 490-502.

Kumelan, J.,, Kamps, A.P.S., Tuma, D., and Maurer, G., Solubility of the Single
Gases Methane and Xenon in the lonic Liquid [hmim][Tf2N]t. Industrial &
Engineering Chemistry Research, 2007. 46(24): p. 8236-8240.

Kumelan, J., Kamps, A.P.S., Tuma, D., and Maurer, G., Solubility of the Single
Gases Methane and Xenon in the lonic Liquid [bmim][CH3504]. Journal of
Chemical & Engineering Data, 2007. 52(6): p. 2319-2324.

Danten, Y., Tassaing, T., and Besnard, M., Vibrational Spectra of CO2-Electron
Donor-Acceptor Complexes from ab Initio. The Journal of Physical Chemistry A,
2002.106(48): p- 11831-11840.

Nelson, M.R. and Borkman, R.F., Ab Initio Calculations on COZ2 Binding to
Carbonyl Groups. The Journal of Physical Chemistry A, 1998. 102(40): p. 7860-

7863.
e



CO2/CH4 separation with ionic liquids 4. Bibliographic References

56.

57.

58.

59.

60.

61.

62.

63.

64.

Kazarian, S.G., Briscoe, B.J., and Welton, T. Combining ionic liquids and
supercritical fluids: in situ ATR-IR study of COZ2 dissolved in two ionic liquids at
high pressures. Chemical Communications, 2000(20): p. 2047-2048.

Seki, T., Grunwaldt, ].-D., and Baiker, A., In Situ Attenuated Total Reflection
Infrared Spectroscopy of Imidazolium-Based Room-Temperature Ionic Liquids
under “Supercritical” CO2. The Journal of Physical Chemistry B, 2008. 113(1):
p. 114-122.

Fall, D.J, Fall, J.L., and Luks, K.D., Liquid-liquid-vapor immiscibility limits in
carbon dioxide + n-paraffin mixtures. Journal of Chemical & Engineering Data,
1985.30(1): p. 82-88.

Darwish, N.A,, Fathikalajahi, ]., Gasem, K.A.M., and Robinson, R.L., Solubility of
methane in heavy normal paraffins at temperatures from 323 to 423 K and
pressures to 10.7 MPa. Journal of Chemical & Engineering Data, 1993. 38(1): p.
44-48.

Dsouza, R., Patrick, J.R,, and Teja, A.S., High pressure phase equilibria in the
carbon dioxide -n-Hexadecane and carbon dioxide - water systems. The
Canadian Journal of Chemical Engineering, 1988. 66(2): p. 319-323.

Sato, Y., Tagashira, Y., Maruyama, D., Takishima, S., and Masuoka, H., Solubility
of carbon dioxide in eicosane, docosane, tetracosane, and octacosane at
temperatures from 323 to 473 K and pressures up to 40 MPa. Fluid Phase
Equilibria, 1998. 147(1-2): p. 181-193.

Huie, N.C., Luks, K.D., and Kohn, ]J.P., Phase-equilibriums behavior of systems
carbon dioxide-n-eicosane and carbon dioxide-n-decane-n-eicosane. Journal of
Chemical & Engineering Data, 1973. 18(3): p. 311-313.

Lopez, J.A.,, Trejos, V.M., and Cardona, C.A., Parameters estimation and VLE
calculation in asymmetric binary mixtures containing carbon dioxide + n-
alkanols. Fluid Phase Equilibria, 2009. 275(1): p. 1-7.

Chang, CJ., Chiu, K., and Day, C., A new apparatus for the determination of P-x-y
diagrams and Henry's constants in high pressure alcohols with critical carbon

dioxide. Journal of Supercritical Fluids, The, 1998. 12(3): p. 223-237.

..



CO2/CH4 separation with ionic liquids 4. Bibliographic References

65.

66.

67.

68.

69.

70.

71.

72.

73.

Petrova, E., Crampon, C, Alj, E., Neau, E., Badens, E., Charbit, G., and Jaubert,
J.N., Solubility of CO2 in some heavy alcohols and correlation of fluid phase
equilibrium. Fluid Phase Equilibria, 2003. 213(1-2): p. 153-162.

Daneshvar, M., Kim, S., and Gulari, E., High-pressure phase equilibria of
polyethylene glycol-carbon dioxide systems. The Journal of Physical Chemistry,
1990. 94(5): p. 2124-2128.

Weidner, E., Wiesmet, V., Knez, Z., and Skerget, M., Phase equilibrium (solid-
liquid-gas) in polyethyleneglycol-carbon dioxide systems. The Journal of
Supercritical Fluids, 1997. 10(3): p. 139-147.

Byun, H.S., Kim, K, and McHugh, M.A., Phase Behavior and Modeling of
Supercritical Carbon Dioxide-Organic Acid Mixtures. Industrial & Engineering
Chemistry Research, 2000. 39(12): p. 4580-4587.

Heo, J.H., Shin, H.Y,, Park, J.U,, Joung, S.N., Kim, S.Y., and Yoo, K.P., Vapor-Liquid
Equilibria for Binary Mixtures of CO2 with 2-Methyl-2-propanol, 2-Methyl-2-
butanol, Octanoic Acid, and Decanoic Acid at Temperatures from 313.15 K to
353.15 K and Pressures from 3 MPa to 24 MPa. Journal of Chemical &
Engineering Data, 2001. 46(2): p. 355-358.

Jaubert, ].N. and Coniglio, L., The Group Contribution Concept: A Useful Tool To
Correlate Binary Systems and To Predict the Phase Behavior of Multicomponent
Systems Involving Supercritical CO2 and Fatty Acids. Industrial & Engineering
Chemistry Research, 1999. 38(12): p. 5011-5018.

Lockemann, C.A., High-pressure phase equilibria and densities of the binary
mixtures carbon dioxide--oleic acid, carbon dioxide--methyl myristate, and
carbon dioxide--methyl palmitate and of the ternary mixture carbon dioxide--
methyl myristate--methyl palmitate. Chemical Engineering and Processing,
1994.33(3): p. 171-187.

Inomata, H., Kondo, T., Hirohama, S., Arai, K., Suzuki, Y., and Konno, M., Vapour-
-liquid equilibria for binary mixtures of carbon dioxide and fatty acid methyl
esters. Fluid Phase Equilibria, 1989. 46(1): p. 41-52.

Chang, CJ., Lee, M,, Lj, B,, and Chen, P., Vapor-liquid equilibria and densities of

COZ2 with four unsaturated fatty acid esters at elevated pressures. Fluid Phase

Equilibria, 2005. 233(1): p. 56-65.
e



CO2/CH4 separation with ionic liquids 4. Bibliographic References

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Crampon, C., Charbit, G.,, and Neau, E. High-pressure apparatus for phase
equilibria studies: solubility of fatty acid esters in supercritical COZ2. The Journal
of Supercritical Fluids, 1999. 16(1): p. 11-20.

Bharath, R, Inomata, H., Arai, K, Shoji, K, and Noguchi, Y., Vapor-liquid
equilibria for binary mixtures of carbon dioxide and fatty acid ethyl esters. Fluid
Phase Equilibria, 1989. 50(3): p. 315-327.

Vega, L.F., Vilaseca, O., Llovell, F., and Andreu, ].S., Modeling ionic liquids and the
solubility of gases in them: Recent advances and perspectives. Fluid Phase
Equilibria. In Press, Corrected Proof.

Kumetan, J., Tuma, D., and Maurer, G., Solubility of COZ in the lonic Liquids
[bmim][CH3504] and [bmim][PF6]. Journal of Chemical & Engineering Data,
2006.51(5): p. 1802-1807.

Choi, D.S., Jhon, M.S., and Eyring, H., Curvature Dependence of the Surface
Tension and the Theory of Solubility. The Journal of Chemical Physics, 1970.
53(7): p. 2608-2614.

Uhlig, H.H., The Solubilities of Gases and Surface Tension. The Journal of
Physical Chemistry, 1937.41(9): p. 1215-1226.

Battino, R. and Clever, H.L., The Solubility of Gases in Liquids. Chemical Reviews,
1966. 66(4): p. 395-463.

Sanchez, L.G., Espel, J.R., Onink, F., Meindersma, G.W., and Haan, A.B.d., Density,
Viscosity, and Surface Tension of Synthesis Grade Imidazolium, Pyridinium, and
Pyrrolidinium Based Room Temperature Ionic Liquids. Journal of Chemical &
Engineering Data, 2009. 54(10): p. 2803-2812.

Freire, M.G., Carvalho, P.J., Fernandes, A.M., Marrucho, .M., Queimada, A.]., and
Coutinho, J.A.P., Surface tensions of imidazolium based ionic liquids: Anion,
cation, temperature and water effect. Journal of Colloid and Interface Science,
2007.314(2): p. 621-630.

Soriano, AN, Doma Jr, B.T., and Li, M., Carbon dioxide solubility in some ionic
liquids at moderate pressures. Journal of the Taiwan Institute of Chemical

Engineers, 2009. 40(4): p. 387-393.

..



CO2/CH4 separation with ionic liquids 4. Bibliographic References

84.

85.

86.

87.

88.

89.

90.

91.

92.

Soriano, A.N.,, Doma , B.T,, and Li, M., Carbon dioxide solubility in 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate. The Journal of Chemical
Thermodynamics, 2009. 41(4): p. 525-529.

Sanchez., L.M.G., Functionalized lonic Liquids:Absorption Solvents for Carbon
Dioxide and Olefin Separation. 2008, Eindhoven University of Technology.
Carvalho, P.J., Alvarez, V.H., Marrucho, .M., Aznar, M., and Coutinho, J.LA.P., High
pressure phase behavior of carbon dioxide in 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide and 1-butyl-3-methylimidazolium
dicyanamide ionic liquids. The Journal of Supercritical Fluids, 2009. 50(2): p.
105-111.

Carvalho, P.J., Freire, M.G., Marrucho, I.LM., Queimada, A.n.J., and Coutinho,
J.o.A.P,, Surface Tensions  for the 1-Alkyl-3-methylimidazolium
Bis(trifluoromethylsulfonyl)imide Ionic Liquids. Journal of Chemical &
Engineering Data, 2008. 53(6): p. 1346-1350.

Kilaru, P, Baker, G.A., and Scovazzo, P., Density and Surface Tension
Measurements of Imidazolium-, Quaternary Phosphonium-, and Ammonium-
Based Room-Temperature lonic Liquids: Data and Correlations. Journal of
Chemical & Engineering Data, 2007.52(6): p. 2306-2314.

Fernandez, A., Garciia, ]., Torrecilla, ].S., Oliet, M., and Rodriguez, F., Volumetric,
Transport and Surface Properties of [bmim][MeSO4] and [emim][EtSO4] lonic
Liquids As a Function of Temperature. Journal of Chemical & Engineering Data,
2008.53(7): p- 1518-1522.

Zhang, ]., Zhang, Q., Qiao, B., and Deng, Y., Solubilities of the Gaseous and Liquid
Solutes and Their Thermodynamics of Solubilization in the Novel Room-
Temperature lonic Liquids at Infinite Dilution by Gas Chromatography. Journal
of Chemical & Engineering Data, 2007. 52(6): p. 2277-2283.

Ghatee, M.H. and Zolghadr, A.R., Surface tension measurements of imidazolium-
based ionic liquids at liquid-vapor equilibrium. Fluid Phase Equilibria, 2008.
263(2): p-168-175.

Scovazzo, P., Camper, D., Kieft, ]J., Poshusta, J., Koval, C., and Noble, R., Regular
Solution Theory and CO2 Gas Solubility in Room-Temperature Ionic Liquids.
Industrial & Engineering Chemistry Research, 2004. 43(21): p. 6855-6860.

..



CO2/CH4 separation with ionic liquids 4. Bibliographic References

93.

94,

95.

96.

97.

98.

99.

100.

Gardas, R.L. and Coutinho, J.A.P., Applying a QSPR correlation to the prediction
of surface tensions of ionic liquids. Fluid Phase Equilibria, 2008. 265(1-2): p. 57-
65.

Ferguson, L. and Scovazzo, P., Solubility, Diffusivity, and Permeability of Gases in
Phosphonium-Based Room Temperature lonic Liquids: Data and Correlations.
Industrial & Engineering Chemistry Research, 2007. 46(4): p. 1369-1374.
Chen, Y., Zhang, S., Yuan, X,, Zhang, Y., Zhang, X., Dai, W., and Mori, R., Solubility
of CO2 in imidazolium-based tetrafluoroborate ionic liquids. Thermochimica
Acta, 2006.441(1): p. 42-44.

Jalili, A.H., Mehdizadeh, A., Shokouhi, M., Sakhaeineia, H., and Taghikhani, V.,
Solubility of COZ2 in 1-(2-hydroxyethyl)-3-methylimidazolium ionic liquids with
different anions. The Journal of Chemical Thermodynamics. In Press, Accepted
Manuscript.

Carvalho, P.J. and Coutinho, ].0.A.P., On the Nonideality of CO2 Solutions in Ionic
Liquids and Other Low Volatile Solvents. The Journal of Physical Chemistry
Letters, 2010. 1(4): p. 774-780.

Raeissi, S. and Peters, C.J., High pressure phase behaviour of methane in 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide. Fluid Phase Equilibria,
2010.294(1-2): p. 67-71.

Yuan, X, Zhang, S., Liy, ], and Lu, X., Solubilities of COZ2 in hydroxyl ammonium
ionic liquids at elevated pressures. Fluid Phase Equilibria, 2007. 257(2): p. 195-
200.

Kurnia, KA., Harris, F., Wilfred, C.D., Abdul Mutalib, M.I., and Murugesan, T.,
Thermodynamic properties of COZ2 absorption in hydroxyl ammonium ionic
liquids at pressures of (100-1600)kPa. The Journal of Chemical
Thermodynamics, 2009. 41(10): p. 1069-1073.





