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Palavras-chave

Separacdo de Gases, Liquidos lénicos, Membranas Liquidas Suportadas, Aminoacidos,

Transporte Facilitado

Resumo

Nos ultimos anos, tem sido feito um grande esforco no desenvolvimento de processos
de separacdo de CO, mais eficientes e sustentaveis. De entre as varias tecnologias utilizadas, as
tecnologias baseadas em membranas, em particular, membranas de liquidos idnicos suportados
(SILMs), tém atraido bastante atengdo essencialmente devido as propriedades Unicas dos
liquidos i6nicos.

Neste trabalho, foi explorado o uso de misturas de liquidos i6nicos como novas fases
liquidas para SILMs, tendo em conta que os liquidos i6nicos baseados em aminoécidos
apresentam grupos amina "reativos™ que podem atuar como transportadores de CO,, e que 0s
anides que contém grupos ciano que apresentam geralmente viscosidades baixas. Deste modo,
foram preparadas misturas de seis liquidos idnicos com um catido em comum ([C,mim]") e
diferentes anides, tais como tricyanomethane ([C(CN)3]), glycinate ([Gly]), L-alaninate ([L-
Ala]), taurinate ([Tau]), L-serinate ([L-Ser]), L-prolinate ([L-Pro]). Estas misturas foram
usadas como fases liquidas na preparacdo de membranas de liquidos i6nicos suportados.
Posteriormente, foram determinadas as propriedades de transporte (permeabilidade, difusdo e
solubilidade) ao CO, e N,, a uma temperatura fixa e a varios diferenciais de pressao trans-
membranar, utilizando o método de time-lag. Uma vez que tanto a viscosidade do liquido i6nico
como o volume molar sdo parametros importantes que tém impacto sobre as propriedades de
transporte dos gases nas SILMs, as propriedades termofisicas dos liquidos iénicos puros e das
misturas preparadas, tais como, a viscosidade, a densidade e o indice de refragdo, foram também
medidas para que as suas tendéncias pudessem ser avaliadas.

Os resultados obtidos neste trabalho evidenciam permseletividades de CO,/N, acima da
Robeson upper bond, para duas das SILMs estudadas, o que permite afirmar que as misturas de
liquidos i6nicos podem ser uma estratégia promissora, como novas fases liquidas, para

processos de separacdo de CO,/Ns,.
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Abstract

A great deal of effort has been put on the development of efficient and sustainable CO,
separation processes. Among them, membrane-based technologies, in particular, supported ionic
liquid membranes (SILMs) have recently attracted considerable attention owing to the unique
properties of ionic liquids (ILs).

In this work, different IL + IL mixtures were explored as new liquid phases for SILMs.
Taking into account that ILs with amino acids present “reactive” amino groups that can work as
CO, carriers and that ILs combining cyano-functionalized anions present remarkably low
viscosities, mixtures of these ILs were studied. Thus, six ILs based on a common cation
([C,mim] *) and anions such as tricyanomethane ([C(CN)3]), glycinate ([Gly]"), L-alaninate ([L-
Ala]), taurinate ([Tau]), L-prolinate ([L-Pro]) and L-serinate ([L-Ser]") were mixed and SILMs
were prepared. The gas permeation properties (permeability, diffusivity and solubility) of CO,
and N, were determined at a fixed temperature and different trans-membrane pressure
differentials, using a time-lag apparatus. Since the IL viscosity and molar volume are significant
parameters that impact the gas permeation properties of SILMs, the thermophysical properties
of the pure ILs and their mixtures, namely viscosity, density and refractive index, were also
measured so that trends could be evaluated.

The results obtained in this work showed CO,/N, permselectivities above the upper
bond for two facilitated SILMs, which clearly claim that mixing ionic liquids can be a
promising strategy to design new liquid phases for CO,/N, separation processes, since ILs offer
clear pathway to fine-tune their gas permeation properties as well as their CO, separation

performances.
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1.1 Motivation

One of the most important environmental challenges that our world faces today is
related to the global warming largely associated with the rising concentration of anthropogenic
carbon dioxide (CO,), mainly as a result of fossil fuel power plant emissions. The escalating
level of atmospheric CO, and the urgent need to take action to prevent irreversible climate
change have hugely increased efforts in the development of new efficient and economic
technologies for carbon capture and storage (CCS).*

Carbon capture and storage is a technology that can capture more than 90% of the CO,
emissions produced from the use of fossil fuels in electricity generation and industrial
processes, preventing the carbon dioxide from entering the atmosphere. The CCS chain consists
of three parts: the CO, capture, the CO, transport and the CO, safe storage underground in
depleted oil fields and gas formation or deep saline aquifer. Foremost, CO, capture
technologies allow the separation of carbon dioxide from gases produced in electricity
generation and industrial processes by three main techniques, namely pre-combustion
capture, post-combustion capture and oxy-fuel combustion. Carbon dioxide is afterward
transported by pipeline or by ship for safe storage and then stored in carefully selected
geological rock formation that is typically located several kilometers below the Earth's surface.

Different industrial processes emit CO, streams with distinct compositions and
consequently the development of processes for CO, removal from light gases such as CH,, N,
and H, is a key technical, economical and environmental challenge in several applications. As
previously referred, there are three main different CO, capture systems such post-combustion,

pre-combustion and oxy-fuel combustion.?

Pre-Combustion Process

Pre-combustion processes (Figure 1.1) involve a reaction between a fuel and oxygen or
air and/or steam to give mainly a ‘synthesis gas’ (syngas) composed of carbon monoxide (CO)
and hydrogen (H,). The CO is reacted with steam in a catalytic reactor, called a shift converter,
to give CO, and more H,. CO, is then separated, usually by a physical or chemical absorption
process, resulting in a hydrogen-rich fuel which can be used in several applications, such as
boilers, furnaces, gas turbines, engines and fuel cells.?

In this technology, the CO, concentration of the flue stream is high, which requires
smaller equipment and different solvents with lower regeneration energy requirements.

However, the fuel conversion steps required for pre-combustion are more complex than the
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processes involved in post-combustion, so the technology is more difficult to apply to existing
power plants.*
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Figure 1.1 - Schematic representation of pre-combustion CO, capture.*

Post-Combustion Process

Post-combustion processes (Figure 1.2) capture CO, from flue gases generated as the
combustion byproduct of fossil fuels or other carbonaceous materials (such as biomass) by
absorbing it in a suitable solvent. The absorbed CO,is liberated from the solvent and is
compressed for transportation and storage.”

Almost half of CO, emissions worldwide are related to the fossil fuel based stationary
plants, namely power stations, oil refineries, petrochemical and gas plants, steel and cement
plants.® In post-combustion CO, capture processes, the CO, concentration in flue gas is low
(<20%), and its capture requires a high volume stream of flue gas containing other gases,
predominantly N, Although this technology is suitable for retrofitting the existing plants, there
is a high energy requirement associated with post-combustion CO, capture, due to solvent

regeneration and loss during absorption, which needs improved solvents for cost savings.
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Figure 1.2 - Schematic representation of post-combustion CO, capture.”
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Oxi-fuel Combustion Process

In oxy-fuel combustion processes (Figure 1.3), the fuel is combusted in a mixture of
nearly pure O, (typically greater than 95% purity) and CO,, the latter being recycled from the
exhaust of the process.® The concentration of CO, in flue gas can be increased by using pure or
enriched oxygen instead of air for combustion, either in a boiler or gas turbine. The oxygen is
produced by cryogenic air separation (already industrially used on a large scale), and the CO,-
rich flue gas is recycled to avoid the excessively high-flame temperature associated with
combustion in pure oxygen. The main attraction of this technology is that it produces a flue gas
predominantly composed of CO, and H,O. The H,O content is easily removed by condensation,
leaving a pure CO, stream, which is suitable for compression, transport and storage.®

The advantage of oxy-fuel combustion is that, because the flue gas contains a high
concentration of CO,, the CO, separation stage is simplified. The main disadvantage is that

cryogenic oxygen is an expensive technique.
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Figure 1.3 - Schematic representation of CO, capture by oxy-fuel combustion.

Since post-combustion process captures CO, from flue gases produced by the
combustion of fossil fuels and taking into account that a typical coal-fired flue gas contains
predominantly CO, and N,, the CO,/N, separation will be the focus of this work.

As COz2 separation is the first and most energy intensive step, new cost-effective and
high performance technologies for carbon capture need to be researched and consequently the
design of materials with the ability to efficiently separate CO2 from other gases is of vital

importance.
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1.2 CO, Separation

1.2.1 Main Separation Technologies

It is necessary to develop efficient and suitable technologies for CO, separation with low
operating cost and energy consumption. Separation technologies such as absorption with
amines, adsorption with porous solids, membrane and cryogenic separation have been
developed as potential candidates for CO, capture in post-combustion processes.

Amine-based absorption is undoubtedly the most common and efficient technology. Even
though it has some advantages such as high reactivity and good absorption capacity, the use of
amines involves several concerns related to their corrosive nature, volatility and high energy
demand for regeneration.’

CO, adsorption with porous solids with high adsorbing properties such as zeolite or
active carbon has some advantages including easy operation, rapid rate, low corrosion and low
energy demand when regenerated. However, the selective separation of gases by these solid
materials is less than ideal. Although some great progress has been achieved in solid adsorbents,
additional research into how to improve their stability, recycling, cost and other parameters is
needed for their application in industrial processes.®

Cryogenic distillation is a technique based on cooling and condensation. This process has
good advantages such as no chemical absorbents are required and the process can be operated at
atmospheric pressures. The main disadvantage of cryogenic technology is the high amounts of
energy required to provide cooling for the process, which is especially prominent in low-
concentration gas streams. This technique is suitable to high-concentration and high-pressure
gases, namely in oxyfuel combustion and pre-combustion.**

Alternatively, membrane separation technology (Figure 1.4) exhibits engineering and
economical advantages over the other classical separation processes, namely the small scale of
the equipment, relative environmental safety, ease of incorporation into existing processes, low
energy consumption and operating costs."® The two parameters usually used to describe the
performance of membranes are the permeability (measure of the membrane’s ability to permeate
gas) and selectivity (obtained dividing the permeability of the more permeable specie by the
permeability of the less permeable specie).

Depending on the material, membranes are usually classified as polymeric, inorganic,
and, more recently, mixed matrix membranes (MMMSs). Polymeric membranes provide a range
of characteristics desirable for membrane separations, such as mechanical properties,
reproducibility and relative economical processing capability, making them one of the most
common types of membrane. Rubbery polymers generally have higher CO, permeability than

glassy polymers; however, their gas selectivity is low. Glassy polymers such as cellulose
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acetate, polyacetylene, polyamide, polycarbonates, polyimides, poly(phylene oxide) and
polysulfones have dominated industrial CO, separation applications due to their high gas
selectivity and good mechanical properties. Despite glassy polymer membranes progress, large
improvements in CO, separation efficiency require novel materials with enhanced separation
performances. Their greatest application has been found for CO,/CH,4 and CO,/N, separations.
On the other hand, rubbery polymeric membranes have attracted greater interest for CO,/H,
separation due to higher flux rates and high selectivity.™

Inorganic membranes, such as zeolite, silica, carbon molecular sieve and ceramic have
the significant advantage of greater thermal and mechanical stability compared to organic
polymers. However, some of the drawbacks of inorganic membranes are their high expected
cost (including fabrication), high brittleness, low selectivity and permeability of highly selective
dense membranes, particularly metal oxides at temperatures below 400 °C.*

Mixed-matrix membranes consist on the incorporation of inorganic particles into a
continuous organic polymer matrix. These membranes attempt to combine the advantages of
polymeric and inorganic materials, namely the desirable mechanical properties and economical
processing capabilities of polymers with the high separation performance of molecular sieving
materials.*? Although mixed-matrix membranes have proven an enhancement of selectivity, it
was observed that most of these membranes were endured with poor adhesion between the
organic matrix and inorganic particles.”

Despite the large array of polymeric membranes for CO, separation developed during
the last decades, there are still drawbacks to be overcome, such as the low CO, permeability and
selectivity of solid membranes.” In order to circumvent these problems, supported liquid
membranes have also been approached due to the high diffusion of gases in liquids when
compared to solid membranes, leading to higher gas permeabilities.*

> RETENTATE

|::> PERMEATE

Figure 1.4 - Schematic of membrane gas separation.
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1.3 Supported Liquid Membranes (SLMs)

Liquid membranes, based on configuration, can be broadly classified into three types:
bulk, emulsion and supported liquid membranes. Bulk liquid membranes (BLMSs) usually
consist of an aqueous feed and stripping phase, separated by a water-immiscible liquid
membrane phase in a U-tube. A small membrane surface area of BLMs makes them
technologically not very attractive."

On the other hand, emulsion liquid membranes (ELMs) have a very high surface area by
unit of volume and low thickness which means that the separation process is fast. The
disadvantages of ELMs concern the formation of the emulsion: the parameters that affect
emulsion stability must be controlled and if, for any reason, the membrane does not remain
intact during operation, the separation achieved up to that point is lost.*

Supported (or Immobilized) Liquid Membranes (SLMs) consist of two phases, a
supporting porous membrane and a liquid solvent phase that resides inside the pores by
capillary forces. In this case, the separation takes place in the liquid phase according to the
solution-diffusion model, where the solute molecules dissolve into the liquid, diffuse through it
and finally desorb at the opposite side of the membrane (Figure 1.5).}" *® The diffusion
coefficient in liquids is at least three or four orders of magnitude higher than in polymer
membranes.’® Consequently, the permeability is expected to be much higher in the supported

liquid membranes than in conventional polymeric membranes.
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Figure 1.5 - Scheme of the gas transport mechanism through supported liquid membranes.
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A significant parameter in the design of SLMs is the liquid viscosity. Several studies
with different solvents have been performed showing that the effect of viscosity is not
negligible." In general, liquids with low viscosity result in higher CO, permeability due to the
easy diffusion of CO, through the SLM.”

Despite the high gas diffusion and consequently the high gas permeabilities in
supported liquid membranes, the main technical challenge of SLMs is the membrane stability
since the solvent that is in the pores can evaporate at specific operating conditions, such as high
temperature and pressure differentials.” In order to overcome this disadvantage, the most
interesting strategy is the use of ionic liquids (ILs) due to their remarkable intrinsic properties,
in particular, almost null volatility. In fact, ionic liquids have been introduced to replace volatile

organic solvents, which have created barriers in the applications of SLMs.

1.4 lonic Liquids

lonic liquids (ILs) are salts entirely composed of ions that have melting points below
100 °C or even at room temperature due to the poor coordination of their ions.?* This new class
of compounds have been called Room-Temperature lonic Liquids (RTILs) in order to
differentiate them from traditional salts, which melt at much higher temperatures and are
classified as “molten salts”.??

As long as ILs have being designed as greener solvents to replace conventional volatile
solvents, they are showing increasingly promising perspectives in diverse fields of synthesis,
catalysis/biocatalysis, materials science, electrochemistry, and separation technology at both the
laboratory level and on the industrial scale.”® Although the first room temperature ionic liquids
were first observed in the middle of the 19th Century, only since the 1980s they have attracted a
significant and growing interest.?* In recent years, ILs have been studied extensively due to their
exceptional combination of properties, namely their negligible vapor pressure,® which means
that ILs emit no volatile compounds, their high thermal stability,”® low flammability and the
fact that ILs are good solvents for a whole range of inorganic and organic materials. Moreover,
another mentioned characteristic of ILs is the possibility of obtaining desired physicochemical
properties by selecting proper combinations of cations and anions or by adding functional
groups (“tunability””), which makes them “designer solvents”. For example, ILs can be produced
to be water-miscible, partially miscible or totally immiscible, and can also be synthesized with
different viscosities.”” These attractive properties make them absolutely unique and

incomparable to other solvents.
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Due to their unique properties, ILs are important candidates for several applications.
Throughout the 1990s, it seemed that most of attention in the area of ionic liquids applications
was directed toward their use as solvents for organic and transition-metal-catalyzed reactions.
Definitely, this interest continues on to the present date, but the most innovative uses of ionic
liquids span a much more diverse field than just synthesis. Some of the main topics of coverage
include the application of ILs in various electronic applications (batteries, capacitors, and light-
emitting materials), polymers (synthesis and functionalization), nanomaterials (synthesis and
stabilization), and gas separations.”’

Cation—anion combinations that exhibit low volatility coupled with high
electrochemical and thermal stability, as well as ionic conductivity, create the possibility of
designing ideal electrolytes for batteries. On the other hand, the low vapor pressure of these
liquids, along with their ability to offer tuneable functionality, also makes them ideal as CO,

absorbent materials.?

1.5 Supported lonic Liquid Membranes (SILMs)

Supported ionic liquid membranes (SILMs) have been studied due to the intrinsic
properties of ILs, namely negligible vapor pressure, high thermal stability and low flammability,
as described in the previous section, that make them ideal liquid phases for supported liquid
membrane applications. As referred, since ILs have negligible vapor pressure, an important
advantage of using SILMs is that minimal membrane liquid loss through solvent evaporation is
guaranteed, which allow more stable membranes due to the higher viscosity of ILs and greater
capillary forces between the desired ionic liquid and the polymer membrane support.” %

On top of that, ionic liquids present good levels of solubility and selectivity of CO, over
other light gases, such as N,. Since gas solubility in ionic liquids is an important parameter in
gas separation processes, a great deal of effort has been putted on the experimental
determination and theoretical understanding of gas solubilities in ILs.*** For example,
Brennecke and co-authors carefully studied the CO, solubility in several commonly used ILs
and concluded that the anion of the IL has a larger influence on CO, solubility than the cation.**
*7 Additionally, the influence of different functional groups, such as alkyl, ether, hydroxyl,
amine, nitrile and fluorine, on the gas solubility properties of ILs has also been intensively
investigated by different authors.’®

Supported ionic liquid membranes (SILMSs), in which the desired IL is immobilized into
the pores of a solid membrane by capillary forces, are considered a very attractive approach
compared to bulk-fluid ILs since much smaller amounts of IL are needed.*®* Moreover,
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membranes constitute an attractive alternative gas separation technology, due to their inherent
fundamental engineering and economic advantages.

A broad diversity of ILs has already been tested for developing SILM systems. Taking
into account the good levels of solubility and selectivity of CO, in ILs as well as their highly
tuneable nature, several studies on the permeation properties of gases through SILMs have
explored the effect of the IL structure.® Concerning the influence of the cation, a number of

research groups have investigated the gas permeation properties of different families of ionic

18, 19, 41-45 46-48

liquids such as imidazolium, pyrrolidinium, piperidinium and morpholinium,*

5L 52 or cholinium,®® and improved results were

pyridinium,* ammonium,* phosphonium,
obtained for imidazolium-based SILMs in terms of permeability and selectivity. Other studies,
also focused on imidazolium ILs, explored different structural variations of the cation in order
to improve CO, solubility and selectivity.® ** In what concerns the anion variation, the
performance of imidazolium-based ILs containing several different anions such as
bis(trifluoromethylsulfonyl)imide ([NTf,]),*® *° hexafluorophosphate ([PFe]),** ** dicyanamide
([DCAY),™ *® tricyanomethane ([C(CN)s]),** * tetracyanoborate ([B(CN),]),*" *® among others,
has been evaluated, and the results indicate that nitrile-containing anions promote an increase in
both CO, permeability and CO,/N, selectivity when compared to the [NTf,] .

In this context, it is important to highlight that the ability to tailor the CO, affinity of the
ionic liquid by combining different cations and anions is perhaps the most important feature of

ILs for gas separation applications.

1.6 Facilitated Supported lonic Liquid Membranes

Facilitated transport membranes have been intensively investigated, since their CO,
permeability and selectivity can be simultaneously improved through reversible complexation
reactions between CO, and carriers (such as carbonate, amine group and carboxylate) in the
membrane by which its solubility is greatly enhanced.”® The facilitated transport membrane
originated from liquid membranes, in which the carriers can move freely and actively transport
CO,, leading to excellent performances.

Amino acid-based ionic liquids (AAILs) have been studied due to their high
performance for effective and selective CO, capture.”® AAILs have been shown to have a
range of useful properties, which allow the facilitated transport membranes design, due to the
fact that present both carboxyl and amine functional groups and can be used as either anions or
cations.®® AAILs were first introduced by Fukumoto et al., wherein the AAIL was composed of
imidazolium cations and amino acid anions,** and by Tao et al., who reported ILs, in which the

cations involved were derived directly from natural amino acids.®
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A variety of cations (imidazolium, pyridinium, ammonium and phosphonium) have
been be functionalized with amines for CO, capture. For example, Bates et al. studied the CO,
fixation with amine-functionalized ILs by incorporating an amine group into the alkyl chain of
the imidazolium cation, showing a significantly higher uptake of CO, than that of traditional
ILs.%° Besides ILs having amine groups on the cation, a number of amino acid-based ionic
liquids bearing amine functionality in the anion have also been reported and used as absorbents
to CO, capture.®** %" Additionally, Hanioka et al. showed that SILMs of amine functionalized
imidazolium ILs are highly selective in CO,/CH, separation due to facilitated CO, transport.®®
Myers et al. also reported high CO,/H, separation performances at high temperatures of
supported amine-functionalized ionic liquid membranes.®® Moreover, Kasahara et al.
investigated the CO: permeability and CO2/N: selectivity of amino acid-based ionic liquids, as
CO, carrier and diffusion medium in supported ionic liquid membranes, under low moisture. In
that work, SILMs of [P(C,)4][Gly] and [Comim][Gly] were prepared. It was observed that the
CO, permeabilities for [P(C4)4][Gly] and [Comim][Gly] drastically increased up to 5000 and
8300 Barrer, respectively, with increasing temperature. On the other hand, the permeabilities of
N, for both the facilitated supported ionic liquid membranes (FSILMs) slightly increased. As a
result, the CO,/N, selectivity also increased significantly. Kasahara et al. concluded that the
unusual dependence of CO, permeability on temperature suggests that SILMs with amino acid-
based ionic liquids definitely reacted with CO, and facilitated the CO, transport even under dry
conditions.” In conclusion, since AAILs present an amino—functionalized group, they can react
with CO,, form CO, complexes and, therefore, act as CO, carriers in facilitated SILMs.

Although the CO, absorption in AAILSs is substantially improved, the relatively high
viscosity of AAILs results in low sorption and desorption rates and might limit their eventual
use in large-scale CO, gas separation.®” "In order to overcome this disadvantage, ionic liquid
mixtures were explored in this work, so that one IL component provides the desired chemical

characteristics for the active transport while the other maintains the low viscosity.
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Figure 1.6 — Schematic illustration of facilitated transport of CO, in SILMs.
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1.7  lonic Liquid Mixtures

The concept of an ideal mixture comes from the observations of Francois Raoult that at
a given temperature the ratio of partial vapour pressure of a component A above a liquid mixture
(pa) to its vapour pressure as a pure liquid (p’a) is approximately equal to its mole fraction in the

liquid mixture (Xa):

Pa=X4 XDy (1.1)

Liquid mixtures that obey Raoult’s Law (Equation 1.1) precisely are ideal solutions.
When linear behaviour would be expected for ideal behaviour, deviation from the expected
value is described as the difference between the observed volume of mixing and the ideal
volume of mixing is the excess volume of mixing, V&, which can take both positive and negative
values. The definition of ideal mixing from Equation 1.1., also leads to the VE=0."

Mixing ILs with other ILs (IL + IL mixtures) is seen as a possible method to improve
target properties of ILs while maintaining their favorable characteristics.”

Even though ionic liquid mixtures have been proposed as a mean to further increase
flexibility and the fine-tune capacity of the physical and chemical properties of ILs, providing
an extra degree of freedom for the design of new solvents,’ only a few works have explored gas
solubilities in binary IL + IL mixtures. Finotello et al.”* measured the CO, CH, and N,
solubilities of [Comim][NTf,] and [Comim][BF,] mixtures and the results showed that this
approach can be used to enhance CO, solubility selectivity due to control over IL molar volume.

Recently, Tomé et al.” studied the gas permeation properties of CO,, CH, and N, in
several binary ionic liquid mixtures based on a common cation ([C,mim]*) and different anions
such as bis(trifluoromethylsulfonyl) imide ([NTf,]), acetate ([Ac]), lactate ([Lac]),
dicyanamide ([DCA]) and thiocyanate ([SCN]) and showed that IL mixtures is an easy and
promising strategy to perform CO, separation using SILMs, since the IL properties can be tuned
by mixing anions with completely different chemical character. In addition, the highest CO,
separation performances were found for the less viscous IL mixtures, meaning that a proper
balance combining both the most selective and the less viscous anions is crucial to achieve

improved CO, separation performances.’ Furthermore, Tomé et al.*

recently investigated new
IL mixtures containing sulfate and/or cyano-functionalized anions proposed as liquid phases in
SILM configurations for CO, separation and it was concluded that gas permeabilities through
SILMs are not entirely controlled by their gas diffusivities and their respective IL viscosities. In

fact, they are also linked to the CO, solubilities.*®
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Taking into account that the anions of ILs have a stronger influence on CO, solubility
than the cations,” and that the CO, molecules have a larger affinity for anion versus cation

associations,!” ¥

in this work IL + IL mixture systems with a common cation and different
anions were studied. Since ILs containing amino acids-based anions, with “reactive” amine
groups which work as a CO, carriers,” and taking into account that ILs combining cyano-
functionalized anions present remarkably low viscosities,”® mixtures of these ILs based on a
common imidazolium cation ([C.mim]") were considered. The [C(CN)s]™ anion was selected
since it has a extraordinarily low viscosity as previously referred. On the other hand, glycinate
anion ([Gly]) was chosen because it is the simplest available amino acid. Additionally, L-
alaninate ([L-Ala]) was selected due to its similar chemical structure compared to glycinate. L-
serinate ([L-Ser]) was chosen because it not only has a similar chemical structure to glycinate
and L-serinate but also comprise an additional hydroxyl group. In order to evaluate the effects
of a cyclic structure and the sulfonic group, both L-prolinate ([L-Pro]) and taurinate ([Tau])
were also selected, respectively. The chemical structures of the ionic liquids studied in this work

are present in Figure 1.7.
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Figure 1.7 - Chemical structures of ionic liquids used in this work.
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1.8 Objectives

The main purpose of this work is to evaluate the performance of IL + IL mixtures as
new liquid phases to prepare facilitated supported ionic liquid membranes for flue gas
separation (CO/N,). For this purpose, AAILs were selected, so that CO, facilitated transport
could be attained, and mixed with [C,mim][C(CN)s], a very low viscous IL. In order to increase
the flexibility in tailoring both the permeability and selectivity of these membranes for flue gas
separation (CO,/N;), mixtures of varying concentrations were prepared.

Five ionic liquids based on a common cation ([Cmim]*) and anions such as
tricyanomethane (JC(CN)s]), glycinate ([Gly]), L-alaninate ([L-Ala]), taurinate ([Tau]), L-
serinate ([L-Ser]) and L-prolinate ([L-Pro]) were mixed and SILMs were prepared.

The gas permeation properties (permeability, diffusivity and solubility) of CO, and N,
were determined using a time-lag apparatus.

Since viscosity and molar volume, are parameters that impact the gas permeation
properties of SILMs, the thermophysical properties of the pure ILs and their mixtures, namely

viscosity, density and refractive index, were also measured so that trends could be evaluated.
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Synthesis and Characterization of AAILS
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The amino acid-based ionic liquids used in this study, namely 1-ethyl-3-
methylimidazolium 2-aminoacetate ([Comim][Gly]), 1-ethyl-3-methylimidazolium (S)-2-
aminopropanoate ([C,mim][L-Ala]), 1-ethyl-3-methylimidazolium 2-aminoethanesulfonate
([Camim][Tau]), 1-ethyl-3-methylimidazolium (S)-2-amino-3-hydroxypropanoate ([C,mim][L-
Ser]) and 1-Ethyl-3-methylimidazolium (S)-pyrrolidine-2-carboxylate ([C,mim][L-Pro]), were
synthesized via a two-step anion exchange reaction and were characterized by ‘H and **C NMR.

The thermogravimetric analysis (TGA) of the pure ionic liquids and their mixtures was
also performed in order to establish the degradation temperature of these liquid phases and thus
their upper working temperature limit. This step was especially important in this work since
high temperatures are necessary to overcome the energy barrier required for the active gas

transport complex formation.

2.1 Materials and Synthesis of AAILS
2.1.1 Materials

Glycine (= 98.5 %), L-alanine (= 99.5 %), taurine (> 99 %), L-serine (= 99.5 %) and L-
proline (> 99 %), acetonitrile (99.8 %) and methanol (99.8 %) were provided by Sigma Aldrich.
The 1-ethyl-3-methylimidazolium tricyanomethane ([C,mim][C(CN)3]), > 98 wt% pure, and the
1-ethyl-3-methylimidazolium chloride [C,mim][Cl], > 98 wt% pure, were supplied by loLiTec
GmbH.

2.1.2 Synthesis of amino acid ionic liquids (AAILS)

The ionic liquids used in this study were synthesized via a two-step anion exchange
reaction, following an established procedure developed by Ohno et al.* First, an aqueous
solution of 1-ethyl-3-methylimidazolium hydroxide (JC,mim][OH]) was prepared by passing an
aqueous solution of [C,mim][Cl] through a column filled with anion exchange resin (SUPELCO
AMBERLITE IRN-78) (Figure 2.1) in the hydroxide form. Afterwards, the [Comim][OH] was
neutralized by the dropwise addition of a slight excess of the corresponding equimolar amino
acid aqueous solution with cooling. The mixtures were stirred at ambient temperature and
pressure for 12 h. Excess of water was then removed by rotary evaporation under reduced
pressure. A mixture of acetonitrile and methanol (9:1 v/v) was added to precipitate the
unreacted amino acid. After filtration, the solvents were removed by rotary evaporation and the
obtained crude products were dried under vacuum (10 kPa) and subjected to vigorous stirring

at moderate temperature (=318 K) for at least 4 days immediately prior to use. The water
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contents of the pure ILs and their mixtures were determined by Karl Fischer titration (831 KF
Coulometer, Metrohm).

Figure 2.1 - AAILs synthesis method.

Figure 2.2 shows the neat imidazolium-based AAILs at room temperature after the
drying procedure. Their purities were confirmed by *H and *C NMR analysis (see Appendix 1
for further details).

Figure 2.2 - Pure imidazolium-based AAILs at room temperature after the drying procedure.
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2.2 Thermogravimetric Analysis (TGA)

The onset and decomposition temperatures of the pure ionic liquids and the prepared ionic
liquid mixtures with 0.5 of molar fraction were measured using a thermal gravimetric analyzer
(TA instrument Model TGA Q50). The samples were placed inside aluminium pans and heated
up to 500 °C at a heating rate of 10 °C-min™ until complete thermal degradation was achieved.
All samples were recorded under a nitrogen atmosphere. Universal Analysis, version 4.4A
software, was used to determine the onset and the decomposition temperatures, as the
temperatures at which the baseline slope changes 5% during the heating, and at which the point
of greatest rate of change on the weight loss curve (first derivative peak) is observed,

respectively.

Figure 2.3 - TGA 2950/Q500 analyzer.

Considering that temperature is also a crucial parameter on the performance of the
prepared SILMs, it was necessary to determine the degradation temperature of the pure ILs and
their mixtures considered in the gas transport measurements (Chapter 4).

The obtained onset, Tsy, and decomposition, Tgeq1 and Teeq 2, temperatures are presented
in Table 2.1. Two different decomposition temperatures were considered since two different
peaks were obtained in the first derivative weight loss curve, for the five IL mixtures studied.

From Table 2.1, it can be observed that the decomposition temperature for all samples
with the exception of the pure [C,mim][C(CN)s] is near to 500 K.
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Table 2.1 — Onset (Tsy) and decomposition (Tgeq 1 and Tgeq o) temperatures of the pure ILs and their
mixtures.

lonic Liquids Tsoe (K) Taeg1 (K)  Taeg2 (K)
[Comim][C(CN);] 606 634 —
[Comim][C(CN)slos [GlYlos 484 518 624
[Comim][C(CN)3]os [L-Ala]os 484 512 628
[Comim][C(CN)s]os [Tau]os 530 540 597
[Comim][C(CN)3]os [L-Ser]os 488 524 631
[Comim][C(CN)3]os [L-Prolos 476 517 551
[Comim][Gly] 430 500 —
[Comim][L-Ala] 455 509 —
[Comim][Tau] 500 574 —
[Comim][L-Ser] 476 514 —
[Comim][L-Pro] 416 536 —

The two decomposition temperatures obtained, through the first derivative weight loss
curve, are illustrated in Figure 2.7, as an example, for the [C,mim][C(CN)3]qs[L-Ala]os mixture.

Additionally, Figures 2.4, 2.5, 2.8 and 2.9 present the TGA thermogram and derivative
weight loss curve, respectively, of the pure [Comim][C(CN);] and [C.mim][L-Ala], as
examples. Comparing these results with those of pure ILs it can be concluded that the first
decomposition temperature, Tgeq 1, belongs to the AA anion while the second decomposition
temperature, Tgeq 2, iS related to [C(CN)z]" anion. The remaining TGA thermograms and
derivative weight loss curves are displayed in Figures 7.11-7.26 (Appendix 2).

From Figure 2.4, it can also be observed that the pure [C.mim][C(CN);] did not achieve
entirely degradation until = 873 K, which means that higher temperatures would be required for
its complete degradation. This is entirely in agreement to what has been observed in the
literature for ILs containing the [C(CN);] anion,’’ Furthermore, the decomposition temperatures
of the pure amino acid-based ILs can be ordered as: [Comim][Gly] < [Comim][L-Ala] <
[Comim][L-Ser] < [Comim][L-Pro] < [C,mim][Taul].
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Figure 2.4 - TGA thermogram of the pure [C;mim][C(CN)s].

20

360.57°C
15.17%/min

154

5+ 302.57°C
0.2847%/min

Deriv. Weight (%/min)

5 — ——
0 100 200 300 400 500 600
Temperature (°C) Universal V4.4A TA Instruments

Figure 2.5 - Derivative weight (%/min) of the pure [C,mim][C(CN);] as a function of temperature (T).
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Figure 2.9 - Derivative weight (%/min) of the pure [C,mim][L-Ala] as a function of temperature (T).
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Thermophysical Characterization
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The study of the thermophysical properties of ionic liquids is crucial to design and
synthesize them with suitable properties for a desired application.”

The focus of this work is to study new binary IL + IL mixtures as liquid phases in
FSILMs. The use of mixtures instead of pure ionic liquids can be viewed as another step
towards the increase in their flexibility in tailoring permeability and selectivity for flue gas
separation (CO,/N,), as referred in Chapter 1.

Amino acid based-ionic liquids can work as CO, carriers but their high viscosities limit
their application as liquid phases in SILMs due the large decrease in mass transfer properties,
namely gas permeabilities and diffusivities.” In order to overcome this limitation and prepare
low viscous liquid phases for CO, facilitated SILMs, amino acid based-ionic liquids were mixed
with the [C,mim][C(CN)s] IL, which is well known for its remarkable low viscosity.”

The IL viscosity is a significant thermophysical property that impacts the gas
permeation properties of SILMs. Another important parameter is the molar volume that is
associated to the solubility. Despite extensive research on ionic liquids, the correlation between
structure and transport properties is still far from being fully understood.” Stokes—Einstein

relation estimates the self-diffusion that can be expected for a given viscosity:

kT
~ 6mnR (3.1

where the diffusion coefficient (D) for a particle in a free volume depends on the Boltzmann
constant (k), the absolute temperature (T), the viscosity of the solution (), and the
hydrodynamic radius (R) of the particle.”

Due to the limited amount of data available on ion self diffusion constants for ionic
liquids, owing to the intricate interactions pattern displayed by these fluids, it is difficult to
provide a precise assessment of their behaviour. For the relative order of diffusion constants at a
given mixture ratio, a similar depiction emerges as for the pure liquids, with cations diffusing
faster than anions and the relative order within each group consistent with the corresponding
simple ionic liquids."

In order to evaluate trends between the transport properties and thermophysical
properties, the viscosity, density and refractive index of the pure ionic liquids
(IComimM][C(CN);], [Comim][Gly], [C.mim][L-Ala], [C,mim][Tau], [Comim][L-Ser] and
[Comim][L-Pro]) and their mixtures were measured in the temperature range between 293.15
and 353.15K at atmospheric pressure. It should be noted that since was considered a common
cation ([C,mim]™), it only appears once in the IL mixtures nomenclature throughout this work.

Refractive indexes were also measured in order to enable the calculation of the free

molar volume. This parameter can be especially important in the interpretation of gas solubility
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results. In a very simple analysis, the solubility of a gas in a solvent can be divided in two
different contributions, physical and chemical. The physical contribution is related to the
volume of the cavity needed to insert a gas molecule inside of the solvent and the intermolecular
interactions established between the two molecules. The chemical contribution, when it exists,
is related to the formation of new species between the solute and the solvent, such as the
formation complexes. Indeed, the free molar volume can be related to the interpretation of the

physical solubility where no “reaction” between gas and solute is considered.

3.1 Preparation of the ionic liquid mixtures

The IL + IL mixtures (Figure 3.1) were prepared using an analytical high-precision
balance with an uncertainty of = 10" g by syringing known masses of the IL components into
glass vials. Good mixing was assured by magnetic stirring for at least 30 minutes. Then, the
prepared IL mixtures were dried under vacuum (10° kPa) at a moderate temperature (=318 K)
for another 4 days. The samples were prepared immediately prior to the measurements to avoid
variations in composition. The measured thermophysical properties, viscosity, #, and density, p,
and the calculated molar volume, V,, of the pure ionic liquids and their mixtures at 293.15K as

well as their water contents are presented in Table 3.1.
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Figure 3.1 — Chemical structures of ions used and composition matrix of the prepared IL + IL mixtures.
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Table 3.1 - Thermophysical properties, viscosity (i), density (p), and calculated molar volume (Vy,) at

293.15 K as well as water contents of the pure ionic liquids and their mixtures studied in this work.

wt % M ] p Vi
lonic liquid sample 4 3 2 4
of water (g-mol™) (mPa-s) (g-cm™) (cm’-mol™)
[C.mim][Gly] 1.44 185.22 240.183 1.164 159.08
[Comim][L-Ala] 1.23 199.25 382.060 1.126 176.91
[Comim][Tau] 0.20 235.30 760.887 1.255 187.49
[Comim][L-Ser] 0.67 215.25 3630.267 1.207 178.36
[C,mim][L-Pro] 0.70 225.29 2134.400 1.144 196.89
[Comim][C(CN)s]o.25 [Glylo.7s 2.22 189.22 94.033 1.140 165.96
[Comim][C(CN)z]o.25 [L-Ala]o.7s 0.43 199.75 146.567 1.114 179.35
[Comim][C(CN)z]o.25 [Taulo.7s 0.14 226.78 242.413 1.208 187.78
[Comim][C(CN)z]o.25 [L-Ser]o.7s 1.68 211.75 586.840 1.177 179.87
[Comim][C(CN)zlo.25 [L-Proloss 1.96 219.28 551.760 1.138 192.75
[Comim][C(CN)3]os [Glylos 0.65 193.23 55.692 1.118 172.77
[Comim][C(CN)3]os [L-Ala]os 0.10 200.24 78.604 1.102 181.68
[Comim][C(CN)3]os [Taulos 0.05 218.27 84.495 1.165 187.38
[Comim][C(CN)z]os [L-Serlos 0.29 208.24 168.520 1.142 182.37
[C,mim][C(CN)zlos [L-Pro]os 0.28 213.26 224.150 1.120 190.46
[Comim][C(CN)z]o.75 [Clylo.2s 0.54 197.23 29.045 1.101 179.10
[Comim][C(CN)z]o.75 [L-Ala]o.2s 0.10 200.74 31.551 1.093 183.67
[Comim][C(CN)z]o.75 [Taulo.s 0.07 205.49 35.420 1.124 186.60
[Comim][C(CN)z]o.75 [L-Ser]o.2s 0.55 204.74 42.012 1.113 183.97
[Comim][C(CN)z)o.75 [L-Prolos 0.02 207.25 57.468 1.103 187.86
[C.mim][C(CNj3)] 0.01 201.23 16.624 1.085 185.54
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3.2 Experimental Procedure
3.2.1 Viscosity and density measurements

Measurements of viscosity and density of the pure ILs and their mixtures were
performed in the temperature range between 293.15 and 353.15K at atmospheric pressure using
an SVM 3000 Anton Paar rotational Stabinger viscometer-densimeter. The SVM 3000 uses
Peltier elements for fast and efficient thermostability and the temperature uncertainty is = 0.02
K. The precision of the dynamic viscosity measurements is £ 0.5 % and the absolute uncertainty
of the density is + 0.0005 g-cm™. The overall uncertainty of the viscosity measurements (taking
into account the purity and handling of the samples) was estimated to be 2 %. Triplicates of

each sample were performed to ensure accuracy and the reported results are the average values.

Figure 3.2 - SVM 3000 Anton Paar rotational Stabinger viscometer-densimeter

3.2.2 Refractive Index measurements

The refractive indices were measured at atmospheric pressure in a temperature range
between 293.15K and 353.15K through an automated Anton Paar Refractometer Abbemat 500
with a precision of + 5:10°. Triplicates of each sample were measured and the results presented

are average values. The absolute uncertainty of the refractive indices was + 0.00005.

Figure 3.3 - Anton Paar Refractometer Abbemat 500
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3.3 Results and Discussion
3.3.1 Thermophysical properties for pure ILs and their mixtures
Some of the obtained results are presented at T = 318.15K, since the gas permeation

measurements were performed at this temperature (Chapter 4).

3.3.1.1 Density measurements
The density values, p (g-cm™), of the pure ILs and their mixtures were measured in the

temperature range from 293.15K to 353.15K and are reported in Tables 7.1-7.4 (Appendix 3)
and illustrated in Figures 3.4-3.7.
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Figure 3.4 - Densities (p) of the pure ionic liquids measured in this work as a function of temperature

(T): [Cmim][C(CN)3] (), [C.mim][Gly] (), [C,mim][L-Ala] (), [C;mim][Tau] (o), [C,mim][L-Ser]
(®), [Comim][L-Pro] (=).
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Figure 3.5 - Densities (p) of the ionic liquids mixtures measured in this work as a function of temperature
(T): [Comim][C(CN)so.25[Glylozs (), [Comim][C(CN)slozs[L-Ala]ozs (), [Comim][C(CN)so.s[Tau]o.zs
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Figure 3.6 - Densities (p) of the ionic liquids mixtures measured in this work as a function of temperature
(T): Camim][C(CN)s]os[Glylos (0), [Comim][C(CN)slos[L-Ala]os (4), [Comim][C(CN)slos[Taulos (),
[Comim][C(CN)s]os[L-Ser]os (@), [Comim][C(CN)sos[L-Pro]os (=).
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Figure 3.7 - Densities (p) of the ionic liquids mixtures measured in this work as a function of temperature
(T): Comim][C(CN)slo7s[Glylo2s (), [Comim][C(CN)so.rs[L-Ala]os (4), [Comim][C(CN)slors[Tau]ozs
(©), [Comim][C(CN)3]o.75[L-Serlo.s (@), [Comim][C(CN)s]o.75[L-ProJo.s (=).

From the analysis of Figures 3.4-3.7, it can be observed that the density decreases
linearly with temperature for all pure ILs and their mixtures, in the whole temperature range
studied in this work. Moreover, as expected, the density values of the IL mixtures are in
between those of the pure ILs, for the five amino acid-based ionic liquids studied.

An overall comparison of the densities for the different ionic liquid mixtures, as a
function of composition, as well as for the pure fluids at a fixed temperature of 318 K is

presented in Figure 3.8.
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Figure 3.8 - Density values of the prepared IL mixtures with different compositions at T = 318.15 K.

The density values of the pure amino acid-based ionic liquids can be ordered as
[Comim][L-Ala] < [Comim][L-Pro] < [Comim][Gly] < [Comim][L-Ser] < [C,mim][Tau].
Additionally, within one mixture, the density decreases as the molar fraction of
[C.mim][C(CN)s] increases in the IL mixture. This behaviour is common to all five amino acid-
based ionic liquids, leading to the conclusion that for a fixed composition, the AA-based ILs
density order is maintained.

Another interesting conclusion from Figure 3.8 is that if a specific density is needed,
several mixtures of different AA-based ILs with different compositions can be used. This fact

illustrates the flexibility provided by the use of the IL mixtures.
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The density values were fitted as a function of temperature, T (K), by the least squares

method using the linear expression given by Equation 3.2:
p=a+b(T) (3.2)
where a and b are adjustable parameters which are listed in Table 3.2. A good adjustment of the

density values as a function of temperature was achieved, as can be evaluated by the correlation
coefficient, R

Table 3.2 - Fitted parameters of the linear expression given by Equation (3.2) and respective correlation
coefficient, R%

lonic Liquids a(g-cm®) b x 10* (g-cm?K™) R?
[Comim][Gly] 13431 6.10 0.9999
[Comim][L-Ala] 1.3072 6.18 0.9999
[Comim][Tau] 1.4398 6.32 0.9997
[C,mim][L-Ser] 1.3880 6.19 0.9997
[C,mim][L-Pro] 1.3196 5.99 0.9997
[C,mimI[C(CN)lozs [C1YIoms 1.3241 5.28 0.9999
[C,mim][C(CN)s]os [L-Ala]o 75 1.2972 6.27 0.9999
[C,mim][C(CN)slo2s [Tauloss 1.3937 6.35 0.9999
[Comim][C(CN)slos [L-Serlozs 1.3668 6.48 0.9998
[Comim][C(CN)slo 25 [L-Prolos 1.3182 6.17 0.9998
[ComimIIC(CN)alos [GlYlos 1.3067 6.43 0.9999
[Comim][C(CN)s]os [L-Ala]os 1.2916 6.46 0.9999
[Comim][C(CN)sos [Taulos 1.3557 6.5 0.9999
[C,mim][C(CN)s]os [L-Serlos 1.3363 -6.64 0.9999
[C,mim][C(CN)s]os [L-Pro]os 1.3054 -6.34 0.9999
[Cmim][C(CN)aloss [Glylozs 1.2949 6.61 0.9999
[Comim][C(CN)s]o7s [L-Ala]o s 1.2866 -6.62 0.9999
[Comim][C(CN)slo s [Taulozs 1.3104 6.67 0.9999
[Comim][C(CN)slo7s [L-Serloss 1.3101 6.74 0.9999
[Comim][C(CN)s]o7s [L-Proloas 1.2946 6.53 0.9999
[Comim][C(CN)s] 1.2846 6.83 0.9999
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The thermal expansion coefficients (ap), which considers the volumetric changes of a

substance with increasing temperature at constant pressure, were calculated for the pure ILs

using the following equation (3.3)%* ®":

ar == (5), =~ (51), =~z @3

where p is the density in g-cm 3, T is the temperature in K, P is the pressure in kPa and a and b

are adjustable parameters obtained by Equation 3.3.

Table 3.3 — Thermal expansion coefficients (ap) of the pure ionic liquids studied in this work, at
atmospheric pressure.

ap x 10° (K™

T(K) [Comim][Gly] [Comim][L-Ala] [C.mim][Tau] [Comim][L-Ser] [Comim][L-Pro] [Comim][C(CN)3]

293.15 5.239 5.488 5.038 5.130 5.236 6.299
298.15 5.253 5.503 5.050 5.144 5.250 6.318
303.15 5.267 5.519 5.063 5.157 5.264 6.338
308.15 5.281 5.534 5.076 5.170 5.277 6.359
313.15 5.295 5.549 5.089 5.184 5.291 6.379
318.15 5.309 5.565 5.102 5.197 5.305 6.399
323.15 5.323 5.580 5.115 5.211 5.320 6.420
328.15 5.337 5.596 5.128 5.224 5.334 6.441
333.15 5.351 5.611 5.141 5.238 5.348 6.461
338.15 5.366 5.627 5.155 5.252 5.362 6.482
343.15 5.380 5.643 5.168 5.265 5.377 6.503
348.15 5.395 5.659 5.181 5.279 5.391 6.525
353.15 5.409 5.675 5.195 5.293 5.406 6.546

From Table 3.3, it can be concluded that the thermal expansion coefficients of the pure
ionic liquids do not change considerably with temperature, in accordance to what has been
observed for other ILs** ®. Additionally, the thermal expansion coefficients for the pure amino
acid-based ionic liquids can be ordered as: [Comim][Tau] < [C,mim][L-Ser] < [C,mim][L-Pro]
< [Comim][Gly] < [C,mim][L-Ala]. The same trend for the pure amino acid based-ionic liquids,

excepting [C,mim][Tau], was reported by Muhammad et al®*,
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The molar volumes (V) of the pure ILs and their mixtures were calculated through the
density values, by Equation 2.2 and are presented in Tables 7.5-7.8 (Appendix 4) and illustrated
in Figures 3.9-3.12

Vi = —"1’"1;"2’"2 (3.4)

where p corresponds to the density (g-cm™), x is the molar fraction and the M corresponds to the

molar mass (g-mol™). The subscript 1 and 2 refer to the pure ILs.
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Figure 3.9 - Molar Volumes (V) of the pure ionic liquids measured in this work as a function of

temperature (T): [Comim][C(CN)s] (%), [Comim][Gly] (o), [Comim][L-Ala] (), [Comim][Tau] (©),
[Comim][L-Ser] (o), [Comim][L-Pro] (=).
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Figure 3.10 - Molar Volumes (V) of the ionic liquids mixtures measured in this work as a function of
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Figure 3.11 - Molar Volumes (V,,) of the ionic liquids mixtures measured in this work as a function of
temperature  (T):  Comim][C(CN)s]os[Glylos (D), [Comim][C(CN)slos[L-Alalos  (4),
[Comim][C(CN)s]os[Tau]os (©), [Comim][C(CN)s]os[L-Ser]os (), [Comim][C(CN)s]os[L-Proos (=).
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Figure 3.12 - Molar Volumes (V,,) of the ionic liquids mixtures measured in this work as a function of

temperature  (T):  Comim][C(CN)slo7s[Glylozs  (0),  [Comim][C(CN)sloss[L-Ala]os  (4),
[Comim][C(CN)so.7s[ Tau]ozs (©), [Comim][C(CN)s]o.75[L-Ser]o.s (@), [Comim][C(CN)s]o.75[L-Proo.2s (=).

The molar volume scale was kept constant throughout these figures to enable a clear
comparison. The molar volumes of all samples increase with increasing temperature.
Furthermore, the pure [C,mim][L-Pro] presents the highest molar volume while the pure
[Comim][Gly] shows the lowest, in the whole range of temperatures studied. Also to be
mentioned that [C,mim][C(CN)3] and [Comim][Tau] present very similar molar volumes. The

same behaviour is also found for [C,mim][L-Ser] and [C,mim][L-Ala].
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The excess molar volume (VF) of the IL mixtures was calculated by Equation 3.5%:

x1M1+x,Mo _ x1Mq _ x2Mo
Pm P1 P2

VE=

(3.5)

where p corresponds to the density (g-cm™), x is the molar fraction and the M corresponds to the
molar mass (g-mol™). The subscript 1 and 2 refer to the pure ILs and the subscript M denotes
the IL mixtures.

The calculated excess molar volumes values are listed in Tables 7.9-7.11 (Appendix 4)
and are depicted in Figure 3.13 at T=318.15K. Note that the excess molar volumes are very
small (tens of the unit) in comparison to the molar volumes (in order of hundredths of the unit)
used in their calculations. Thus, the accuracy of the density measurements is very important in
the discussion of the excess molar volumes.

The excess molar volumes are the result of contributions from several effects, namely:
chemical, physical and structural modifications.®® Physical contributions, which are non-specific
interactions between the species present in the mixture, originate positive VF values.?® Negative
VE values are a result of chemical contributions (charge-transfer type forces, changes in
hydrogen bonding equilibrium or electrostatic interactions) or structural contributions
(geometrical fitting or changes of free volume).®

As can be seen in Figure 3.13, all the studied IL mixtures show positive V5, except the
[C,mim][C(CN)s][L-Pro] mixture that presents negative V& values. The [C,mim][C(CN)s][L-
Ser] mixture also shows a different behaviour compared to the other IL mixtures since it
exhibits positive and negative V= values at low and high [C,mim][AA] molar fractions,
respectively. There are two mixtures with very similar excess volumes in the whole composition
range [Comim][C(CN)3][Gly] and [C.mim][C(CN)s][L-Ala]. In fact, [Comim][C(CN)s][L-Ser]
also presents very similar V& values at the 0.25 and 0.5 mole fractions, but the value at 0.75
mole fraction is substantially different from that observed for the other two mixtures. This
indicates that at 0.75 mole fraction, the [C.mim][C(CN)s][L-Ser] mixture is affected by
chemical contributions, such as charge-transfer type forces or changes in hydrogen bonding

equilibrium, or structural contributions, namely geometrical fitting or changes of free volume.
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3.3.1.2 Viscosity measurements

The viscosity values, n (mPa-s), of the pure ILs and their mixtures were measured in the
temperature range from 293.15K to 353.15K and are reported in Tables 7.12, 7.13-7.15
(Appendix 5) and illustrated in Figures 3.14-3.17.

Viscosity also decreases linearly with temperature for all pure ILs and their mixtures, in
the whole temperature range studied in this work. From Figure 3.14 it can be observed that the
pure [Comim][L-Ser] exhibits higher viscosity compared to the other pure ionic liquids. In fact,
the viscosity values for the five AA-based ILs can be ordered as: [C.mim][Gly] < [C.mim][L-
Ala] < [Comim][Tau] < [Comim][L-Pro] < [Comim][L-Ser].
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Figure 3.14 - Measured viscosities () of the pure ionic liquids studied in this work as a function of

temperature (T): [Comim][C(CN)3] (%), [Comim][Gly] (D), [Comim][L-Ala] (+), [Comim][Tau] (©),
[Comim][L-Ser] (e), [Comim][L-Pro] (m).
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Figure 3.16 - Measured viscosities (1) of the ionic liquids mixtures studied in this work as a function of
temperature ~ (T):  Comim][C(CN)slos[GlY]os (), [Comim][C(CN)slos[L-Ala]os  (4),
[Comim][C(CN)s]os[Taulos (), [Comim][C(CN)s]os[L-Ser]os (@), [Comim][C(CN)s]os[L-Projos (=).
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Figure 3.17 - Measured viscosities () of the ionic liquids mixtures studied in this work as a function of
temperature  (T):  Comim][C(CN)slos[Glyloos (D), [Comim][C(CN)slo7s[L-Alaloos — (4),
[Comim][C(CN)so.7s[Tauo.zs (©), [Comim][C(CN)s]o.7s[L-Serlo.2s (@), [Comim][C(CN)so.7s[L-Pro]o.s ().

The Figures 3.14-3.17 display some very interesting behaviours. For the two most
viscous AA-based IL mixtures with [Comim][C(CN);s], [C.mim][C(CN)s][L-Ser] and
[Comim][C(CN)s][L-Pro], their relative viscosity order changes as the relative concentrations of
the two ILs change. To this end, it can be seen that for temperatures below 310 K, the #
(IC;mMIimM][C(CN)slo2s[L-Serlo7s) > 7 ([Comim][C(CN)s]o2s[L-Proloss). However, this order is
reversed for the other compositions (0.50/0.50 and 0.75/0.25) of these mixtures. In fact, for the
lowest composition of ([C.mim][C(CN)s], the viscosity order observed is the same as for pure
AA-based ILs. Only for 0.50/0.50 mixtures the order is reversed meaning that [C,mim][C(CN)3]
is more effective in disrupting the [Comim][L-Ser] liquid structure than that of [Comim][L-Pro].
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The Figure 3.18 presents the viscosity values for all the IL series at T = 318.15 K. The
viscosity values of IL mixtures are in between those of the pure ionic liquids, for the five AA-
based ILs. This behaviour can be also observed in the whole temperature range studied in this
work. A very marked decrease in viscosity can be observed for the two most viscous AA-based
ILs, [Comim][L-Ser] and [C,mim][L-Pro].
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Figure 3.18 - Viscosity comparison for all the ionic liquid series at T = 318.15 K.

The experimental viscosity values were fitted as a function of temperature, using the

Vogel-Fulcher-Tammann (VFT) model described in Equation 3.6:

B’l
(T—Cy)

Innp=A,+ (3.6)

where 7 is the viscosity in mPa-s, T is the temperature in K, and A,, B,, and C, are adjustable
parameters. The adjustable parameters were determined from the fitting of the experimental
values and are listed in Table 3.4 as well as the activation energy values, E,, (kJ-mol™) at T =
318.15K.
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The activation energy was calculated based on the viscosity dependence with

temperature using the following equation (3.7)":

By

d(Inm)
E, = R.# =R\ 75—
<—l-——"+1>
T2 T

o(z)

(3.7)

where 7 is the viscosity, T is the temperature, B, and C, are the adjustable parameters obtained
from equation 3.6, and R is the universal gas constant.

It should be noted that the experimental viscosity values were also correlated using a
logarithmic equation based on Arrhenius model, described by the Equation 3.8:

Eq

In(n) = In(ne) — = (3.8)

where 7 is the viscosity (mPa-s), 7., is a pre-exponential constant (mPa-s), Ea is the activation
energy (kJ-mol™), R is the ideal gas constant and T is the temperature (K).

However, the fitting of viscosity values as a function of temperature using this equation
was not obtained, as can be evaluated by the correlation coefficients, R?, listed in Table 7.16
(Appendix 6). Consequently, the VFT model was chosen, taking into account that it has a larger
number of adjustable parameters than Arrhenius model, which allows a better adjustment of the

experimental viscosity values as a function of temperature.
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Table 3.4 - Fitted parameters of VFT expresson given by Equation 3.6 and activation energy values at T
=318.15 K.

lonic Liquid Samples parameters R? Eaalg'ls_Kl
A, (mPa.s) B, (K) C, (K) (kJ-mol™)
[C,mim][Gly] 71,766 738601 191.275 1.0 386
[C,mim][L-Ala] 1971 798653  192.303 1.0 42.4
[Comim][Tau] -2.049 910.854 188.296 1.0 45.5
[C,mim][L-Ser] 2.461 1003108  199.095 1.0 59.6
[C,mim][L-Pro] 2,297 953302 197476 10 55.1
[C,mim][C(CN)sJo2s [GIY]ons 11681 654712  187.962 1.0 325
[Comim][C(CN)slos [L-Alalo s 11,702 678.486 101746 10 35.7
[C,mim][C(CN)slo2s [Taulo s -1.965 825404 182502 1.0 37.8
[C,mim][C(CN)sJo2s [L-Ser]o7s -2.261 833326  196.652 1.0 475
[C,mim][C(CN)sJo2s [L-Pro]o 75 1671 723147  202.561 1.0 45.6
[C,mim][C(CN)slos [Glylos 1748 632.609 183439  0.9998 203
[Comim][C(CN)slos [L-AlaJos 11,606 625181 188483 10 313
[C,mim][C(CN)s]os [Taulos -1.596 653.601  184.787 1.0 30.9
[C,mim][C(CN)sos [L-Serls -1.681 653298  197.224 1.0 37.6
[C,mim][C(CN)s]os [L-Prolos -1.643 664071  199.051 1.0 39.4
[C,mim][C(CN)sloss [GlY]ozs 1.478 546202  180.340 1.0 24.2
[C,mim][C(CN)s]os [L-Alaly 25 -1.840 652.860  169.726  0.9996 24.9
[C,mim][C(CN)sJos [Taulo. 11535 595406  176.467  0.9999 25.0
[C,mim][C(CN)s]o7s [L-SerJo2s 11570 582.662 183379  0.9999 27.0
[C,mim][C(CN)s]os [L-ProJozs -1.491 582.803  187.969 1.0 28.9
[C,mim][C(CN)3] -1.898 663573 152177 1.0 20.3

Looking at Figure 3.19, where the activation energy (E,) values for the five IL series at
T = 318.15 K are represented, it can be observed that the E, decreases as the molar fraction of
[Comim][C(CN);] increases in the IL mixture. This behaviour is found for the five amino acid-
based ionic liquids.

Furthermore, the [C,mim][L-Ser] shows the highest E, value while [Comim][Gly]
displays the lowest E, value, which means that the ions of [C,mim][L-Ser] have more difficult
to move past each other than the ions of [C,mim][Gly]. This can be a direct consequence of the
presence of stronger interactions within the fluid. The presence of the terminal OH group in
[Comim][L-Ser], providing extra hydrogen bonding points, has a very strong influence in the
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viscosity of this IL and its [Comim][C(CN)sz]o.s[L-Ser]o.7s mixture. Conversely, [Comim][L-Pro]
is the IL that has the largest molar volume, probably due to the cyclic amine present in its
structure. This might be a possible explanation for its high viscosity, when compared to the
other ILs [Comim][Gly], [C.mim][Ala] and [Comim][Tau]. It is also important to note that, as it
can be confirmed on Table 3.4, the Ea values for all the [C,mim][C(CN)s]o7s [AA]o2s are very
similar to each other indicating similar viscosity values and thus a disruption of most the AA-

based IL network.
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Figure 3.19 - Calculated activation energy (Ea) values of ionic liquid series studied in this work at
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The viscosity deviations, A In(n), for the ionic liquid mixtures were calculated using

Equation 3.9:

Aln(n) = In(ny) — [x1 In(m,) + (1 — x1)In (172)] (3.9)

where # corresponds to viscosity (mPa-s) and x is the mole fraction. The subscript 1 and 2
correspond to the two pure ILs and the subscript M denotes the IL mixture. The calculated
viscosity deviations values are presented in Tables 7.17-7.19 (Appendix 7). The viscosity
deviations for the studied IL mixtures are represented in Figure 3.20, at T=318.15K.
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Figure 3.20 - Viscosity deviations of the ionic liquid mixtures at 318.15 K: C,mim][C(CN)s][Gly] (o),
[Comim][C(CN)s][L-Ala] (),  [Comim][C(CN)s][Tau] ~ (2),  [Comim][C(CN)s][L-Ser]  (e),
[C,mim][C(CN)3][L-Pro] (=).

Regarding the viscosity deviations, positive Aln(n) values are related to the charge
transfer and hydrogen bonding interactions while negative A In(n) values are usually obtained
for systems where molecular size and shapes of the components, dispersion and dipolar
interactions, are considered.

It can be observed from Figure 3.20, that all the IL mixtures studied show negative
viscosity deviations, in the entire range of temperatures, with the exception of
[Comim][C(CN)z]os[L-Pro]os and [Comim][C(CN)s]o.7s[L-Pro]o.2s mixtures that present positive
viscosity deviations, which are related to the charge transfer and hydrogen bonding interactions.
The negative A In(n) value for the [C,mim][C(CN)z]o.2s[L-Pro]o7s mixture can be associated to

the molecular size and shape of [C,mim][L-Pro].
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3.3.1.3 Refractive Index measurements

The refractive index values (np) of the pure ionic liquids and their mixtures were measured
in the temperature range from 293.15 K to 353.15 K and are reported in Tables 7.20-7.23
(Appendix 8) and illustrated in Figures 3.21-3.24.

1.5300
15250 } ®
] (]
1520 F & O 5
Od
I 0 °
15150 | B a °
g g U O m (]
o 15100 } S o = °
c X X o E E
(@)
15050 | B 4 O 4 H
1.5000 } R 4 o
. x &4 3 O
1.4950 | * ﬁ
1.4900 L L L L L L
290 300 310 320 330 340 350 360
T (K)

Figure 3.21 - Measured refractive indices (np) of the pure ionic liquids studied in this work as a function
of temperature (T): [Comim][C(CN)3] (%), [Comim][Gly] (o), [Comim][L-Ala] (4), [Comim][Tau] (©),
[Comim][L-Ser] (e), [Comim][L-Pro] (m).
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Figure 3.22 - Measured refractive indices (np) of the ionic liquids mixtures studied in this work as a function

of  temperature  (T): [Comim][C(CN)slo2s[Glylors (D), [Comim][C(CN)sJoos[L-Ala]ozs  (4),
[Comim][C(CN)so.2s5[ Tau]o.zs (©), [Comim][C(CN)s]o.25[L-Ser]o.zs (@), [Comim][C(CN)s]o.25[L-ProJo.zs (=).
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Figure 3.23 - Measured refractive indices (np) of the ionic liquids mixtures studied in this work as a
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Figure 3.24 - Measured refractive indices (np) of the ionic liquids mixtures studied in this work as a function of
temperature (T): [Comim][C(CN)slo.75[GlY]o.2s (o), [Comim][C(CN)s]o.7s[L-Ala]o.2s (4),
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The molar refraction or molar polarizability (R,,) was calculated from experimental data
of both molar volume (V) and refractive index (np) at the studied range of temperatures using
the Lorentz-Lorenz relation (Equation 3.10):

R, = ("f"l) V., (3.10)

n%+2
where V., is the molar volume (cm3-mol'1) and np is the refractive index.

The unoccupied fraction of the molar volume of an ionic liquid is defined as molar free
volume (f,), which can be estimated by Equation 3.11:

fm=W0m—Ryp) (3.11)

where V,, and R,, are the molar volume and the molar refraction of the IL, respectively.

The calculated molar refraction (R, values as well as the molar free volumes (f,) of all
the studied samples are listed in Tables 7.24-7.27 (Appendix 9).

The Figures 3.26-3.29 present the molar free volume (f,) as a function of temperature
(T) for all the pure ILs and their mixtures. It can be observed from Figure 3.26 that the pure
[Comim][L-Pro] presents the highest free molar volume, while the pure [Comim][Gly] has the
lowest free molar volume. This property can be directly associated to the gas solubility of
SILMs since it is related to the space available to accommodate the gas. This behaviour can also
be observed for all mixtures of different molar fractions studied containing [C,mim][L-Pro].

Moreover, the pure [Comim][Gly], [Comim][L-Ala] and [C,mim][L-Ser] display lower
free molar volumes compared to the pure [Comim][C(CN)s]. Additionally, the pure

[Comim][Tau] presents similar free molar volume compared to [Comim][C(CN)s].
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Figure 3.25 - Measured free molar volumes (f,,) of the pure ionic liquids studied in this work as a
function of temperature (T): [Comim][C(CN)s] (%), [C.mim][Gly] (o), [Comim][L-Ala] (4),
[Comim][Tau] (©), [Comim][L-Ser] (e), [Comim][L-Pro] (=)

150
145 |
140 f g m m @ HE
135 | g
130 |
125 | e 0o o ©

120 } g ooooof®f
115 }
110 }
105 }

100 L L L L L L L
280 290 300 310 320 330 340 350 360

T(K)

f, (cm3-mol?)

Figure 3.26 - Measured free molar volumes (f;) of the ionic liquids mixtures studied in this work as a
function of temperature (T): [Comim][C(CN)slo2s[Glylors (D), [Comim][C(CN)so2s[L-Ala]ozs (4),
[Comim][C(CN)z]o.25[ TauJo.7s (©), [Comim][C(CN)3]o.os[L-SerJo.zs (@), [Comim][C(CN)s]o.25[L-Prolo.zs (=).
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Figure 3.27 - Measured free molar volumes (f;) of the ionic liquids mixtures studied in this work as a
function of temperature (T): [Comim][C(CN)sJo75[Glylozs (o), [Comim][C(CN)slozs[L-Ala]o2s (),
[Comim][C(CN)s]o.zs[TauJo.s (©), [Comim][C(CN)s]o.75[L-Serlo.2s (@), [Comim][C(CN)s]o.75[L-Prolo.s (=).

As can be seen in the Figures 3.25-3.28, the molar free volumes increase linearly with

increasing temperature for all the pure ILs and their mixtures.
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A comparison of density, viscosity and refractive index values at T = 318.15 K with
literature® was made for the pure AA-based ILs, with the exception of the pure [C,mim][Taul,
that was not reported in the literature.

As it can be seen in Figure 3.29, the measured density values exhibit a similar behaviour
compared to the literature values. On the other hand, from Figure 3.30, the experimental
viscosity values show also a similar trend compared to the literature values. However,
experimental viscosity values of [Comim][L-Ser] and [C,mim][L-Pro] measured in this work are
higher than those reported in literature. This can be related to the water content of the ILs.
Although a direct comparison among the literature and the obtained water contents, was not
possible, the large difference between the experimental and the literature viscosity values of
[Comim][L-Ser] and [Comim][L-Pro] lead to suggest that the water contents obtained in this

work were lower than those obtained by Muhammad et al.®*

Moreover, it was reported in the
same work that before water measurement, each sample was dried in a vacuum oven for 4h at
80°C. This confirms the previous suggestion since, in this work, the pure ILs and their mixtures
were all dried under vacuum (107 kPa) at a moderate temperature (= 318 K) for at least 4 days.
Additionally, from Figure 3.31, both experimental and literature refractive index values
of the pure AA-based ILs can be ordered as: [Comim][L-Ala] < [Comim][Gly] < [Comim][L-

Pro] < [Comim][L-Ser].

Table 3.5 - Comparison of density (p) ®*, viscosity (1) ® and refractive index (np) ® values of the pure
ionic liquids measured in this work with those from literature at T = 318.15 K.

T =318.15 K
p (g-cm’®) n (mPa-s) No
AAIL
Thiswork Literature This work Literature This work Literature
[Comim][Gly] 1.1490 1.1422 57.66 24.89 1.51445 1.49827
[Comim][L-Ala] 1.1105 1.1235 79.34 56.62 1.50651 1.49735
[Comim][L-Ser] 1.1909 1.1820 389.00 105.80 1.52022 1.50774
[Comim][L-Pro] 1.1287 1.1426 271.20 114.27 1.51591 1.50511
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As illustrated in Figure 1.5, the gas transport through a dense liquid membrane occurs
according to a solution-diffusion mass transfer mechanism where the permeability (P) is related
to solubility (S) and diffusivity (D) as follows®:

P=SxD (4.1)

The solution-diffusion mechanism is described by three steps: (1) gas absorption or
adsorption on the upstream side of the membrane, (2) diffusion of the absorbed species through
the membrane driven by a concentration gradient (partial pressure difference), and (3) gas
desorption on the downstream side of the membrane. Thus, in order to better understand the
mechanism behind gas permeation, it is important to evaluate not only gas permeability but also
solubility and diffusivity, of the gas. In this study, the CO, and N, permeation properties of the
prepared supported ionic liquid membranes were measured by using a time-lag apparatus, which
allows for the simultaneous measurement of gas permeability and diffusivity, while the
solubility was calculated from Equation (4.1). The gas permeation experiments were performed
at a fixed temperature (318.15 K) and different trans-membrane pressure differentials (2.5, 5,
10, 25, 50 and 100 kPa).

4.1 Preparation of the facilitated supported ionic liquid membranes
(FSILMs)

Omnipore porous hydrophilic poly(tetrafluoroethylene) (PTFE) membranes provided by
MerckMillipore, with a pore size of 0.2 um and an average thickness of 65 um, were used to
support the pure ILs and their mixtures. PTFE membrane filters were selected in order to
improve the chemical resistance and the compatibility of the support.

To achieve stable SILMs, much care is needed to ensure that the IL sample completely
fills the membranes pores. In this work, the SILM configuration process only used 1 mL of the
pure ILs or their mixtures (previously dried). First, the membrane filter was introduced inside a
vacuum chamber for 1h in order to remove the air within the pores and facilitate the membrane
wetting. Then, drops of the IL sample were spread on the membrane surface using a syringe,
while keeping the vacuum inside the chamber. As the liquid penetrated into the membrane
pores, the membrane became transparent. The SILM was left inside the chamber under vacuum
for another 1h. Finally, the SILM was taken out of the chamber and the excess of IL was wiped
from the membrane surface with paper tissue. From gas permeation measurements, it was

obvious if the liquid did not completely fill the membrane pores.
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Figure 4.1 — Vacuum chamber a) before and b) after the IL sample impregnation.

Considering that the relatively high viscosity of amino acid-based ionic liquids
promotes low sorption and desorption rates, and consequently results in low gas permeabilities,
only SILMs of the pure [Comim][C(CN);] and the following IL mixtures
[C.mim][C(CN);]os[Glylos, [C.mim][C(CN);]os[L-Ala]os, [Comim][C(CN);]os[Tau]os,
[Comim][C(CN)s]os[L-Ser]os and [Comim][C(CN)s]os[L-Prolos (Figure 4.2) were tested. In
order to evaluate the influence of the amino groups in the gas transport properties of SILMs, the
gas permeation results obtained for the IL mixtures were compared to those of the pure
[C.mim][C(CN)3].
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Figure 4.2 - Chemical structures of ions and composition matrix of the IL + IL mixtures tested as liquid
phases in SILMs.
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4.2 (Gas permeation measurements

Experimental CO, and N, permeation measurements through the prepared facilitated
SILMs were conducted for single gas feed using a time-lag apparatus, which is schematically
represented in Figure 4.3.

The time-lag apparatus is composed of two stainless steel tanks, one of them with 5 dm®
(feed) and the other with (34.2 = 0.2) cm® (permeate). Both reservoirs are connected to the
permeation cell, which has 13.9 cm? of effective area.

': @ :
Vi ' H
>t v i
| Drv2 -
: DQVa I
e B3
: Xvs ;

fC;Eelsd Vacuum pump

Figure 4.3 - Time-lag apparatus. P represents the pressure sensors, V the manual valves, V© the feed tank,
VP the permeate tank and T a thermostatic air bath.

Each prepared membrane was positioned on the top of a highly porous sintered disk for
providing mechanical stability and installed into the flat-type permeation cell (Figure 4.4),
where it was degassed under vacuum during 12 hours before testing. An EPDM o-ring was used

to seal the membrane inside de permeation cell.
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Figure 4.4 - Stainless steel flat-type permeation cell used in this work.

Two sensors controlled pressure, one at the feed tank (S-10 WIKA, 600 KPa + 0.05%
FS, P1) and in the permeate tank there was a high precision absolute pressure sensor (MKS e-
Baratron, ref. 628C, 13.33 kPa, 0.001% FS, P2) for measuring pressure variations. The time-lag
unit was placed inside a thermostatic cabinet with a precision of + 0.05K. A rotatory high
vacuum pump (BOC Edwards, RV3) guaranteed vacuum conditions.

The gas bottles (CO, and N,) are placed on the system to allow the filling of the feed
tank (VF) for thermostating the gas through the valve vyi.The valves v,, vs, v, and vs, are
displayed in the installation in order to be manipulated outside of the thermostatic cabinet for
preventing disturbs in temperature.

Initially, vacuum was applied to the system (valve v, closed; valves v; and v, opened) to
ensure that is achieved a pressure as low as possible, i.e., that the concentration of the permeate
side is practically null (Co=0). Then, the vacuum was isolated (valves v, and vs closed) and gas
was introduced into the system (valves v, and v; opened), feeding the membrane at the desired
pressure p;.

The single gas permeation experiments using CO, and N, were performed at T = 318.15
K and trans-membrane pressure differentials between 2.5 and 100 kPa and vacuum (< 0.1 kPa)
as the initial downstream pressure (permeate). At least three separate experiments of each gas
on a single membrane sample were carried out. Between each run, the permeation cell and lines
were evacuated on both upstream and downstream sides until the pressure was below 0.1 kPa.
No residual IL sample was found inside the permeation cell at the end of the experiments which
indicates that the membrane mass remained approximately constant throughout the experiment.

The thickness of the prepared SILMs was assumed to be equivalent to the membrane
filter thickness (0.065 mm).

Carbon dioxide (CO,) and nitrogen (N,) were supplied by Air Liquid and were of at least

99.99% purity. Gases were used without further purification.
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4.3 Results and Discussion

The CO, and N, permeation properties (permeability, diffusivity and solubility) were
determined at T = 318.15 K and different trans-membrane pressure differentials (2.5, 5, 10, 25,
50 and 100 kPa).

In Table 4.1 are summarized the water contents as well as the thermophysical properties
of the pure [C,mim][C(CN);] and the IL mixtures used to prepare the SILMs studied, namely
[Comim][C(CN)s]os[Glylos, [Comim][C(CN)s]os[L-Ala]os, [Comim][C(CN)s]os[Tau]os,
[Comim][C(CN)s]os[L-Ser]os and [C;mim][C(CN)s]os[L-Pro]os..

Table 4.1 — Thermophysical Properties (at T = 318.15 K) and water contents of pure [C,mim][C(CN)s]
and IL mixtures used to prepare the SILMs studied.

wt% of M n p \Y

Lorle [gpte szl water (g:mol™)  (mPa:s) (g-cm®) (cm3-rn;10I'1)
[C,mimM][C(CN)sos [GIY]os 0.65 19323 18972  1.102 175.340
[C,mim][C(CN)slos [L-Ala]os 0.10 200.24 24899  1.086 184.394
[C,Mim][C(CN)slos [Tau]os 0.05 21827 27272 1148 190.093
[C,mim][C(CN)slos [L-Serlos 0.29 20824 41254 1125 185.091
[C,mim][C(CN)slos [L-Prolos 0.28 21326  50.983  1.104 193.217
[C,mim][C(CN3)] 0.01 20123 8202 1.067 188.461
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4.3.2 Gas Permeability

The gas permeability values were determined from the steady-state flux through the
membrane (J), the membrane thickness (¢) and the pressure difference across the membrane

(4p) according to:

p—jt (4.2)

Permeability is often expressed in Barrer, where:

10~ 0cm3(STP)cm

1 barrer = >
cm“s cmHg

(4.3

The gas permeabilities through the prepared SILMs measured at T=318.15 K and
different trans-membrane pressure differentials (2.5, 5, 10, 25, 50 and 100 kPa) are presented in
Table 4.2 and depicted in Figures 4.3-4.7.

It is important to note that it was not possible to perform gas permeation experiments
under a feed pressure of 100 kPa for the [Comim][C(CN)s]os[Gly]os and [Comim][C(CN)s]os[L-
Ala]s-based SILMs since after two-three days of continue operating measurement conditions,
the stability of these SILMs is compromised. In order words, it was not possible to reproduce
gas experiments since the gas flux is much increased after each run and at a given time the
pressure on the permeate side just instantaneously raised to its upper limit, meaning that the gas

molecules are not diffusing through the membrane by a solution-diffusion mechanism.

Table 4.2 — Gas permeabilities at T = 318.15 K and different feed pressures.

Permeability (Barrer) at T=318.15K

Feed Pressure: 2.5 kPa

SILM sample
CO, STDEV N, STDEV
[Comim][C(CN)zlos [Glylos 392 7.41 14,5 0.40
[C,mim][C(CN)z]os [L-Ala]os 765 19.11 16.97 0.61
[Comim][C(CN)3los [Taulos 733 14.62 10.6 0.22
[Comim][C(CN)s]os [L-Ser]os 338 7.25 10.0 0.27
[Comim][C(CN)3]os [L-Pro]os 144 3.80 7.8 0.07
[Comim][C(CN3)] 539 8.38 25.4 0.58
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Feed Pressure: 5 kPa

[Cmim][C(CN)z]os [Glylos 262 1.06 9.6 0.04
[C;mim][C(CN)s]os [L-Ala]os 517 17.84 135 0.04
[Comim][C(CN)s]os [Tau]os 460 16.35 8.7 0.03
[C.mim][C(CN)s]os [L-Serlos 231 711 8.6 0.08
[C;mim][C(CN)gos [L-ProJos 105 2.15 6.6 0.10
[C,mim][C(CN3)] 570 3.94 21.6 0.12
Feed Pressure: 10 kPa
[Cmim][C(CN)s]os [Glylos 198 1.87 9.0 0.10
[Cmim][C(CN)s]os [L-Alalos 351 12.67 13.4 0.12
[C:mim][C(CN)s]os [Taulos 297 3.65 7.9 0.04
[C;mim][C(CN)s]os [L-Serlos 160 3.37 8.1 0.02
[Cmim][C(CN)s]os [L-Pro]os 75 1.85 5.9 0.04
[C,mim][C(CN3)] 561 1.94 21.1 0.19
Feed Pressure: 25 kPa
[C:mim][C(CN)sJos [Glylos 148 3.49 8.6 0.05
[Comim][C(CN)s]os [L-Ala]os 351 12.67 12.5 0.03
[Cmim][C(CN)s]os [Taulos 175 1.25 74 0.05
[Comim][C(CN)s]os [L-Ser]os 127 259 7.3 0.03
[C;mim][C(CN)glos [L-Proos 64 1.29 5.6 0.35
[C,mim][C(CN,)] 564 4.18 19.4 0.03
Feed Pressure: 50 kPa
[Cmim][C(CN)s]os [Glylos 123 0.90 7.3 0.11
[C.mim][C(CN)s]os [L-Alalos 199 3.18 135 0.40
[C;mim][C(CN)s]os [Taulos 127 1.85 7.0 0.01
[Cmim][C(CN)s]os [L-Serlos 103 2.07 7.1 0.03
[C2mim][C(CN)s]os [L-Projos 60 0.25 5.2 0.07
[C,mim][C(CN,)] 562 5.16 19.1 0.03
Feed Pressure: 100 kPa
[Comim][C(CN)z]os [Glylos ) } - -
[Comim][C(CN)s]os [L-Ala]os ) ) - -
[C:mim][C(CN)s]os [Taulos 109 0.53 6.9 0.03
[Cmim][C(CN)s]os [L-Serlos 118 3.26 7.3 0.01
[C2mim][C(CN)s]os [L-Projos 59 1.04 5.03 0.12
556 5.99 18.1 0.02

[Comim][C(CN3)]
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As it can be seen from Figures 4.5-4.9, the CO, permeability through the pure
[Comim][C(CN);s] based SILMs does not significantly change under different feed pressure
conditions. In contrast, the CO, permeability of all the supported IL mixture increases as the
feed pressure decreases, while N, permeability remains unchanged, meaning that the prepared
supported IL mixtures still have the ability to perform CO, facilitated transport. For instance,
under 2.5 kPa of feed pressure, the CO, permeability values measured through the SILMs based
on the [Comim][C(CN)s]os[L-Ala]os and [Comim][C(CN)s]os[Tau]es mixtures are, respectively,
42 % and 36 % higher than that of the pure [C,mim][C(CN)4].
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Figure 4.10 shows the CO, permeability values through the prepared SILMs at
T=318.15 K and 2.5 kPa of feed pressure as a function of viscosity (). With the exception of
the pure [C,mim][C(CN);s] and the [Comim][C(CN)s]os[Glylos mixture, the CO, permeability
decreases with increasing IL viscosity. This behaviour is in agreement to the general trend
scaling gas permeability with IL viscosity that has been observed in SILMs by different
authors.® °® #9% However, the [C,mim][C(CN)s]os[Gly]os mixture can be considered an
exception to this general trend. Although it has the lowest viscosity, the
[C.mim][C(CN)3]os[Glylos mixture does not present the highest CO, permeability values, as
expected. It means that the description of gas permeability simply in terms of IL viscosity does

not provide a full understanding of the gas transport through SILMs.
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Figure 4.10 - CO, permeability values through the prepared SILMs at T = 318.15 K and 2.5 kPa of feed

pressure as a function of viscosity (7).
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4.3.3 Gas Diffusivity

Gas diffusivity is a mass transfer property that directly affects gas permeability through
SILMs as described by Equation 4.4. In fact, gas diffusivity is the parameter that indicates the
gas mobility through the membrane. The higher is the diffusivity, the faster is the gas flux
through the SILM.

The gas diffusivity (D) was determined from the time-lag parameter (6), which can be
obtained before achieving steady state flux, using Equation 4.4. The time-lag parameter was
deduced by extrapolating the slope of the linear portion of the p, vs. ¢ curve back to the time

axis, where the intercept is equal to 6.

‘BZ

D_ae

(4.4)

Temperature dependence on gas diffusion is expressed in terms of an Arrhenius type
relationship, seeing that the movement of gas molecules through liquid membranes is a
thermally activated process. Mathematically, the temperature dependence of diffusion is given
by Equation 4.5:%

D = D,el ) (45)

where D, is the pre exponential factor, Ea is the activation energy, R is the gas constant and T is
the temperature. In general, the diffusion coefficient increases with increasing temperature.*>
Considering that N, gas molecules diffuses faster than those of CO, through the SILMs
due to its smaller sizes, it is generally more difficult to precisely determine the N, time-lag
parameter (6) than that of CO,. In this work, it was not possible to determine N, time-lag
parameters through any of the SILMs prepared. Although the apparatus available in our lab

K," % 3 it was found that at T =

allows the determination of N, diffusivities at T = 293.15
318.15 K, the N, diffusivities are too faster to be accurately determined using this set-up. In

view of that, only the CO, diffusivity and solubility values are presented and discussed herein.
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The CO, diffusivity values through the prepared SILMs at T = 318.15 K and 2.5 kPa of
feed pressure are presented in Table 4.3 and depicted in Figure 4.11 as a function of viscosity

(1)

Table 4.3 - CO, diffusivity values through the prepared SILMs at T = 318.15 K and 2.5 kPa of feed
pressure.

Diffusivity (x10'%) (m?%s™) at T = 318.15K
Feed Pressure: 2.5 kPa

SILM sample
CO, STDEV
[C,mim][C(CN)s] 3.966 0.087
[C,mim][C(CN)3]os [Glylos 1.301 0.065
[Comim][C(CN)3]os [L-Ala]os 2.381 0.030
[Comim][C(CN)sos [Taulos 2.851 0.062
[C,mim][C(CN)3]os [L-Ser]os 0.818 0.030
[Comim][C(CN)3]o.5 [L-Pro]os 0.369 0.019
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Figure 4.11 - CO, diffusivity values through the prepared SILMs at T = 318.15 K and 2.5 kPa of feed
pressure as a function of viscosity (7).

It is well know that the liquid phase viscosity can strongly affect gas diffusivity through
SILMs.
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From Figure 4.9, it can be seen that the pure [Comim][C(CN);], which has the lowest
viscosity within the IL mixtures, presents the higher CO, diffusivity. This behaviour is in
agreement to what has been reported for SILMs made of pure ILs.>® In the same way, the
[C.mim][C(CN)s]os[L-Pro]os mixture has the highest viscosity and thus exhibits the lowest CO,
diffusivities and permeabilities. It depicts the inversely proportional relation between the gas
diffusivity and the IL viscosity, in which the lower is the solvent viscosity, the faster the gas
passes through it. However, different behaviours were obtained with the
[Comim][C(CN)s]os[Gly]os and the [C,mim][C(CN)s]os[Taulos mixtures. For instance, the
[Comim][C(CN)3]os[Glylos mixture shows lower viscosity compared to that of
[Comim][C(CN)s]os[Tau]os mixture, but present lower CO, diffusivity, meaning that in this case

the CO, diffusivities are not entirely controlled by the respective IL viscosities.

Several different correlations for gas diffusivity in different IL families have been
developed considering different parameters such as the effect of temperature, gas molar volume,
IL viscosity, density and molecular weight, taking into account that gas diffusivities in ILs are

one or more order of magnitude smaller than in traditional solvents. This behavior is essentially

43, 50, 52 49, 93 In

due to the higher viscosities of ILs as already showed by Scovazzo and Baltus.
conclusion, literature correlations for gas diffusivity in conventional solvents are not adequate to
describe gas diffusivity in ILs and thus specific correlations need to be used. Therefore,

Scovazzo and co-authors proposed the following general correlation®:

a
ViL

b
nILVf]as

D=A (4.6)

where 4, a, b and c are IL-class specific parameters, n;; is the IL viscosity, V;; is the IL molar
volume and V4 is the solute gas molar volume. In the case of ionic liquids with 1-alkyl-3-
methylimidazolium cations having an alkyl chain length smaller than four carbon atoms, a is
equal to zero, which means that the gas diffusivity is inversely proportional to the IL viscosity.
In this context, the relation between the CO, diffusivity and IL viscosity at T=318.15K and 100

kPa of feed pressure was discussed.

In Table 4.4 are presented the CO, diffusivity values at T = 318.15 K and 100 kPa of
feed pressure of the pure [C,mim][C(CN)s] and [Comim][C(CN)s]os[Tau]os, and the following
mixtures [Comim][C(CN)s]os[L-Ser]os and [Comim][C(CN)z]os[L-Pro]os.
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Table 4.4 - CO, diffusivity values through the prepared SILMs at T = 318.15 K and 100 kPa of feed
pressure.

Diffusivity (Barrer) at T = 318.15 K

Feed Pressure: 100 kPa

SILM sample
CO, STDEV
[Comim][C(CN);] 87.943 7.389
[szlm] [C(CN)3]05 [TaU]0.5 1.981 0.022
[Comim][C(CN)3]os [L-Ser]os 1.172 0.038
[Comim][C(CN)s]os [L-Pro]os 0.757 0.017
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Figure 4.12 — Experimental CO, diffusivities in the SILMs as a function of IL viscosity measured at T =
318.15 K.

Morgan et al®

showed, by using a series of imidazolium-based ILs, that gas diffusivity
is inversely proportional to IL viscosity with an average power of 0.6. The fit depicted in log-
log plot of Figure 4.12 show that experimental CO, diffusivities of the pure [Comim][C(CN)s]
and the [C,mim][C(CN)s]os[Tau]os, [C.mim][C(CN)sJos[L-Ser]os and [Comim][C(CN)s]os[L-
Pro]os mixtures vary inversely with IL viscosity to the power of 2.642. This obtained power
value is much higher that that reported in literature. However, the power reported is not a
theoretical value but an empirical observation based on data for a series of pure imidazolium-
ILs, which did not include amino acid or cyano anions. Thus, a truly direct comparison cannot
be made.
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4.3.4 Gas Solubility

Solubility (m* (STP) m™ Pa™) is a thermodynamic parameter that reflects the number of
gas molecules dissolved in the IL sample inside the membrane pores when equilibrated at a
given gas pressure and temperature.*

The gas solubility was determined by Equation 4.1. Given that the N, time-lag
parameters were not possible to determine in this work, only the CO, solubilities are presented
and discussed.

The CO, solubility in the prepared SILMs measured at T = 318.15 K and different trans-
membrane pressure differentials (2.5, 5, 10, 25, 50 and 100 kPa) are presented in Table 4.5.

Table 4.5 — CO, Solubility at T = 318.15 K and different feed pressures.

CO, Solubility (x10°) (m*(STP).m>.Pa?) at T =318.15 K

Feed Pressure: 2.5 kPa

SILM sample
CO, STDEV
[Comim][C(CN)s]os [Glylos 2262 83.0
[Comim][C(CN)s]os [L-Ala]os 2410 32.9
[Comim][C(CN)s]os [Taulos 1929 3.8
[C.mim][C(CN)3]os [L-Serlos 3099 50.1
[C,mim][C(CN)3]o5 [L-Pro]os 2930 91.5
[C,mim][C(CN3)] 1019 24.4
Feed Pressure: 5 kPa
[C.mim][C(CN)s]os [Glylos 1682 28.0
[Comim][C(CN)s]os [L-Ala]os 1821 67.9
[Comim][C(CN)s]os [Taulos 1471 53.6
[Comim][C(CN)s]os [L-Ser]os 2703 37.6
[Comim][C(CN)3]os [L-Prolos 2256 52.7
[C,mim][C(CNs3)] 807 27.6
Feed Pressure: 10 kPa
[Comim][C(CN)s]os [Glylos 1401 57.8
[Comim][C(CN)s]os [L-Ala]os 1420 6.4
[Comim][C(CN)s]os [Taulos 1162 9.4
[C.mim][C(CN)3]os [L-Ser]os 1971 35.8
[Comim][C(CN)3]os [L-Prolos 1729 49.9
[Comim][C(CNa)] 476 4.9
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Feed Pressure: 25 kPa

[Comim][C(CN)s]os [Gly]os 1134 43.0
[C,mim][C(CN)3]os [L-Ala]os 1001 28.1
[Comim][C(CN)s]os [Taulos 826 5.2
[C,mim][C(CN)3lo5 [L-Serlos 1668 41.6
[Comim][C(CN)z]os [L-Pro]os 1201 174
[Comim][C(CN3)] 204 2.2

Feed Pressure: 50 kPa

[Comim][C(CN)s]os [Cly]os 778 15.4
[Cmim][C(CN)s]os [L-Ala]es 1001 28.1
[C,mim][C(CN)slos [Taulos 621 4.4
[C,mim][C(CN)s]os [L-Ser]os 1180 8.2
[C,mim][C(CN)slos [L-Prolos 897 13.5
[Cmim][C(CN3)] 113 43

Feed Pressure: 100 kPa

[Comim][C(CN)z]os [Glylos
[C.mim][C(CN)s]os [L-Ala]os

[Comim][C(CN)3s]os [Taulos 413 2.8
[Comim][C(CN)s]os [L-Ser]os 757 4.4
[C,mim][C(CN)3los [L-Pro]os 582 8.2
[C,mim][C(CN3)] 48 3.7

In Figure 4.13 the CO, solubilities obtained in the prepared SILMs are represented in

function of the feed pressure (kPa).
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Figure 4.13 - CO, solubilities (m* (STP) m™ Pa™) in the prepared SILMs as a function of feed pressure
(kPa):  [Comim][C(CN)s] (=), [Comim][C(CN)s]os[Glylos (), [Comim][C(CN)s]os[L-Ala]os (+),
[Comim][C(CN)s]os[Tauos (=), [Comim][C(CN)s]os[L-Ser]os (=), [Comim][C(CN)s]os[L-Projos (m).

As it can be seen in Figure 4.13, the CO, solubility decreases as the feed pressure
increases in all the prepared SILMs. As expected, IL mixtures exhibit higher CO, solubility
compared to that of the pure [C,mim][C(CN);]. It happens due to the addition of the amino acid-
based anions, which significantly increase the CO, solubility. The [Comim][C(CN)s]os[L-Ser]os
mixture presents the highest CO, solubility, while the [C,mim][C(CN)s][Tau] mixture has the
lowest CO, solubility, meaning that an amino acid-based anion containing the sulfonate group
instead of carboxylate promotes lower CO, solubilities. Thus, the CO, solubility can be ordered
as follows: [Comim][C(CN)s] < [C,mim][C(CN)slos[Taulos < [Comim][C(CN)s]os[Glylos <
[Comim][C(CN)s]os[L-Ala]os < [C;mim][C(CN)s]os[L-Pro]os < [Comim][C(CN)s]os[L-Ser]os.

It has been recognized that gas solubility in SILMs is related to IL molar volume.*® Two
correlations for gas solubilities in ionic liquids based on the regular solution theory, with direct
application to SILMs, have been proposed. Camper et al.*® developed a model that uses only the
IL molar volume to predict CO, gas solubility and solubility selectivity. However, only
imidazolium-based ILs data having non-coordinating anions such as [DCA], [NTf,]", [BF,] or
[CFsSOs] were used in the establishment of this correlation. On the other hand, Kilaru and
Scovazzo proposed a two parameter model (the so-called Universal Model) that includes not
only the IL molar volume but also the IL viscosity, covering an extended set of ionic liquid
families instead of just imidazolium-based ILs.*® The Universal Model proposed a minimal

influence of IL viscosity on the gas solubility but a significant dependence on the IL molar
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volume, in consistency with the Camper Model. As a result, both models predict an exponential
increase in the solubility selectivity as the IL molar volume decreases.* °

Due to the presence of amino acid-based anions, higher CO, solubility values were
obtained for the SILMs prepared with IL mixtures (between 500 and 3000 m*(STP)-m™>-Pa™). In
fact, CO,/N; solubility selectivity cannot be determined since it was not possible to calculate the
N, solubilities, but considering that both models (Camper and Universal) are based on CO,
solubility values which are much lower than those obtained in this work, probably these models
can not be entirely suitable to predict the solubility selectivities of all the SILMs used in this

work.
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4.3.5 CO;separation performance

An important parameter of a membrane is its ability to separate two gases. Generally,
membranes have different permeabilities for each gas, and the faster permeation of some gases
relative to others provides their selectivity basis in gas separation.

The ideal permeability selectivity (or permselectivity), ay;, is a measure of how well a
membrane discerns one gas from another and can be determined by dividing the permeability of
the more permeable specie i by the permeability of the less permeable specie j. The
permselectivity can also be expressed as the product of solubility selectivity (Si/S;) and

diffusivity selectivity (Di/D;) as follows:

Pi_ (B) o (5
“ur == () %) @

The single gas permeabilities (in Barrer units) measured at T = 318.15 K and the ideal
CO,/N, permselectivities through the prepared SILMs are presented in Table 4.6 and depicted in
Figure 4.14 in function of the different feed pressure (kPa) tested.

Table 4.6 - Single gas permeabilities measured at T = 318.15 K and ideal CO,/N, permselectivity in the
prepared SILMs.

Gas Permeability (Barrer) and CO,/N, permselectivity at T = 318.15 K

Feed Pressure: 2.5 kPa

SILM sample

CO, STDEV N, STDEV  CO,/N, Error
[C,mim][C(CN)s]os [Glylos 392 741 14.5 0.40 27.0 1.25
[C,mim][C(CN)s]os [L-Ala]os 765 1911  16.97 0.61 45.1 2.75
[C,mim][C(CN)s]os [Tau]os 733 14.62 10.6 0.22 69.1 2.85
[C,mim][C(CN)s]os [L-Serlos 338 7.25 10.0 0.27 339 1.65
[Comim][C(CN)s]os [L-Pro]os 144 3.80 7.8 0.07 18.5 0.65
[C,mim][C(CN5)] 539 8.38 25.4 0.58 21.2 0.81

Feed Pressure: 5 kPa

[C,mim][C(CN)s]os [Glylos 262 1.06 9.6 0.04 27.2 0.23
[C,mim][C(CN)s]os [L-Ala]os 517  17.84 13.5 0.04 38.3 1.44
[C,mim][C(CN)s]os [Taulos 460 16.35 8.7 0.03 52.8 2.07
[Comim][C(CN)s]os [L-Ser]os 231 7.11 8.6 0.08 26.7 1.06
[Comim][C(CN)s]os [L-Prolos 105 2.15 6.6 0.10 16.0 0.57
[C,mim][C(CN5)] 570 3.94 21.6 0.12 26.4 0.33
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Feed Pressure: 10 kPa

[C,mim][C(CN)s]os [Glylos 198 1.87 9.0 0.10 21.9 0.44
[C,mim][C(CN)s]os [L-Alalos 351 12.67 13.4 0.12 26.2 1.19
[C,mim][C(CN)s]os [Taulos 297 3.65 7.9 0.04 37.6 0.65
[C,mim][C(CN)3]os [L-Serlos 160 3.37 8.1 0.02 19.9 0.46
[C,mim][C(CN)s]os [L-Pro]os 75 1.85 5.9 0.04 12.7 0.39
[C,mim][C(CN3)] 561 1.94 21.1 0.19 26.6 0.34
Feed Pressure: 25 kPa
[C,mim][C(CN)s]os [Glylos 148 3.49 8.6 0.05 17.2 0.50
[C,mim][C(CN)s]os [L-Alalos 351 12.67 12.5 0.03 28.1 1.09
[C,mim][C(CN)s]os [Tau]os 175 1.25 7.4 0.05 23.9 0.32
[C,mim][C(CN)3]os [L-Ser]os 127 2.59 7.3 0.03 17.5 0.43
[C,mim][C(CN)3]os [L-Prolos 64 1.29 5.6 0.35 11.5 0.95
[C,mim][C(CN,)] 564 4.18 194 0.03 29.0 0.27
Feed Pressure: 50 kPa
[C,mim][C(CN)s]os [GlY]os 123 0.90 7.3 0.11 16.8 0.37
[C,mim][C(CN)s]os [L-Ala]os 199 3.18 13.5 0.40 14.7 0.66
[C,mim][C(CN)s]os [Tau]os 127 1.85 7.0 0.01 18.1 0.29
[C,mim][C(CN)s]os [L-Ser]os 103 2.07 7.1 0.03 14,5 0.35
[C,mim][C(CN)s]os [L-Prolos 60 0.25 5.2 0.07 11.6 0.20
[C,mim][C(CN,)] 562 5.16 19.1 0.03 29.4 0.31

Feed Pressure: 100 kPa

[Comim][C(CN)s]os [Glylos - - - - - .
[C.mim][C(CN)s]os [L-Ala]os - - - - - .

[C,mim][C(CN)s]os [Tau]os 109 0.53 6.9 0.03 15.8 0.14
[Comim][C(CN)s]os [L-Ser]os 118 3.26 7.3 0.01 16.2 0.46
[C,mim][C(CN)s]os [L-Prolos 59 1.04 5.03 0.12 11.7 0.50
[C,mim][C(CN,)] 556 5.99 18.1 0.02 30.8 0.37

The errors of CO,/N, permselectivities were estimated using the error propagation

method:®’

as as 1 Pco 1 Pco
a5 =[5 | apeor + [ P, = |5 apen, + |- S| ap, = (5) apen, + (32) o, 02)
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Figure 4.14 - CO,/N, permselectivities through the prepared SILMs in function of feed pressure (kPa):
[ComIm][C(CN)s] (%),  [Comim][C(CN)s]os[Glylos (o),  [Comim][C(CN)s]os[L-Ala]os (),
[Comim][C(CN)s]os[Tauos (©), [Comim][C(CN)s]os[L-Ser]os (), [Comim][C(CN)s]os[L-Projos (=).

From Figure 4.14, it can be seen that the CO,/N, permselectivity of the SILMs prepared
with IL + IL mixtures increases as the feed pressure decreases. Conversely, CO,/N,
permselectivity of the pure [Comim][C(CN)s]-based SILMs slightly increases with increasing
the feed pressure.

Particularly, at 2.5 kPa of feed pressure, the CO,/N, permselectivity of the prepared
SILMs can be ordered as: [Comim][C(CN)s]os[L-Prolos < [Comim][C(CN);] <
[Comim][C(CN)s]os[Glylos < [Comim][C(CN)s]os[L-Serlos < [Comim][C(CN)s]os[L-Ala]os <
[C,mim][C(CN)s]os[Taulos, which means that only the [Comim][C(CN)s]os[L-Pro]os mixture
exhibits lower CO,/N, permselectivity compared to that of the pure [C,mim][C(CN);]. Among
all the SILMs tested, the largest CO,/N, permselectivity (69.1) was achieved for the
[Comim][C(CN)slos[Taulos mixture. However, the [Comim][C(CN)s]os[L-Ala]os mixture
presents higher CO, permeability compared to that of [C,mim][C(CN)s]os[Taulos mixture.
Taking into account the results obtained for both CO, diffusivities and solubilities, the
[Comim][C(CN)s]os[L-Ala]os mixture shows higher CO, solubility, but presents lower CO,
diffusivity compared to that of [Comim][C(CN)s]os[Tau]os. Looking at the ratio between the
obtained values, the difference between both CO, solubility values is 25% while the difference
among the CO, diffusivity values is about 20 %. Thus, it can be conclude that the CO, solubility
is, in this case, the parameter that contributes more to the highest CO, permeability of the
[Comim][C(CN)3]os[L-Ala]os mixture.
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In Figure 4.15, the CO,/N, permselectivity values are plotted against CO, permeabilities
on the so-called Robeson plot.®® This type of plots is commonly used to evaluate the
performance of membrane materials given a particular gas separation, illustrating the progress
in membrane science. These plots display the tradeoff line between permeability and selectivity
for gas separation using polymeric membranes. Also referred as ‘“upper bound’’, this tradeoff
relationship shows that the permselectivity for a gas pair of interest (aj;) changes inversely with

the permeability of the more permeable species (P;), as described by Robeson:*

P; = kaj); (4.9
where the n is the slope and k is the front factor. Below this line, virtually all the data points
exist. Since the performance of the vast majority of membranes falls below the upper bound,
which is based on large amounts of experimental data for each separation, data points above this

line can be considered as an improvement over the current membrane state of the art.

1000

1 i i i i i I | i i i i i I | i i i i i Ll
10 100 p CO, (Barrer) 1000 10000

o

= pper bound (2008) Literature
O [C2mim][C(CN)3]0.5 [Gly]0.5 B [C2mim][C(CN)3]0.5 [L-Ala]0.5
B [C2mim][C(CN)3]0.5 [Tau]0.5 B [C2mim][C(CN)3]0.5 [L-Ser]0.5
E [C2mim][C(CN)3]0.5 [L-Pro]0.5 O [C2mim][C(CN3)]
Figure 4.15 - CO, separation performance of the SILMs studied at T = 318.15 K and 2.5 of feed pressure

potted on CO,/N, Robeson plot. Data are plotted on a log—log scale and the upper bound is adapted from

Robeson®® Literature data reported for other supported ionic liquid membranes are also plotted.” 47 °0>4
57, 89, 99

It should be noted that the literature values illustrated in Figure 4.15 were obtained at
different temperatures (between 293 and 303 K) and gas feed pressures (between 85 and 200
kPa), while the values of this work were determined at T = 318.15 K and 2.5 of feed pressure.

These values were selected because higher CO, permeabilities were obtained at lower feed
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pressures where in fact the CO,-facilitated transport is more pronounced. Although a direct
comparison cannot be exactly made, it can be observed from Figure 4.15 that both the
[C.mim][C(CN)s]os[L-Ala]os and [Comim][C(CN)s]os[Tau]os-based SILMs are above the upper
bond, meaning that, though the results were obtained under conditions of low feed pressure,
these IL mixtures are potential candidates as liquid phases for CO, separation. Nevertheless, the
study of temperature effect is essential in order to improve the achieved results and obtain the

same trends at higher feed pressures.
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5.1 Conclusions and Future Work

The main goal of this work was to evaluate the performance of IL + IL mixtures as new
liquid phases to prepare facilitated SILMs for flue gas separation (CO./N,). For this purpose,
five AA-based ILs: [Comim][Gly], [Comim][L-Ala], [C.mim][Tau], [C,mim][L-Ser] and
[Comim][L-Pro], were synthesized via a two-step anion exchange reaction and characterized by
'H and C NMR. AAILs were selected, so that CO, facilitated transport could be attained, and
mixed with [C,mim][C(CN)s], a low viscous IL. The thermogravimetric analysis (TGA) of the
pure ILs and their mixtures was also measured in order to establish the degradation temperature
of these liquid phases and thus their upper working temperature limit. The study of
thermophysical properties namely, density, viscosity and refractive index, of all the pure ILs
and their mixtures as well as gas permeation properties (permeability, diffusivity and solubility)
of SILMs was also performed and trends were evaluated.

From the study of thermophysical properties, it can be concluded that the presence of
[Comim][C(CN);] in the IL mixtures dramatically decreases the viscosity of AAILS, as
expected. It was also observed that [C,mim][Gly] exhibits the lowest viscosity and molar
volume, while [C,mim][L-Pro] has the highest viscosity and molar volume. This trend was also
observed for the IL mixtures. Overall, density, viscosity and refractive index values of pure
AAILs were in a good agreement with those reported in literature.

In what concerns the gas permeation properties, the results obtained showed that CO,
permeability decreases with increasing IL viscosity, with the exception of the
[Comim][C(CN)3]os[Gly]os mixture. Conversely to what would be expected, diffusivity does not
present an inversely proportional relation with IL viscosity, with the exception of
[Comim][C(CN)s]os[L-Serlos and [Comim][C(CN)s]os[L-Pro]os mixtures and the pure
[Comim][C(CN)s]. Moreover, IL mixtures displayed an dramatically increase in CO, solubility
compared to the pure [C,mim][C(CN);] due to the addition of the amino acid-based anions.
Besides physical solubility, the presence of amine and carboxylic acid groups also provides a
chemical solubility mechanism. Although the best CO,/N, separation performance was obtained
at low feed pressure, two IL mixtures, [Comim][C(CN);]os[L-Ala]os and
[Comim][C(CN)s]os[Tauloes, presented CO,/N, permselectivities above the Robeson upper bond,
showing that mixing ionic liquids is a promising strategy for CO,/N, separation processes, since
the IL properties can be tuned by mixing anions with different chemical character.

As future work, in order to fully realize the potential of these IL mixtures for CO,/N,
separation, the prepared SILMs need to be evaluated at higher temperature (=100 °C). At these
temperature conditions, probably the same behaviour can be obtained under higher feed
pressures. Another important issue is the chemical and integrity stability study of the most
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promising SILMs via long-term membrane module testing at the desired operating temperature

and pressure conditions.
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7.1 Appendix 1

\\1/N\/ Hf;‘ o o

0.97] ——n =

4“3
o
-

34000

32000

30000

28000

26000

- 24000

22000

20000

- 18000

- 16000

- 14000

12000

10000

8000

6000

4000

2000

--2000

105 100 95 90 85 80 7.5 70 65 5.5 5.
f1 (ppm)

Figure 7.1 - "H-NMR spectrum of [C,mim][Gly] in DMSO-d6.

H,N
\ N\/ 120 4 9 No-

DMSO-d;

1" 6

Ll

60000

[~55000

50000

45000

[~40000

[~35000

30000

[~25000

[~20000

[~ 15000

[~10000

5000

ro

T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Figure 7.2 - ®C-NMR spectrum of [C,mim][Gly] in DMSO-ds6.
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Figure 7.3 - 'H-NMR spectrum of [C,mim][L-Ala] in DMSO-d6.
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Figure 7.4 - ®C-NMR spectrum of [C,mim][L-Ala] in DMSO-ds6.
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Figure 7.6 - ®C-NMR spectrum of [C,mim][Tau] in DMSO-d6.
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Figure 7.8 - >C-NMR spectrum of [C,mim][L-Ser] in DMSO-ds6.
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7.2  Appendix 2
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Figure 7.11 — TGA thermogram of the pure [C,mim][Gly].
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Figure 7.12- Derivative weight (%/min) of the pure [Comim][Gly] as a function of temperature (T).
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20
154
300.87°C
11.07%/min
= 1
'E 104
s 264.48°C
= 6.947%/min
=
@
g 4
2 54
a
197.95°C
0.2635%/min
0_
-5 T T u T T T T T T T T T T T T T T
0 100 200 300 400 600
Temperature (°C)

Universal V4 44 TA Instruments

Figure 7.14 - Derivative weight (%/min) of the pure [C,mim][Tau] as a function of temperature (T).
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Figure 7.16 - Derivative weight (%/min) of the pure [C,mim][L-Ser] as a function of temperature (T).
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Figure 7.17 - TGA thermogram of the pure [C,mim][L-Pro].
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Figure 7.18 - Derivative weight (%/min) of the pure [C,mim][L-Pro] as a function of temperature (T).
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Figure 7.19 - TGA thermogram of the [C,mim][C(CN)3]o5[Glylos mixture.
6
245.04°C
5.722%/min 356.39°C
5.305%/min
4 -

Deriv. Weight (%/min)
=]
1

164.48°C
0.2207%/min

-2 T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500

Temperature (°C) Universal V4.4A TA Instruments

Figure 7.20 - Derivative weight (%/min) of the [Comim][C(CN)3]os[Gly]os mixture as a function of
temperature (T).
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Figure 7.21 - TGA thermogram of the [C,;mim][C(CN)s]os[Tau]os mixture.
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Figure 7.22 - Derivative weight (%/min) of the [C,mim][C(CN)s]os[Tau]os mixture as a function of

temperature (T).
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Figure 7.23 - TGA thermogram of the [C,mim][C(CN)3]os[L-Ser]os mixture.
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Figure 7.24 - Derivative weight (%/min) of the [C,mim][C(CN)3]os[L-Ser]os mixture as a function of
temperature (T).
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Figure 7.25 - TGA thermogram of the [C,mim][C(CN)3]o5[L-Prolos mixture.
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Figure 7.26 - Derivative weight (%/min) of the [C,mim][C(CN);]os[L-Prolos mixture as a function of
temperature (T).
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7.3  Appendix 3

Table 7.1 - Measured densities, p (g-cm™), of the pure ionic liquids studied in this work.

p (g-em™)
T(K)
[Comim][C(CN);] [Comim][Gly] [Comim][L-Ala] [Comim][Tau] [C,mim][L-Ser] [C,mim][L-Pro]
293.15 1.085 1.164 1.126 1.255 1.207 1.144
298.15 1.081 1.161 1.123 1.252 1.204 1.141
303.15 1.077 1.158 1.120 1.248 1.201 1.138
308.15 1.074 1.155 1.117 1.245 1.197 1.135
313.15 1.070 1.152 1.114 1.242 1.194 1.132
318.15 1.067 1.149 1.110 1.239 1.191 1.129
323.15 1.064 1.146 1.107 1.236 1.188 1.126
328.15 1.060 1.143 1.104 1.232 1.185 1.123
333.15 1.057 1.140 1.101 1.229 1.182 1.120
338.15 1.054 1.137 1.098 1.226 1.179 1117
343.15 1.050 1.134 1.095 1.223 1.176 1114
348.15 1.047 1.131 1.092 1.220 1.173 1111
353.15 1.043 1.127 1.089 1.217 1.170 1.108
Table 7.2 - Measured densities, p (g-cm™), of ionic liquid mixtures studied in this work.
p (g-em™)
T(K) [Comim][C(CN)zJo2s  [Comim][C(CN)slozs  [ComIM][C(CN)slozs  [Comim][C(CN)sloos  [Comim][C(CN)so.2s
[Comim][Gly]o.ss [Comim][L-Ala]o 75 [Comim][Tau]o7s [Comim][L-Ser]oss  [Comim][L-Pro]oss
293.15 1.140 1.114 1.208 1.177 1.138
298.15 1.137 1.110 1.204 1.174 1.134
303.15 1.134 1.107 1.201 1.170 1.131
308.15 1.130 1.104 1.198 1.167 1.128
313.15 1.127 1.101 1.195 1.164 1.125
318.15 1.124 1.098 1.192 1.160 1.122
323.15 1121 1.095 1.189 1.157 1.119
328.15 1.118 1.092 1.185 1.154 1.116
333.15 1.115 1.088 1.182 1.151 1.113
338.15 1112 1.085 1.179 1.148 1.110
343.15 1.109 1.082 1.176 1.144 1.106
348.15 1.106 1.079 1.173 1.141 1.103
353.15 1.102 1.076 1.169 1.138 1.100
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Table 7.3 - Measured densities, p (g-cm™), of ionic liquid mixtures studied in this work.

p (g-cm?)
T(K) . : . . _
[Comim][C(CN)sJos  [ComIm][C(CN)slos  [Comim][C(CN)sJos  [Comim][C(CN)slos  [Comim][C(CN)sos
[Comim][Gly]os [Comim][L-Ala]os [Comim][Tau]os [Comim][L-Ser]os [Comim][L-Pro]os
293.15 1.118 1.102 1.165 1.142 1.120
298.15 1.115 1.099 1.161 1.138 1.116
303.15 1.112 1.096 1.158 1.135 1.113
308.15 1.108 1.092 1.155 1.132 1.110
313.15 1.105 1.089 1.151 1.128 1.107
318.15 1.102 1.086 1.148 1.125 1.104
323.15 1.099 1.083 1.145 1.122 1.101
328.15 1.096 1.080 1.142 1.118 1.097
333.15 1.092 1.076 1.138 1.115 1.094
338.15 1.089 1.073 1.135 1.112 1.091
343.15 1.086 1.070 1.132 1.109 1.088
348.15 1.083 1.067 1.129 1.105 1.085
353.15 1.080 1.063 1.126 1.102 1.082
Table 7.4 - Measured densities, p (g-cm®), of ionic liquid mixtures studied in this work.
p (g-cm?)
T(K)  [C,mim][C(CN)sloss  [Comim][C(CN)aloss  [C:mimI[C(CN)slozs  [Comim][C(CN)alozs  [C:mim][C(CN)slozs
[Comim][Gly]o.s [Comim][L-Ala]o s [Comim][Tau]ozs [Comim][L-Ser]o2s  [Comim][L-Pro]o.s
293.15 1.101 1.093 1.124 1.113 1.103
298.15 1.098 1.089 1.121 1.109 1.100
303.15 1.094 1.086 1.117 1.106 1.096
308.15 1.091 1.083 1.114 1.102 1.093
313.15 1.088 1.079 1.110 1.099 1.090
318.15 1.084 1.076 1.107 1.096 1.087
323.15 1.081 1.073 1.104 1.092 1.083
328.15 1.078 1.069 1.101 1.089 1.080
333.15 1.074 1.066 1.097 1.086 1.077
338.15 1.071 1.063 1.094 1.082 1.074
343.15 1.068 1.060 1.091 1.079 1.070
348.15 1.065 1.056 1.087 1.076 1.067
353.15 1.061 1.053 1.084 1.072 1.064
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7.4 Appendix 4

Table 7.5 — Molar Volumes, V,, (cm*-mol™), of the pure ionic liquids studied in this work.

Vo (cm*-mol™)

o [Comim][C(CN)s] [Comim][Gly] [Comim][L-Ala] [C,mim][Tau] [Comim][L-Ser] [C,mim][L-Pro]
293.15 185.420 159.078 176.912 187.485 178.359 196.886
298.15 186.037 159.512 177.427 188.009 178.819 197.432
303.15 186.642 159.939 177.934 188.522 179.295 197.988
308.15 187.256 160.359 178.438 189.026 179.780 198.540
313.15 187.868 160.781 178.935 189.514 180.276 199.090
318.15 188.461 161.206 179.42 189.973 180.741 199.601
323.15 189.063 161.628 179.915 190.449 181.217 200.133
328.15 189.669 162.052 180.420 190.928 181.686 200.656
333.15 190.273 162.483 180.917 191.420 182.153 201.182
338.15 190.875 162.917 181.422 191.904 182.611 201.704
343.15 191.487 163.362 181.925 192.396 183.077 202.235
348.15 192.109 163.805 182.441 192.879 183.540 202.763
353.15 192.735 164.285 182.983 193.381 184.016 203.312

Table 7.6 - Molar Volumes, V,, (cm®-mol™), of the ionic liquids mixtures studied in this work.

Vi (cm®-mol™)

T(K) [Comim][C(CN)sJo2s  [Comim][C(CN)sJozs  [Comim][C(CN)sJoos  [ComIM][C(CN)slozs  [Comim][C(CN)s]o 2

[Comim][Gly]o.s [Comim][L-Ala]o7s [Comim][Tau]o7s [Comim][L-Ser]o7s  [Comim][L-Pro]o7s
293.15 165.956 179.353 187.775 179.872 192.747
298.15 166.432 179.891 188.290 180.423 193.319
303.15 166.902 180.416 188.807 180.963 193.871
308.15 167.384 180.923 189.317 181.475 194.421
313.15 167.855 181.449 189.824 181.990 194.963
318.15 168.307 181.950 190.302 182.468 195.502
323.15 168.778 182.477 190.814 182.973 196.009
328.15 169.256 183.000 191.329 183.488 196.553
333.15 169.732 183.522 191.842 183.998 197.095
338.15 170.210 184.046 192.352 184.511 197.634
343.15 170.681 184.573 192.864 185.035 198.188
348.15 171.159 185.103 193.390 185.546 198.727
353.15 171.641 185.660 193.925 186.076 199.268
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Table 7.7 - Molar Volumes, V,, (cm*mol™), of the ionic liquids mixtures studied in this work.

Vi (cm*-mol™)

T(K) [Comim][C(CN)z]os  [Comim][C(CN)sJos  [Comim][C(CN)zlos  [Comim][C(CN)slos  [Comim][C(CN)s]os

[Comim][Gly]os [C.mim][L-Ala]os [Comim][Tau]os [Comim][L-Serlos  [Comim][L-Pro]os
293.15 172.774 181.681 187.379 182.373 190.456
298.15 173.301 182.224 187.927 182.918 191.019
303.15 173.816 182.767 188.479 183.477 191.574
308.15 174.333 183.314 189.018 184.012 192.126
313.15 174.843 183.864 189.565 184.550 192.682
318.15 175.340 184.394 190.093 185.091 193.217
323.15 175.851 184.939 190.630 185.636 193.779
328.15 176.359 185.488 191.175 186.183 194.332
333.15 176.887 186.039 191.724 186.740 194.900
338.15 177.401 186.594 192.264 187.289 195.454
343.15 177.918 187.158 192.808 187.846 196.017
348.15 178.444 187.743 193.354 188.413 196.595
353.15 178.984 188.361 193.910 188.994 197.183

Table 7.8 - Molar Volumes, V,, (cm®-mol™), of the ionic liquids mixtures studied in this work.
Vi (cm®-mol™)
T(K)  [Comim][C(CN)sloss  [Comim][C(CN)sloss  [Comim][C(CN)zloss  [Comim][C(CN)zloss  [Cmim][C(CN)slozs

[Comim][Gly]o.s

[Comim][L-Ala]os

[Comim][Tau]o2s

[Comim][L-Ser]o2s

[Comim][L-Pro]gs

293.15
298.15
303.15
308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
348.15
353.15

179.102
179.657
180.221
180.777
181.320
181.883
182.443
183.002
183.559
184.113
184.676
185.237
185.807

183.672
184.273
184.850
185.425
186.009
186.574
187.136
187.714
188.283
188.862
189.444
190.036
190.650

186.597
187.174
187.744
188.317
188.888
189.445
190.017
190.587
191.166
191.737
192.317
192.913
193.518

183.971
184.557
185.141
185.729
186.309
186.870
187.446
188.020
188.597
189.178
189.757
190.333
190.937

187.858
188.445
189.017
189.588
190.168
190.734
191.309
191.882
192.458
193.031
193.615
194.207
194.816

144



Table 7.9 — Excess Molar Volumes, VE (cm®-mol™), of the ionic liquids mixtures studied in this work.

VE (cm® mol™)

T(K)  [Comim][C(CN)slozs  [Comim][C(CN)zlozs  [Comim][C(CN)sloos  [Comim][C(CN)slozs  [Comim][C(CN)s]os
[Comim][Gly]os [Comim][L-Ala]os [Comim][Tau]o7s [Comim][L-Ser]o7s  [Comim][L-Pro]os
293.15 0.262 0.284 0.777 -0.283 -1.303
298.15 0.259 0.282 0.743 -0.230 -1.295
303.15 0.257 0.276 0.725 -0.199 -1.310
308.15 0.271 0.250 0.703 -0.204 -1.328
313.15 0.271 0.250 0.691 -0.215 -1.352
318.15 0.258 0.233 0.677 -0.233 -1.345
323.15 0.261 0.244 0.681 -0.237 -1.387
328.15 0.269 0.237 0.685 -0.225 -1.387
333.15 0.270 0.235 0.678 -0.216 -1.390
338.15 0.273 0.229 0.674 -0.197 -1.394
343.15 0.256 0.227 0.665 -0.176 -1.391
348.15 0.247 0.214 0.673 -0.168 -1.404
353.15 0.212 0.208 0.674 -0.151 -1.431
Table 7.10 - Excess Molar Volumes, VE (cm?-mol™), of the ionic liquids mixtures studied in this work.
VE (cm® mol™)
T(K)  [Cmim][C(CN)zlos  [Comim][C(CN)slos  [Comim][C(CN)zlos  [Comim][C(CN)slos  [Comim][C(CN)slos
[Comim][Gly]os [Comim][L-Ala]os [Comim][Tau]os [Comim][L-Ser]os [Comim][L-Pro]os
293.15 0.465 0.456 0.866 0.424 -0.757
298.15 0.466 0.432 0.844 0.430 -0.776
303.15 0.465 0.420 0.837 0.448 -0.801
308.15 0.465 0.407 0.816 0.434 -0.832
313.15 0.458 0.402 0.813 0.417 -0.858
318.15 0.446 0.389 0.816 0.430 -0.875
323.15 0.444 0.389 0.813 0.434 -0.880
328.15 0.437 0.382 0.815 0.444 -0.892
333.15 0.447 0.382 0.816 0.465 -0.889
338.15 0.443 0.383 0.813 0.484 -0.897
343.15 0.431 0.390 0.804 0.502 -0.906
348.15 0.425 0.405 0.798 0.526 -0.903
353.15 0.412 0.439 0.789 0.556 -0.903
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Table 7.11 — Excess Molar Volumes, VE (cm* mol™), of the ionic liquids mixtures studied in this work.

VE (cm® mol™)

T(K)  [C,mim][C(CN)glozs  [Comim][C(CN)slo7s  [Comim][C(CN)sJo7s  [Comim][C(CN)zloss  [Comim][C(CN)slos

[Comim][Glylos  [Comim][L-Alalos  [Comim][Tau]oos  [Comim][L-Serlozs  [Comim][L-Projozs
293.15 0.178 0.289 0.571 0.226 -0.518
298.15 0.161 0.299 0.554 0.234 -0.532
303.15 0.164 0.295 0.542 0.245 -0.551
308.15 0.155 0.283 0.528 0.251 -0.579
313.15 0.132 0.284 0.518 0.248 -0.596
318.15 0.144 0.280 0.515 0.248 -0.603
323.15 0.148 0.269 0.516 0.253 -0.613
328.15 0.145 0.265 0.511 0.254 -0.626
333.15 0.140 0.257 0.514 0.262 -0.635
338.15 0.134 0.257 0.512 0.276 -0.644
343.15 0.127 0.255 0.510 0.279 -0.653
348.15 0.110 0.251 0.518 0.273 -0.659
353.15 0.091 0.259 0.528 0.288 -0.657
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7.5 Appendix 5

Table 7.12 - Measured viscosities, # (mPa-s), of the pure ionic liquids studied in this work.

5 (mPa-s)
T(K)
[Comim][C(CN)3] [Comim][Gly] [Comim][L-Ala] [Comim][Tau] [Comim][L-Ser] [C,mim][L-Pro]
293.15 16.624 240.183 382.060 760.887 3630.267 2134.400
298.15 14.187 171.967 263.983 514.667 2142.100 1304.800
303.15 12.177 126.193 187.793 359.357 1318.767 834.360
308.15 10.578 95.040 137.467 258.037 846.613 554.815
313.15 9.024 73.496 103.537 190.440 564.400 382.355
318.15 8.202 57.661 79.337 143.313 389.003 271.195
323.15 7.314 46.214 62.207 110.353 276.377 197.995
328.15 6.563 37.657 49.686 86.591 201.877 147.955
333.15 5.719 31.241 40.499 69.359 151.430 113.380
338.15 5.379 26.078 33.223 56.045 115.477 88.134
343.15 4,910 22.108 27.717 46.098 90.011 69.799
348.15 4,501 18.946 23.380 38.400 71.431 56.241
353.15 3.980 16.454 20.034 32.531 57.841 46.170
Table 7.13 - Measured viscosities, n (mPa-s), of the ionic liquid mixtures studied in this work.
n (mPa-s)
T(K)  [C;mim][C(CN)slo2s [Comim][C(CN)slozs  [Comim][C(CN)slos  [Comim][C(CN)slozs  [Comim][C(CN)slozs
[Comim][Gly]o.ss [Comim][L-Ala]o s [Comim][Tau]o7s [Comim][L-Ser]o7s [Comim][L-Pro]o.s
293.15 94.033 146.567 242.413 586.840 551.760
298.15 70.853 107.203 176.640 384.165 366.287
303.15 54,704 80.465 131.510 261.065 245533
308.15 43.186 61.832 100.213 183.685 175.647
313.15 34.805 49.162 78.029 133.405 130.353
318.15 28.425 38.955 61.397 98.943 98.339
323.15 23.591 31.747 49.465 75.387 75.906
328.15 19.865 26.274 40.431 58.746 59.705
333.15 16.916 22.293 33.606 46.898 48.020
338.15 14.577 18.699 28.096 37.791 38.916
343.15 12.670 16.040 23.825 31.009 32.137
348.15 11.101 13.894 20.435 25.751 26.892
353.15 9.773 12.278 17.769 21.139 22.882
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Table 7.14 - Measured viscosities, # (mPa-s), of the ionic liquid mixtures studied in this work.

n (mPa-s)
T(K) [Comim][C(CN)slos  [ComIm][C(CN)slos  [Comim][C(CN)sJos  [Comim][C(CN)slos  [Comim][C(CN)s]os
[C.mim][Gly]os [Comim][L-Ala]os [Comim][Tau]os [Comim][L-Serlos  [Comim][L-Pro]gs
293.15 55.692 78.604 84.495 168.520 224.150
298.15 43.395 60.263 64.767 120.683 157.567
303.15 34.456 46.888 50.773 88.952 114.143
308.15 27.612 37.285 40.590 67.282 85.152
313.15 22.597 30.224 33.044 52.277 65.358
318.15 18.972 24.899 27.272 41.254 50.983
323.15 16.083 20.832 22.831 33.282 40.724
328.15 13.918 17.639 19.373 27.294 33.105
333.15 12.140 15.082 16.601 22.782 27.408
338.15 10.443 13.089 14.399 19.183 22.870
343.15 9.041 11.453 12.594 16.370 19.391
348.15 8.133 10.095 11.102 14.117 16.612
353.15 7.189 8.929 9.834 12.307 14.429
Table 7.15 - Measured viscosities, # (mPa-s), of the ionic liquid mixtures studied in this work.
n (mPa-s)
T(K)  [Comim][C(CN)zJoss  [Comim][C(CN)slozs  [Comim][C(CN)slozs  [Comim][C(CN)sloss  [Comim][C(CN)s]ozs
[Comim][Gly]o.2s [Comim][L-Ala]o s [Comim][Tau]o2s [Comim][L-Ser]o.s [Comim][L-Pro]o.s
293.15 29.045 31.551 35.420 42.012 57.468
298.15 23.445 25.677 28.767 33.366 44.687
303.15 19.432 21.184 23.706 26.975 35.494
308.15 16.351 17.742 19.843 22.200 28.759
313.15 13.901 14.827 16.611 18.362 23.582
318.15 12.022 12.935 14.441 15.719 19.816
323.15 10.471 11.229 12,511 13.477 16.808
328.15 9.209 9.841 10.936 11.676 14.426
333.15 8.116 8.513 9.521 10.068 12.432
338.15 7.293 7.740 8.618 9.027 10.953
343.15 6.554 6.933 7.715 8.033 9.656
348.15 5.922 6.257 6.964 7.189 8.593
353.15 5.346 5.451 6.191 6.363 7.626
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7.6 Appendix 6

Table 7.16 — Correlation coefficients, R?, obtained for the pure ionic liquids and their mixtures using the
logarithmic equation based on Arrhenius model (equation 3.8).

lonic Liquids R?
[C,mim][Gly] 0.9941
[C,mim][L-Ala] 0.9939
[C,mim][Tau] 0.9945
[Comim][L-Ser] 0.9927
[Comim][L-Pro] 0.993
[C,mim][C(CN)slo25 [Glylos 0.9946
[Comim][C(CN)zlo.2s [L-Ala]o 75 0.994
[C,mim][C(CN)slos [Taulo s 0.9953
[Comim][C(CN)a]o.s [L-Seros 0.9932
[Comim][C(CN)a]o.s [L-Pro]o s 0.9921
[C,mim][C(CN)s]os [GlY]os 0.9951
[Comim][C(CN)s]os [L-Ala]os 0.9945
[C,mim][C(CN)]os [Taulos 0.995
[Comim][C(CN)s]os [L-Ser]os 0.9931
[Comim][C(CN)3]os [L-Prolos 0.9928
[Comim][C(CN)slo.7s [Glylo.2s 0.9956
[Comim][C(CN)s]o.7s [L-Ala]o 25 0.9963
[Comim][C(CN)slo.7s [Taulozs 0.9953
[Comim][C(CN)3s]o.7s [L-Ser]o.s 0.9961
[C,mim][C(CN)s]o75 [L-Proo.s 0.9946
[C,mim][C(CN)3] 0.9967
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7.7 Appendix 7

Table 7.17 — Viscosity deviations, 4 In #, of the ionic liquids mixtures studied in this work.

Alnny
T(K) [Cmim][C(CN)lozs  [C;mImI[C(CN)alozs  [Comim][C(CNalozs  [Comim][C(CN)slozs  [ComimI[C(CN):slozs
[Comim][Gly]o.ss [Comim][L-Ala]o s [Comim][Tau]o7s [Comim][L-Ser]oss  [Comim][L-Pro]o s
293.15 -0.270 -0.174 -0.188 -0.476 -0.139
298.15 -0.263 -0.170 -0.172 -0.464 -0.140
303.15 -0.251 -0.164 -0.159 -0.448 -0.166
308.15 -0.240 -0.158 -0.147 -0.432 -0.160
313.15 -0.223 -0.135 -0.130 -0.408 -0.139
318.15 -0.220 -0.144 -0.133 -0.404 -0.140
323.15 -0.212 -0.137 -0.124 -0.391 -0.134
328.15 -0.203 -0.131 -0.117 -0.378 -0.129
333.15 -0.189 -0.108 -0.101 -0.353 -0.112
338.15 -0.187 -0.120 -0.105 -0.350 -0.118
343.15 -0.181 -0.114 -0.100 -0.338 -0.112
348.15 -0.175 -0.109 -0.095 -0.329 -0.106
353.15 -0.166 -0.086 -0.080 -0.337 -0.089
Table 7.18 - Viscosity deviations, 4 /n 5, of the ionic liquids mixtures studied in this work.
Alnn
T(K)  [Cmim][C(CN)sJos [Comim][C(CN)slos [Comim][C(CN)slos [Comim][C(CN)s]os [Comim][C(CN)sos
[Comim][Glylos [Comim][L-Ala]ys [Comim][Tau]os [Comim][L-Ser]los  [Comim][L-Pro]os
293.15 -0.126 -0.014 -0.286 -0.377 0.174
298.15 -0.129 -0.015 -0.277 -0.368 0.147
303.15 -0.129 -0.020 -0.265 -0.354 0.124
308.15 -0.138 -0.022 -0.252 -0.341 0.106
313.15 -0.131 -0.011 -0.227 -0.311 0.107
318.15 -0.137 -0.024 -0.229 -0.314 0.078
323.15 -0.134 -0.024 -0.219 -0.301 0.068
328.15 -0.122 -0.023 -0.207 -0.288 0.061
333.15 -0.096 -0.009 -0.182 -0.256 0.074
338.15 -0.126 -0.021 -0.187 -0.262 0.049
343.15 -0.142 -0.018 -0.178 -0.250 0.046
348.15 -0.127 -0.016 -0.169 -0.239 0.043
353.15 -0.118 0.000 -0.146 -0.209 0.062
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Table 7.19 - Viscosity deviations, 4 /n 5, of the ionic liquids mixtures studied in this work.

Alnny

T(K)  [C;mim][C(CN)zlo7s [Comim][C(CN)s]ozs [Comim][C(CN)zlors  [Comim][C(CN)slozs  [Comim][C(CN)slozs

[Comim][Gly]o.s [Comim][L-Ala]o s [Comim][Tau]os [Comim][L-Ser]oos  [Comim][L-Pro]o s
293.15 -0.110 -0.143 -0.199 -0.419 0.027
298.15 -0.121 -0.138 -0.191 -0.399 0.017
303.15 -0.117 -0.130 -0.180 -0.376 0.013
308.15 -0.113 -0.124 -0.170 -0.354 0.010
313.15 -0.092 -0.113 -0.152 -0.324 0.024
318.15 -0.105 -0.112 -0.150 -0.314 0.007
323.15 -0.102 -0.106 -0.142 -0.297 0.007
328.15 -0.098 -0.101 -0.134 -0.280 0.009
333.15 -0.075 -0.092 -0.114 -0.254 0.030
338.15 -0.090 -0.091 -0.115 -0.249 0.012
343.15 -0.087 -0.088 -0.108 -0.235 0.013
348.15 -0.085 -0.083 -0.100 -0.223 0.015
353.15 -0.060 -0.090 -0.083 -0.200 0.037
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7.8 Appendix 8

Table 7.20 — Refractive indices, np, of the pure ionic liquids studied in this work.

Np
T(K)
[Comim][C(CN);] [Comim][Gly] [Comim][L-Ala] [Comim][Tau] [Comim][L-Ser] [Comim][L-Pro]
293.15 1.514540 1.521285 1.513663 1.514885 1.526986 1.522914
298.15 1.512862 1.519923 1.512234 1.513579 1.525650 1.521510
303.15 1511139 1.518556 1.510808 1.512252 1.524293 1.520093
308.15 1.509381 1517187 1.509370 1.510932 1.522938 1.518698
313.15 1.507647 1.515800 1.507933 1.509613 1.521594 1517314
318.15 1.505948 1.514453 1.506513 1.508302 1.520221 1.515906
323.15 1.504195 1.513079 1.505050 1.506981 1.518872 1.514537
328.15 1.502546 1511732 1.503580 1.505684 1.517548 1.513154
333.15 1.500872 1.510351 1.502174 1.504341 1.516200 1.511770
338.15 1.499212 1.508984 1.500736 1.503061 1.514860 1.510352
343.15 1.497573 1.507634 1.499318 1.501756 1.513526 1.508965
348.15 1.495928 1.506314 1.497949 1.500410 1.512196 1.507568
353.15 1.494286 1.504903 1.496565 1.499081 1.510835 1.506199
Table 7.21 - Refractive indices, np, of the ionic liquid mixtures studied in this work.
Np
T(K) [ComIM][C(CN)sJoos  [Comim][C(CN)slozs  [Comim][C(CN)slo2s  [Comim][C(CN)slo2s  [Cmim][C(CN)so.25
[Comim][Gly]o.ss [Comim][L-Ala]o 75 [Comim][Tau]o7s [Comim][L-Ser]o7s [Comim][L-Pro]os
293.15 1.516731 1.514764 1.512417 1.520747 1.520568
298.15 1.515289 1.513300 1.511067 1.519291 1.519130
303.15 1.513836 1.511839 1.509696 1.517842 1.517692
308.15 1.512351 1.510378 1.508314 1.516360 1.516223
313.15 1.510903 1.508884 1.506932 1.514891 1.514773
318.15 1.509434 1.507363 1.505569 1.513431 1.513329
323.15 1.507991 1.505896 1.504159 1.511985 1.511907
328.15 1.506577 1.504362 1.502788 1.510508 1.510462
333.15 1.505139 1.502927 1.501390 1.509016 1.508987
338.15 1.503708 1.501480 1.499978 1.507550 1.507523
343.15 1.502339 1.499971 1.498619 1.506113 1.506112
348.15 1.500908 1.498506 1.497277 1.504592 1.504613
353.15 1.499477 1.497044 1.495925 1.503179 1.503192
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Table 7.22 - Refractive indices, np, of the ionic liquid mixtures studied in this work.

Np
T(K)  [Cmim][C(CN)slos  [ComIimI[C(CN)slos  [ComimI[C(CN)slos  [Comim][C(CN)slos  [Comim][C(CN)slos
[Comim][Gly]os [Comim][L-Ala]os [Comim][Tau]os [Comim][L-Ser]os [Comim][L-Pro]ys
293.15 1.515947 1.514087 1.511820 1.518648 1.521826
298.15 1.514464 1.512579 1.510388 1.517185 1.520322
303.15 1.512972 1.511068 1.508921 1.515628 1.518834
308.15 1.511458 1.509501 1.507435 1.514089 1.517342
313.15 1.509869 1.507963 1.505969 1.512544 1.515819
318.15 1.508345 1.506428 1.504437 1.510991 1.514322
323.15 1.506833 1.504877 1.502962 1.509427 1.512816
328.15 1.505320 1.503375 1.501492 1.507840 1.511350
333.15 1.503771 1.501908 1.500001 1.506325 1.509829
338.15 1.502313 1.500386 1.498546 1.504747 1.508319
343.15 1.500798 1.498883 1.497108 1.503237 1.506833
348.15 1.499275 1.497393 1.495669 1.501731 1.505333
353.15 1.497794 1.495891 1.494222 1.500180 1.503828
Table 7.23 - Refractive indices, np, of the ionic liquid mixtures studied in this work.
Np
T(K) [Cmim][C(CN)slo7s [Comim][C(CN)slozs [Comim][C(CN)slozs  [Comim][C(CN)slozs  [Comim][C(CN)s]o.7s
[Comim][Gly]o.s [Comim][L-Ala]o s [Comim][Tau]ozs [Comim][L-Ser]o2s  [Comim][L-Pro]o s
293.15 1.515128 1.513671 1.512463 1.515520 1.518956
298.15 1.513551 1.512101 1.510906 1.513900 1.517408
303.15 1.511945 1.510527 1.509308 1.512281 1.515742
308.15 1.510325 1.508928 1.507691 1.510635 1.514092
313.15 1.508711 1.507305 1.506148 1.508993 1.512438
318.15 1.507125 1.505679 1.504302 1.507356 1.510787
323.15 1.505554 1.504005 1.502911 1.505745 1.509136
328.15 1.503937 1.502443 1.501430 1.504084 1.507485
333.15 1.502412 1.500851 1.499755 1.502527 1.505859
338.15 1.500830 1.499264 1.498354 1.500926 1.504144
343.15 1.499247 1.497710 1.496892 1.499317 1.502532
348.15 1.497698 1.496133 1.495417 1.497743 1.500856
353.15 1.496116 1.494562 1.493870 1.496145 1.499171
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7.9 Appendix 9

Table 7.24 — Calculated molar refractions (Ry,) and free molar volumes (f.,) for the pure ionic liquids studied in this work.

[Comim][C(CN)3] [Comim][Gly] [Comim][L-Ala] [Comim][Tau] [Comim][L-Ser] [Comim][L-Pro]

RO fa | Rn fa | Rn fa | Rn fa | Rm fn | Rm fi

! (em®*mol™®)  (cm*mol™) | (cm®*mol™®)  (cm®mol?) | (cm®mol?) (em®mol?) ! (em®mol?)  (ecm®mol?) | (cm®mol?)  (ecm®mol™) ! (cm®mol™)  (cm®-mol™)
29315 | 55871 129548 |  48.461 110617 | 53231 123681 | 56.526 130960 | 54.833 123526 | 60.136 136.750
29815 | 55.903 130134 | 48.487 111025 | 53.261 124166 |  56.563 131447 | 54,857 123961 |  60.167 137.265
30315 | 55926 130715 | 48,509 111430 | 53.288 124646 | 56593 131.928 | 54.885 124411 |  60.199 137.789
308.15 55.947 131.308 48.529 111.830 53.312 125.126 56.621 132.405 54.914 124.866 60.231 138.300
31315 | 55.969 131.899 | 48547 112234 | 53.333 125602 | 56.644 132870 | 54947 125330 | 60.262 138.827
31815 | 55987 132474 | 48568 112638 | 53354 126075 | 56658 133315 | 54.966 125774 | 60279 139.323
32315 | 56.001 133062 | 48586 113042 | 53.368 126547 |  56.675 133.774 | 54.991 126226 | 60.305 139.829
328.15 56.025 133.644 48.606 113.446 53.386 127.034 56.695 134.233 55.015 126.671 60.325 140.331
33315 | 56.045 134228 | 48.624 113.859 | 53407 127510 | 56.713 134707 | 55036 127117 | 60.346 140.836
33815 | 56.065 134811 | 48.644 114273 | 53426 127996 |  56.735 135160 | 55.054 127557 |  60.361 141.343
34315 | 56088 135309 | 48.667 114695 | 53445 128479 | 56755 135641 |  55.074 128003 | 60.381 141,854
34815 | 56.112 135.997 | 48.692 115113 |  53.473 128969 |  56.769 136.111 | 55.093 128.448 |  60.399 142.364
35315 | 56137 136598 | 48720 115565 | 53505 129478 | 56788 136593 | 55112 128904 | 60424  142.888
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Table 7.25 - Calculated molar refractions (Ry,) and free molar volumes (f,,) for the ionic liquid mixtures
studied in this work.

[Comim][C(CN)s]o.25
[Comim][Gly]os

[Comim][C(CN)s]o.25
[Comim][L-Ala]o7s |

[Comim][C(CN)s]o.25
[Comim][Tau]o7s

[Comim][C(CN)s]o.25
[Comim][L-Ser]o7s i [Comim][L-Pro]oss

[Comim][C(CN)so.2s

! ! ! ! !

i i i i i
TK) | | i | |

! Rm fn ! R fn ! Rm fn ! Rm o ! Rm f

| (cm®-mol™) | (cm®-mol™) | (cm*-mol™) | (cm®-mol™) | (cm®-mol™)
29315 | 50185 115770 | 54.063 125290 | 56.384 131301 | 54749 125123 | 58.650  134.096
208.15 | 50.211 116221 | 54.095 125796 | 56.413  131.876 |54.788 125636 | 58.688  134.631
303.15 | 50.234 116.669 | 54.123 126293 | 56.440  132.367 | 54.823 126141 | 58719  135.153
308.15 ' 50.256  117.128 ' 54.145  126.778 ' 56.463  132.853 554.845 126.630 ' 58.745  135.677
31315 | 50.277 117.577 | 54.168 127.281 | 56.485  133.339 | 54.869  127.120 | 58.769  136.194
31815 | 50.201 118017 | 54180 127.770 | 56498 133804 | 54882 127.586 | 58793  136.709
32315 | 50.311 118467 | 54.204 128272 i 56517  134.297 {54.903 128.069 i 58.807  137.201
328.15 : 50.334  118.922 : 54221  128.780 : 56.530  134.790 554.924 128.564 : 58.830  137.723
33315 | 50.355 119.377 | 54244 120277 | 56.557 135285 |54.941  120.057 | 58.849  138.246
33815 | 50.376  119.834 | 54267 129.779 | 56572 135780 | 54.960 129551 | 58.866  138.768
34315 | 50399 120282 | 54284 130200 | 56592  136.272 |54.984 130051 | 58.893  139.295
34815 | 50.418 120741 | 54304 130799 | 56.617 136.774 |54.996 130550 | 58.905  130.822
353.15 50.438  121.203 54332  131.328 56.642  137.283 555.023 131.053 58.925  140.344

Table 7.26 - Calculated molar refractions (R;,) and free molar volumes (f.,) for the ionic liquid mixtures
studied in this work.

| [Comim][C(CN)alos | [ComimI[C(CN)slos | [Comim][C(CN)os | [Comim][C(CN)slos | [Comim][C(CN)slos
- - [Cmim][Glylos | [Comim][L-Alalos | [Cmim][Taulos | [Comim][L-Serlos i [Cmim][L-Pro]ss

I Rnm fo 1 Rm fo 1 Rnm fo 1 Rnm fn | Rn fn

i (cm®-mol™) i (cm®mol™) i (cm®-mol™) i (cm®-mol™) i (cm®-mol™)
20315 | 52181 120504 | 54704 126077 | 56210 131160 | 55322  127.051 | 58071  132.385
20815 | 52213 121088 | 54732 127492 | 56242  131.686 | 55356  127.562 | 58102  132.917
30345 | 52240 121575 | 54759 128009 | 56270 132200 | 55384 128093 | 58.130 133443
30815 | 52266  122.068 | 54781 128533 | 56.292 132726 | 55406  128.606 | 58157  133.969
313.15 ' 52281  122.562 ' 54.805 129.0595 56.317  133.248 555.428 129.122 558.181 134,501
31815 | 52297 123043 | 54823 120572 | 56.329  133.764 | 55448  129.643 | 58200  135.017
30315 | 52318 123533 | 54843 130007 | 56.349 134281 | 55468 130168 | 58.225 135554
32815 | 52.337  124.022 | 54.867 130.621 | 56.370  134.805 | 55485  130.698 | 58.251  136.081
333.15 52.357  124.529 54.894 131.1455 56.390  135.334 555.511 131.229 558.275 136.626
33815 | 52.381 125020 | 54.916 131.677 | 56.409 135855 | 55.527  131.762 | 58294  137.160
34315 | 52400 125519 | 54942 132216 | 56430 136378 | 55552 132205 | 58.318  137.699
34815 | 52419 126025 | 54974 132768 | 56451 136903 | 55578 132835 | 58.344  138.252
353.15 52.445  126.538 55.014 133.3475 56.473  137.437 555.603 133.391 558.371 138.812
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Table 7.27 - Calculated molar refractions (R;,) and free molar volumes (f.,) for the ionic liquid mixtures

studied in this work.

[Comim][C(CN)s]o.75

[Comim][Gly]o.2s

[Comim][C(CN)s]o.75

[Comim][L-Ala]os

[Comim][C(CN)s]o.7s

[Comim][Tau]os

[C:mim][C(CN)s]o.75

[Comim][L-Ser]o2s

[Comim][C(CN)z]o7s
[szlm] [L'Pr0]0.25

i i i i i
i i i i i
| | | | |
| | | | |
T(K) i i i i
! Rm fn 1 Rg fn 1 Rnm foa ! Rnm L fm
| (cm®-mol™) | (cm®-mol™) | (cm®-mol™) | (cm®-mol™) | (cm®-mol™)
59315 | 54020 125083 | 55266 128406 | 56.035  130.562 | 55523 128447 | 57.014  130.844
99815 | 54047 125610 | 55304 128969 i 56.064 131110 | 55553  129.004 | 57.049  131.396
| | | | |
30315 | 54074 126147 | 55334 120517 | 56.086  131.657 | 55581 120560 | 57.067  131.950
| | | | |
308.15 | 54096 126681 | 55359  130.066 | 56.107 132210 | 55606  130.122 | 57.085  132.503
31315 | 54114  127.206 | 55384 130625 | 56.133 132755 | 55629  130.680 | 57.105  133.063
31815 | 54139  127.744 | 55402 131173 | 56125  133.321 | 55645 131225 | 57.119 133615
32315 | 54164 128280 | 55413 131723 | 56.163 133855 | 55667  131.780 | 57.135  134.174
32815 | 54183 128820 | 55438 132276 | 56191 134396 | 55682  132.338 | 57.149  134.732
33315 | 54208 129350 | 55457  132.826 | 56.202  134.964 | 55707  132.890 | 57.166 135292
| | | | |
33815 | 54227 120886 | 55478 133384 | 56236 135501 | 55728 133450 | 57.172 135860
34315 | 54247 130429 | 55503 133942 | 56.266  136.051 | 55746 134011 | 57.190  136.425
34815 | 54269  130.968 | 55526 134510 | 56.298  136.615 | 55766  134.567 | 57.203  137.005
35345 | 54.280 131518 | 55556 135004 | 56.325  137.193 | 55791 135146 | 57.218  137.507
| | | | |
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