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palavras -chave

resumo

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1.1. Environmental issues

One of the most prominent global issues of this century islean energy
production. This generalized concern lead to social, economic, and scientific debates
that focus onenergy usage, energy sources, and sustainable energy stratedies.

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

In the longer term, these changes thraten to cause serious damage tour
economies and the envirament we depend on, putting thdives of millions of people
in danger and causing the extinction ofinimal and plant species.

These changesare sometimes caused by natural factors but thelimate
changesthat we are witnessingand experiencing today are almost entirely caused by
human activities that change the atmosphere's composition.

This mankind activities with impact on the atmosphere began withthe
Industrial Era, and since thenlead to an increasing atmospheric concentratin of
several greenhouse gases (GHGs), gases that are traspt to incoming solar
radiation, but that absorb and reradiate infrared radiation from the Earth which
keeps more heat in ouratmosphere, facilitating global warming. (2!

Some gre@ahouse gases occur naturally and are emitted to the atmosphere
through natural processesDuring the past century humans have substantially added
to the amount of greenhouse gases in the atmosphere by burning fossil fuels such as
coal, natural gas, oil andjasoline to power our cars, factoriesand by the destruction
of forests.

The principal greenhouse gases that enter the atmosphere because of human
activities are: CQ, CH;, NO and fluorinated gase&! Of these gases, C@ the most
important, accounting for abait 80 % of the enhanced global warming effect, even
though it has the lowest Global Warming Potential and a relatively short lifgme in

the atmosphere 4]

e B
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CQ/CH4 separation with ionic liquids 1. Introduction

1.2. Carbon dioxide

Carbon dioxide (CQ) is released in a number of ways, aurally during the
carbon cyde andby anthropogenicactivities.

Within the carbon cycle occur natural processes tharelease CQ into the
atmosphere and that remove C®from the atmosphere. Example®f such processes
are animal respiration, by which oxygen and nutrients are converted into Cfand
energy, and plant photosynthesis by which CQOs removed from the atmosplere and
stored as carbon in plant biomass

When in balance, the total carbon dioxide emissions and removals from the
entire carbon cycle are roughly equalln that way, such processes, except when
directly or indirectly perturbed out of equilibrium by anthropogenic activities,
generally do notchange theaverage atmospheric greenhouse gas concentrations.

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

The global largest source of C@emissions globaly is the combustion of fossil
fuels. When they are burned the carbon stoed in them isreleasedalmost entirely as
CQ. The main fossil fuels burned by humans are petreum (oil), natural gas and coal,
for electricity generation, industrial uses, transportation, as well as in homes and
commercial buildings. Figure 1.21 displays emissions for each of these sectors, by
fuel type. Retroleum suppliesthe largest share Coal andatural gas followin order of

importance.

2500 4 Relative Contribution by
Fuel Type

W Natural Gas -

2000 4
Petroleum
,3' 1,500 - H Coal
2
= 1,000 4

500 -

Residential Commercial  Industrial Transportation  Electricity
Gengeration

Figure 1.2.1: CQemissions from fossil fuel combustion, by fuel type and endse sectori3!
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Anthropogenic climate change needs to be addressed, cann that context,
measuredto avoid inordinate CQ emissions and energy usageas well as developing
new energy sourcedeasible ofpartially shift the actual fossil fuels energy sources to
renewable sources®

The increase of the atmospheric CQ@ concentration, however, shows that
strategies to prevent CQemissionalone will not suffice to sbp climate change. In this
context there is aneed to develop techniques aiming at thesequestration of CQ,
namely technologiesof carboncapture and storaggCcCs)el

Using these technologiesCQ could be capturedfrom large, stationary sources,
like power plant flue gases preventing its release to the atmosphereFollowing
capture, the CQ must be compressed and transported to a locatiantypically in

appropriate geologic formations, for storage’-8l

1.3. CQ Capture Technologies

One very promising approach forreducing CQ emissions is itscapture at a
power plant, transport to an injection site, and sequestration for longerm storage in
any of a variety of suitable geologic formation§!

The purpose ofCQ capture is to remove carbon dioxide from industrial and
energy-related sources, producinga concentrated stream ofCQ at high pressure
ready for storagel®

There are three technological pathways that can be pursued f&€€Q capture:

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

1.3.1. Post-Combustion Capture

Steam s
Turbines Power

* Nitrogen
Ly O ©
Fost- Boiler g Co,
Combustion Air Flue gas Capture CO,
— N, (70%)
CO, (3-15%)

Figure 1.3.1: Block diagram of PostCombustion Capture systen#

.
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In post-combustion capture, theCQis separated fromthe flue gasproduced by
fuel combustion.9]

Commercially available technologiesinclude CQ capture using absorption in
an aqueous amine solution. Th&€Q is then stripped from the amine soltion and
dried, compressed and transported to the storage sitél

Some of theoptions for this type of capture arebased on separation principles

such aschemical and physical absorptia, adsorption, cryogenics and membranes

1.3.2. Pre-Combustion Capture

Nitrogen

Separation

Unit
Gasifier/ co ]
Pre- Fuel Shift Capture C"T’{‘l’r’;ffé'f" Power
Combustion — H ?
CO, (40%
2(40%) Heat:~ Steam
® Cycle

Figure 1.3.2: Block diagram of PreCombustionCapture systemi?l

In pre-combustion capture, carbon is removed from the fuel before
combustion[4 9]

For coal this can be done bgasification. After rebrming, the product gas is
then shifted to produce a hydrogenrrich fuel gas mixed withCQ. The CQis removed
by physical absorption and the hydrogen combusted in a gasrbine. In this way the
CQ is removed at a higher concentration in the gas stream and at high pressure.
When applied to natural gasthe gasification step is replaced with a reforming stage

to produce the synthesis ga#l
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1.3.3. Oxy-Combustion Captu re

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

Recycle Flue Gas
Figure 1.3.3: Block diagram of OxyCombustion Cature system/e]

In oxy-combustion, the fuel is burned in aratmosphere ofoxygen that contains
little or no nitrogen.[4 ° This gives a flue gasonsisting mainly of CQ and water vapor
which can be condensed to give highly concentrated CQ stream for transport and
storage.

In the case of natural gas, a commonly specified gas turbine combined cycle
power plant generates a lonCQ concentration in the flue gad4

Once theCQ has beenseparatedby any one of the methods identified above,
then it must be compressed into liqud, transported via pipeline, and injected into

deep wells for longterm storage or used beneficially for other purposes

1.4. Purification of gasstreams

The separation of C@from CH: is an important process in many industrial
areas such as natural gas pr@ssing, biogas purification, enhanced oil recovery and
flue gas treatment{1°]

The progress of the international energy demand shows a 1.7%verage
annual growth in the 200572020 period. The worldwide demand for the use of
natural gas as a cleaner and more efficient fuel is constantly risinblovel transport
technologies, the remarkable reserves found, the lower overall costs and the

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

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

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

In addition, natural gas, namely methanas considered as anain feedstock for the
chemical industry[12]

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

The carbon dioxide content in natural gas can vary from 4 to 50%. Before a
natural gas rich in carbon dioxide can be transportedn pipelines to end users it
must betreated to maintain the pipeline quality, this is,to an acceptable level by the
gas producer prior to export 2z75% CQ).[13-14]

The reasons why C®in natural gas must be reducedto the levels mentoned
above are several. Carbon dioxideeduces the heating valuetakes up volume in the
pipeline and as an acidic gashasthe potential to cause corrosion in pipes and process
equipment. Besides, being a greenhouse gas, the emissiorC@ from the combustion
of the natural gasis a serious oncern associated with global climate changeso it has
to be removed to prevent atmospheric pollution10. 12. 15161 |t is also removed because
it causes catalyst poisoning in ammonia synthesig4-15 and is able to solidify in
cryogenic process!ol

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

shown below.
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1.5. Gas treating technologies

There are a wide range ofas purification technologies Absorption in basic
solvents, adsorption and membrandgechnology aresomeexamplesof them as shown

in Figure 1.5.1,012] following a brief description of the most applied inindustry.

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

MEA [ Polyphenyleneoxide
Caustic i Polydimethylsiloxane

F

Pressure Swing

Washing

Figure 1.5.1: Technology gtions for CQ Separation and Capturétl

1.5.1. Membranes

There are many different types of gas separ&n membranes, including porous
inorganic membranes, palladium membranes, polymeric membranes and zeolités.
They selectively transport gases through the membrane based dime interaction with
the membrane and the difference in partial pressuref the gaes across if4

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

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

compositions or flow rates. Membrane processes usuallyoperate at ambient

.
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temperature thereby avoiding the energy losses associated with heat exchange, and
are also environmentally safel(16]

However, membrane processes are subject tonitations when compared with
gas absorption processes, CHIlosses could be higher (depending on the gas
selectivity of the membranes) and thescale-up is less economicalls

This is a rather new technology much development is required before

membranes could be used on a large scale for capture in power statidhg?

1.5.2. Adsorption

This operation is based on a cyclical process in whickthe gas mixture flows
through a packed bed ©solids such as zeolites or activated carbom the surface of
which the carbon dioxide is adsorbed. The solid is then purified in stages ug
differences in either pressure (PSA) or temperature (TSA) to remove the carbon
dioxide and compress it for storagel19-20]

PSA and TSA are commercially practiced ethods of gas separation and are
used to some extent in hydrogen production and ithe removal of CQ from natural
gas.

Adsorption is not yet considered attractive for largescale separation of C®
from flue gas because the capacity and C&electivity of available adsorbents is low.

However, it may be successful in combination with another capture technolodgf!

1.5.3. Cryogenic

This type of techniqueuses low temperatures to cool, condense and purify
carbon dioxide from gas streamsCryogenic separation is widely used commercially
for streams that already have high C&concentrations (typically >90%) but it is not
used for more dilute CQ streams|20]

Cryogenic separation has the advantage that it enables direct production of
liquid CC, which is needed for certain transport options, such as transport by ship.
Cryogenics would normally only be applied to high concentration, highpressure
gases, such as in preombustion capture processes or oxygen fired combustio#]

A major disadvantage of cryogenic separation of @@ the amount of energy

required to provide the refrigeration necessary for the processAnother disadvantage

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

cooled, to avoid blockage8#

1.5.4. Absorption

A number of gas purification processes using absorption methods exists. These
processes are based on either physical dissolution of gases in liquids or on dissolution
combined with chemical reaction in the liquid phasé21]

The most common technology for C{®emoval today is absorption with amine
based absorbents such as monoethanolamine (MEA), ethhanolamine (DEA),
methyldiethanolamine (MDEA) and the newly developed sterically hindered
aminesl4

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

Gas absorption processes constitute at present about 70% of the techniques
used for treating natural gasf1®!

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

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

lonic liquids (ILs) seem suitable for being useds a solvent in gas absorption;
their potential for replacing the traditional solvents is attributed to their singular
characteristics. For example nany ILs show a high slubility for carbon dioxide and
therefore are promising substances for gas separation processes in which £&Ball be

separated from a mixture.Suchtype of separation includes the reduction of the CQ

I
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concentration in natural gas,which contains up to 10% CQ depending on the source
area. As essential datdor using ILsin such gasseparation proces®s, the solubility of
methane, as main component of ntural gas, carbon dioxide, and their mixtures must
be measured(?4
The potential of ILs forreplacing the traditional solvents is attributed to their

singular characteristics The nonvolatile nature of ionic liquids plays two important
roles. First, there will be no crosscontamination of the gas stream ¥ the solvent
during operation, this means no solvent dss and no air pollution. Second,
regeneration of the solvent is easy, aimple flash or mild distillation step is all that is
required to remove the gas from the solvent, again with no crossontamination.

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

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

1.6. lonic liquids

lonic Liquids have attracted an increasinginterest in the last decades with a
diversified range of appliations. Thetypes of ionic liquid available have also been
extended to include new families and generations of ionic liquids with more specific

and targeted properties Figure 1.6.1.

Multi-functional ILs

Ligand and support
Stabilizing agent

Deep Eutectic Solvents Phase tansfer agents . =
(DES) 4\ T / 10 ILS
Protic ILs (PILs) S P o Amphiphile ILs
Supported ILs S T~ | Switchable Polarity
/ \ Solvents (SPS)
Polarizable ILs Metal Salts ILs

Chiral ILs (CILs)

Figure 1.6.1: Evolution of IL generationg2sl
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Generally, ILs are salts composed of organic cations and organic or mostly
inorganic anions. They have melting points less than 100 °C and many of tm@st
interesting systems actually have melting points around or below room temperature
which are called ®Room Temperature lonic Liquid® (RTILs)[26-28] The cation is
generally a bulk organic structure with low synmetry .22 Comma ionic liquids

anions and cations are shown irrigure 1.6.2.

o
% w3
[Nazz2] (_7 [Campy] —
o]
B~ c.
) % B
= NH; i
@ Tf = CF3S0;
T RP®
)
H 9. g
/N\ —\ [C4mim]
Ao~
Cations

Figure 1.6.2: Representative cations and anions used as building blocks in IL formulatié#.

However these are only a sample of thalmost infinite variety available; the

possible choices of cation and anion that Wilresult in the formation of ILs are

numerous.
They have many fascinating properties which make them of fundamental

interest since both the thermodynamics and kinetics of reactions carried out in ionic

liquids are different to those inconventional molecuar solvents/31]
1.6.1.IL Properties
There is a great interest in ILs because of tlrespecial properties. As they are

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

can be designedo possess a particular set of propertieg3l!

1.
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One of the most important characteristis that distinguishes ionic liquids from
other salts is the fact that most of them renain liquid at room temperature, since
their ions do not pack welland thus reduces the lattice energi2-33l

In contrast to traditional organic solvents,these compoundsdo not evaporate,
the coulombic interactions in ILs are in most cases reain strong enough to make the
ILs vapor pressure negligible at room temperature Thus no volatile organic
components are created, so they cannot lead to fugitive emissio%34 This makes
ILs a serious alternatve for volatile organic compounds which contributes towards a
clean and (Qreend chemistry.26-271 They minimise the risk of atmospheric
contamination and reduce associated health concerns, that is whiyey are frequently
AAT T AA OOC®BRAAT O 1 OAT1 005668

The low vapour pressure makes them combustion resistant, evaporatien
proof, and suitable for vacuum applications, and themelting point below the
decomposition temperature means that many ILs have veryide temperature ranges
in the liquid state.l34

Their ionic character is mainly responsible for an unusual solubility behavior
of substances, which are hardly soluble in normal solvent¥! They have the ability to
dissolve many different organic, inorgani¢ organometallic andpolymeric materials:
high solubility implies smaller reactor volumes|37]

Other generalimportant propert ies are:

-They arerelatively cheap, and easy to prepar8!]

-They arehighly polar. [26]

-They consistof loosely coordinating kulky ions.

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

-They show good electrical conductivities and moderate viscositie$*!

-Thermally stable26-27]

-Nonflammableand not explosive26-27]

-Lesstoxic than usual organic stvents

-They are feasible to recycle and repeatedly reuse thert#!

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

particles), which makes them very miscil with polar substances. At thesame time

I..
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the presence of the alkyl chain on the cation determines tlresolubility in less polar
fluid s/38l
They exhibit the ability to dissolve a wide variety ofcompounds likesalts, fats,
proteins, amino acids, surfactants, sugars and polysaccharides. ILs have very
powerful solvent properties allowing them to dissolve a wide range of organic
molecules, includng crude oil, inks, plastics, and even DN
As the chemical structure of ILs isnade up of at least two cmponents which
can be varied (the anion and cation), the solvents can be designed with a particular
AT A OOGA ET T ETARh TO O DI OOAOO A PAOOGEAOI A
OEAU AOA Al O ETT xIer28308 OAAOECT AO OI 1 OAT 0006 8
Properties such as melting point, viscosity, watemiscibility, [30-31] density,
hydrophobicity 31 acid/base character, and coordinating abilit{2? can be varied by
simple changes to the structure of the ion84 The fine tuning of properties is
possible by the variation ofthe cation or anion family and/or by the length and
branching of the alkyl groups incorporated into the catiori3s!
Sq as they can be tuned for specifigroperties,iO6 O 11 O OOOPOEOET C

show tremendousemploymentsin a variety of chemical processe



CQ/CH4 separation with ionic liquids 1. Introduction

1.6.2. IL Applications

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

of them are exemplified inTable1.6.1.

Table 1.6.1: Examples of areas ofgplication of ionic liquids.i3°
lonic liquid market segments with examples of possible applications:

Engineering Fine Chemistry Energy Storage

E Extraction E Organic synthesis F Electrochemical double
E Separation (incl. Peptides & layer (ECDL) capacitors
£ Distillation Oligonucleoides) E Batteries
E Adsorption E Inorganic synthesis E Fuel cells
E Gas storage E Catalysis E Mobile energy
E Engineering fluids E Fluorocontaining
E Membrane technology | groups

Surface Technology Z Enzyme catalysis Electrochemistry
Z Surfactants £ Cellulose £ Sensors
E Lubricants £ Polymers E Electroplating
E Antistatic Z Petrochemistry # Electrochromic devices
E Anti corrosion E Light emitting EGcells

E Dispersions E Dye sensitized solar cell

/Photovol taic

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

reaction medial33l

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

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

phasel33]

1.6.2.2. Purification of gases

The use of ionic ligiids for gas separation processefas recently attracted
much attention due to high solubilities ofvarious gaseous species in ionic liquids.

The nonvolatility of ILs prevents any cross contamination of the gas stream by
the solvent during the process. Mreover, regeneration of the solvent may beasily
performed by a simple flash or distillation to remove thegas from the solvent without
cross contamination.Moreover, the no solvent loss and no air pollution derived from
their non volatility makes ILs aseven more attractive replacementg33. 401

As already mentioned ILs can be used as supported liquid membranes. In
conventional membranes, gas dissolves in liquid but then the liquid in which the gas
dissolved evaorates rendering the membrane uselessDue to the nonvolatility of
ILs, they can be imrmobilized on a support and used asupported liquid membranes.
ILs are also used for storage and delivery of hazardous specialgases such as
phosphine (PH), arsine (AsHs) and stibine (SbH).[33]

1.6.2.3. Homogenous and heterogeneous catalysis

Both homogeneous and heterogeneous catalgsihave many advantages
associated. Combining the advantages of both procesdasngs considerable process
enhancements that can bachieved through the use of ionic liquids.

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

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

charged cationic transition metal catalysis in IL phase ithout need for special

B..

ligands,in situ catalysis diredly in IL.[33]
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2. Results and Discusion

The use ofionic liquids as solventsin gas separation processes lires

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

in study. In this specific case, data of the solubility of methan€éCHs;) and carbon

dioxide (CQ) is essential, and in that way it was collected from literaturdn Table2.1

are presented the references of all experimental databtained from liter ature for

different ILs and their pressure and emperature ranges

Table 2.1: Literature solubility data for different systems of C@+ ILsand CH +ILs;
Temperature and pressure ranges.

Gas lonic Liquid p/M Pa T/K Literature Reference
[C2mim][Tf 2N] 06-50  293-363 [41]
[CAMImM][Tf 2N] Upto 15 283-333 [42-43]
[CEMIm][Tf 2N] 06-50  293-363 [41]
[CE6mMIm][TT 2N] Aprox.0.1 298-343 [44-45]
[CAmim][BF4] Upto1l3 283-323 [42]

[CAmIm][PF6] Upto1l3 283-323 [46]

caQ [THTDP][Tf2N] 0.1-72  293-363 [47]
[Cempy][Tf2N] Aprox.0.1 298-333 [40]
[C2mim][ BH4] Aprox.0.1 298-343 [45]

[CAMim][CH3S04] Aprox.0.1 298-343 [45]
[C2MIim][CF3S03] Aprox.0.1 298-323 [48]
[@2mim][DCA] Aprox.0.1 298-323 [48]
[H3C-C5mim][Tf2N] Aprox.0.1 313 [49]
[H3C-C3mim][Tf2N] Aprox.0.1 313 [49]
[H3C-C1mim][Tf2N] Aprox.0.1 313 [49]
[HCCC5mim][Tf2N] Aprox.0.1 313 [49]
[NC-C5mim][Tf2N]  Aprox.0.1 313 [49]
[NC-C3mim][Tf2N]  Aprox.0.1 313 [49]
[NC-C2mim][Tf2N]  Aprox.0.1 313 [49]
[C4Amim] [PF6] Upto1l3 283-333 [42, 50]
[C2mim][BF4] Upto1l3 283-343 [42, 45, 51]
[CEMIM][Tf2N] Upto1l0 293-413 [45, 52]

CH, [C6mpy][Tf2N] Aprox.0.1 298-333 [40]
[C2mim][Tf2N] Aprox.0.1 298-343 [45]
[C4mim][BF4] Aprox. 01 283-343 [51]

[C4mim][CH3SCY] Upto 10. 293-413 [45] [53]
[C2mim][CF3S03] Aprox.0.1 313 [48]
[C2mim][DCA] Aprox.0.1 313 [48]
[H3C-C5mim][Tf2N]  Aprox.0.1 313 [49]
[H3C-C3mim][Tf2N] Aprox.0.1 313 [49]

I..
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[H3C-C1mim][Tf2N] Aprox.0.1 313 [49]
[HCGC5mim][Tf2N] Aprox.0.1 313 [49]
[NC-C5mim][Tf2N]  Aprox.0.1 313 [49]
[NC-C3mim][Tf2N]  Aprox.0.1 313 [49]
[INC-C2mim][Tf2N]  Aprox.0.1 313 [49]

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

solvents

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

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

The CQ molecule is an amphoteric substance thatcan actas either an acid
(electron donor) or a base (protan acceptor)according to the nature of the solvent
molecule, forming electron donoracceptor (EDA) complexe$4-55

Some evidences reported byfew authors revealed that the strengh of the
interactions between CQ and the solvent are not sufficient to gplain the solubility of
this molecule. [54-57]

Danten et al.[54 in their paper to a better understanding of interactions of
carbon dioxide (CQ) with organic and/or inorganic compounds, showed thateven
though the Q02 EDA complexes with spO-donating atoms (such as O and alcohols)
are more stable than complexes involving spO-donating atoms (such as aldehydes
and ketones) the solubility data shows that C®@is less soluble inthe former than on

the latter. [54

I..
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Kazarian et al.[56] observed that the strength of theinteractions between
solute and solventcannot bethe only responsible for the solubility of CQ in ionic
liquids. Their results contradicted thoseexpeded by other researchersthat also
studied systems ofCQ with BF4 and PF6 anions, because they predited that the
strength of the interaction between C@and PFb, in ionic liquids, swould be stronger
than with BF4, and thiswas notAT T OEOOAT O xEOE +AUAOEAI
evidence that what happens is exactly the opposite?]

Other researchers that in their work concluded that interactions between the
ionic liquids and the dissolved CQ@has no direct relationship on the solubility of C@
was Seki et al>”] They showedthat although the interactions of COwith BF4 and PF6
anion-based ILs ae stronger than those with theTf2N, the solubility of CQ on these
ionic liquids is larger than in the former and thus the interactions alone are not
enough to provide an explanation for the Cgorption.

The solubility of gases in iofc liquids and other nonvolatile solvents still
raisessome doubts, namely regarding to what are the real properties that affect it.
Besides the data presented infable 2.1for CQ/ ionic liquid systems,to analyze the
non ideality of CQ in non volatile solvents solutions, experimental VLE data was
collected for systems of C®with long chain alcohols, long chairalkanes, fatty acids
and fatty acid esters

The experimentalsolubility dataof all systemswas comparedwith those on an
ideal solution. An ideal solution is onethat can be described byRaoult's law that is
defined as

Yeo, P = xcoz-?ﬂgo: (1)

where pZ,_ is the vapor pressure andx., is the liquid and v.,_the vapor mole

fraction of CQ. As the solvents in question are nosvolatile, it can be considerd that

the vapor phase is pure CQv., = 1,so0 that the equation becomes

P = Xgo,-Plo, (2)

For each gstem the results areplotted and presentedfrom Figure 2.1.1 to
Figure 2.1.6.
In Table 2.1.1 is reported the solubility data of GO, in Alkanes found in the

literature. For a temperature around 313K, a Pessure- CQ mole fraction diagram is

I..
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represented in Figure 2.1.1 along with the dashedline given by Raoult’s law that
represents an idealsolution.

Table 2.1.1: Gassolubility data for the CQ + dkanes systems; Literature reference.

Gas Non volatile solvent Literature Reference

Decane [58]
Pentadecane [59]
co Hexadecane [59-60]
Nonadecane [58]
Eicosane [61-62]
Docosane [61]
16 -
B Decane310K X
14 A Pentadecane 313.15K
@ Hexadecane 313K

12 - Hexadecane 314 K
Nonadecane 313 K
Eicosane 310 K f
g Eicosane 323 K =

8 - = Docosane323K -
3 Xo R a B
Q

= == Raoult'slaw, 313 K >?( B ~
6 -’

=
=]
|

* X ®

0 l—'¥ . . . : .

0 0.2 0.4 0.6 0.8 1

Xcoz

Figure 2.1.1: Literature CQ solubility data in alkanes + Idealty described by Raoult’s law at
4313 K.[58-62]

The representation of the C@isothermal solubility data (p-xcoj of different
alkanes in Figure 2.1.1 shows that the data collected from literature practically
overlaps the straight linegiven by Raouls law. This means that this type ofystems
present a near ideal behaviorat low mole fraction compositions of CQ, and that a
CQ-alkane interaction is just like a C@CQ and dkane-alkane interaction.

For the systems in which thesolvents are alcohols, thedata from literature is
shown in Table 2.1.2. The dat is plotted at temperatures close to 31X along with
2AT 01 660 1 Ax38

B..
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Table 2.1.2: Gassolubility data for the CQ + dcohols systems Literature reference.

Gas Non volatile solvent Literature Reference

Octanol [63-64]
Nonanol [64]
Decanol [63-64]
2-methylpentan-2,4-diol [65]
Undec10-en-1-ol [65]
Undecan6-ol [65]
Undecan2-ol [65]
14 7 ¢  Octanol 318K
@ Octanol 218K o
12 - A Nonanol 218K [ X
®E Decanol 318K
10 ¥ Decanol 318K - ¥
¢ 2-methylpentan-2,4-diol 313 K J)
*  Undec-10-en-1-0l 313K X —_ -
¢‘> g = -
o &8 = Undecan-6-0l 313 K AN = -
a. = -
s Undecan-2-0l 313K %—__ P
~ == == Raoult'slaw, 313K ﬁ et -
Q 6 <> . - -
ﬁ =K -
AR ;4?% -~ -
i 2 -
‘ ® --;|<_>,|< -
& -
2 - *Zl( P
%
-
-
-
0 T T T T 1
0 0.2 0.4 0.6 0.8 1

Xcoz

Figure 2.1.2: Literature CQ solubility data in alcohols + Ideality described by Raoult’s law at
4313 K.[63-64]

It can be observedhat all the solubility data is placed aboe the ideality line,
so these systems present positive deviations to ideality. This shows that the
intermolecular forces between molecules of C£and almhol are lessimportant than
they arebetween CQ-CQ and alcoholalcohol molecules

The CQ+ PEGsystems unlike thoseone discussedoreviously present negative
deviations to ideality that increase with the polymer molecular weight The behavior
of the data found in literature referenced inTable 2.1.3 can be observed inFigure
2.13.
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Table 2.1.3: Gassolubility data for the systems CQ@+ PEGs; Literature reference.

Gas Non volatile solvent Literature Reference

PEG 400 [66]
cQ PEG 600 [66]
PEG 1500 [67]
10 @
5 | PEG 400313 K
PEG 600313 K B P 71
8 1 B PEG1500316K oA P
7 - == == Raoult'slaw 313 K A ” -
(5} P -
3] 6T A’
S5 | -7
3 -7
4 _ ” [
- A
3 + /d =
-~
2 F . ” < A =
L \
-~
”
0 1 1 1 1 ]
0 0.2 0.4 0.6 0.8 1
Xcoz

Figure 2.1.3: Literature CQ solubility data in PEGs + Ideality described by Raoult’s law at
4313 K.[66]

With respect to the systems whosenon volatile solvents are fatty aids, CQ
solubility information is reported in Table 2.14. The representation of this data and

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

Table 2.1.4: Gas Solubility data for the systems G@ fatty acids; Literature reference.

Gas Non volatile solvent Literature Reference

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

= ] N -

=¥ ®  Decanoic Acid 313K < -
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j= 9
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xB
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Figure 2.1.4: Literature CQ solubility data in fatty acids + Ideality described by Raoult’s law
at 4313 K.[68-69]

These systems present mild positive deviations that become ideal and then
negative as the molecular weight of the acid increases. The negative deviations
observed for the large molecular weight conpounds, aswell as for PEGS suggess
that the solubility is entropically driven.

In Table 2.15 all the data used for the systems with fatty acid esters is

presented. The solubility diagram iglotted at 313 K ascan beseen inFigure 2.1.5.

Table 2.1.5: GasSolubility data for the sygems CQ + fatty acid esters;Literature reference.
Gas Volatile solvent Literature Referenc e

Methyl Myristate [71-72]
Methyl Palmitate [71-72]
Methyl Oleate [73-74]
Methyl Stearate [72]
Methyl Linoleate [73]
CQ  Ethyl Myristate [74]
Ethyl Palmitate [74]
Ethyl Oleate [75]
Ethyl Stearate [74-75]
Ethyl Linoleate [75]
EPA Ethyl Ester [73]
DHA Ethyl Ester [73]
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25 -+ .
Methyl Myristate 313 K

Methyl Myristate 313 K
Methyl Palmitate 313 K
Methyl Palmitate 313 K
Methyl Oleate 313 K
Methyl Oleate 313 K
Methyl Stearate 313 K
Methyl Linoleate 313 K
Ethyl Myristate 313 K
Ethyl Palmitate 313 K
Ethyl Oleate 313 K
Ethyl Stearate 313K
Ethyl Stearate 313 K
Ethyl Linoleate 313 K
EPA Ethyl Ester 313 K
DHA Ethyl Ester 313 K
= == Raoult'slaw, 313K

5 - :
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Figure 2.15: Literature CQ solubility data in fatty acid esters + Ideality described by Raoult’s
law at 4313 K. [71-75]

The p-x data lies below the Raoult’s law lineon the VLE region and so these
systemsare said to have negative deviations from ideality.

Figure 2.1.6 shows the RTIL CQ solubilite® AT i PAOAA OiThe2 AT OI O
deviations from ideality are negativeand sq as observedor all systems, except those

with alcohols, the CQ@solubility seems to be entropically driven
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50 S
—  [C2mim][Tf2N] 298 K p
Fd
45 ¢ [CAmim][TF2N] 298 K <?l, s
& [CAmim][TF2N] 298 K ;
40 r i >iff
B [C5mim][Tf2N] 298 K p _
35 | @ [Cemim][Tf2N] 298 K s
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Figure 2.1.6: Literature CQ solubility data in lonic liquids + Ideality described by Raoult’s law
at 298 K . [41-43, 4647]

A more relevant way to quantify the deviations from ideality of a given mixture

is to estimate its excess Gibbs energy. The excess Gibbs energy of a solution may be

expressed as the sum ofhie combinatorial contribution, G=Comb and the residual
contribution, G=Res
— GE.REE a GE.CD!.*':E:I (3)

The combinatorial part provides the contribution due to differences n size and
shape of the molecules in the mixturewhile the residual part accounts for the
interactions between the speciesNow it is of interest to analyzethe combinatorial
part, the entropic effects due to the size and shape, since we have seert tiiee non
ideality does not result only from the intensity of the interactions between the
molecules(the residual term).

The vapor pressureof a mixture in a norrideal case can be described in a
similar way as that shown before for an ideal solution trough th use of an activity
Al A£EFEAEAT Oh Au OEA O AAI 1T AA 11T AEEEAA

P = Xgo, Yoo, Plo, (4)

I..
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The activity coefficient is related to the excess Giblenergyand can be defined

as

() =rTn(n) (5)

The adivity coefficient of a componenti can be consideredas the sum of two
contributions, but only the combinatorial part will be hereafter analysed.
In (,:;:_j =1In I:',},_l‘_'omb} +1n (},:_Rssj (6)

Ll

The use of latice models has already been appliedy seweral authors to model
ionic liquid by assuming that the fluid structure can be approximated by a solitlke
structure as that of Figure 2.1.7. This is possiblebecausedue to some properties of
ionic liquids, they seem to sharecharacteristics that makes them somewhat like
polymer systems, namely the fact that they areisually composed of cations and
anions with long alkyl chains or a long chairike structure and their negligible vapor

pressures [76]

Q Q CH; | CH,
CH, O O CH,
cH, [PFs [ ([ PFe
CHZ@ cHs [(O) e
OO 1O
H, | CH, CHzl’@ CH,

Figure 2.1.7: Schemaof the lattice model for a selected ionic liquidsolid-like structure. [76]
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In this work, the FloryzHugginsmodel was usedto express the contribution to
non-ideality that is caused by the entropic effects, that is given by the activity

coefficient expressed as:

In(vegm®) = tn (222 ) + (1 — 22 (7)

\ " €O, %00, *00,

where ¢, is the volume fraction of C@and is given by

— *c0z-Veos
Peoa *c0zVeo: T osoivente Veolrent = (8)
4EA T TAEEEAA 2A1 O1 060 1 Ax AAATITAO
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P = Xcp2-2XP (fﬂlmr T (1 T o, J)-P::Fo: (9)

"

So, to obtain a prediction of the solubility of C&n the different solvents the modified
Raoult’s law was de¢rmined and represented for a modebystem.
For the CQ-alkanes system he result isrepresented in Figure 2.1.8 along with

the data already presented before.

16
B Decane310K

X
Pentadecane 313.15K
Hexadecane 313 K
12 Hexadecane 314K

[

14

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

0] 0.2 0.4

Xcos 0.6 0.8 1

Figure 2.1.8: Literature CQ solubility data in alkanes + Ideality describedby Raoult’s law and
Flory Huggins prediction atd 313 K.

The Flory-Huggins model predics a Ine that lies below the idealone, so for
this caseit predicts negative deviations to ideality.As theliterature data represented
have near ideal behavior, the C®alkane interactions must be weaker than theCQ-
CQ or alkane-alkane interactions so that there is an effect of positive deviationsom
the residual part that was not taken irto accountand that explains this near ideal
behavior.

For the CG-alcohol systems, the deviatios to ideality predicted by the Flory-

Huggins model are presented irFigure 2.1.9.

I..
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Figure 2.1.9: Literature CO2 solubility data in &ohols + Ideality described by Raoult’s law
and Flory-Huggins prediction at & 313 K.

As can be seen, even thoughe CQ-OH strong interaction the solubility data
lies all above the ideality. In this way, it can be concluded that spite of being very
strong the CQ-OH are not stronger than the OHOH interactions. This is a good
example that shows that even the solut©1 | OAT O ET OAOAAOQET T O AOA
mean that we have an enhanced solubility, solubiE OU AT AOT 6 0 AADPAT A |
interactions.

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

2.1.10. The nonrideal behavor can be well described by the FlonHuggins equation
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Figure 2.1.10: Literature CQ solubility data in PEGs +deality described by Raoult’s law and
Flory Hugginsprediction at &4 313 K.

As for the systems with PEGs, also thos&ith fatty acids show a nonideal
behavior than can bedescribed by the FloryHuggins equation. Such results lead to
believe that the devations are mainly due to the entropic effects, and that the

residual contribution has no effect on them and in some cases it can be even negative.
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Figure2.1.11: Literature CQ solubility data in fatty Acids + Ideality described by Raoult’s law
and Flory Hugginsprediction at & 313 K.

When fatty acid esters play the solvent role, the negative deviationsy Flory
Huggins predictions to the ideal behavior are large, suggesting thathe residual
contribution for the non ideality is negative. In that way, it seems that the CO
carbonyl interactions are energetically favorable when compared with the CECQ
interactions and the carbonytcarbonyl interactions established between the ester
molecules, thus favoring the formation of the ElectrorDonor-Acceptor complexes
formed between CQ and the carbonyl group of the fatty acid estersThis probably
means that if we add a carbonyl group to the ionic liquid structure, the G@olubilty

would be enhanced sincéhe CQ-carbonyl interactions are favorable
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Figure2.1.12: Literature CQ solubility data in fatty acid esters + Ideality described by
Raoult’s law and Flory Huggins ai 313 K.

In the systems of C®&lonic liquids, Figure 2.1.13, the solwility data
represented liesAAOx AAT OEA OOOAECEO 1T ETA 1T &£ 2A1 01 C
Flory-Huggins model. hus, deviations in ionic liquids are intermediate between the
ideal behavior and the predicted by the FloryHuggins model This type of kehavior
suggests that the combinatorial term of the Gibbs free energy is larger than the
residual, which implies that the solublity of CG; in ILs is controlled by entropic
effects. But sincethe experimental data obtained from literature , lies somewhat
above that predicted by Flory-Huggins, one may implie that there must be some
unadjustment in the solute-solvent interactions relatively to the solutesolute and
solvent-solvent interactions that are destroyed upon the salvationof the solute and

that are not energetically compensate.
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Figure 2.1.13: Literature CQ solubility data in lonic Liquids + Ideality descibed by Raoult’s
law and Flory-Hugginsprediction at 4298 K.

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

For most of the systems studied, the deviationare essentially due to entropic
effects, that is, due to the differences in size and shapd the molecules in the
mixture. This analysis also supports the idea that the solubility of CQs not directly
related to the intensity of the CG@-solvent interaction or in other words, to the
stability of the EDA complex formedSince the entropic effect increases as the size
difference between theCQ molecule and the solvent increases, increasing the size

difference between the mixture components must increase th€Q solubility.
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2.2. Deviations to ideali ty of CHs solubility in IL s

The other component that is of interestto this work is methane,and sq the
study of the deviations to ideality for systems of this gas with IL3s important for a
better understanding of the CQ/ CH; separation with ionic liquids.
For this, as in the case of G(the experimental solubility data in IL was taken
from different sources ofthe literature and isreported in Table 2.1 The lubility is
given in terms of p-xcha isotherms data and in some cases in termsf Henry® law
constants.The solubility of CH; in ILs is linear with pressure so some authors prefer
to OOA (AT Ous O Ai 1T OOAT OO OiF AAOs0ovEN Ahe OEAEO
individual data points.
The solubility of a gas in a liquid is frequently described inA 01 6 T &£ ( AT OU

law, which is defined as

H,(T,p) = lim, & (10)

where Hi(Tpd EO OEA (A TflL(‘:isl‘JtﬁeGugaﬁci't'y fof@h@ Ads Qissdived in the

liquid phase andx: is the mole fraction of gas dissolved in the liquid phase. The

( AT Oddristé@nt deperds on temperature but is relatively insensitive to pressure.

Knowing that the fugacity of the gas in the liquid phase must be equal to the fugacity

of the gas in the gas phase and approximating the gas phase fugacity as the gas phase

pressure, the followinG & Of T £ (AT OU8O0 1 Ax AAT AA 1T AOAI
vy = H (T).xq (11)

where p, is the partial pressure of the gas andH (T) will have units of pressure and is
ET OAOOGAI U POI PT OOETT Al OF OEA 111 A AEOAAOQETI
linear relationship between the solubility and the pressure and only at higher
pressures adeviation to this linearity is expected.

i1 (AT OUBO 1 Ax AT 1T OOAT OO AOA AAdBOIT AOA
I £ OEA (AT OUBO 1 Ax Al 1sOubifty, WhieAd raldvabd T AO C
indicates high gas solubility.

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

no volume change. Each component operates independently so that there are no

B..
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synergistic effects of the componentsbeing mixed together. In that way, as an
example of an ideal solutionve have here adopted the behavior of th€Hi/n -hexane
solution, as their molecular structures are very similar, when they are mixed, a
methane-hexane interaction will be almost like a nethane-methane interaction or
hexanehexane interaction. Thus, considering our specific work conditionsfor the
systemsinvolving methane, the idealitycanbe assumed as the system GHiexane.
Figure 2.2.1 and Figure 2.2.2 illustrates the p-x diagrams for the different ILs
and the ideality given by thep-x data of CHi/hexane systemat 311 K and 333 K

respectively.

Figure 2.2.1: Pressure CH; molar composition diagram for the systems Cl+ ionic liquids at
8313 K 40, 45-46, 5051, 53]































































