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Résumeé

L’objectif de ces travaux était de synthétiser, caractériser et étudier le potentiel
d’'une sélection de liquides ioniques, pour la séparation de I'éthane et de I'éthéne.
L’influence dans I'absorption de I'éthéne de la présence de trois cations métalliques,
le lithium (I), le nickel (ll) et le cuivre (II) dans un liquide ionique était également
étudiée.

Les liquides ioniques sélectionnés sont basés sur le cation imidazolium
contenant des groupes fonctionnels au niveau de la chaine alkyle latérale. Les
anions choisis sont le bis(trifluorométhylsulfonyl)imide, [NTf,], la dicyanamide, [DCA]
et le méthylphosphite, [C{HPO3].

Sachant qu’un solvant de séparation idéale doit avoir une capacité
d’absorption et une sélectivité de séparation élevées, une faible viscosité, une haute
stabilité thermique et une cinétique d’absorption rapide pour le gaz sélectionné. Pour
évaluer ces propriétés pour les milieux sélectionnés, plusieurs parameétres ont été
déterminés la densité et la viscosité des liquides ioniques ainsi que I'absorption de
chaque gaz dans les liquides ioniques.

L’absorption de I'éthane et de I'éthéne dans les liquides ioniques purs ainsi
que dans les solutions de liquide ionique + sel métallique a été mesurée dans une
gamme de températures comprises entre 303.15 K et 353.15 K et pour des pressions
proches de l'atmosphérique. La sélectivité idéale des liquides ioniques pour
I'absorption de I'éthane par rapport a I'éthene a ainsi pu étre déterminée.

La détermination de l'absorption en fonction de la température a permis
d’accéder aux propriétés thermodynamiques de solvatation de ces gaz dans des
liquides ioniques et a comprendre la maniére dont les liquides ioniques interagissent
avec ces solutés comment les liquides ioniques se structurent autour de ces

molécules.

Mots clefs: liquides ioniques, absorption de gaz, séparation d’hydrocarbures gazeux,

synthése de liquides ioniques, éthane, ethéne, sels métalliques



Abstract

The goal of this research was to synthesize, characterize and study the
potential of selected ionic liquids as solvents for the separation of ethane and ethene.
The influence on ethene absorption of the presence of three different metallic cations,
lithium (l), nickel (I1) and copper (ll) in an ionic liquid was also studied.

The selected ionic liquids are based in the imidazolium cation containing a
functionalization in the alkyl side chain. The chosen anions were the
bis(trifluorosulfonyl)imide, [NTf,], the  dicyanamide, [DCA] and the
methylphosphite, [C{HPO3].

Several parameters were taken into account for this primary evaluation, such
as measurements of density, viscosity and absorption of each gas in the ionic liquids,
since an ideal separation solvent should have a high absorption capacity and gas
selectivity, low viscosity, high thermal stability and fast absorption kinetics for the
selected gas.

The absorption of the 2 gases in the pure ionic liquids and ionic liquid +
metallic salt solutions was measured in the temperature range between 303.15 K and
353.15 K and for pressures close to atmospheric. The ideal selectivity of the ionic
liquid for the absorption of ethane compared to ethene was determined.

The determination of the gas solubility in function of the temperature allowed
access to the thermodynamic properties of solvation of the gases in the ionic liquids,
and a deeper understanding of the gas-ionic liquid interactions and the structure of
the solution.

Keywords: ionic liquid, gas absorption, hydrocarbon gas separation, synthesis of
ionic liquids, ethane, ethene, metallic salts
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The interest of using ionic liquids for a potential industrial application in gas
separations is related to their negligible vapor pressure and their ability to selectively
dissolve certain families of gases. Furthermore, it is generally accepted that ionic
liquids preferentially absorb an unsaturated gas hydrocarbon compared with its
saturated counterpart’®®* The goal of this work is to use physicochemical
characterization, gas solubility and thermodynamic properties of solvation to propose
ionic liquids to optimize an alternative gas separation process. Since most of the
alternative processes proposed in the literature comprise the use of a transition metal
that selectively reacts with a gas, the combination of a transition metal salt with ionic
liquids will also be explored.>67:8°

Therefore interdisciplinary collaborations were essential in this work and the
combination of skills of the laboratory TIM at ICCF in the field of physicochemical
properties and solubility experiments and the expertise of C2P2 in the synthesis of
ionic liquids and the use of NMR techniques is essential to characterize the molecular
interactions involved.

Chapter 1 consists of a review of the experimental data on the absorption of
ethane, ethene, ethyne, propane, propene and propyne in ionic liquids. The influence
of the different cations, anions and their size and/or functionalization was analyzed.
The ideal separation selectivity for ethane/ethene, ethene/ethyne, propane/propene
and propene/propyne, for the reviewed ionic liquids was calculated and, whenever
possible, related to the structure of the ions. In chapter 2 the synthesis and
characterization of several ionic liquids and of different solutions of metal salts in
ionic liquids are described. The syntheses were performed in one or two steps and
the ionic liquids were characterized by NMR and HRMS. The density and viscosity of
the ionic liquids and of the solutions of metal salts in ionic liquid were measured. In
chapter 3, the solubility of ethane and ethene solubility in selected ionic liquids and
metallic salt-ionic liquid solutions is reported. The influence in ethane and ethene
solubility of the length and functionalization of the alkyl side chain of the cation and
the use of a phosphite based anion was studied. The thermodynamic properties of
solvation of each gas in each solvent were determined and compared. Chapter 4
consists of an overview of conclusion of the present work and of the perspectives it

offers for future development.
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Chapter 1

lonic Liquids for Light Hydrocarbon Separation






Separation explores differences in properties of the species, either molecular
(molar mass, van der Waals volume or dipole moment), thermodynamic (vapor
pressure or solubility) or transport (diffusivity). Common separation techniques rely
on creating or adding a new phase, on introducing a barrier or a solid agent, or on
using a force field or a gradient.”

Distillation, crystallization, liquid-liquid extraction and absorption are the most
common examples of separation techniques based on the creation or on the addition
of a new phase that require an energy transfer or the use of a mass-transfer agent,
respectively. Changing from an energy-separating agent to a mass-separating agent
can potentially reduce the process energy requirements, but the selected absorbent
should be easy to recycle, have low volatility, and the solubilities of the species to
separate should be significantly different. Membranes make use of liquid or solid
(frequently polymeric) barriers to separate species that present different
permeabilities. Membranes are used in small, compact and clean units that require
low energy to achieve separation, but are still difficult to scale-up. Adsorption is a
surface-based process that frequently relies on a solid agent to achieve separation.
The separation is achieved due to different interacting forces at the interface
(originating physisorption or chemisorption processes) that selectively interacts with
certain components in detriment of others from a liquid or gas mixture. The adsorbent
material should have high surface area, good mechanical properties, fast adsorption
kinetics and the ability to be regenerated without loss of its properties. Commonly
used supports are alumina, ion exchanging resins, high-surface-area SiO,, zeolites
and molecular sieves. Electrophoresis and centrifugation are examples of separation
techniques that exploit the differences in the responses of the constituents of a feed
to an external force or gradient. They are especially useful and versatile for
separating biochemicals."

Ethene and propene are the largest-volume organic chemical feedstock, being
used as precursors for the production of polymers, lubricants, rubbers, solvents and
fuel components.”®?® These are mostly obtained from the separation of the light
hydrocarbons components of naphtha, separated through cryogenic distillation.
Cryogenic distillation has been in use since the 1960’s, for the ethane/ethene and
propane/propene separation.”* It requires large distillation towers (120-180 trays),
low temperatures (-114°C) and high pressures (15-30 bar), resulting in a high capital

and energy demanding process needing up to 120 x 10" BTU/year.>® The high
7



demand (25 trillion tons of ethene per annum)? and high purity” required for industrial
applications of ethene and propene imply effective and reliable separation methods
which are often difficult to implement. The implementation of an alternative process to
cryogenic distillation with improved economic and environmental performance would

represent a major advance in the sector.

Table 1.1 - Abbreviation, full designation and structure of some cations of ionic liquids. C,, represent carbon chains

of variable size

Abbreviation Full designation Structure
+ . . . ‘ \
C.Clm 1-C,-3-Cnimidazolium Cn/N@/N\Cm
. 1-(2-hydroxyethyl)-3-
C1C2_0H|m L. . /N@N
methylimidazolium ~~ OH
. 1-diethylsulfonyl-3- ®N
(CzSOzCz)C1|m o ) N> \/\//
methylimidazolium // S
. 1-(3-cyanopropyl)-3-
C1C;CNIm (3-cyanopropy) _ @ N
methylimidazolium \/N\/\/

1-(3-cyanopropyl)-2,3- N /\\ N
dimethylimidazolium 7/

N N
(CsCN)oIm” 1,3-(3-cyanopropyl)imidazolium \\\/\// \ \/\//
N N
g
o
C4C4,CO0CsIm* -1-(pentoxycarbonylmethyl))-3- o>
methylimidazolium \n/
0]
+ 1-(ethoxyeth rbonylmethyl N/@\l o
C4C4CO0C,0C;Im -(e %Xye oxycarbonyimethyl))- =2 S NG
-methylimidazolium
@)

1-(2-(2-butoxyethoxy) "‘N/@

. N ) )
C4C4C00C,0C,0C,Im ethoxycarbonylmethyl)-3- = \n/ \/\O/\/ NN

methylimidazolium
: +
N
/' \
Cn Cm

CoCrPyrr” C.Crpyrrolidinium




Abbreviation Full designation Structure

C.Pyr C,pyridinium @
N\
Cn

+

Prmpa CnCmC,pCqphosphonium Ci—

Nnmpq CnCmCpCqammonium Cqi—

HO
N1112_0H Cholinium _\—++—

|
N1132-0H Propylcholinium _/—l\ll
HO

lonic liquids have been suggested as new separating agents for olefin/paraffin
gas separation, as absorbents or as solvents for the chemical complexation of olefins
with silver or copper salts. lonic liquids are composed uniquely of ions and have a
melting point below 100°C. Many present unique properties such as negligible vapor
pressure, high thermal, chemical and electrochemical stability, non-flammability and
high ionic conductivity. lonic liquid are also called “designer solvents” due to the large
variety of combination possibilities of cations and anions, leading to tunable physical
chemical properties. The cations and anions that constitute the ionic liquids
mentioned in this review are listed in tables 1.1 and 1.2.

In figure 1.1 the Henry’s law constants, Ky, of different gases in

[C1C4lm][BF4] are represented. Monoatomic, diatomic, non-polar or gases with low
polarizability present the lowest solubilities. Unsaturated hydrocarbons frequently
present a higher solubility in ionic liquids than their saturated counterparts. The exact
reasons for the observed trends are still poorly understood, but essential for the
development of new alkane/alkene/alkyne separation processes.® In this chapter we
review the current knowledge on the solubility of ethane, ethene, ethyne, propane,
propene and propyne in pure ionic liquids. Whenever possible we calculate the ionic

liquid absorption capacity and ideal selectivity for ethane/ethene, ethene/ethyne,



propane/propene and propene/propyne mixtures and so assess the potential of a

particular ionic liquid as separating agent.

Gas

0 500 1000 1500 2000 2500
K, /10° Pa
Figure 1.1 - Henry’s law constant, Ky, for several gases in ionic liquid [C1C4Im][BF4]7’9’10’11’12 at 313 K.

*-293 K; ** - 314 K; *** - 298 K.

The reviewed data are expressed in Henry's law constant, K. The

absorption capacity of gaseous hydrocarbons by pure ionic liquids is relatively low
because, in most cases, it is only a physical process. The use of silver (I) and
copper (l) salts can improve the amount of unsaturated hydrocarbon absorbed by the
ionic liquid phase as these metal cations are capable of selecting and reversibly
reacting with it.>'>'41>® This concept has been explored for the separation of ethene

from ethane and propene from propane.®'7:18.19.:20.21.22
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Table 1.2 - Abbreviation, full designation and structure of some anions of ionic liquids. R, represents

carbon chains of variable size

Abbreviation Full designation

Structure

NTfy Bis(trifluoromethylsulfonyl)imide
BETI Bis(perfuoroethylsulfonyl)imide
DCA Dicyanamide
NOj Nitrate
C.C,PO4 C,.Cnphosphate
C,HPO3 C.phosphite
PFe Hexafluorophosphate
C,SO, C.sulfate
CF3SO5 Trifluromethanesulfonate
DBS’ Dodecylbenzenesulfonate
C,CO, Carboxylate
OAc Acetate
TFA Trifluoroacetate
AICI4 Tetrachloroaluminate

FsC //O O\\ _CF;
S -.S
/7 N7\
O O

00
CF, // N\ _CF;

L 2//S\N_ /s\\/ “cF,
4 o

Il
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Abbreviation Full designation Structure
F
i P
BF,4 Tetrafluoroborate /B\F
F
TMPP” Bis(2,4,4-trimethylpentyl)phosphinate K&ﬁ)}
(|) ;
F3(|3
CF,
FAP Tris(pentafluoroethyl)trifluorophosphate F\ | JF
_P
1\
CF; £ “CFy




1. Gas Solubility

The chemical potential of component i in a mixture is defined as®>%*

pj =1 +RTIn(y;x;) (1.1)

where yl.ref is the chemical potential of component i in a chosen reference state and

y; its activity coefficient. Two conventions are usually adopted to choose the

appropriate combination of the reference state chemical potential and the activity
coefficient, the choice depending of the physical state of the pure components at the
thermodynamic conditions of the mixture.

The asymmetric convention is usually applied to solutions where the solute(s)
or the solvent are not in the physical state of the solution at a given temperature and
pressure, as in the case of the solutions of gases in ionic liquids considered herein.
For the solvent, the activity coefficient approaches unity when its mole fraction is

approximately unity and for the solute its activity becomes unity when the solute is
present at very low concentrations, ;/,.H —1 when x; — 0. In this case, the solute is

present in the limit of infinite dilution and the solution approaches ideal behavior in
the sense of Henry’s law. The reference state adopted for the calculation of the

chemical potential in this case is that of the pure solute at infinite dilution:*>%

w = +RTIn(y;x;) X, >0 =y7 51 (1.2)

the activity coefficient in the asymmetric convention, ', being a measure of the
solute intermolecular interactions, the solvent and solute-solvent interactions are
accounted for in the reference state.

The Gibbs energy of solutions is defined as the difference in chemical
potential when the solute is transferred, at constant pressure and temperature, from

its pure state into the infinite dilution solution. If the solute remains pure at equilibrium
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with the solution” and the solubility is enough that !/ ~ 1 the following approximate

relation can be used:

Ay G; = -RTInx; (1.3)

The Gibbs energy of solution expresses the difference between the
solute-solute interactions in the pure species, which may be a condensed phase, and
the solute-solvent interactions in an infinitely dilute solution. In order to isolate the
role of the solute-solvent interactions in the process of dissolution, a thermodynamic
transformation called solvation can be defined as the difference in chemical potential
when the solute is transferred from an ideal gas at standard pressure into the

reference state at infinite dilution, equation 1.3 leading to:
K
AeyGi = RTIn(p—O’) (1.4)
in which Ky, ; is the Henry’s law constant defined as:
Ky = lim (f;/x;) (1.5)
x;—0

From the behavior with temperature or with pressure of the Gibbs energy of

solvation it is possible to calculate the other thermodynamic properties:

o AG
AgovHi = ? 5T( sc:lr )p (1.6)
OA
Asolvsi = ( SOlV I)p (17)
O0A¢y, G
A Vi = «(—2=0); (1.8)

The thermodynamic properties of solvation provide insights into the molecular

mechanisms determining the solution behavior - the enthalpy of solvation reflects the

T This is the case for the solutions of gases in ionic liquids because the solvent does not have any
measurable vapor pressure at moderate temperatures.
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energy of solute-solvent interactions and the entropic contribution is related to
structural organization of the solution. These thermodynamic properties of solvation
are approximately equal to the thermodynamic properties of solution in the case of
gaseous solutes at low pressure, the differences becoming more important for liquid
and solid solutes. These solvation properties can be determined through
experimentally accessible quantities namely from solubility measurements and the
calculation of Henry’s law constants.

The techniques reported in the literature to determine the solubility of light
hydrocarbon gases in pure ionic liquids can be assembled in three groups:

gravimetric, pVT and permeation methods.

In the gravimetric method,?” a high-resolution microbalance is used to
determine the mass increase of a liquid sample, when in contact with a gas, at a
certain pressure and temperature. The mass increase is monitored as a function of
time and the equilibrium is detected when the mass does not change significantly for
a period of time. The microbalance does not have a stirring mechanism, and so,
relies solely on the diffusion of the gas into the ionic liquid. This method requires
solvent amounts as small as 70 mg since the balance can have a 1 ug stable
resolution, but it requires large amounts of gas, especially at high pressures. The
absorption process can be reversed, yielding a complete absorption/desorption
isotherm. A correction for buoyancy effects has to be taken into account to calculate
the solubility, which requires accurate knowledge of the gas and solution density. The
main advantage of this method is that it requires only small amounts of ionic
quuid.28’29’30

pVT methods®'32333435 gre by far, the most used for determining the
solubility of light hydrocarbon in ionic liquids. In these methods, a known amount of
gas is put in contact with a known amount of ionic liquid, and makes use of pressure,
volume and temperature measurements to determine solubility. These
measurements can be made at constant volume (isochoric method) or at constant
pressure. The isochoric method consists in accurately measuring the volume of the
cell and the volume of the vapor and liquid phases. This information is used to
determine the quantity of gas remaining in the gas phase and, by difference, the
amount of gas dissolved in the liquid, by difference. When measuring at constant

pressure, the difference between the total volume of gas delivered to the system and
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the vapor phase is used to determine the solubility. The amount of ionic liquid sample

required for the pVT methods is usually larger than the one needed for the

gravimetric microbalance method. A few milliliters are necessary to measure the
solubility from pressures close to atmospheric up to 550 bar. The advantages of this
method are its simplicity and the capability of delivering high-precision data for
scarcely, as well as for very soluble gases.?%2930%

Gas chromatography and the lag-time technique belong to the group of
permeation methods. Gas chromatography37 makes use of columns that are either
coated or contain inert solid supports coated with ionic liquid. The sample gas is
introduced with a carrier gas (such as Hj, Ar or He) and passes through the column,
where it is more or less retained according to the affinity between the gas phase and
the coating phase. A detector is placed at the end of the column to detect the
components of the gas phase and create the chromatogram. The peak exit time and
size is related to the component identity and amount. From the retention volume
(volume of sample gas retained in the column) and column characteristics, the
partition coefficients are determined. Knowing the column dimensions and amount of
ionic liquid, we can determine the gas solubility in the ionic liquid. However it should
be taken into consideration that the solubility is determined for a gas in a film of liquid
and in which the carrier gas is already equilibrated; the process involves steady
states and transient equilibriums as the carried component is swept through the
column; and it is difficult to ascertain the carried component partial pressure. Few
milliliters of ionic liquid are needed to create the column and small amounts of solute
gas are required.?®383

The lag-time technique®® makes use of a supported ionic liquid film to evaluate
the diffusivity and solubility of the gas through the measurement of its permeability in
the ionic liquid. The liquid film is placed between a feed chamber and a permeate
chamber with known volumes and the entire unit is thermostated. The solute gas is
injected in the feed chamber through a syringe, passes through the membrane onto
the permeate chamber and the resulting pressure increase in the permeate chamber
with time is read by a pressure transducer. The lag time refers to the difference
between the time at which the gas enters the membrane and the time at which the
flow rate of diffusing species into the closed volume reaches a steady state of
permeation. The liquid film is immobilized in porous glass fiber supports, which limits
mass transport to molecular diffusion. The liquid membrane is considered the
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rate-limiting step, so it is assumed that no boundary layer resistance occurs at the
membrane interface. Assuming these two conditions, and by analyzing both the
transient and steady-state regimes of permeation, an expression for the pressure rise
in the permeate chamber with time can be obtained. The experimental permeation
data is analyzed in the light of this expression, and the slope and abscissa intercept
(designated lag time) allow the determination of solubility and diffusivity, respectively.
The advantage of this method is that it allows the determination of both gas diffusivity
and solubility in a single experiment with an ionic liquid sample of less than 1 milliliter.
However, the solubility of the gas in the ionic liquid greatly limits the precision of the
results. The solubility can only be determined when over 0.01 mol L™ atm™, with a
10% deviation.*’

The solubility of ethane was measured in a total of 34 samples, of 26 different
ionic liquids. Ethene is by far the most studied gas from ethane, ethene, ethyne,
propane, propene and propyne. 70 ethene solubility measurements were performed
using 55 different ionic liquids. In the case of ethyne 42 measurements were made in
30 different ionic liquids. The solubility of propane was measured in 10 samples of 8
different ionic liquids. For propene, 33 measurements were performed in 30 different
ionic liquids. In the case of propyne 5 measurements were made in 5 ionic liquids.
Imidazolium-based ionic liquids present the largest variety of anions tested and
represent the major part of the ionic liquids tested for each gas, more than 70%.

The results are organized in three groups with solubility results in ionic liquids
for ethane and propane, ethene and propene and finally ethyne and propyne.

For each group the analysis of the results is done in 7 steps:

. Full solubility range

. Influence in solubility of ionic liquids with different cations and same anion

. Solubility range for imidazolium-based ionic liquids

. Influence on solubility of increasing alkyl side chain length of the anion

1

2

3

4. Influence on solubility of increasing alkyl side chain length of the cation

5

6. Influence on solubility of functionalizing the alkyl side chain of the cation
7

. Influence in solubility of ionic liquids with different anions and same cation.
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1.1 Solubility of ethane and propane

The Henry’'s law constants, K., for ethane and propane in several ionic
liquids at 313 K are depicted in figures 1.2 to 1.4 and tables 1.3 and 1.4. K, ranges
from 665.2 x 10° Pa for [C1C2Im][DCA] to 19 x 10° Pa for [P(14)666][TMPP] for ethane
at 313 K. For propane Ky ranges from 308.5 x 10° Pa for [C1C.Im][DCA] and
6.4 x 10° Pa for [P(14)66s][TMPP], at 313 K.

[C4CoIm][NTf,]
[C1C4Im][NTH,] ;
[C1Celm][NTH,] (1
[C4CIm][NTH,] [
[C1C1olm][NTTF,] (0
[C1C5CNIM]INTf,]*
[(C5CN),Im][NTf,]*
[C,C4COOCsIm]NTH] ()
[C,C4CO0C,0C,Im][NTf,]
[C4C,CO0C,0C,0C,Im][NTf,] (1

o [C4CoIm][PFg] —

3 [C/CIm][PFq] ]

- [C1C4COOCSIm][C,SO,I™* ]

= [C1C,Im][DCA] : }

[C+C4Im][BF,] | )
[C4C,ImIICF,SO,] | e ——
[C/C,ImI[FAP) [T
[C+Celm][FAPT ]
[C1CePYIIINTY,] [/ /LA
[C1C,4Pyrr][NTF,]*
[C1C4PyrrI[FAP]
[N1132.01][NTf2]

[P (14)666][FAP]
[P(14)666][ TMPP]
[Pasaal TMPP] , , , ,
0 200 400 600 800
Ky, /110° Pa

Figure 1.2 - Henry’'s law constant, Ky, for ethane in several ionic liquids at 313 K. * - at 303 K;

** _at 323 K. [C1Colm][NTH]*% [C1CaIm]INTEH]*; [C1Celm]INTF,]*; [C1Calm][NTF*; [C1Crolm][NTH]*;
[C1CsCNIMJINT®:;  [(CCN)IMINTF]®%;  [C1C1COOCsIM]NTf]*;  [C:C1COOC,0C,Im]NTH,]*;
[C1C1COOC,0C,0C4m]INTH]*;  [C1CoIm][PFe]';  [C1Calm][PFe]*>:  [C1C1COOCsIM][CsSO*;
[C1CoIm][DCA]";  [C/Calm][BF4]'%:  [C1Colm][CF5S03]";  [C1C4m][FAP]®®:  [C:Celm][FAP)Y;
[CiCePYINTR";  [CiCaPyrr]INTF]*%  [C1CuPyrr[FAPTY;  [Ny1s2onlINTRY% [PuayssslFAPTY;
[P 12666 TMPP]** [P 44 [TMPPT*,

The ionic liquids that present the highest ethane and propane solubility are
based in the phosphonium cation followed by those based in the imidazolium, the
pyridinium, the pyrrolidinium and the ammonium cations (only one measurement with

ammonium-based ionic liquids for ethane and none for propane were reported).

18



The ethane and/or propane solubility data reported by Mokrushin et al*®, by
Scovazzo,™ by Kang et al.,”' by Ortiz et al.,* and by Dreisbach et al.>® were not
taken into consideration, due to lack of information for the calculation of Henry’s law
constants. The high-pressure solubility data reported by Bermejo, Fieback and
Martin® presented deviations of 34% from the literature, as claimed by the authors.

[C4CoIm][NTF,] ' I I I I
[C4Calm]INTH,]" [
[C4Colm][PFg] [ B ——

]
8 [c,C mIDCAl| .
LG, e
§ c.CmjcFso .~~~ =
[P4444][TMPP]
[P14)e66l[ TMPP] \ , \ , , \
0 50 100 150 200 250 300 350

Ky 110° Pa
Figure 1.3 - Henry's law constant, Ky , for propane in several ionic liquids at 313 K. * - at 320 K.

[CiCoIm]INTR]%; [C4Cam]INTF,];  [CiCalm][PFg]';  [CiCoIm][DCA]™;  [C4Culm][BF,]";
[C1CoIM][CF3S05]""; [Paaasl[TMPPT®; [P 1466 [TMPP]™.

Phosphonium based ionic liquids present a Henry’'s law constant 35 times
lower for ethane and 48 times lower for propane relative to imidazolium based ones.

These ratios are lower when the solubility is expressed in mass fraction instead of

mole fraction or Henry’s law constant*', as observed in figure 1.4.
[C4C4Im][BF]
[C,CLImIIPF4]
1
g [CCImINTE c.camiter.l [,
=3
S5 [CiCam][FAP] o [CCm][PFg]
§ g
[P4444][TMPP] é [C1C4Im][NTf,]*
|
[P(14)666][FAP] 2 [P4444][TMPP] '////////////
0 50 100 150
Ethane concentration Propane concentration

Figure 1.4 - Mole fraction (><103, full bars) and mass fraction (><104, patterned bars) of ethane (on the
left) or propane (on the right) in several ionic liquids at 10° Pa and 313 K. * - at 320 K. When mole
fraction values were not available for 0.1 MPa, they were recalculated using Henry’s law constant
values given by the authors. Mass fractions were calculated from mole fraction values.
[C:Calm][BF.]""%  [CoCalm][PFeI™*%  [CoCamIINTRI™™;  [CiC4mIIFAPI™;  [Passal TMPPI,
[Pe1ases][FAPT"; [Prrajoos][TMPPT.
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[N1132-00][NTf2] presents an average of 34% less ethane solubility than
[C1C4Im][NTS;]. From the analysis of the thermodynamic properties of solvation we
conclude that the solubility difference is due to less favorable solute-solvent
interactions in the ammonium based ionic liquid.***?* [C4CePyr][NTf,] and
[C1C4Pyrr][NTf,] present similar performances to their imidazolium counterparts.
[C1C4Pyrr][FAP] presents 13% less ethane solubility than [C1C4Im][FAP], due to
slightly less favorable solute-solvent interactions.*®*’

In imidazolium based ionic liquids the minimum Ky for ethane is

60.9 x 10°Pa obtained for [C:CtoIm][NTf,] at 313 K and for propane is
59 x 10° Pa for [C1C4Im][NTf,] at 320 K.

The solubility of ethane increases with the increase of the alkyl chain length of
the cation, 63% from [C1CoIm][NTfy] to [C1C1olm][NTf], in the temperature range
covered. On average, a 22% increase in solubility of ethane for each -C,H4- added in
the cation alkyl chain of the imidazolium is obtained, at 303 K. The increase in
solubility is not due to more favorable interactions between ethane and the increasing
alkyl chain of the cation, but to increasingly more favorable entropies of solvation.
Using molecular simulation, it was observed that ethane is solvated in the non-polar
domains of the ionic liquid.** So, increasing the amount of the non-polar domains in
the ionic liquid will lead to an increase in the solubility of ethane. The same effect is
observed for ionic liquids based in the PFg anion. The ethane solubility increase
between [C1C4Im][FAP] and [C1CsIm][FAP] is smaller than the one found for their
NTf,  or PFg equivalents. The smaller difference is due to a balancing effect between
a more favorable enthalpy and less favorable entropy for the C4Cglm” containing
ionic liquids, resulting in similar Gibbs energies of solvation for both.*® An increase in
solubility of propane is observed from [C1Colm][NTfy] to [C1C4lm][NTT,], although the
comparison temperatures are slightly different, 303 K for the first and 300 K for the
second. A 35% increase in ethane and propane solubility is observed from
[Pasaal[TMPP] to [P(14)666[TMPP].
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Table 1.3 - Henry’s law constant, Ky, or Henry’s law constant range for ethane in several ionic liquids. Uncertainty

included when possible for single measurements.

lonic liquid Temperature /K Ky 110° Pa Data points  Measuring method  Reference
[C1CoIm][NTT,] 303 107.4%1.8 1 pVT - isochoric 31
[C1CoIm][NTH,] 313 167.69+17 1 pVT - isochoric 11
[C1CoIm][NTf,] 303-333 152-206 3 pVT - isochoric 32
[C+C,Im][NTF,] 303-343 150.05-261.80 5 pVT - isochoric 42
[C1C4lm][NTF,] 283-323 86-141 3 Gravimetric 57
microbalance
[C1CaIm][NTf,] 303 104.421 1 pVT -isochoric 33
[C1C4lm][NTF,] 303-343 104.17-192.10 5 pVT - isochoric 34
[C1Calm][NTF,] 303-334 105.7-165.5 4 pVT -isochoric 58
[C1Celm]INTf,] 298-353 79.243-148.206 4 pVT - constant 35
pressure
[C1Cslm][NTS,] 283-343 55.34-116.0 7 pVT -isochoric 43
[C1Calm][NTF,] 303-343 59.864- 112.53 5 pVT -isochoric 34
[C1C1olm][NTF,] 303-343 53.068- 98.300 5 pVT - isochoric 34
[C1CsCNIM][NTf,] 303 218%1.1 1 pVT - isochoric 33
[(CsCN),Im][NTf,] 303 282+1.8 1 pVT -isochoric 33
[C1C1COOCsIM][NTf,] 303-343 85.53-7.367 5 pVT - isochoric 44
[C1C1C([3NOT%OCZ'm] 303-343 83.33-9.007 5 pVT -isochoric 44
2
[C1C1CO?§T2?]C2OC4'm] 303-343 58.13-11.16 5 pVT - isochoric 44
2
[C1CoIm][PFg] 313 345.52+84 1 pVT - isochoric 11
[C1Calm][PF] 283-323 234-363 3 Gravimetric 33, 45
microbalance
[C1C4Im][PFg] 283-343 199-521.25 7 pVT -isochoric 56
[C1C4COOCsIm] 323-343 91.45-115.0 6 pVT -isochoric 56
[CeSO4]
[C4C,Im][DCA] 313 665.2+146.5 1 pVT - isochoric 11
[C1C4lm][BF.] 283-343 257.6-503.8 7 pVT - isochoric 12
[C1C4lm][BF.] 313 421.01+64 1 pVT - isochoric 1
[C1C,Im][CF5S04] 313 350.7+62 1 pVT - isochoric 11
[C1C4lm][eFAP] 303-343 59.2-95.5 5 pVT - isochoric 46
[C1Cslm][eFAP] 303-343 60.27+109.67 5 pVT -isochoric 46
Gravimetric
[C1CePyr][NTf] 298-333 72-118 3 microbalance 27
[C1C4PyIT]INTH,] 303-343 105.2-173.7 5 pVT -isochoric 11
[C1C4Pyrr][eFAP] 303-343 67.67-100.4 5 pVT - isochoric 47
[N1132-OH][NTf,] 303-343 162.05-278.4 5 pVT - isochoric 1
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lonic liquid Temperature /K Ky 110° Pa Data points  Measuring method Reference

[Paysssl[eFAP] 303-343 16.87-29.77 5 pVT -isochoric 47
[P4)ses][TMPP] 303-353 16.0-30.3 4 pVT -isochoric 32,48
[P4444][TMPP] 303-333 26-36 3 pVT - isochoric 32

When the alkyl chain of the cation of the NTf,-based ionic liquid is
functionalized with a cyano group, like in the case of [C1C3CNIm][NTf,], the solubility
of ethane is 37% less than in [C1CoIm][NTf,], 50% lower than [C1C4Im][NTf,] and
69% lower than [C1CgIlm][NTf,], at 303 K. Additional functionalization of the cation,
[(C3CN)2Im][NTf,], results in a further 23% decrease in ethane solubility. These
differences are due to the increase of polarity upon functionalization of the ionic
liquid, affecting the solubility of the apolar ethane.®® The increase in solubility of
ethane is more important when adding -C,H4- segments to the alkyl chain than when
adding ester and/or ether functionalized segments. For example, the solubility of
ethane increases less  than 3%  from [C1C1COOCsIM][NTT,] to
[C1C1COOC,0C,IM][NTf,], at 303 K. The solubility of ethane decreases when the
functionalization of the chain is done with an ester function, [C1C{COOCsIm][NTf;]
presents an ethane solubility 13% inferior to [C1Cglm][NTf,].**

Imidazolium-based ionic liquids containing large anions such as FAP", CgSO4
and NTfy" present higher ethane and propane solubility (for each common anion),
followed by PFg, CF3SO3, BF4 and DCA'". Changing the anion from NTf,” to FAP"
leads to 40% increase in ethane solubility when the cation is C1C4lm™ or C4C4Pyrr*
and of 18% for C4Cglm®, at 303 K. Comparing [C4CiCOOCsIm][NTf,] and
[C1C1CO0OCs5IM][CsSO4], we observe an ethane solubility increase of 15%, due to
slightly more favorable enthalpies and entropies of solvation.** Ethane and propane
solubility decreases to less than half when the anion is changed from NTf, to PFe,
for cations CiCalm* and C4C4lm*. Comparing the thermodynamic properties of
solvation for ethane in the ionic liquid with the larger cation we observe that this is
due to a more favorable entropy of solvation, although compensated by a less

2134 Ethane and propane solubility decreases by

favorable enthalpy of solvation.
more than 50% when the anion is changed from NTf, to CF3SOs’, and over 70%

when changed from NTf,” to DCA’, for the C4C,Ilm" cation.
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Table 1.4 - Henry’s law constant, Ky, or Henry's law constant range for propane in several ionic liquids.
Uncertainty included when possible for single measurements.

lonic liquid Temperature /K Ky 110°Pa  Datapoints Measuring method Reference
[C1CaIm][NTS,] 303 70.93+1.1 1 pVT -isochoric 31
[C1CoIlm][NTH,] 313 94.28+5.8 1 pVT -isochoric 11
[C1CoIm][NTH,] 303-333 73-111 3 pVT -isochoric 32
[C1C4IM][NTH,] 280-340 35.7-80.9 4 pVT -isochoric 55
[C1Colm][PFg] 313 189.48+23 1 pVT -isochoric 11
[C1CoIm][DCA] 313 308.53+37.5 1 pVT -isochoric 11
[C1C4Im][BF4] 313 254.33+23 1 pVT -isochoric 11
[C1C,Im][CF3S0s] 313 211.77+15 1 pVT - isochoric 11
[P4444][TMPP] 303-333 8.2-14 3 pVT -isochoric 32
[P4ysss][TMPP] 303-353 5.1-13 4 pVT -isochoric 32, 48

Ethane solubility decreases 70% and propane 80% when the anion is changed

from NTf, to BF4, for C1C4Im™. In the case of ethane this is due to a less favorable

enthalpy of solvation of ethane in [C1C4Im][BF4].* '*** In the case of the phosphonium

cation, we observe that the TMPP™ and FAP™ anions have similar ethane solubility.

[P14y666][FAP] presents 72% more ethane solubility comparing to [C1Celm][FAP], due

to a more favorable entropy of solvation.

46,47

In summary, the solubility of ethane and propane is higher in ionic liquids with

larger non polar domains, such as phosphonium-based ionic liquids compared to

imidazolium-based ones. The solubility of both gases is much less affected by the

change of anion type.

*The comparison temperature for the propane measurements was 320 K for NTf, and 313 K for BF,

based ionic liquids
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1.2 Solubility of ethene and propene

The Henry’s law constants of ethene and propene in several ionic liquids are
reported in figures 1.5 to 1.8 and tables 1.5 and 1.6.

[C1CoIm][NTT,]
[C1C4Im]INTE) [ )
[C4CeIm]INTH,]*
[C4CoCNIm]NTf J*

[(C3CN),Im][NTf,]*
[C4C4Im][BETI]*®
[CiCom][CFSO,1 I =
[(C2S0,C2)C4IM][CF;SO,1* |[
[C1C4Im][C;SO,]
[C1C4Im][C{HPO4] I
[C1CoIm][C,HPO,)® |
[C41C4Im][C{HPO;] ]
[C4C4Im][C4HPO,] I|
[C,C4Im][C,HPOS]° ]
[C1C4Im][(C1),PO,] H
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Figure 1.5 - Henry’s law constant, K, for ethene in several imidazolium ionic liquids at 313 K.

* - at303K; **- at 323 K; ° - Uncertainty not indicated by the authors. [C1Czlm][NTf2]32;
[C1Calm]INTF]"; [C1Colm]INTI**®%; [C1C3CNIM]INT]*; [C1C1CsCNIMIINTFF'; [(C3CN)LIm]NTFI®;
[C1C4Im][BETI]*; [C1C,Im][CF5S04]"; [(C2S0,C,)C4Im][CF3S04]**%; [C1C4Im][C+SO.]";
[C1C4Im][C4HPO]’; [C1CaIm][CoHPO;]; [C1C4alm][C4HPO5]’; [C1Calm][C4HPOS]'; [C2Calm][C.HPO3);
[C1CAIm][(C1)2PO4]"; [C1Calm][(C1)2PO,]"; [C1Calm][OAC]’; [C1Calm][TFA]'; [C1Calm][n-CysHsCOO]™;
[C1C4Im][n-C+;H35CO0]*"; [C1CoIm][DCA]""; [C1CsCNIm][DCAIP®"; [C,C;C5CNIm][DCA]*"®";

Henry’s law constants, Ky for ethene range from 561.3 x 10° Pa for
[C+1C3sCNIm][DCA] to 26 x 10° Pa for [P14666][TMPP], at 313 K. For propene it ranges
from 241.4 x 10°Pa for [C1C4Im][C1SO4] to 7.5 x 10° Pa for [Paayees][TMPP], at
313 K. Ethene and propene solubility is less affected when changing from
[C1C2Ilm][DCA] to [P14)66][TMPP] than the solubility of ethane or propane. Solubility
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is higher in phosphonium-based ionic liquids than imidazolium-based ones, up to
13 times for ethene and 17 times for propene.
The ethene and/or propene solubility data reported by Mokrushin et al.,*® by

1.2 were not taken into consideration,

Scovazzo,”® by Kang et al.®' and by Ortiz et a
due to lack of information for the calculation of Henry’s law constants. The ethene
solubility measurement in [C41CgIlm][NTf;] reported by Kilaru and Scovazzo’, and by
Kilaru, Condemarin and Scovazzo® is not consistent with other reported results and
tendencies observed, and will not be considered in this analysis.4°

Phosphonium-based ionic liquids present the highest ethene and propene
solubility and are followed by ammonium, pyridinium, pyrrolidinium and imidazolium
ones. In the case of phosphonium based ionic liquids, several anions were studied
and both ethylene and propylene solubility follow the order: [P(14)66][DCA] <
[Paayesl[Cl] < [P14as][TMPP] < [P(14)444][DBS] < [P(14)666][TMPP]. In the case of
imidazolium and ammonium based ionic liquids, ethylene is more soluble in
[C1C4lm][NTf] than in  [N@y11][NTf] but significantly less soluble than in
[N(1)sse][NTf,], at 303K.

When changing from an imidazolium-based cation for a pyrrolidinium one, no
tendencies were observed.

Henry’s law constant for ethene in imidazolium-based ionic liquids ranges from
561.3 x 10° Pa for [C1CsCNIm][DCA] to 62 x 10° Pa for [C1C4lm][n-C+47H35CO0], at
313 K. For propene the range goes from 189.3 x 10° Pa for [C1C4Im][C{HPO3] to
7.5 x 10° Pa for [P14)6e6][TMPP], at 313 K.

The solubility of ethene and propene increases from 30% to 60% with the
increase of the alkyl chain of the cation or anion, for imidazolium, pyrrolidinium and
phosphonium based ionic liquids based in NTfy,, BF4, phosphate and phosphite
anions. For small increases in the total number of carbons in the alkyl chain of
ammonium-based ionic liquids containing the NTfy" anion, no ethene solubility
difference is observed within the expected uncertainties. An increase in ethene
solubility starts to be visible for [Nw)111][NTf2] and [Ngo0)111][NTF], 27% and
[N@)111][INTF2] and [Ne)222][NTF,], 30%. The largest ethene solubility increase is 61%
between [N)111][NTf2] and [N¢1)sss][NTf2].
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Figure 1.6 - Henry’s law constant, K , for ethene in several non-imidazolium ionic liquids at 313 K.

*_at 303 K; ° - Uncertainty not indicated by the authors. [C:CePyrlINTf]*"; [C1C4Pyrr][NTf,]';

[C1C4Pyrr][DCA]®; [C1C4PyrT][OAC]"; [C1C4PyrT][TFAI®; [C1C4Pyrr][C1HPO4]%;
[C1CoPYMICHPOS™;  [CiCaPYMICHPOS s NaymalINTEI™ [Naprsal TR,
[Ny IINTEI %% N2l INTF 7% N0y TINTEI % [N10y11alINT* 77 [N(1yaaalINTEI'*%;
[P(14)666][NTf2]40'60'63§ [P(14)666][DCA]40'60'63; [P(2)444][(C2)2PO4]40'60'63; [P(14)eee][C|]40’ 41,6088,

[P(14)444][D BS]4O'G3§ [P4444][TMPP]32; [P(14)666][-|-'V|F’F’]32’48

The addition of a polar group in the side chain of the cation of the ionic liquid
can increase or decrease ethene solubility. Functionalizing the side chain of the ionic
liquid [C1CaIm][CF3S03], resulting in [(C2S0O,C2)C1IM][CF3S0O3] leads to a 25%
increase of ethene solubility, while [C1C3CNImM][DCA] presents 57% less ethene
solubility than [C1C4Im][NTf], at 313 K.

Removing the imidazolium acidic proton of [C{C3CNIm]J[DCA] to
[C1C1C3sCNIm][DCA] increases the solubility of ethene by 51% at 303 K (to 25% at
323 K).
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Figure 1.7 - Henry’s law constant, Ky, for propene in several imidazolium ionic liquids at 313 K.

* -at320 K; ** - at 303 K; °-Uncertainty not indicated by the authors. [C1C2Im][NTf2]11;
[C1Calm]INTEI%;  [C1Celm]INTE]™ *% [CiCIm][BETI®’; [CiCiIm][C{HPOS]?; [C4CoIm][C.HPO;];
[C1Calm][C1HPO4]™; [C4Calm][C4HPOS]™; [CoCAIMI[CHPOS]; [C1CoIm]IPFe]™; [C1Calm][PFel ™,
[C1Cam][BF.]"; [C1CoIm][DCA]"; [C1CaIm][CF5SO5]'; [(C2802C2)CiIm][CF5S04]".
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Figure 1.8 - Henry’s law constant, Ky , for propene in several non-imidazolium ionic liquids at 313 K.
*- at 303 K. ° - Uncertainty not indicated by the authors. [Nyi11]INTf2]**%% [Niay11a] INTF]*0%%;
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[Neroyr1alINTF] 0%, [NeryaselNTF] ", [Prraeas]INTE] % [Pi2yeadl[(C2)oP O,
[P1asellCIT*" %} [P(1)6as [DCAI** ™ [P(14)4al[DBSI™; [P(14)e6e TMPP]™,

27



Imidazolium ionic liquids containing NTf,, BETI" or long chain carboxylate
anions present the highest ethene and propene solubility (for each common anion),
followed by heavy phosphates and phosphites, PFs, CF3SO3°, BF,4, sulphates and
finally DCA".

For C1C2lm” the ethene solubility order is NTf,” > PF¢™ (the decrease is larger
for C1C4lm™) > CoHPO3 > CF3S03 > DCA', at 313 K.

For C1C2lm™ the propene solubility order is NTf,” > PFg (the decrease is larger
for C1C4lm™) > CF3S0O3 ~ C,HPO3 > DCA™ > BF4, between the temperatures of
303 K to 333 K (303 K and 308 K for CF3SO3" and at 313 K for PFs and DCA").

[C1C4Im][NTf,] and [C1C4Im][BETI] present a solubility difference of 4% for
ethene and 47% for propene with higher solubility for [C1C4Im][NTf,], at 303 K.

For all the following comparisons, the solubility measurement temperature of
propene in [C1C4Im][NTf] is 320 K.

The ethene solubility order for C1Cslm* is NTfy” > C4HPO3 > (C4),PO4 = TFA
~ CoHPO3 > 50% for CF3SO3 » OAc” = C{HPO3 > C1SO4 = BF4 > DCA’, at 313 K.

The propene solubility order for C1C4lm® is NTfy” > C4HPO3 = (C4)2PO4 >
CHPO3 > PF¢ (at 303K) > BF4 =~ C1S0Oy4, at 318 K.

From the imidazolium ionic liquids reported, the only ones with ethene
solubility greater than [C4C4Im][NTf;] are [C1C4lm][n-C4sH3;COO] and
[C1C4lm][n-C17H35CO0], by 8% and 29% at 313 K.

The ethene solubility order for C1C4Pyrr* is NTf,” > C4HPO3 > OAc ~ TFA »
DCA’, at 313 K, following a similar trend then their imidazolium counterparts, with the
exception of OAc™ anion.

The ethene solubility order for phosphonium-based ionic liquids is
[P12)666][TMPP] = [P (14)444][DBS] = [P(14)666][NTf2] > [P44s][TMPP] = [P(14)666][Cl] >
[P14)666][DCA] > [P (2)444][(C2)2PO4], at 303K.

The propene solubility order for phosphonium-based ionic liquids is
[P(14)666][TMPP] > [P(12)444][DBS] > [P(14)666][NTf2] > [P14)666][DCA] > [P(1a)666][Cl] >
[P(2)444][(C2)2P0O4], at 303K.
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Table 1.5 - Henry’s law constant, Ky, or Henry’'s law constant range for ethene in several ionic liquids. Uncertainty
included when possible for single measurements.

lonic liquid Temperature /K Ky 110°Pa  Data points Measuring method Reference
[C1CoIlm][NTS,] 303 11117 1 pVT -isochoric 59
[C1CoIm][NTf,] 303 151.4842.8 1 pVT - isochoric 31
[C1Colm][NTf,] 313 123.62+8 1 pVT -isochoric 11
[C1CoIm][NTT,] 303 134.7 1 Lag-time technique 40, 41, 60
[C1Colm][NTf,] 303-333 100-154 3 pVT - isochoric 32
[C1Calm]INTF;] 283-323 61-97 3 Gravimetric 45
[C1C4Im][NTS,] 303 75.7£0.5 1 pVT -isochoric 33
[C1C4IM][NTH,] 303-323 87.3-108 3 Gas chromatography 37, 61
[C1C4lm][NTf,] 313 84.0+1.0 1 pVT - isochoric 7
[C1CsIm][NTS;] 303 152130 1 Lag-time technique 40, 60
[C1C3CNImM][NTf,] 303 135+0.9 1 pVT - isochoric 33
[C1C3CNIM][NTf,] 303-323 195.3-214.5 3 Gas chromatography 37, 61
[C1C41C3CNIM][NTS,] 303-323 182.1-203.1 3 Gas chromatography 37, 61
[(C3CN)2Im][NTf,] 303 140.1+0.9 1 pVT - isochoric 33
[C4C4Im][BETI] 303 85 1 Lag-time technique 40
[C1C,Im][CF3S0;] 303 223+21 1 pVT - isochoric 37
[C1C,Im][CF5S03] 313 21615 1 pVT -isochoric 11
[C1CoIlm][CF3SOs5] 303 265.3 1 Lag-time technique 40, 41, 60
[(CZESCOFiCS%S]"m] 303 200.2 1 Lag-time technique 40, 60
[C1C4Im][C1SOy] 313 220.8+6.0 1 pVT -isochoric 7
[C4C4IM][C1HPO4] 313 368.7+3.5 1 pVT - isochoric 7
[C4C4IM][C1HPO3] 313 367.3 1 pVT -isochoric 62
[C4CaIm][C,HPO,] 313 203.1 1 pVT -isochoric 62
[C1C4IM][C1HPO3] 313 183.4 1 pVT -isochoric 62
[C4C4lm][C1HPO3] 313 185.8+1.3 1 pVT - isochoric 7
[C4C4lm][C4HPO3] 313 107.1 1 pVT - isochoric 62
[C1C4Im][C4HPO;] 313 108.5+1.4 1 pVT - isochoric 7
[CoC4lm][CoHPO,] 313 115.8 1 pVT - isochoric 62
[C4C4IM][(C1)2PO4] 313 265.1£2.4 1 pVT - isochoric 7
[C1C4Im][(C1).PO4] 313 136.0+£3.0 1 pVT - isochoric 7
[C1C4Im][OAC] 313 178.2+1.6 1 pVT -isochoric 7
[C4C4Im][TFA] 313 138.1+1.4 1 pVT - isochoric 7
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lonic liquid Temperature /K Ky 110°Pa  Data points Measuring method Reference
[C4C4Im][Nn-C45H3,COO0] 313-323 81.4-72.2 2 Gas chromatography 37
[C1C4Im][n-C47H35CO0] 313 62.3-59.3 2 Gas chromatography 37
[C4C,Im][DCA] 313 34135 1 pVT -isochoric 11
[C1C,Im][DCA] 303 31438 1 pVT -isochoric 37
[C1C3CNIm][DCA] 303-323 546.3-636.6 3 Gas chromatography 37, 61
[C41C4C3CNIm][DCA] 303-323 266.6-475.9 3 Gas chromatography 37, 61
[C1Colm][PFg] 313 190423 1 pVT - isochoric 11
[C1C4Im][PFe] 283-323 125-191 3 m?gfgggtr:fe 45, 57
[C1C4IM][PF¢] 303 182116 1 pVT -isochoric 37
[C1C4IM][PF¢] 303 205.9 1 Lag-time technique 40, 41, 60
[C1C4lm][BF ] 313 194.7+3.4 1 pVT - isochoric 7
[C1C4Im][BF4] 303-323 206.5-255.2 3 Gas chromatography 37
[C1C4Im][BF ] 303 256.4+22.5 1 pVT - isochoric 11
[C1CgIm][BF4] 303-323 134.6-151.2 3 Gas chromatography 37
[P 2)444][(C2)2PO4] 303 71+4 1 Lag-time technique 40, 60, 63
[P2444] [ TMPP] 303-323 35-45 3 pVT -isochoric 32
[P(14)444][DBS] 303 2614 1 Lag-time technique 40, 63
[P(14)666][TMPP] 303-353 23.0-4.01 3 pVT -isochoric 32,48
[P14)666][Cl] 303 3615 1 Lag-time technique 40, 41, 60, 63
[P14)e66][DCA] 303 41+£10 1 Lag-time technique 40, 60, 63
[P14)666][NTT2] 303 2943 1 Lag-time technique 40, 60, 63
[Neay111]INTT,] 303 10110 1 Lag-time technique 40, 60, 64
[N4)113][NTT] 303 10847 1 Lag-time technique 40, 60, 64
[Ng)111][NTf;] 303 10110 1 Lag-time technique 40, 60, 64
[N(10)111][NTT5] 303 7416 1 Lag-time technique 40, 60, 64
[N(6)222][NTT,] 303 71+20 1 Lag-time technique 40, 60, 64
[N(10)113][NTf2] 303 7130 1 Lag-time technique 40, 60, 64
[N(1)sgs][NTT] 303 4014 1 Lag-time technique 40, 60, 64
[C1C4Pyrr][C4HPO;] 313 467 .1 1 pVT -isochoric 65
[C1C,Pyrr][CoHPO;] 313 202 1 pVT -isochoric 65
[C1C4Pyrr][NTH,] 313 76.8+0.6 1 pVT -isochoric 7
[C4C4Pyrr][C4HPO;] 313 101+0.5 1 pVT - isochoric 7
[C1C4Pyrr][C4HPO;] 313 99.9 1 pVT -isochoric 65
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lonic liquid Temperature /K Ky 110°Pa  Data points Measuring method Reference
[C1C4Pyrr][OAC] 313 113.8+2.5 1 pVT -isochoric 7
[C1C4Pyrr][OAC] 313 112.3 1 pVT -isochoric 65
[C1C4Pyrr][TFA] 313 149.4 1 pVT -isochoric 65
[C1C4Pyrr][DCA] 313 162.2 1 pVT -isochoric 65
[C1CePyr][NTf,] 298-333 58-96 3 Gravimetric 40

microbalance

Table 1.6 - Henry’s law constant, Ky, or Henry’s law constant range for propene in several ionic liquids.
Uncertainty included when possible for single measurements.

lonic liquid Temperature /K Ky 1 0°Pa Data points Measuring method Reference
[C1CoIm][NTf,] 303 37.54+0.5 1 pVT -isochoric 31
[C1Colm][NTf,] 313 44.94+1.4 1 pVT -isochoric 11
[C1CoIm][NTS,] 303 471 1 Lag-time technique 40, 41, 60
[C1C4Ilm][NTH,] 280-340 15.3-45.8 4 pVT -isochoric 62
[C1CeIM][NTH,] 303 42+4 1 Lag-time technique 40, 60
[C1C4IM][BETI] 303 33.8 1 Lag-time technique 40
[C4C4IM][C1HPO3] 313 189.3 1 pVT - isochoric 62
[C1Colm][C,HPO;) 313 771 1 pVT -isochoric 62
[C4C4ym][C1HPO3] 313 70.3 1 pVT -isochoric 62
[C1C4IM][C4HPO3] 313 35.5 1 pVT -isochoric 62
[C2C4Im][C,HPO4] 313 42 1 pVT -isochoric 62
[C1Calm][PFg] 313 75.08+3.5 1 pVT - isochoric 11
[C1C4IM][PF¢] 303 81.2 1 Lag-time technique 40, 41, 60
[C1C4lm][BF ] 313 89.17+2.9 1 pVT -isochoric 11
[C41C,Im][DCA] 313 126.15+6 1 pVT -isochoric 11
[C1CoIm][CF3S03] 313 89.01+2.7 1 pVT -isochoric 11
[C1CoIm][CF3S03] 303 89.1 1 Lag-time technique 40, 41, 60
[(C2S0,C,)C4Im][CF3S03] 303 120.1 1 Lag-time technique 40, 60
[P (2)444][(C2)2.PO4] 303 2110.3 1 Lag-time technique 40, 60, 63
[P(14)444][DBS] 303 9.2+0.007 1 Lag-time technique 40, 63
[P(14)666][ TMPP] 313-353 7.5-16 3 pVT -isochoric 48
[Paysss][Cl] 303 13+0.01 1 Lag-time technique 40, 60, 63
[P(14)666][DCA] 303 12.0+0.01 1 Lag-time technique 40, 60, 63
[Payess][NTT] 303 10.8+0.003 1 Lag-time technique 40, 60, 63
[Neay111]INTT] 303 4245 1 Lag-time technique 40, 60, 64
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lonic liquid Temperature /K Ky /10° Pa  Data points Measuring method  Reference
[Neay113][NTT] 303 467 1 Lag-time technique 40, 60, 64
[Ng)113][NTf;] 303 34+2 1 Lag-time technique 40, 60, 64
[Ng)111][NTf;] 303 2743 1 Lag-time technique 40, 60, 64
[N(1)444][NTT;] 303 21+0.2 1 Lag-time technique 64

[N(6)222][NTf] 303 32+4 1 Lag-time technique 40, 60, 64
[N10y111][INTT,] 303 28+3 1 Lag-time technique 40, 60, 64
[N(10)113][NTf5] 303 257 1 Lag-time technique 40, 60, 64
[N1)ass][NTf2] 303 12.8+0.6 1 Lag-time technique 40, 60, 64

In summary, we observed the same tendencies for ethene and propene

solubility in ionic liquids than for ethane and propane. lonic liquids containing larger

non polar domains such as phosphonium and ammonium-based ionic liquids present

higher ethene and propene solubility. The solubility of both gases is much less

affected by the change of anion type.
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1.3 Solubility of ethyne and propyne

In figures 1.9 and 1.10 and tables 1.7 and 1.8, the Henry’s constants for
ethyne and propyne in several ionic liquids is reported. Henry’s law constants for
ethyne range from 23.6 x 10° Pa for [CiCoIm][NTf,] to at 4.9 x 10° Pa for
[C1C4lm][(C1)2PO4] and [C1C4Pyrr][C4HPOs]. For propyne it ranges from 11 x 10° Pa
for [C1C4Im][C1HPO3] to 5.7 x 10° Pa for [C2C4lm][C2HPO4], at 313 K.

The solubility range for ethyne and propyne in ionic liquids is much larger than

for ethane, ethene, propane and propene.
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Figure 1.9 - Henry’s law constant, Ky, for ethyne in several ionic liquids at 313 K. ° - Uncertainty not

indicated by the authors. [C1CoIm][NTf,]%; [C1C4lm]INTf]?; [C1C4Im][C{HPOS]%; [C1C,Im][C1HPOS%;
[C+C2Im][C.HPO,]*; [C1C4Im][C{HPO,]*; [C+C4Im][C4HPO]'; [C2C4Im][C.HPOS]*;
[C1C4IM][(C1)2POLI; [C1CoMI[(C1)2POL; [C1C4Im][(C1):POLI*; [C1C4IMI[OACI®®; [C1C4ImI[TFA];
[C1C4Im][C1S041%;  [C1C4Im][C1SOLI™;  [C1C4Im][C1SO.1%;  [C1CHIm][C1SO,™;  [C1CoIm][BF4];
[C1C4lm][BF,]%; [C1C4Im][PF4]*; [C1C1Pyrr][C1HPO4]*; [C1CoPyrr][C:HPOS]%; [C1C4Pyrr][C,HPOSI;
[C1C4PYI[OACI®; [C1C4PYITINT]%; [C1C4PYI[TFA]®; [C1C4Pyrr[DCA]®.

The solubility of ethyne was only measured in imidazolium and
pyrrolidinium-based ionic liquids. They present similar ethyne solubilities. For

propyne, only imidazolium-based ionic liquids were studied.
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Figure 1.10 - Henry’s law constant, K , for propyne in several ionic liquids at 313K. ° - Uncertainty

not indicated by the authors. [C;C4Im][C;HPO;]%; [C1CoIm][C.HPO;I%;  [C1C4lm][C1HPOSI%;
[C1C4Im][C4HPO;]%; [C,C4lm][C,HPO;]™.

Changing the cation from C4C4lm™ to C4C4Pyrr" in ionic liquids based in the
NTf,, TFA and OAc™ anions leads to changes in ethyne solubility of less than 3%.

Changing the imidazolium cation for a pyrrolidinium in ionic liquids containing
the phosphite anion causes a decrease in ethyne solubility between 10% and 30%.

Contrary to what was found for ethane, ethylene, propane and propylene, the
solubility of acetylene does not always increase when the side alkyl chain of the
cation or of the anion increases. There is almost no change in solubility of ethyne
between, for example [C1C2Im][NTf;] and [C1C4Im][NTf,] or [C1C4lm][C1HPO3] and
[C1C4lm][C4HPOs3]. Other examples present a 15%-25% increase in ethyne solubility,
such as from [CiColm][C1SO4] to [CiC4lm][C1SO4] or [CCoim][BF4] and
[C1C4lm][BF4]. There is a 35% increase in ethyne solubility for pyrrolidinium-based
ionic liquids: from [C4C4Pyrr][C/{HPO3] to [C4CoPyrr][CoHPOs] or  from
[C1CoPyrr][C2HPO3] to [C1C4Pyrr][C4HPO3]. Propyne seems to follow the general
tendency found for ethane, propane, ethene and propene and its solubility increased
when the total amount of carbons in the alkyl side chain of the anion or cation is
increased, at least for phosphite based ionic liquids.

The order of solubility of ethyne for C4Calm®, C4C4lm® or CiC4Pyrr’ is
phosphate > OAc™ > phosphite > sulphate > TFA" > BF, = PFg = NTf,, for the anions

in common.
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Table 1.7 - Henry's law constant, Ky, or Henry's law constant range for ethyne in several ionic liquids.

Uncertainty included when possible for single measurements.

lonic liquid Temperature /K Ky /10° Pa Data points Measuring method Reference

[C1CaIlm][NTS,] 303-333 22.2-331 7 pVT -isochoric 66
[C1C4IM][NTT,] 313 21.8+0.1 1 pVT -isochoric 66
[C1C4IM][NTS,] 313 22.1+0.1 1 pVT -isochoric 7
[C1C4Im][C{HPOy] 303-333 6.1-13.9 7 pVT -isochoric 66
[C1C4IM][C1HPO3] 313 8.7+0.1 1 pVT -isochoric 7
[C1C4IM][C1HPO3] 313 8.5 1 pVT -isochoric 62
[C1CaIlm][C{HPOy] 303-333 5.2-11.8 7 pVT -isochoric 66
[C1CaIlm][C,HPOy] 313 6.6 1 pVT -isochoric 62
[C1C4IM][C1HPO3] 303-333 5.3+11.8 7 pVT -isochoric 66
[C1C4IM][C1HPO3] 313 71 1 pVT -isochoric 62
[C1C4Ilm][C1HPOy] 313 7.2+0.1 1 pVT -isochoric 7
[C1C4Ilm][C4HPO3] 313 7.0£0.1 1 pVT -isochoric 7
[C1C4Ilm][C4HPO4] 313 6.9 1 pVT -isochoric 62
[C,C4IM][C,HPO3] 313 6.0 1 pVT -isochoric 62
[C1C4Im][(C1)2PO4] 313 6.5+0.2 1 pVT -isochoric 7
[C1C4IM][(C1)2.PO4] 313 5.9+0.1 1 pVT -isochoric 66
[C1C2Im][(C1).PO4] 308-333 4.6-9.3 6 pVT -isochoric 66
[C1C4Im][(C1),PO4] 313 5.0+0.1 1 pVT -isochoric 7
[C1C4Im][(C1)PO4] 313 4.910.1 1 pVT -isochoric 66
[C1C4Im][OAC] 313 6.5+0.1 1 pVT -isochoric 7
[C1C4Im][OAC] 313 5.6+0.1 1 pVT -isochoric 66
[C1C4IM][TFA] 313 14.410.1 1 pVT -isochoric 7
[C1CyIlm][TFA] 313 14.2+0.1 1 pVT -isochoric 66
[C1C4IM][C1SO4] 313 19.61£0.2 1 pVT -isochoric 66
[C1CoIM][C1SO4] 303-333 11.4-23.7 7 pVT -isochoric 66
[C1C2Im][C2S0,] 303-333 8.9-18.6 7 pVT -isochoric 66
[C1C4Ilm][C1SO,] 313 11.0£0.1 1 pVT -isochoric 7
[C1C4IM][C41SO4] 313 10.8+0.1 1 pVT -isochoric 66
[C1CaIm][BF4] 303-333 20.9-35.1 7 pVT -isochoric 66
[C1C4lm][BF,4] 313 17.7+01 1 pVT -isochoric 7
[C1C4Im][BF,] 303-333 13.2-25.5 7 pVT -isochoric 66
[C1C4lm][PF¢] 303-333 18.8-32.5 7 pVT -isochoric 66
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lonic liquid Temperature /K Ky /10° Pa Data points Measuring method Reference
[C1C4Pyrr][C4HPO;] 313 11.6 1 pVT -isochoric 65
[C1CoPyrr][CoHPO;] 313 7.4 1 pVT -isochoric 65
[C1C4Pyrr][C4HPO;] 313 5.0+0.1 1 pVT -isochoric 7
[C1C4Pyrr][OAC] 313 6.0£0.2 1 pVT -isochoric 7
[C1C4Pyrr][NTf,] 313 21.6%0.1 1 pVT -isochoric 7
[C1C4PyIT][NTf,] 313 21.2+0.1 1 pVT -isochoric 66
[C1C4Pyrr][TFA] 313 14.7 1 pVT - isochoric 65
[C1C4Pyrr][DCA] 313 18.4 1 pVT -isochoric 65
[C1C4Pyrr][OAC] 313 5.9 1 pVT -isochoric 65
[C1C4Pyrr][C4HPO;] 313 4.9 1 pVT - isochoric 65

Table 1.8 - Henry's law constant, Ky, or Henry’s law constant range for propyne in several ionic liquids.

Uncertainty included when possible for single measurements.

lonic liquid Temperature /K Ky M 0° Pa Data points Measuring method  Reference
[C4C4IM][C1HPO3] 313 11 1 pVT - isochoric 62
[C1CoIm][C,HPO4] 313 71 1 pVT -isochoric 62
[C4C4lm][C1HPO4] 313 7.5 1 pVT - isochoric 62
[C4C4lm][C4HPO4] 313 5.8 1 pVT - isochoric 62
[C2C4Im][C,HPOS] 313 5.7 1 pVT -isochoric 62

Contrary to what was observed for ethane, ethene, propane and propene, the

change of anion type has a large influence on the solubility of ethyne and propyne.

The highest solubilities are found in ionic liquids containing anions with a Lewis base

character, such as alkylphosphates, alkylphosphites and alkylsulphates.
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1.4 Selectivity

The ideal selectivity, & , can be defined as the ratio of Henry’s law constant

for two gases in a certain ionic liquid:

(04
K

(1.9)

where, K,1_, and K,g, represent Henry's law constant of the two gases. The ideal

selectivity was used to evaluate the potential of the absorbent to act as a gas
separating agent. The calculated ideal selectivities were plotted against Henry’s law
constant for the more unsaturated gas for the separations of ethane/ethene,
ethene/ethyne, propane/propene and propene/propyne, in figures 1.11 and 1.12.

In general, the highest ideal selectivities are found for the separation of
unsaturated gases and the increase of the ionic liquid unsaturated gas absorption

corresponds to a lower selectivity for this gas.
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Figure 1.11 - Ethane/ethene and propane/propene ideal selectivity versus Henry’s law constant, Ky,
of ethene or propene in the ionic liquids ®, [C;CoIm][NTf,]; ®, [C,C4Im][NTf,] (at 320 K for the
propane/propene separation); A, [C;CgIm][NTf]*; M, [C;C3CNIM][NTf,]*; A, [(C3CN)JIm][NTH,]*;
V., [C/CoIm][PFe]; M, [C4Cylm][PFe]*; ¥, [C1Colm][DCA]; ¥, [C1Cylm][BF4]; ¢, [C1CoIm][CF3SOs];
B, [P4424][TMPP]; A, [P14)666l[TMPP]; A, [C1C4Pyrr][NTf,] and M, [C,CsPyr][NTf;] at 313 K. * at 303 K

for the ethane/ethene separation
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The highest ideal selectivities are found for the separation of the two
unsaturated gases, ethene and ethyne and propene and propyne. [C1C4Im][C1HPO3]
and [C1C+Pyrr][CiHPO3] present the highest ethene/ethyne ideal selectivities, 43 and
40, respectively. lonic liquids containing the NTf,, DCA’, TFA", BF4 or PFg anions
present both low ethyne absorption capacities and low ideal selectivity for the ethene

and ethyne separation.
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Figure 1.12 - Ethene/ethyne and propene/propyne ideal selectivity versus Henry’s law constant, Ky,
of ethyne or propyne in the ionic liquids ®,[C,C,Im][NTf,]; ®, [C{C4Im][NTf,]; m, [C,C4lm][PF¢l*;

, [C1C4lm][BF4]; A, [C1C4Im][TFA]; ®, [C1C4Im][OAc]; A, [C1C4Im][CHPO3]; @, [C1Calm][C,HPOs];
o, [CiCym][CsHPO;]; @, [C4Cylm][C4HPO;; ¥, [CoC4Im][CoHPO;); W, [C1C4lm][(C1)PO4];
¢, [C4C4lm][C4SO4]; ™, [C1C4Pyrr][C{HPO;]; @, [C41CoPyrr][CoHPO;]; ¥, [C41C4Pyrr][C4HPOS];
@, [C1C4Pyrr][OAC]; A, [C1C4Pyrr][NTf,]; @, [C1C4Pyrr][TFA] and A, [C,C4Pyrr][DCA] at 313 K. * at

303 K for the ethene/ethyne separation

The maximum ideal selectivities for propene/propyne separation are half of
those found for ethene/ethyne separation. As for ethene/ethyne separation, they are
obtained for ionic liquids with imidazolium cations containing short alkyl chains
associated to a phosphorous anion, like [C1C4Im][C1HPO3] that presents a selectivity
of 17.

With the lowest values for the ideal selectivity and absorption capacity, the
ethane/ethylene separation seems to be the most difficult to perform with ionic liquids
as far as these criteria are concerned. The [C1C2Im][DCA] and [(C3CN)2Im][NTf;]

presents the highest ethane/ethene ideal separation selectivity, 2. [C41C2Im][PFg]
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presents the second highest 1.8. The presence of a CN group seems to increase the
ideal selectivity of ethane and ethene, however leading to lower absorption
capacities. The increase of the separation selectivity due to the presence of CN
group(s) was also observed by Mokrushin et al.* for the separation of propane and
propene.

[C1C4lm][BF4], [C1Colm][DCA] and [C4C2Im][PFs] present the highest ideal
selectivities for the propane/propene separation, 2.9, 2.4 and 2.5, respectively.

For all separations, the increase of the alkyl chain in the cation or in the anion,
leads to a decrease in the ideal selectivity, and to an increase in the absorption
capacity of the ionic liquid. This increase seems to be less important for the

ethane/ethene separation.
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1.5 lonic liquids containing metal salts

Certain metal transition cations, such as Cu(l) or Ag(l) are able to form
m-complexes with unsaturated hydrocarbons. The metal and alkene act as an
electron donor and acceptor, forming a double bond if the orbitals involved present
the correct symmetry and if the metal possesses high electron affinity for good
o-bond accepting properties and low promotion energy for good T-backbonding.®
This complexation reaction is used to increase the absorption capacity of the ionic
liquid for unsaturated light hydrocarbons.

Ortiz et al.*? studied the selective absorption of propene from propane/propene
mixtures in [C1C4Im][BF4] with, and without, silver ions, at several temperatures and
pressures. They demonstrated that the propene selectivity is less than 3 in absence
of the silver salt in the ionic liquid and 8 to 16 upon addition of 0.25 M silver salt in
the ionic liquid at 298 K and between 1 and 3 bar. Higher pressures proved to lower
the selectivity for the silver salt containing ionic liquid, probably due to the saturation
of the silver ions. The propene absorption capacity for the ionic liquids-silver salt
solution was compared to aqueous solutions with the same silver salt concentration
and it was found that the aqueous solutions presented lower propene capacities. The
authors studied the system in further detail obtaining data for the absorption kinetics
of propene, the influence of the concentration of the silver salt and the performances

of a membrane contractor and of a semi-batch stirred tank reactor.?”686°

Sanchéz et al.”®
solutions with the ionic liquids [C1C2Im][NTfy], [C4Calm][CF3SO3], [C1C4lm][NOg],
[CoCz|m][NO3], [C1C2_0H|m][NO3], [4-butyI-C4Pyr][N03] and [N1112_OH][NO3] with Ag+

concentrations ranging from 0.45 M to 4.4 M. The results were compared to the

studied the absorption of ethane and ethene in silver salt

solubility of ethane and ethene in [C1C.Im][NTf,]. The gas absorption was studied at
303 K and 333 K and pressures up to 10 bar. The authors observed that the ionic
liquid-silver salt solution selectivities were always higher than for [C{Calm][NTfy],
which presents an ethene selectivity under 2, at 303K and 1 bar. The highest
selectivity was obtained for the 1.8 M silver solution in [C1C,Im][CF3SO3], with a
selectivity of 100 at 1 bar and 333 K. The authors defined selectivity as the proportion

between mol of ethene and the mol of ethane at a certain pressure.
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Mortaheb et al.”! studied the effect of temperature and silver salt concentration
on the absorption of ethane and ethene in ionic liquid [C1C4Im][NOg3]. The silver salt
concentration ranged from 1 to 5 M and temperatures between 283 K and 308 K. A
maximum selectivity of 15 was obtained for 5 M silver salt at 278 K. The authors
defined selectivity as the proportion between amount of ethene and the amount of
ethane.

Kim et al.’?

used a cuprous chloride-containing [C1C4Im][C{HPO3] and
[C1C4lm][CuCl;] as absorbents for propyne over propene and compared to
[C1C4Im][C4HPO3]. The propyne/propene selectivity of the pure ionic liquid was of 17,
11 for [CiC4lm][CuCl;] and 243 for the cuprous chloride-containing
[C1C4Im][C4HPO3], all at 313 K.

Faiz and Li'® reviewed the application of ionic liquid/metal salt composite
membranes for olefin/paraffin separations. They concluded that even though the
concept was successfully applied for separation, the long term stability of the
membranes is still a major issue.

A task specific ionic liquid complex salt, [Ag(olefin),][NTf,], formed as
described in scheme 1.1, provided a selectivity of 40, a much larger selectivity when

compared to the silver salt-[C1C4Im][BF4] solution of 16, at 298 K.

AgNTF, —218M0 o 1Ag(olefin),JINTF,]

Scheme 1.1 - Synthesis of ionic liquid [Ag(olefin),][NTf,]

This salt was also successfully used to create an adaptive self-healing
propane/propene separation membrane, although the details of its long term stability
were not provided.”>"™

Although allowing the increase of the capacity and selectivity of the selected
support for the unsaturated gas, the use of metals presents drawbacks due to their
cost, contamination, degradation, safety problems, limited metal salt solubility and

high viscosities of the resulting liquid absorbent.*>6747576.77
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Conclusions

Henry’s law constants of ethane, ethene, ethyne, propane, propene and
propyne in pure ionic liquids were critically reviewed and the general trends were
described. The potential of the use of different ionic liquids as separating agents for
gaseous mixtures of saturated and unsaturated gases was analysed on the basis of
their ideal selectivities and absorption capacities.

Contrary to what is suggested in the literature, the solubility of unsaturated
gases, such as ethene and propene is not always higher than of their saturated
counterparts, ethane and propane. In fact, their solubilities range overlap.

The highest light hydrocarbon gas solubilities are obtained for ethyne in
[C1C4IM][(C1)2PO4] and [C1C4Pyrr][C4HPO3] and for propyne in [CoC4lm][CoHPO4],
with 0.20 and 0.18 mole fraction, respectively. The maximum mole fraction solubilities
obtained for propane and propene were 0.15 and 0.13, respectively, in
[P14666][TMPP]. Ethane and ethene are at least one order of magnitude less soluble
than ethyne, with maximum mole fraction solubilities of 0.052 and 0.038 in
[P14y666][TMPP], all at 313 K and 1 bar.

For ethane, ethene, propane and propene, the highest solubilities are found in
ionic liquids containing cations or anions with large non-polar domains. The solubility
order in terms of cations is Pumpq > Nnmpq' > CaPyr' > C.CnPyrr™> C.Cim®. The
influence of the cation size is less important in the solubility of ethyne.

Imidazolium-based ionic liquids containing large anions such as long-chain
carboxylates, BETI", FAP", CgSO4, NTf,, C,.CPO, and C,HPO3; (with n and m
bigger than 6) present higher ethane, ethene, propane and propene solubility,
followed by PFg, CF3SO3, BF4 and DCA'. However, the influence of the nature of
the anion is less important than the influence of the size of the cation in the solubility
of these 4 gases. The order of solubility of ethyne relative to anions for imidazolium
and pyrrolidinium-based cations is very different from what was found for its
saturated counterparts: C,C,PO4 > OAc” > C,HPO3 > C,SO4 > TFA > BF, > PFg
=~ NTf,. The highest ethyne solubilities are found in ionic liquids containing anions
with a Lewis base character, such as alkylphosphates, alkylphosphites and
alkylsulphates. This is probably due to the presence of a relatively acidic proton in

ethyne.
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The largest variety of ionic liquids was tested for ethene and propene
solubility. The existing data can be completed by additional solubility measurements
of ethane, ethyne, propane and propyne in a greater variety of imidazolium,
phosphonium and ammonium ionic liquids.

lonic liquids present great potential for light hydrocarbon separation, especially
in the case of ethene/ethyne and propene/propyne separations, with ideal
selectivities of over 40 in the first case and over 15 in the second and mole fraction

solubilities between 0.1 and 0.2, respectively.
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Chapter 2

Synthesis and Characterization of lonic Liquids
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A. Synthesis of ionic liquids

All the ionic liquids synthesized in this work were based in the imidazolium
cation and are described in appendix 1 along with full name, abbreviation and CAS
number.

The majority of ionic liquids are usually prepared by quaternization of
imidazole, alkylamines or phosphine, often employing alkyl halides as alkylating
agents, followed by anion metathesis (scheme 2.1). The anion metathesis methods
produce a large number of ILs in good yield, but the contamination by residual halide
could limit the production of high purity materials."?

Halide free synthetic routes have been developed to avoid these
contaminations.>* Such is the case the direct alkylation reaction of phosphine, amine,
pyridine, or azole yielding ILs based on alkylsulfates,>® alkylsulfonate,’
alkylphosphate,®® and alkylphosphite® or alkyltriflates®. Other examples are use of
the reaction between imidazole carbenes and the conjugate protic acid of the anion
of interest’®, alkylation with a trifluoroethanoic acid ester, the direct alkylation of the
cation precursor with dimethylcarbonate' and use of aqueous hydroxide solutions of

organic cations, which are then neutralized with organic acids'".

R1\N/\N/R3 1 Step R1\N/\N 2 Steps R‘i"'N/°®N/R2
\C/ A <« \C/ E— \ / cl
R.A (e.g. (C,),PO,) R,ClI
Metathesis Lewis acid
MX (e.g. LINTF,) MCI, (e.g. AICL,)
Ric A R2 Rt A\ R2
N N N @N
\ / X \ / MCI' .,
+ MCI

Scheme 2.1 - One and two-step synthesis paths based in the imidazolium cation

53



However each of these alternatives is only applicable to certain families of
ionic liquids and the procedures may be complicated or expensive. Even with the risk
of contamination, the traditional synthetic routes are still widely used because they
apply to a very large range of ionic liquids, their simplicity, relative low reagent price
and high yields.

The most common difficulty is to obtain high yield or high purity ionic liquids.
To avoid extensive purification of the product it's essential to start with the highest
purity reagents. Liquid reagents are distilled prior to use and kept refrigerated under
inert atmosphere, to avoid contamination or degradation.

lonic liquid solutions with metallic salts of lithium (), nickel (II) and copper (Il)

were prepared and characterized.
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2.1 One-step synthesis of ionic liquids

The ionic liquids 1-butyl-3-methylimidazolium methylsulfate, [C1C4Im][C1SO4],
1-butyl-3-methylimidazolium methylphosphite, [C1C4Im][C1HPO3] and
1-butyl-3-methylimidazolium dimethylphosphate, [C1C4lm][(C1)2PO4] were
synthesized by direct alkylation of butylimidazole with appropriate precursors. The
products are described in table 2.1 have been synthetized following a procedure

reported in the literature.'

Table 2.1 - Representation, name, abbreviation of the ionic liquids synthesized by the

one-step procedure

Cation Anion Name Abbreviation

o_,  1-butyl-3-methylimidazolium

# 8 C1C4lm][C1SO
& No methylsulfate [C+CalmIIC:SO.]
/\\ O 1-butyl-3-methylimidazolium
i C4C4Im][C{HPO
_N )
\@N\/\/ & ~o methylphosphite [C+Calm[C, 2
O
Nl 1-butyl-3-methylimidazolium
0—P—0 _ [C1C4Im][(C1)2PO4]
(l)_ % dimethylphosphate

A drop wise addition of the dimethylsulfate (DMS) on the butylimidazole affords
[C1C4IM][C1SO4] (scheme 2.2). Since the reagents are water soluble, the addition of
water followed by repeated washing of this phase with toluene afford pure
[C1C4IM][(CH30)S0g] as a colorless liquid. The ionic liquid was dried under vacuum.
A similar procedure, but at a higher reaction temperature and with longer reaction
time, is applied for the synthesis of [C1C4Im][C{HPO3] and [C1C4Im][(C1)2POy4], as
depicted in scheme 2.3. The reagents used were the trimethylphosphate (TMP) and
dimethylphosphate (DMP), respectively. The purification of these ILs is done through
a liquid-liquid (water-toluene) extraction, for 16h, affording colorless liquids. The
aqueous phase was isolated, the water was removed and the ionic liquid dried under

vaccum to completion at 120°C.
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1) Dry toluene

2) DMS
C4\N/\N ) <:4\N/\N/<:1
. ©
RT for 1h
A =[C4S0y]
Scheme 2.2 - Synthesis of [C1C4Im][C1SO4]
1) Ethyl acetate
2) DMP or TMP
Cay AN Y BN Br c4\N©\N/c1
_  » s
)/ 57

80°C for 20h

A = [C4HPO;] or [(C1),POy]

Scheme 2.3 - Synthesis of [C41C4Im][C4HPO3] and [C1C4lm][(C),PO4]
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2.2 Two-step synthesis of ionic liquids

The two step synthesis performed consisted first in the quaternization of the
amine with an alkylating agent containing a halogen (chloride or bromide) as a
leaving group, and second in the change of the obtained chloride/bromide anion, by
metathesis or addition of a Lewis acid, for the desired anion.

A series of ionic liquid precursors were obtained through the quaternization
step, using similar procedures. The precursors obtained are listed and described in
table 2.2.

Table 2.2 - Precursors of the ionic liquids synthesized by the two-step

synthesis, along with abbreviations

lonic liquid precursor Abbreviation
1-methyl-3-(propyn-3-yl)imidazolium chloride [C1(CoHCH)Im]ICI]
1-butyl-3-methylimidazolium chloride [C1C4Im][CI]
1-(buten-3-yl)-3-methylimidazolium bromide [C1(C3H5CH,)Im][Br]
1-butyl-2,3-dimethylimidazolium chloride [C1C4C4Im][CI]
1-(3-cyanopropyl)-3-methylimidazolium chloride [C1C3CNIm][CI]
1-hexyl-3-methylimidazolium chloride [C1Celm][CI]
1-benzyl-3-methylimidazolium chloride [C1(CH,CgH5)Im][CI]

The apparatus and the reagents were kept dry and under inert atmosphere.
Scheme 2.3 depicts the procedure used for the quaternization step. The halogenated
product is usually added drop wise to the imidazole in order to avoid a possible
bi-molecular elimination reaction, E2, producing 1-alkene and 1-methylimidazolium.
The mechanism for the E2 reaction is depicted in scheme 2.4."® The reagents are
kept under strong stirring and inert atmosphere at a temperature between 50°C and
80°C under reflux for 1 to 3 days. The reaction can be performed without solvent or

with toluene or acetonitrile as solvents.
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R, 50°C-80°C, 1-3 days R4

With or without solvent \N)\

_— i
W/ i cl
R,Cl
R1 =Hor C1
Ry = C,HoCH, Cy, C3H5CHy, C3CN
Ce: Cg, CHx(CgHs5), (CH,)2(CgHs)

Scheme 2.3 - Quaternization step for the synthesis of ionic liquids

The reagents undergo a bi-molecular nucleophilic substitution reaction,

designated Sn2, for which the mechanism is depicted in scheme 2.4.

Ry

AN A
N\Q/N C|:,\/R2 R N\@/N/\-/RQ

Cl

Ly = 1

RO T © i

c) Ry &

Scheme 2.4 - Mechanism for Sy2 and E2 reaction

In the end of the 3-day reaction, the product is transferred into dry and cooled
toluene or diethyl ether, causing the precipitation of the product.

The final product is filtered, washed with dry toluene and dried under high
vacuum (10°® bar) for at least 24h. Yield approximately 86%.

The metathesis step, depicted in Scheme 2.5, consists in adding the precursor
obtained in the quaternization step to a salt of the desired final anion. The cation of
the salt is selected to form an insoluble precipitate in the chosen reaction solvent,
forcing the reaction in the direction of the desired products.

The ionic liquids synthesized using this method are listed in table 2.3.
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R4

)\ I
~ R2 )\
N @N’ _ ~NFNT2 e,
\—/ o — ) >
MX
R-| =Hor C1
Ry = CoH,CH, Cy, C3HsCHa, C5ON
Ce» Ce, CHa(CoHs), (CH)x(CgHs)
MX = LiNTf,, NaDCA, NaLev

Scheme 2.5 - Metathesis step for the synthesis of ionic liquids
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Table 2.3 - Representation, name, abbreviation of the ionic liquids synthesized by the two-step procedure

Cation Anion Name Abbreviation
/‘\ P 1-methyl-3-(propyn-3-yl)imidazolium .
_N ~ C1(CoH,CH)IM][NTF
\@N\/ bis(trifluoromethanesulfonyl)imide [CA(C-RCH)mIINTE]
/'@\ 1-butyl-3-methylimidazolium (C,Calm]INT,]
_—N m
\/N\/\/ bis(trifluoromethanesulfonyl)imide e ?
1-(buten-3-yl)-3-methylimidazolium
—‘N/\\ C1(C3H5CH,)Im][NTH
@N\/\/ bis(trifluoromethanesulfonyl)imide [CA(CaMsCH)ImIINTE]
/\\ 1-butyl-2,3-dimethylimidazolium
—N yl-2, y
O F . - - [C1C1Calm]INTF]
F 00 F bis(trifluoromethanesulfonyl)imide
7N\ X
F NN F 1-(3-cyanopropyl)-3-methylimidazolium
’—N@ AN & TNy e o [C+CsCNIM]NTH,J*
N \/\/ bis(trifluoromethanesulfonyl)imide
/_N/@ 1-hexyl-3-methylimidazolium (CClmIINT,]
N m
= W bis(trifluoromethanesulfonyl)imide e ?
_’N/@ 1-methyl-3-octyl-imidazolium (C,ColmIINTF,]*
N m
k \/k* bis(trifluoromethanesulfonyl)imide e z

1-butyl-3-methylimidazolium

6
1-benzyl-3-methylimidazolium
,_N/Q\)\ oensy Y o [C+(CH,CeHs)ImIINTF]
N bis(trifluoromethanesulfonyl)imide
\/\/

_—N = C,C4Im][DCA
o N—=N dicyanamide [C+Calml] ]
// 1-(3-cyanopropyl)-3-methylimidazolium
,,N/\L //N N/ (3-cyanopropy) y [C1C3CNIm][DCA]*
= \/\/ dicyanamide

/N@N \”/\/U\O- 1-butyl-3-methylimidazolium levulinate [C1C4lm][Lev]

\/\/
cl_ / 1-butyl-3-methylimidazolium
\/\/ Al [C4C4Im][AICI4]

N o ~cl tetrachloroaluminate

* Kindly provided by Laboratory LC2P2 — Equipe Chimie Organométallique de Surface, Villeurbanne, France
** Kindly provided by laboratory QUILL (Queen’s University lonic Liquid Laboratory), Belfast, Northern Ireland, UK
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2.3 Materials and synthesis procedures

All operations were performed in the absence of oxygen and water under a
purified argon atmosphere using glovebox (Jacomex or MBraun) or vacuum-line
techniques.

The reagents used for the synthesis of ionic liquids are described in table 2.4.
Methylimidazole, butylimidazole, and 1,2-dimethylimidazole were distilled prior to
use. Dimethylsulfate, dimethylphosphite, trimethylphosphate, 1-chlorobutane,
4-bromo-1-butene, 4-chlorobutylnitrile, 1-chlorohexane, benzylchloride,
2-chloroethylbenzene, lithium  bis(trifluoromethanesulfonyl)imide, sodium
dicyanamide, sodium levulinate, silver nitrate, aluminium chloride, sodium propionate,
sodium isobutyrate, levulinic acid, silver oxide and potassium hydroxide were not
distilled or purified prior to use.

A commercial sample of [C1C4Im][DCA] with 98% purity provided by Solvionic
was used in all posterior studies instead of the sample obtained by the method
described in the patent'
The ILs were characterized by 'H, and *C NMR. The NMR spectra were

performed in a Bruker Avance 400 MHz using CD,Cl, as solvent. High resolution

, due to patent sharing issues.

mass spectroscopy (HRMS) was used to control the halide content. The high
resolution mass spectra (MS QTOF) were recorded in a positive and negative ion
mode on a hybrid quadrupole time-of-flight mass spectrometer (MicroTOFQ-II, Bruker
Daltonics, Bremen) with an Electrospray lonization (ESI) ion source. The gas flow of
spray gas is 0.6 bar and the capillary voltage is +/-4.5 kV. The solutions are infused
at 180 uL/h. The mass range of the analysis is 50-1000 m/z and the calibration was
done with sodium formate. The original NMR and HRMS spectra can be found in
appendix 2.

The metallic salt solubility in the ionic liquid was verified visually in a Leica DM

2500M Microscope coupled with a hot stage from Linkam LTS 420.
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Table 2.4 - Reagents used in the synthesis of the ionic liquids, along with abbreviations, purity and

supplier
Reagent Abbreviation Purity Supplier
Butylimidazole Cylm 98% Sigma-Aldrich
Dimethylsulfate DMS >99% Sigma-Aldrich
Dimethylphosphite DMP 98% Sigma-Aldrich
Trimethylphosphate TMP >99% Sigma-Aldrich
Metylimidazole Cilm >99% Aldrich
1,2-Dimethylimidazole C+1Cqlm 98% Sigma-Aldrich
3-Bromo-1-propyne BrProp 80 wt. % in toluene Sigma-Aldrich
1-Chlorobutane CIBu >99% Aldrich
4-Bromo-1-butene BrBud >99% Aldrich
4-Chlorobutyronitrile CIBCN >99% Aldrich
1-Chlorohexane CIHx >99% Aldrich
Benzylchloride ClBz 99% Sigma-Aldrich
Sodium dicyanamide NaDCA 96% Aldrich
Sodium levulinate NaLev - LMOPS*
Silver nitrate AgNO; 99.5% Sigma-Aldrich
Aluminium chloride AICl3 99.9% Sigma-Aldrich
Lithium bis(trifluoromethanesulfonyl)imide LiNTf, >99% Solvionic
Nickel(Il) bis(trifluoromethanesulfonyl)imide Ni(NTf,), 99% Solvionic
Copper(ll) bis(trifluoromethanesulfonyl)imide CU(NTf,), 99% Solvionic

*Kindly provided by the laboratory LMOPS, Lyon, France

All ionic liquids were degased and dried using a multiple entry glass vacuum

line, at approximately 8 Pa, for at least 48h prior to the measurement. The amount of

water contained in each ionic liquid was determined with a coulometric Karl Fischer

titrator (Mettler Toledo DL32) with a claimed precision of £1 ppm. The amount of

water in each ionic liquid is listed in table 2.5.
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Table 2.5 - Amount of water, in ppm and molar fraction, present in the ionic liquid
after at least 48 h under vacuum

lonic Liquid Amount of water /ppm Mole fraction of water
[C4(CoH,CH)IM]INTS,] 95 0.0021
[C1C4Im][NTT,] 70 0.0016
[C4(C3H5CH,)IM][NTS,] 100 0.0023
[C1C3CNIM][NTf,] 43 0.0010
[C1CgIm][NTS;] 63 0.0017
[C4(CH,CgHs)IM][NTS,] 70 0.0018
[C1C4Ilm][DCA] 98 0.0011
[C41C3;CNIm][DCA] 75 0.00090
[C1C4Im][C1HPO;] 156 0.0020
[C4Cylm][Lev] 365 0.0051

1-Butyl-3-methylimidazolium methylsulfate, [C1C4Im][C1SOy4]

83.96 g (676.1 mmol, 89 ml) of distilled butylimidazole was transferred into a
500 mL two-neck round bottomed flask with a large stirring bar. 100 ml of dry toluene
were added and the flask was placed in an ice bath. 85.27 g (676.1 mmol, 64 mL) of
dry dimethylsulfate was added drop wise. The mixture was stirred for 1 h at room
temperature. The top phase was decanted and the lower phase was washed five
times with 25 ml of toluene. The product, a colorless, viscous liquid, was dried under
vacuum overnight. The yield was 121.2 g (484.1 mmol, 71.6%).
'H-NMR (400 MHz, CD,Cl,) & (ppm): 9.40 (1H, s, N-CH-N), 7.49 (2H, m, N-CH-CH-
N), 4.24 (2H, t, N-CH,), 3.99 (3H, s, N-CH3), 3.63 (3H, s, O-CHj3), 1.88 (2H, m, N-
CH2-CHy), 1.39 (2H, m, N-CH2-CH,-CH,), 0.97 (3H, t, N-CH2-CH,-CH,-CHj3)
3C-NMR (400 MHz, CD.Cl,) & (ppm): 137.4 (s, N-CH-N), 123.6 (s, N-CH-CH-N),
122.2 (s, N-CH-CH-N), 52.8 (s, O-CHj3), 49.7 (s, N-CHy), 36.2 (s, N-CH3), 32.0 (s, N-
CH2-CH3), 19.3 (s, N-CH2-CH»-CH,), 13.2 (s, N-CH2-CH,-CH2-CHj3)
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1-Butyl-3-methylimidazolium methylphosphite, [C1C4Im][C{HPO3]

83.31 g (670.9 mmol, 88.16 mL) of distilled butylimidazole was mixed with 75
ml of ethyl acetate. 73.85 g (671.1 mmol, 61.5 mL) of dry dimethylphosphite was
added drop wise. The mixture was stirred under nitrogen atmosphere at 80°C for 20
h. 40 ml of distilled water were added. The solution was placed in the continuous
extractor and extracted with toluene for 16 h in order to remove excess reactants.
The aqueous phase was isolated, the water was removed and the ionic liquid dried
under vaccum at 80°C. The product was a clear, colorless, oily liquid. The yield was
116.4 g (497.1 mmol, 74.1%).
'H-NMR (400 MHz, CD,Cl,) & (ppm): 9.98 (1H, s, N-CH-N), 7.64 (2H, m, N-CH-CH-
N), 5.67 (1H, s, P-H), 4.22 (2H, t, N-CHy), 3.96 (3H, s, N-CH3), 3.41 (3H, d, O-CHj3),
1.81 (2H, m, N-CH,-CHy), 1.31 (2H, m, N-CH,-CH,-CHy), 0.89 (3H, t, N-CH2-CH,-
CH2-CH5)
3C-NMR (400 MHz, CD,Cl,) & (ppm): 138.1 (s, N-CH-N), 123.8 (s, N-CH-CH-N),
122.1 (s, N-CH-CH-N), 50.0 (d, O-CHs), 49.3 (s, N-CHy), 36.1 (s, N-CHj3), 32.1 (s, N-
CH2-CHy), 19.3 (s, N-CH,-CH2-CHy), 13.2 (s, N-CH2-CH,-CH2-CHj3)
3IP-NMR (400 MHz, CD,Cl,) & (ppm): - 4.55 (s, P)

1-Butyl-3-methylimidazolium dimethylphosphate, [C1C4Im][(C+1)2PO4]

55.1 g (444.1 mmol, 58.4 mL) of distilled 1-butylimidazole was mixed with 50
ml ethyl acetate. 62.2 g (444.4 mmol, 52 mL) of dry trimethyl phosphate was added
dropwise. The mixture was stirred under nitrogen atmosphere at 80°C for 20 h. 25 ml
of distilled water were added. The solution was placed in the continuous extractor
and extracted with toluene for at least 16 h in order to remove excess reactants. The
aqueous phase was isolated, the water was removed and the ionic liquid dried at
80°C under vaccum. The product was a clear, colorless, oily liquid. The yield was
91.3 g (345.5 mmol, 77.8%).
'H-NMR (400 MHz, CD,Cl,) & (ppm): 10.50 (1H, s, N-CH-N), 7.71 (2H, m, N-CH-CH-
N), 4.22 (2H, t, N-CHy), 3.97 (3H, s, N-CH3), 3.44 (6H, d, O-CH3), 1.81 (2H, m, N-
CH2-CHy), 1.31 (2H, m, N-CH2-CH,-CH,), 0.89 (3H, t, N-CH2-CH,-CH,-CHj3)
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3C-NMR (400 MHz, CD.Cl,) & (ppm): 139.1 (s, N-CH-N), 123.7 (s, N-CH-CH-N),
122.1 (s, N-CH-CH-N), 52.9 (d, O-CHs), 49.2 (s, N-CH,), 35.8 (s, N-CH3), 32.1 (s, N-
CH.-CH,), 19.3 (s, N-CH,-CH3-CHy), 13.1 (s, N-CH2-CH,-CH,-CHa)

¥IP-NMR (400 MHz, CD,Cl,) & (ppm): - 2.10 (s, P)

m/z (Fab+): 139 (100%) [C4C1Im]*, 403 [(C1C4lm)z(CH30),PO,]*

m/z (Fab-): 653 (100%) [(C1C4lm)2((CH30)2PO2)s]

The synthesis of the NTf,-based ionic liquids is performed by adding the
desired imidazolium chloride/bromide precursor ionic liquid (table 2.2) and lithium
bis(trifluoromethanesulfonyl)imide (in 0.1 molar excess) in water. A strong stirring and
controlled room-temperature is maintained for 3-4 days. Dichloromethane or ethyl
acetate and water are added and the mixture is thoroughly stirred. The organic phase
will then contain the ionic liquid. This phase is washed several times with water. The
washing continued until the presence of chloride in the aqueous phase was no further
detected by the use of a solution of silver nitrate. Activated carbon and filtration
through celite and alumina were used for further purification when the organic phase
presented a slight yellow coloration. Yields from 87% to 97% for the first step and
from 63% to 85% for the second step.

For simplicity, for the ionic liquids whose synthesis follows the same procedure
as [CiC4lm][Cl] and [C1C4Im][NTf,], the procedure was omitted, but the

characterization is described.

1-Methyl-3-(propyn-3-yl)imidazolium bromide, [C1(C2H2CH)Im][Br]

Methylimidazole (10 g, 122 mmol) was dissolved in 40 mL of anhydrous
acetonitrile. 3-bromo-1-propyne (6.7 g, 134 mmol) was added drop wise. The solution
was stirred 2h at room temperature. The color of the solution changed to brown. The
solution was then stirred at 50°C for 24h. The solvent was then removed via rotary
evaporation, and diethylether (40 mL) was added, the solution was cooled at -18°C
for 12h. The resulting brown solid was washed five times with 30 mL of diethylether.
The product was dried in vacuum to afford compound as pale-yellow solid. The

product yield was of 90%.
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1-Methyl-3-(propyn-3-yl)imidazolium bis(trifluoromethanesulfonyl)imide,
[C1(C2H2CH)IM][NTf,]

To a solution of 1-methyl-3-(propyn-3-yl)imidazolium bromide (50 g, 413 mmol)
in distilled water (250 mL), lithium bis(trifluoromethanesulfonyl)imide, LiNTf,, (142 g,
495 mmol) was added at room temperature. The reaction mixture was stirred for 24
h. An oily liquid separated and the product was extracted into 50 mL of ethylacetate
and the organic phase washed 3 times with 50 mL of distilled water, until no traces of
chloride salt was detected in the washing water (tested with silver nitrate). The
solvent was removed under vacuum, giving a clear pale-yellow liquid. The product
yield is 63%.
'H-NMR (400 MHz, CD,Cl,) & (ppm): 8.65 (1H, s, N-CH-N), 7.31 (H, d, N-CH-CH-N),
5.81 (2H, m, N-CH,-CH,-CH-CH;), 5.15 (1H, m, N-CH,-CH,-CH-CH;), 4.28
(2H, t, N-CH2-CH2-CH-CH,), 3.95 (3H, s, N-CH3), 2.65 (2H, m, N-CH,-CH,-CH-CHy)
BC-NMR (400 MHz, CD.Cl) & (ppm): 1359 (s, N-CH-N), 132.0
(s, N-CH;-CH2.CH-CHy), 123.6 (s, N-CH-CH-N), 122.4 (s, N-CH-CH-N), 119.5
(s, N-CH2-CH2-CH-CHy), 117.7 (q, CF3), 49.4 (s, N-CH,-CH2-CH-CHy;), 36.4 (s, N-
CHs), 34.1 (s, N-CH,.CH2-CH-CH,)

1-Butyl-3-methylimidazolium chloride, [C1C4Im][CI]

1-Chlorobutane (106 mL, 1010 mmol) was added to freshly distilled
methylimidazole (50 mL, 630 mmol). The mixture was stirred for 48 h at 65 °C. The
hot solution was then transferred drop wise via a cannula into toluene (200 mL) at
0 °C under vigorous mechanical stirring. The white precipitate that formed was then
filtered and washed repeatedly with toluene. The product was dried overnight under
vacuum giving a white powder (95.6 g, 87 %).
'H-NMR (400 MHz, CD,Cl,) & (ppm): 10.76 (1H, s, N-CH-N), 7.64 (2H, m, N-CH-CH-
N), 4.31 (2H, t, N-CHy), 4.07 (3H, s, N-CH3), 1.88 (2H, m, N-CH,-CH,), 1.35
(2H, m, N-CH»-CH>-CHy), 0.95 (3H, t, N-CH»-CH,-CH»-CH3)
®C-NMR (400 MHz, CD.Cl,) & (ppm): 138.2 (s, N-CH-N), 123.4 (s, N-CH-CH-N),
121.9 (s, N-CH-CH-N), 49.5 (s, N-CHy), 36.3 (s, N-CH3), 32.0 (s, N-CH,-CH;), 19.4
(s, N-CH,-CH,-CHy), 13.2 (s, N-CH,-CH,-CH,-CH5)
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1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [C1C4m][NTf;]

A solution of LINTf, (50 g, 170 mmol) in water (50 mL) was added to a solution
of [C1C4Im][CI] (30.4 g, 170 mmol) in water (100 mL). The solution was stirred for 2 h
at room temperature, then dichloromethane (50 mL) was added and the mixture
transferred to a separating funnel. The lower phase was collected and washed
repeatedly with water (8 x 100 mL) until no chloride traces remained in the washings
(tested with silver nitrate solution). The ionic liquid in dichloromethane was purified
through a short alumina column and the solvent removed in vacuum giving a
colourless viscous liquid.
'H-NMR (400 MHz, CD,Cl,) & (ppm): 8.63 (1H, s, N-CH-N), 7.34 (2H, m, N-CH-CH-
N), 4.19 (2H, t, N-CHy), 3.94 (3H, s, N-CH3), 1.88 (2H, m, N-CH,-CH,), 1.41 (2H, m,
N-CH,-CH,-CHy), 0.98 (3H, t, N-CH,-CH2-CH2-CH3)
3C-NMR (400 MHz, CD.Cl,) & (ppm): 135.8 (s, N-CH-N), 126.3 (s, N-CH-CH-N),
124.1 (s, N-CH-CH-N), 117.8 (q, CF3), 50.0 (s, N-CHy), 36.4 (s, N-CH3), 31.7 (s, N-
CH2-CH3), 19.4 (s, N-CH,-CH»-CHy), 12.8 (s, N-CH2-CH2-CH2-CHj3)

1-(Buten-3-yl)-3-methylimidazolium chloride, [C1(C3H5CH2)Im][Br]

1-Bromolorobutane (148 mmol) was added to freshly distilled methylimidazole
(100 mmol). The mixture was stirred for 3 days under reflux at 80 °C. The slight
orange oil was washed with toluene and dried under vaccum. (20.9 g, 96.7 mmol,
97 %).

1-(Buten-3-yl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
[C4(C3H5CHZ)Im][NTH,]

A solution of LiNTf, (27.7 g, 96.7 mmol) in water was added to a solution of
[C1(C3sH5CH2)Im][Br] (20.9 g, 96.7 mmol) in water. The solution was stirred overnight
at room temperature, then dichloromethane was added and the mixture transferred to
a separating funnel. The lower phase was collected and washed repeatedly with
water until no chloride traces remained in the washings (tested with silver nitrate
solution). The ionic liquid in the dichloromethane was purified through a short alumina

column and the solvent removed in vacuum giving a slight orange viscous liquid.
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"H-NMR (400 MHz, CD,Cl,) & (ppm): 8.65 (1H, s, N-CH-N), 7.31 (H, d, N-CH-CH-N),
5.81 (2H, m, N-CHp-CH,-CH-CH,), 5.15 (1H, m, N-CH»-CH,-CH-CH,), 4.28
(2H, t, N-CH2-CH,-CH-CH,), 3.95 (3H, s, N-CH3), 2.65 (2H, m, N-CH-CH,»-CH-CH.,)
BC.NMR (400 MHz, CD.Cl) & (ppm): 1359 (s, N-CH-N), 132.0
(s, N-CHp-CH,-CH-CH,), 123.6 (s, N-CH-CH-N), 122.4 (s, N-CH-CH-N), 119.5
(s, N-CHp-CH-CH-CHy), 117.7 (g, CF3), 49.4 (s, N-CH,-CH,-CH-CH,), 36.4 (s, N-
CHs), 34.1 (s, N-CH,-CH,-CH-CH,)

1-Butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide,
[C1C1C4Im][NTf2]

"H-NMR (400 MHz, CD,Cl,) & (ppm): 7.24 (2H, d, N-CH-CH-N), 4.07 (2H, t, N-CH,),
3.81 (3H, s, N-CH3), 2.61 (3H, s, N-C-CHs), 1.81 (2H, m, N-CHp-CH), 1.42
(2H, m, N-CH»-CH,-CHy), 0.99 (3H, t, N-CH»-CH,-CH,-CH3)

3C-NMR (400 MHz, CD.Cl,) & (ppm): 143.8 (s, N-CH-N), 122.7 (s, N-CH-CH-N),
117.8 (s, N-CH-CH-N), 113.4 (g, CF3), 49.2 (s, N-CH-CH,-CH,-CH3), 35.5 (s, N-
CH3), 31.7 (s, N-CHp-CHy), 19.4 (s, N-CH-CH»-CH>), 13.1 (s, N-CH,-CH,-CH,-CHs),
9.57 (s, N-C-CHs)

1-(3-Cyanopropyl)-3-methylimidazolium chloride, [C1C3;CNIm][CI]

A mixture of methylimidazole (20 g, 244 mmol) and 4-chlorobutyronitrile (29.5
g, 293 mmol) was stirred at 80°C for 24h. Diethylether (40 mL) was added at room
temperature to the oily liquid, the mixture was stirred for 2 h. The resulting pale
yellow solid was washed 3 times with 30 mL of diethyl ether. The solvent was
removed via rotary evaporation and the product was dried under vacuum to afford a

white solid in quantitative yield.

1-(3-Cyanopropyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
[C1C3CNImM][NTf,]

To a solution of [C{C3CNIm][CI] (20 g, 108 mmol) in distiled 70 mL of
water, LiNTf, (34g, 119 mmol) was added at room temperature and an oily liquid

immediately separated. The reaction mixture was stirred for 2 h, and the product was
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extracted into 50 mL of ethylacetate. The organic phase was washed 3 times with 50
mL of water. The solvent was removed by rotary evaporation and the product was
dried in vacuum to afford a pale-yellow liquid. The product yield was 65%.

'H-NMR (300 MHz, DMSO-d®) & (ppm): 9.01 (1H, s, N-CH-N), 7.61
(2H, m, N-CH-CH-N), 4.19 (2H, t, N-CH,), 378 (3H, s, N-CH3), 2.48 (2H, m, N-CH.-
CHy), 2.11 (2H, m, N-CH,-CH2-CHy)

BC-NMR (400 MHz, CD.Cl,) & (ppm): 137.1 (s, N-CH-N), 123.8 (s, CN), 119.2
(s, N-CH-CH-N), 119.3 (s, N-CH-CH-N), 113.4 (q, CF3), 48.3 (s, N-CH;), 36.2
(s, N-CH3), 25.5 (s, N-CH,-CH,), 13.8 (s, N-CH,-CH,-CH,)

m/z (Fab+): 580.1 (100%) [(C1C3CNIm),NTf,]"

1-Hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
[C1Celm][NTf,]

"H-NMR (400 MHz, CD,Cl,) & (ppm): 8.65 (1H, s, N-CH-N), 7.33 (2H, m, N-CH-CH-
N), 419 (2H, t, N-CH,), 3.96 (3H, s, N-CHs), 1.89 (2H, m, N-CH»-CH.), 1.35
(6H, s, N-CH2-CHy-CH2-CHy-CHy), 0.92 (3H, t, N-CH,-CHy-CHy-CHo-CHy-CHa)
BC-NMR (400 MHz, CD,Cl,) & (ppm): 135.8 (s, N-CH-N), 123.7 (s, N-CH-CH-N),
122.3 (s, N-CH-CH-N), 117.7 (q, CF3), 50.3 (s, N-CH,), 36.3 (s, N-CHs), 30.9 (s, N-
CHx-CHy), 29.9 (s, N-CHy-CH,-CH,), 25.7 (s, N-CH,-CHp-CH,-CH,), 22.3
(S, N-CHp-CHy-CH2-CHy-CHa), 13.6 (S, N-CH2-CHy-CH,-CHy-CH,-CHa)

1-Benzyl-3-methylimidazolium chloride, [C1(CH2CgH5)Im][CI]

Benzylchloride (29.92 g, 236 mmol) was added dropwise to methylimidazole
(19.41 g, 236 mmol) and stirred at 80°C for 3 days. A slightly yellow liquid was
formed. The hot solution was then transferred drop wise via a cannula into 150 mL of
toluene at 0 °C under vigorous mechanical stirring. The resulting white solid was
washed several times with toluene. The product was dried under vacuum affording

product in a quantitative yield.
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1-Benzyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
[C1(CH2CeH5)Im][NTf,]

To a solution of [C4(CH2CeH5)Im][CI] (4.6 g, 22 mmol) in distilled 20 mL of
water, LiINTf, (6.9 g, 24 mmol) was added at room temperature. The reaction mixture
was stirred for 3 days, and the product was extracted into 20 mL of dichloromethane.
The organic phase was washed several times with water. The ionic liquid in the
dichloromethane was purified with activated carbon and through an alumina column.
The product was dried in vacuum to afford a pale-yellow liquid in quantitative yield.
'H-NMR (400 MHz, CD,Cly) & (ppm): 8.69 (1H, s, N-CH-N), 7.42 (5H, m, Ar-CgH5),
7.28 (2H, m, N-CH-CH-N), 3.94 (3H, s, N-CHj3)
3C-NMR (400 MHz, CD,Cl,) 5 (ppm): 135.8 (s, N-CH-N), 132.3 (s, Ar-CgHs), 129.5
(s, Ar-CgHs), 128.8 (s, Ar-CgHs), 123.9 (s, N-CH-CH-N), 122.3 (s, N-CH-CH-N), 36.4
(s, N-CH2-Ar)

m/z (Fab+): 173.1 (100%) [C1(C3HsCH2)Im]*, 626.1 (40%) [C1(C3H5CH,)Im]o[NT2]"

1-Butyl-3-methylimidazolium dicyanamide, [C1C4Im][DCA]

The synthesis of this ionic liquid was patented.™ Sodium dicyanamide (1.12 g,
12.63 mmol) was added with a Bush tube into melted [C1C4Im][CI] (2 g, 11.49 mmol)
at 70°C and kept under stirring for 24 h. After cooling down at 25°C, 20 mL of THF
were added. The white precipitate of NaCl was filtered, and the filtrate was kept at -
5°C overnight to complete the precipitation of NaCl. The precipitate was filtered off.
This work up was repeated until no more NaCl precipitate observed. Evaporation of
THF afforded [C1C4Im][N(CN),] as a slightly yellow oil. Yield of 85%.
'H-NMR (400 MHz, CD,Cl,) & (ppm): 8.61 (1H, s, N-CH-N), 7.37 (2H, m, N-CH-CH-
N), 4.10 (2H, t, N-CHy), 3.79 (3H, s, N-CH3), 1.78 (2H, m, N-CH2-CH), 1.23 (2H, m,
N-CH,-CH,-CHy), 0.83 (3H, t, N-CH,-CH2-CH,-CH3)
3C-NMR (400 MHz, CD.Cl,) & (ppm): 136.2 (s, N-CH-N), 123.7 (s, N-CH-CH-N),
122.4 (s, N-CH-CH-N), 119.7 (s, CN), 49.5 (s, N-CHy), 35.9 (s, N-CH3), 31.6 (s, N-
CH,-CHy), 19.2 (s, N-CH,-CH,-CHy), 13.1 (s, N-CH,-CH,-CH,-CHs)
m/z (Fab+): 139 (100%) [C4C4Im]", 344 (20%) [(C4C4Im),DCA]"
m/z (Fab-): 66 (100%) [DCA]
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1-(3-Cyanopropyl)-3-methylimidazolium dicyanamide, [C1C3CNIm][DCA]

To a solution of [C1C3CNIm][CI] (20 g, 108 mmol) in 70 mL of distilled water,
sodium dicyanamide (10.5 g, 119 mmol) was added at room temperature. The
reaction mixture was stirred at 25°C for 24 h, then the water was evaporated. 50 mL
of ethylacetate were added and the solution was cooled at -18°C for several hours.
The sodium chloride precipitate was filtered and the solution was dried under
vacuum. Yield was of 75%.

'H-NMR (300 MHz, DMSO-d®) & (ppm): 9.11 (1H, s, N-CH-N), 7.73
(2H, m, N-CH-CH-N), 4.24 (2H, t, N-CH,;), 3.84 (3H, s, N-CH;), 2.65
(2H, m, N-CH»-CHy), 2.20 (2H, m, N-CH,-CH»-CHy>)

3C-NMR (400 MHz, CD.Cl,) & (ppm): 137.2 (s, N-CH-N), 124.2 (s, N-CH-CH-N),
122.7 (s, N-CH-CH-N), 120.0 (s, CN), 48.1 (s, N-CHy), 35.9 (s, N-CH3), 26.3 (s, N-
CH2-CHy), 13.7 (s, N-CH,-CH,-CHy)

1-Butyl-3-methylimidazolium levulinate, [C1C4lm][Lev] "’

Sodium levulinate (32.9 g, 238 mmol) was dissolved in 50 mL of water and
[C1C4lm][CI] (34.4 g, 197 mmol) was dissolved in 170 mL of dichloromethane. The
aqueous phase was added dropwise to the organic phase under strong stirring, at
30°C. The mixture was left stirring during 60-70h at 30°C. After separating the two
phases and drying the aqueous one, a dark viscous fluid was obtained. Less than 4
mL of product were recovered. From the NMR and HRMS results we estimated a
minimum 75% purity of the product.

'H-NMR (400 MHz, CD,Cl,) & (ppm): 8.62 (1H, s, N-CH-N), 7.38 (2H, m, N-CH-CH-
N), 4.09 (2H, t, N-CH,), 3.76 (3H, s, N-CH3), 2.67 (2H, t, CH3-CO-CH,-CH,-COO),
2.30 (2H,t, CH3-CO-CH2-CH,-COO0), 2.11 (3H, s, CH3-CO-CH,-CH,-CQOQ), 1.74
(2H, m, N-CH»-CHy), 1.22 (2H, m, N-CH,-CH,-CH,), 0.81 (3H, t, N-CH2-CH2-CH.-
CHs)

BC-NMR (400 MHz, CD.Cl,) & 214.8 (s, CH3-CO-CH,-CH,-COO), 180.7
(s, CH3-CO-CH,-CH,-COO0), 135.8 (s, N-CH-N), 123.5 (s, N-CH-CH-N), 122.2
(s, N-CH-CH-N), 49.3 (s, N-CHy), 39.4 (s, CH3-CO-CH2-CH,-COO0), 35.7 (s, N-CH3),
31.2 (s, N-CH,-CH,), 31.0 (s, CH3-CO-CH,-CH,-COO0), 29.3
(s, CH3-CO-CH,-CH,.COO0), 18.8 (s, N-CH,-CH,-CH,CH3), 12.7
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(S, N-CH,-CH,.CH,-CHs)
miz (Fab+): 139 (100%) [C4Cqlm]*, 313 (25%) [(C4C1Im)CI]*, 393 (20%)
[(C4C1Im)2Lev]+

1-Butyl-3-methylimidazolium tetrachloroaluminate, [C1C4Im][AICI4]

The ionic liquid [C1C4Im][AICIs] was produced by addition of the Lewis acid
aluminium chloride, to equimolar amount of dry [C41C4Im][CI], under inert atmosphere.
The reaction is exothermic so the reagents should be added gently under strong
stirring. The synthesis is straightforward, but requires great care in reagents purity
and proportion for achieving a high purity product.

'H-NMR (400 MHz, CD,Cl,) & (ppm): 10.76 (1H, s, N-CH-N), 7.64 (2H, m, N-CH-CH-
N), 4.31 (2H, t, N-CHy), 4.07 (3H, s, N-CH3), 1.88 (2H, m, N-CH,-CHy), 1.35
(2H, m, N-CH»-CH»-CHy), 0.95 (3H, t, N-CH»-CH»-CH»-CH3)

®C-NMR (400 MHz, CD.Cl,) & (ppm): 138.2 (s, N-CH-N), 123.4 (s, N-CH-CH-N),
121.9 (s, N-CH-CH-N), 49.5 (s, N-CHy), 36.3 (s, N-CH3), 32.0 (s, N-CH,-CH;), 19.4
(s, N-CH2-CH2-CHjy), 13.2 (s, N- CH,-CH2-CH2-CH3)

2’Al-NMR (400 MHz, CD,Cl,) & (ppm): 103.9 (s, Al)
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Synthesis of carboxylate and dicyanamide-based ionic liquids

A series of syntheses was attempted in order to produce ionic liquids with the
dicyanamide anion and anions constituted by a carboxylate derivative (table 2.6).
Because these ionic liquids are hydrophilic, their synthesis tends to be more
complicated, since it becomes harder to separate reagents and products.1 For this
reason a method using the silver salt of the desired anion is commonly used, in order
to force the formation of the ionic liquid by precipitation of silver chloride.” However,
the high price of the reagents along with the presence of silver in the products urged
the search for new synthetic paths. It is important to mention the conditions and
procedures that failed to produce a pure or quantitative amount of ionic liquid during
this search. The reagents used for these syntheses are described in tables 2.4 and
2.7.

For some of the syntheses, a formation of a precipitate was observed after the
drying of the ionic liquid, which confirmed that it contained impurities. In other cases,
the 'H, "*C and/or HRMS results confirmed the presence of several products or

halides.

Table 2.6 - Representation, name and abbreviation of the ionic liquids synthesized by an
attempted two-step procedure

Cation Anion Name Abbreviation

N—=N 1-butyl-3-methylimidazolium

N// dicyanamide

1-butyl-3-methylimidazolium
: [C4C4lm][Pro]
propionate

/N@N\/\/ o .
1-butyl-3-methylimidazolium

C,Cy4lm][lso
isobutyrate [C+Calmlliso]

O
\)J\O.
o]
w)}\o.
o}
1-butyl-3-methylimidazolium
o : [C1C4lm][Lev]
levulinate
o}
o}
WLO.
A o)

/N/\j"\/\}\

1-hexyl-3-methylimidazolium
. [C1Celm][Lev]
levulinate
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Table 2.7 - Reagents used in the metathesis step (except if
already mentioned in table 2.4), for attempted synthesis, along

with purity and supplier

Reagent Purity Supplier
Sodium propionate - LMOPS*
Sodium isobutyrate - LMOPS*

Levulinic acid - LMOPS*
Silver oxide 99% Sigma-Aldrich
Potassium hydroxide 90% Sigma-Aldrich

*Kindly provided by the laboratory LMOPS, Lyon, France

1-Butyl-3-methylimidazolium dicyanamide, [C1C4Im][DCA]

The first attempt to synthesize [C1C4Im][DCA] consisted in using the same
procedure as described for the synthesis of the NTf,-based ionic liquids, but using
sodium dicyanamide. After the organic phase was dried, we observed a formation of
a precipitate. The mixture was filtered and thoroughly purified using the two
purification techniques described for the synthesis of NTf,-based ionic liquids. A
small amount of lightly yellow liquid was obtained, and later a formation of a
precipitate was observed.

The second attempt was based in the publication by Brandt et al.'® It consists
in forming silver dicyanamide by adding an aqueous solution of silver nitrate to an
aqueous solution of sodium dicyanamide. The silver dicyanamide is then added to
[C1C4IM][CI], in order to form the desired product. The resulting mixture was filtered
and the liquid phase purified by continuous extraction with dichloromethane for 3
days. The dichloromethane phase was isolated and the solvent removed under

vacuum. A white solid was obtained and not the expected ionic liquid.

1-Butyl-3-methylimidazolium isobutyrate, [C1C4lm][Iso]

The first attempt to synthesize this ionic liquid consisted in dissolving

[C1C4IM][CI] in dry dichloromethane and slowly adding the sodium isobutyrate under
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strong stirring for one week. Then, dichloromethane was added and the mixture was
filtered. The liquid phase was dried and a dark yellow oily phase was obtained. Dry
dichloromethane was added and a formation of two phases was observed. The
solution was filtered through celite and dried. The resulting liquid contained a
precipitate.

The second procedure adopted was the same as described for the synthesis
of [C1C4lm][Lev], except the sodium isobutyrate was dissolved in water at 40°C and
the reaction was left under stirring for 4 days. A 3 phase mixture was obtained. From
the aqueous phase, an oily yellow liquid was obtained, containing a precipitate.

The third attempt consisted in using the same patented procedure™ used for
[C1C4Im][DCA], but the yield was not quantitative.

1-Butyl-3-methylimidazolium propionate, [C1C4Im][Pro]

The synthesis was attempted using the same patented procedure™ used for

[C1C4Im][DCA], but the yield and purity were poor.
1-Butyl-3-methylimidazolium levulinate, [C1C4lm][LeV]

The first synthesis attempt consisted in dissolving [C1C4Im][CI] in dry
dichloromethane and slowly add the sodium levulinate under strong stirring overnight.
Water was then added to the mixture and separation by continuous extraction was
performed during 4 days. The organic phase was dried, diluted in dry acetone and
left stirring under inert atmosphere overnight. The solution was then filtrated through
celite. After drying, an orange oily liquid was obtained.

The second attempt was based in the publication by Yokoseki et al'” It
consisted in the in situ production of silver levulinate, to which a solution of
[C1C4Im][CI] is added. However, after purification, the yield was very low and the
product was black, sign that there was still silver present.

In the third attempt the production of potassium levulinate was performed in
situ, using levulinic acid and potassium hydroxide. Then a solution of [C1C4Im][CI] is
added and the mixture heated. The water was removed and an oily yellow liquid with

precipitate was obtained, even after purification.
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The fourth attempt consisted in using the same patented procedure™ used for

[C1C4Im][DCA], but the yield and purity were poor.
1-Hexyl-3-methylimidazolium levulinate, [C1Cslm][LeV]

The synthesis was attempted using the same patented procedure14 used for
[C1C4Im][DCA], but the yield was not quantitative.
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2.4 lonic liquid and metallic salt solutions

Three metallic salt solutions were prepared using
1-benzyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
[C1(CH2CeH5)IM][NTS,] with lithium (1), nickel (Il) and copper (lI) NTf,” salts. The
solutions were prepared by adding the salts to the previously dried ionic liquid, at
room temperature. The resulting solutions were kept under vacuum and stirring
overnight before use.

Several solutions were prepared for each metallic salt-[C4(CH2CgHs)Im][NTf;]
combination: 0.33 mol L™ (molar fraction 0.091) and 2 mol L (molar fraction 0.38)
solutions with LiNTfy; 0.18 mol L™ (molar fraction 0.052), 0.5 mol L™ (molar fraction
0.13) and 2 mol L (molar fraction 0.38) solutions with Ni(NTf,), and 0.01 mol L™
(molar fraction 0.0030) and 0.13 mol L (molar fraction 0.039) solutions with
Cu(NTf,)2. The evolution of the solubility of the salts in the ionic liquid at several
temperatures was analyzed and recorded with a microscope.

We concluded that the maximum solubility in the ionic liquid is higher than 2
mol L™ for the lithium salt, between 0.5 mol L' and 2 mol L™ for the nickel salt and
lower than 0.01 mol L' for the copper salt, between 30 and 90°C, in
[C1(CH2CeHs)Im][NTT].
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B. Physicochemical characterization

We have measured the density and viscosity of several ionic liquids and ionic
liquid solutions. Measurements of density variation with temperature are necessary
for determination of the volume of ionic liquid in the solubility measurements and can
also give indications on the purity of the sample. Viscosity is a measure of the
internal fluid friction, i.e. the resistance to movement of one layer of liquid in relation
to another layer. The greater the friction, the greater the force required to cause this
movement, which is called shear. If the viscosity of the fluid is independent of the
applied shear rate, the fluid is designated as Newtonian, if not it is called
non-Newtonian. From an application point of view, viscosity is a key factor since it

affects diffusion, pump costs and power requirements for stirring.'19:20:38
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2.5 Density measurement

Density measurements were performed using two models of U-shaped
vibrating-tube densimeters from Anton Paar; DMA 512P and DMA 5000 M, operating
in a static mode. The characteristic frequency of the vibrating tube that contains the
sample will change according to the density of the sample. The density of the sample
is determined by comparison of the period of oscillation of the tube and a reference
oscillator.

The DMA 512P densimeter allows the measurement of densities from 263 K to
423 K and from atmospheric pressure up to 30 MPa. This densimeter was calibrated
with 4 reference fluids in order to correlate vibration frequency with density. The fluids
were chosen in order to obtain a density measurement range large enough to contain
the densities of the ionic liquids, from 684.0 Kg m™ to 1493.6 Kg m™ at 293 K and
0.1 MPa. The chosen fluids were n-heptane (299.5% Fluka), tridistilled water,
2,5-dichlorotoluene (99%, Sigma-Aldrich) and bromobenzene (299.5%, Fluka).?"?2
Prior to measurements, the calibration fluids were submitted to at least 3
freeze-pump-thaw cycles for degasification. Before and after each measurement
these constants are validated by measuring the density of freshly tridistilled degased
water.

The temperature was maintained constant within £0.01 K by means of a
recirculating bath equipped with a PID temperature controller (Julabo FP40-HP). The
temperature of the tube was measured by means of a 4 wire 100Q PRT (TC direct
Pt100) with a precision of £0.02 K. The pressure was measured by means of a Druck
precision pressure transmitter PTX 610 with +0.08% full scale accuracy, working in a
pressure range from 0 to 70 MPa. The interface Anton Paar mPDS translates the
electric signal from the vibrating tube in an oscillation period and collects the signals
from the thermometer and pressure transmitter. A computer acquires the oscillation
period, temperature and pressure via an HP VEE program. The vibration period of

the vibrating tube of the densimeter, 7, is related to the density, o, by equation 2.1,

p=A(T.p)? +B(T.p) (2.1)
where A and B are the calibration constants that depend on the temperature and

pressure. The DMA 512P densimeter performs with an estimated uncertainty in
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density and temperature of +0.1 Kg m™ and +0.001 °C, respectively. For samples
with viscosity values higher than 15 mPa.s a correction is necessary due to take into
account the damping of the oscillation of the tube due to the shear forces that occur

in viscous liquids. Equation 2.2 is recommended by the manufacturer for the

DMA 512P to calculate the correction factor, Ap .2
2 _[os+045/f0 2.2)
P

where Ap is the difference between the density measurement obtained, p, and the
corrected density due to the effect of viscosity and 7 is the dynamic viscosity of the

sample in mPa.s.

The densimeter Anton Paar, model DMA 5000 M allows the measurement of
densities from 273 K to 368 K at atmospheric pressure and was used with the factory
calibration, verified before and after each measurement with air and tridistilled
degased water. The DMA 5000 densimeter performs with an estimated uncertainty in
density and temperature of +0.1 Kg m™ and +0.001 °C, respectively. The device has
a built-in correction for liquids with a viscosity up to 700 mPa.s.

The obtained experimental values for density, along with correction factors for

viscosity, Ap are reported in table 2.8. All measurements were performed at

atmospheric pressure and at temperatures ranging from 283 K to 373 K.

The solutions in [C4(CH2CeHs)Im][NTf,] had the following metallic salt
concentrations 0.33 mol L™ for LiNTfy;; 0.18 mol L for Ni(NTf;), and less than
0.01 mol L™ for Cu(NTfy),.
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Table 2.8 - Experimental values for corrected densities, p, of the studied ionic liquids and ionic liquid

solutions, for temperatures between 283 K to 373 K and at atmospheric pressure, and correction factor,

Ap , applied at each temperature

[C4(C2H,CH)Im][NTf,] [C4(C3HsCH2)Im][NTF]
TIK  plKg-m™ AplKg-m™3 TIK  plKg-m™3 AplKg-m™3
298.07 1537.8 05 283.59 1482.5 0.6
312.53 1524.2 0.3 293.19 1472.8 0.4
331.70 1505.3 0.2 302.90 1463.1 03
351.00 1486.6 0.1 293.12 1472.8 0.4
370.57 1468.6 0.1 303.14 1463.2 0.3
313.17 1453.6 0.3
323.15 1444 1 0.2
333.19 1434.6 0.2
343.18 1425.3 0.1
353.16 1416.2 0.1
[C1C3CNIM][NTF,] [C1(CH,CeHs)Im][NTH,]
TIK  plKg-m™3 AplKg-m™3 TIK  plKg-m3 AplKg-m™3
293.15 1521.0 0.9 282.80 1502.5 1.4
303.15 1511.6 0.7 293.15 1492.1 0.9
313.15 1502.3 0.6 302.75 1483.2 0.6
323.15 1493.0 05 302.82 1482.8 0.6
333.15 1483.9 0.4 313.13 1473.0 0.5
343.15 1474.9 0.4 321.87 1464.6 0.4
353.15 1465.9 0.3 333.06 1454.0 0.3
342.81 1444.9 0.2
352.90 1435.8 0.2
363.03 1426.7 0.2
372.82 1418.1 0.1
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[C1C4Im][DCA]

[C1C3;CNIm][DCA]

TIK  plKg-m™ AplKg-m—3 TIK  plKg-m3 AplKg-m™3
293.18 1062.7 0.3 293.15 1155.3 0.6
303.14 1056.3 0.2 303.15 1148.8 0.5
313.14 1050.0 0.2 313.15 1142.4 0.4
323.14 1043.8 0.2 323.15 1136.1 0.4
333.14 1037.6 0.2 333.15 1129.8 0.3
343.14 1031.5 0.1 343.15 1123.6 0.3
353.14 1025.5 0.1 353.15 1117.5 0.2

[C1CIm][NTH,] [C+C4Im][C,HPO;]

TIK  plKg-m™ AplKg-m™3 TIK plKg-m™3 AplKg-m™3
293.15 1440.3 0.5 293.15 1147.5 0.8
303.15 1430.7 0.4 303.15 1141.1 0.7
313.15 1421.1 0.3 313.15 1134.7 0.6
323.15 1411.7 0.3 323.15 1128.4 0.5
333.15 1402.3 0.2 333.15 1122.1 0.4
343.15 1392.9 0.2 343.15 1115.9 0.4
353.15 1383.7 0.2 353.15 1109.7 0.3

[C:Calm][Lev] [C1(CH,CeHs)Im][NTf.]+ 0.33 mol L LiNTf,

TIK  plKg-m™ AplKg-m™3 TIK  plKg-m3 AplKg-m™3
303.11 1094.5 1.8 283.58 1522.5 1.7
313.17 1089.1 1.2 293.22 1513.0 1.1
323.22 1083.4 0.8 302.85 1504.0 0.7
333.17 1077.4 0.6 312.48 1494.4 0.5

322.30 1484.7 0.4
331.92 1475.5 0.3
343.13 1464.8 0.3
353.19 1455.4 0.2
362.56 1447.5 0.2
372.60 1437.8 0.1
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[C1(CH,CeHs)Im][NTF,] + 0.18 mol L™ Ni(NTf),  [C1(CH,CeHs)Im][NTf,] + < 0.01 mol L™ Cu(NTf,),

TIK  plKg-m™ AplKg-m™3 TIK  plKg-m™ AplKg-m™3
283.96 1531.8 1.7 282.80 1502.4 1.4
293.24 1522.3 1.1 293.15 1492.1 0.9
302.88 1512.8 0.8 302.75 1483.1 0.6
312.46 1503.4 0.6 302.82 1482.8 0.6
323.16 1492.9 0.4 313.13 1473.0 0.5
333.40 1483.0 0.3 321.87 1464.6 0.4
343.19 1473.6 0.3 333.06 1454.0 0.3
353.46 1464.0 0.2 342.81 1444.9 0.2
363.26 1454.8 0.2 352.90 1435.8 0.2
373.09 14457 0.1 363.03 1426.7 0.2

372.82 1418.1 0.1

The corrected values of density for each ionic liquid were linearly fitted as a

function of temperature according to equation 2.3,
plKgm®)=aT(K)+b (2.3)

The results of the fitting are presented in table 2.9.

The variation with temperature of the corrected density of several ionic liquids
and ionic liquid solutions is presented in figure 2.1.

The correction factors for viscosity cause a decrease in the density values
between 0.02% to 0.07% at 293 K, except for [C1Cslm][Lev], which presents a
correction factor of 0.2% at 303 K. The correction decreases with the temperature,
reaching 0.06% for [C1C4lm][Lev] at 333 K and between 0.007% and 0.03% at 353 K
for all other ionic liquids. Similar density correction factors were found for built-in

correction and the ones calculated using equation 2.2, for the same ionic liquid.
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Table 2.9 - Parameters @ and b of the fitting of corrected experimental densities of ionic liquids,
along with the standard deviation of each fit between the temperatures of 293 K and 353 K at

atmospheric pressure

lonic Liquid a b Dev (%)
[C1(C2H,CH)IM][NTS,] -0.95892 1823.6 0.02
[C1(C3HsCH,)Im][INTH,] -0.95119 1751.7 0.02
[C1C3sCNIm][NTf,] -0.91779 1789.8 0.01
[C1(CH,CeHs)Im][NTH,] -0.93788 1766.9 0.03
[C1C4Im][DCA] -0.62028 1244.3 0.01
[C1C3CNIm][DCA] -0.62915 1339.5 0.01
[C1C4Im][NTH,] -0.91813 1692.9 0.01
[C1C4Im][C1HPO;] -0.62951 1331.9 0.01
[C1Cylm][Lev] -0.57012 1267.5 0.02
[C1(CH2CeHs)Im][NTf,] + 0.33 M LiNTf, -0.95203 1792.0 0.03
[C1(CH,CeHs)Im][NTf,] + 0.18 M Ni(NTf,), -0.96526 1805.2 0.02
[C4(CH2CeHs5)IM][NTf,] + < 0.01 M Cu(NTf,), -0.93770 1766.9 0.03

We observe that the ionic liquid with the highest density at 313 K is
[C1(C2H2CH)IM][NTf,] > [C1C3CNImM][NTf,] > [C1(CH2CeHs)Im][NTf,] >
[C1(CsHsCH2)IM][NTS,] > [C1Calm][NTF] > [C1Celm][NTFz] > [C1Cslm][NTf,] >
[C1C3CNIM][DCA] > [C1C4lm][C1HPO3] > [C1C4lm][Lev] > [C1C4lm][DCA].

As expected, we observe that the density of ionic liquids is closely related to
its molar mass (ionic liquids with heavier atoms are found to be denser). Density is
strongly influenced by the anion type and decreases with the increase of the alkyl
side chain length.?* For example, the density increases from [C1C4Im][NTf,] to
[C1C3CNImM][NTfy], from [C4C3CNIm][DCA] to [C4CsCNIm][NTf,] and from
[C1C4Im][NTF;] to [C1Cglm][NTf,]. Adding metallic salts to an ionic causes an increase

its density. The increase was up to 2% for the salt types and concentrations studied.

84



1600

1400}

p/Kgm

1200

1 OOO C1 1 1 i 1 1
280 300 320 340 360 380

1 550 [T T T T T T]

1500

p/Kgm

1450

1400k i i i i i
280 300 320 340 360 380
T/K
Figure 2.1 - Experimental density of ionic liquids (top) and ionic liquid solutions (bottom):
A\, [C4(C,H,CH)IMINTS,]; O, [C1CsCNIM][NTS,];  V, [C1(CH2CeHs)Im][NTT];
O, [C4(CsHsCHR)IM]NTF,;  <I,  [CiC4Im][NTf;];  [>, [C4CsCNIm][DCA]; O, [C1C4Im][C1HPOg];
+, [C,C4lm][Lev]; ¢, [C1C4IM][DCA] with the temperature, corrected for viscosity. _. ._ . _ . ,
[C1CaIm]INTRFS;, - -, [C1Celm]INTRI; —. —.—, [C1CaIm]INTEI; 7, [C4(CH2CeHs)I]INTf;]
+0.33 mol L' LiNTfy; V,[C:(CH,CeHs)Im]NT,] + 0.18 mol L' Ni(NTf), and

¥, [C1(CH,CeHs)IM][NTH,] + < 0.01 mol L™ Cu(NT#,),
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Group contribution models have been developed for the prediction of the
volumetric properties of ionic liquids.?”*®? The molar volume of an ionic liquid can be
calculated as the sum of the effective molar volumes of the component anions, at a
given temperature, as observed by Canongia Lopes et al*® Based on this
observation, Jacquemin et al.?’ developed a group contribution model that uses the
sum of the effective molar volume of the component ions to predict the molar volume
of several ionic liquids, as a function of temperature, with a £0.5% uncertainty. The
densities of the previously mentioned ionic liquids were calculated using this tool. The
structure of the cation of the ionic liquid is decomposed in several simple groups,
each having their contribution for the molar volume of the cation. For

[C1(C3HsCH2)IM][NTf;] we consider that the molar volume of the cation,

Mic1(CaHsCH ImIINTF 51 - 1S €qual to:
Vicy(C3H5CH2)Im]INTH] = V[eicp Im] +VocH= +V=cH, (2.4)

Where  Vieoom]s Ve and V=C,:./2 are the contributions of the

1-ethyl-2-methylimidazolium cation and the —CHy = and the terminal = CHy groups

of the alkyl chain of the cation, respectively. The molar volume of each group as a

function of temperature is expressed by?’:
2
group(T): _zCi (T _298) (2.5)

where the parameters C; are determined from experimental densities.
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Table 2.10 - Parameters C; associated with equation 2.5, used to predict the variation with
temperature of the molar volume contribution of an ion, at 10° Pa

Group Colcm®-mol™'  103cq1em® -mor™'-k1  10%Cy1em3mor1. k2
[C:Cylm] 84.12 1.516 490.3
[C1Colm] 100.0 69.55 29.96
[C1Cylm] 117.2 42.54 1231
[C1C4lm] 134.3 88.90 43.04

[C1(CHCeHs)Im] 146.7 146.9 675.9
[NTF,] 157.6 104.3 50.52
[DCA] 59.39 -11.18 551.8

[C1(C2H,CH)Im]? 103.4 58.24 58.03

[C1(C3HsCH,)Im]? 126.7 79.72 75.20

[C/C:CNImJ? 126.2 67.38 58.69
[CHPO,J? 70.43 23.70 21.07
[Lev]® 97.46 31.45 21.18

@ Determined in this work

It wasn’t possible to predict the molar volume of [CiC4Iim][C{HPO3],
[C1(C2H2CH)IM][NTf,], [C1C3CNIM][NTS,], [C1(C3HsCH2)Im][NTf,], and [C1C4lm][Lev],
due to lack of information on the molar volume contribution of the functional groups of
the alkyl chain or on the levulinate or methylphosphite anions. In these cases, their
contribution parameters were calculated and are reported in table 2.10.

It was possible to predict the molar volumes of [C4(CH2CgHs)Im][NTT,],
[C1C4Im][DCA], [C41C3CNImM][DCA] and [C1C4Im][NTf;]. For [C4(CH2CsHs)Im][NTf2],
the deviations from the predicted values starting from +0.37% at 283K to -2.33% at
373 K. For [C{C4Im][DCA], the deviation from the predicted values starts from
+0.28% at 293 K to +1.53% at 353 K. In both cases, the deviations at lower
temperatures are coherent with the 0.5% uncertainty claimed for this prediction
method. At higher temperatures, the deviations increase but are still acceptable.
These deviations are due to the few data available at higher temperatures for the
construction of the model. For [C{C3CNIm][DCA], the data obtained for his NTf,-
based counterpart were used to predict its molar volume. The values predicted agree
with the measured ones within +1.6% in the whole temperature range. For

[C1C4Im][NTF,], a constant deviation of +0.1% is found for the whole temperature
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range, well within the uncertainty of the model, as expected for an ionic liquid with a
good amount of density data available.

The comparison between the density results obtained and the results from the
literature will allow some insight about the accuracy of our results, experimental
procedure and purity of the samples. The relative deviations between the
experimental data and the data reported in the literature were calculated and are

presented in figures 2.2 and 2.3.

S 1%

-0.4k ]

300 320 340 360
T/K

Figure 2.2 - Relative deviations between the experimental density of the ionic liquid [C1C4Im][NTf;] in

this work and data reported in the literature as a function of temperature. Measurement method, water,
halide contents and purity of the ionic liquid are depicted in table 2.11. @, this work, deviation of the

experimental densities from the values obtained using equation 2.3. X, Oliveira et al.*'; vV, Corderi and

Gonzélez32; /\,Seoane, Gonzéalez and Gonza’lezss; O, Castro et al.34; <>, Wandschneider et al.35; A,

Azevedo et al.*®; O, Andreatta®”; O, Jacquemin et al.®; 0, Jacquemin et al.®®; X, Vranes et al.*®; O,
Harris, Kanakubo and Woolf*'; A, Krummen, Wasserscheid and Gmehling*’; ¥, Katsuta et al.**; X,

Troncoso et al.**; +, Troncoso et al.**; O, Jacquemin et al.*’; 1, Shirota®®; A, Dominguez'’; V,

Geppert-Rybczyhska48; X, Tokuda et al.*’; V, Fredlake et al.>® and O, McHale et al.*

The amount of halide and water in each [C1C4Im][NTf,] ionic liquid sample are
presented in table 2.11, along with the method used and corresponding

measurement uncertainty.
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Table 2.11 - Purity, halide and water amount in several [C;C4Im][NTf,] samples in the literature mentioned in figure

2.5, density measurement method used with corresponding uncertainty

Purity /% Halide amount /ppm Water amount /ppm Method Uncertainty /Kg m™  Reference

99 - 70 vibrating-tube +0.1 This work
99 - 235 vibrating-tube 10.5 31
99 <90 10 vibrating-tube +0.03 32
>99 <100 10 vibrating-tube +0.03 33

- 200 <120 vibrating-tube +6 34

chloride not detected by

- the silver nitrate test <215 vibrating-tube +0.1 35
] chloride not detected by <75 vibrating-tube +0.3 36
the silver nitrate test
- bromlde not detected t?y 46.3 vibrating-tube +0.03 37
capillary electrophoresis
>99 <50 <50 vibrating-tube +6 38
>99 <50 <50 vibrating-tube +1 39
99 - 1 vibrating-tube +0.07 40
] chioride not detected by <19 vibrating-tube +0.05 41
the silver nitrate test

- - <100 vibrating-tube - 42

- 2.3 8 vibrating-tube 11 43
>909.8 130 - vibrating-tube +0.01 44
>99.5 20 - vibrating-tube 10.01 44
>99 <50 <50 vibrating-tube +0.01 45
>99 - 176 to 256 vibrating-tube +8 46
- 90 10 vibrating-tube +0.03 47

- - 39 vibrating-tube +0.02 48

- - <40 vibrating-tube 11 49
>99 - 460 pychometer +1 50
- <5 96 vibrating-tube - 52
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The large majority of the density results for [C1C4Im][NTf,] agree with ours
within £0.2% and our sample is generally less dense. The density results from

Wandschneider et al.,>® Vranes et al.,*° Tokuda et al.,*® and Fredlake et al.*

report
densities that greatly deviate from our results when increasing the temperature, to
half or twice as much than the initial deviation. This may indicate that the reported
measurements present a poor temperature control. Taking into account the reported
results that include the purity of the samples and that agree with ours within £0.1%,

we can estimate that the amount of chloride in our sample between 5 ppm and 200

ppm.
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Figure 2.3 - Relative deviations between the experimental density of the ionic liquids [C4C4Im][DCA]
(black symbols), [C4(C,H,CH)Im][NTf,] (red symbols), [C{C;CNImM][NTf,] (green symbols),
[C1C3CNIm][DCA] (grey symbols), [C1(CH2CeHs)Im][NTf,] (light blue symbols) and [C,C,Im][C{HPO;]
(blue symbols) in this work and data reported in the literature as a function of temperature.
Measurement method, water, halide contents and purity of the ionic liquids are depicted in table 2.12.

O/0/0/O]0]0, this work, deviation of the experimental densities from the values obtained using
equation 2.3. [>, Fredlake et al.’%; X, Stoppa et al.’'; V, McHale et al.’*; A, Sanchez et al.’®; O,
Carvalho et al.**; O, Zech et al.>®; —, Mahurin et al.°®; O, Carlisle et al.°%; O, Carlisle et al.”®; A, Zang

et al®’; 1, Zang et al.®; 11, Onhlin et al.®"; 0, Dzyuba et al.’%"/, Mandai et al.’’; /., Mahurin et al.*® and

A, Zang et al.®
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For the ionic liquids [C1C4Im][DCA], [C1(C2H2CH)IM][NTf,], [C1C3CNImM][NTf,],
[C1C3CNIm][DCA], [C1(CH2CeH5)Im][NTS;] and [C1C4lm][C1HPO3], the deviations of
the literature from our density results are presented in figure 2.6. The amount of
halide and water in each ionic liquid sample are depicted in table 2.12, along with the
method used and corresponding measurement uncertainty.

In the case of the ionic liquid [C1C4Im][DCA], we observe that the results
reported by Fredlake et al.*’, Stoppa et al.°!, McHale et al.*?>, Sanchez et al.*?

1.54 1.°° agree with ours to within +0.5%. Fredlake’s

Carvalho et a and Zech et a
results present a deviation that increases with the temperature, probably due to a
poor temperature control during the measurement. The deviations from Stoppa et
al®', McHale et al.? Sanchéz et al.’>® and Zech et al.*® results are consistent with the
difference in purity between our sample and the authors’ samples. Sanchéz et al.>®
and Zech et al.®® results present a small and constant deviation throughout the
temperature range. Carvalho et al.>* data also present a constant deviation from our

measurements, but of +0.35%. The result reported by Mahurin et al.*®

present the
largest deviation, +0.7%. This deviation is hard to explain due to the lack of
information about the method used or the purity of the sample. According to these
results, we can estimate the amount of halide content in our sample to be around
2000 ppm.

For [C1(C2H2CH)Im][NTf,] and [C1C3CNIm][NTf,] we observe respectively
+0.15% and +0.25% deviations from the measurements performed by Carlisle et
al., probably due to the low accuracy of the technique used by the authors. For
[C1C3CNImM][NTf,], a+0.19% deviation was obtained when comparing our
measurements with the data from Zang et al.?°. Zang et al.?® also measured the
density of [C1C3CNIm][DCA], for which we obtain a +1.1% deviation from our
measurements. These two deviations are harder to explain because the authors
make no reference to the method accuracy or to impurities that might be present in

the ionic liquid.
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Table 2.12 - Purity, halide and water amount in several ionic liquids from this work and in the literature

mentioned in figure 2.6, density measurement method used with corresponding uncertainty

Purity /% Halide amount /ppm Water amount /ppm Method Uncertainty /Kg m? Reference

[C:C4im][DCA]
98 - 98 vibrating-tube 0.1 This work
- <293 5150 pychometer +1 50
- <5000 <50 vibrating-tube +0.05 51
- 1830 256 vibrating-tube - 52
>97 - <680 vibrating-tube 0.1 53
>99 <100 28 vibrating-tube 0.5 54
- 2100 80 vibrating-tube +0.05 55
- - - - - 56
[C4(C2HCH)IM][NTf]
99 - 95 vibrating-tube 10.1 This work
- - <300 volumetric - 59
[C1C3CNIM][NTf,]
99 - 45 vibrating-tube +0.1 This work
- - <300 volumetric - 59
- - - vibrating-tube - 60
[C1C3CNIm][DCA]
99 - 75 vibrating-tube 10.1 This work
- - - vibrating-tube - 60
[C1(CH2CHs)Im][NTF]
99 - 70 vibrating-tube 0.1 This work
- - - - - 61
- - - vibrating-tube - 62
- - - vibrating-tube - 57
- - - - +14 58
[C1C4Im][C4HPO;]
99 - 156 vibrating-tube 0.1 This work
- - 300 pychometer +50 63
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For [C1(CH2CgH5)Im][NTf,], our data were compared with the measurements
of Mandai et al.,>’ Mahurin et al.,®® Ohlin et al.®' and Dzyuba et al.®? With the
exception of the measurements by Mahurin et al.*®, the reported results agree with
ours within £0.3%. The larger deviation is probably due to poor temperature control
during the measurement. The data obtained here are more accurate than any of the
measurement presented in the literature for this ionic liquid.

For [C1C4lm][C1HPO3], the density results obtained are 0.4% higher than the
one reported by Palgunadi et al.,®® as can be expected because the authors used a
much less precise method.

For density measurements performed with a vibrating tube element, a viscosity
correction in density should be taken into account for highly viscous fluids. Such
highly viscous liquid present shear forces that will cause a damping effect in the

34,37,44,48,51,53 discuss

oscillation or rotation of the moving element. Only a few authors
or take into account this effect, which has a contribution of up to +0.07% in the

deviations observed.
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2.6 Viscosity measurement

All the viscosity measurements were performed with an Anton Paar AMVn
rolling ball viscometer at atmospheric pressure and at temperatures between 293.15
K and 373.15 K. The rolling ball technique consists of the measurement of a ball’s

rolling time in a diagonally mounted glass capillary filled with sample. The rolling time

of the ball, t1, is related to the viscosity of the fluid, 7, by:

n=Kilop — o1 4 (2.6)

where Kj is the calibration constant of the measuring system, pg, is the density of

the ball and py is the density of the ionic liquid sample. For each temperature, 3

inclination angles were used, with 12 repetitions each. The applied shear rate is
influenced by changing the inclination angle of the capillary. The response of the
sample to different shear rates allows to determine if the fluids are Newtonian or
non-Newtonian.®* The temperature was controlled to within 0.01 K and measured
with accuracy better than 0.05 K. The falling time is measured within 0.001 sec and
with a maximum accuracy of 0.002 sec. The measurements were performed using a
1.8 mm or a 3.0 mm diameter capillary tube that were calibrated as a function of
temperature and angle of measurement using standard viscosity oils from Canon;
N35, S60, N100 and N350, with approximate viscosity values of 56 mPa s, 105 mPa
s, 203 mPa s, and 602 mPa s respectively, at 298.15 K. 2 to 3 mL of sample are
necessary to fill the capillaries. The overall uncertainty on the viscosity was evaluated

to be lower than 2%.
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Table 2.13 - Experimental values for viscosities, 77, of the studied ionic liquids, for temperatures between 293

K to 353 K and at atmospheric pressure

[C1(C.H,CH)Im][NTf,] [C1(C3HsCH)Im][NTH,]

T/K nlmPa-s TI/K nlmPa-s
298.15 57.77 293.15 60.45
313.15 30.99 303.15 39.65
333.15 16.62 313.15 27.52
353.15 10.25 323.15 19.96
373.15 7.000 333.15 14.92
343.15 11.56
353.15 9.208

[C1C3CNImM][NTf,] [C1(CH,CsH5)Im][NTf,]

TI/K nlmPa-s TI/K nlmPa-s
298.15 215.3 293.15 197.8
303.15 161.9 303.15 104.6
313.15 95.20 313.15 62.33
323.15 60.88 323.15 40.34
333.15 41.30 333.15 27.95
353.15 21.78 343.15 20.15
353.15 15.48
[C:C4Im][DCA] [C1C;CNIm][DCA]

T/K nlmPa-s TI/IK nlmPa-s
298.15 29.08 298.15 147.9
303.15 24.60 303.15 112.5
313.15 17.67 313.15 69.01
323.15 13.38 323.15 44.86
333.15 10.46 333.15 31.15
353.15 6.852 353.15 17.29
[CiCslm][LevV] [C1C4Im][C HPO;]
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T/K nlmPa-s T/K nlmPa-s

303.15 1441.0 298.15 99.68
313.15 619.6 303.15 72.46
323.15 300.2 313.15 44.32
333.15 165.0 323.15 29.50

333.15 20.56

353.15 11.37

[C1(CH2CeHs)Im][NTf,] + 0.33 mol L™ LiNTf, [C1(CH,CeHs)Im][NTf,] + 0.18 mol L™ Ni(NTf,),
T/K nlmPa-s T/K nlmPa-s

298.15 200.4 298.15 212.3
303.15 146.8 303.15 154.4
313.15 79.46 313.15 87.40
323.15 51.77 323.15 54.30
333.15 34.69 333.15 36.32
353.15 18.36 353.15 19.26
373.15 11.36 373.15 11.58

[C1(CH206H5)Im][NTf2] + < 0.13 mol L-1 Cu(Nsz)z

TI/K nlmPa-s
298.15 189.4
303.15 138.6
323.15 54.31
333.15 34.92
353.15 18.37
373.15 11.51
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All the ionic liquids and ionic liquid solutions presented the same viscosity for
each measurement angle, and are therefore considered to be Newtonian fluids.
The experimental data were fitted as a function of temperature to a

Vogel-Fulcher-Tammann (VFT) equation®:
k
=CxT"exp| —— 2.7
n=Cx Xp[T—TO] (2.7)

where T,, C and k are adjustable parameters. T, is sometimes designated as
Vogel temperature or ideal glass transition temperature. It corresponds to the
temperature at which the viscosity starts to diverge from an Arrhenius type equation

and typically lies a few tens of degrees below the glass transition temperature, Tg.

The Arrhenius equation for viscosity has the form>®;

E
n=1y exp(— R—;j (2.8)

where 77.,,Egand R represent viscosity at infinite temperature, the activation
energy and the gas constant, respectively. The VFT equation is an extension of the
Arrhenius equation and was introduced since the latest could not account for the
slight curvature of the In; vs 1/T plot (Arrhenius plot of viscosity), typically observed
for good glass-forming materials, such as ionic liquids. This departure from linearity
of an Arrhenius plot of viscosity, at temperatures close to the glass transition
temperature, T, is designated fragility. Fragility is a measure of the sensitivity of the
liquid structure to changes in the temperature. Liquids with a VFT type of behavior
are more fragile than the ones with an Arrhenius type of behavior. The fitting to the
VFT type equation is usually done in a limited temperature range, resulting in the

possibility of finding several sets of best fit parameters for the same experimental

data. This should be taken into account when trying to extract fit parameters with

physical meaning, and the viscosity obtained in the limit T—>Tg with the fit

parameters should have a reasonable value.®®"%%% However, since our goal was to

find the parameters that would simply allow a correlation of the viscosity in the
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temperature range, the physical meaning of the parameters was not taken into
account. The parameters of the fits are reported in Table 2.14 and the experimental
viscosity of several ionic liquids and ionic liquid solutions is presented as a function of

the temperature in figures 2.4 and 2.5.

Table 2.14 - Vogel-Fulcher-Tammann equation parameters obtained for the measurements of viscosity, n, of ionic

liquids for temperatures between 283 K and 373 K

lonic liquid kKK)  ci10(mPa-s-k12)  Tolk)  AAD (%)
[C+(CoHoCH)IM][NTH,)] 659 1.7 182 0.3
[C+(C3HsCHo)Im]INTF,] 958 4.38 150 0.2
[C1CsCNIM][NT,] 998 4.70 172 0.7
[C1(CH,CeHs)Im][NTf] 644 12.8 199 0.3
[C;C4Im][DCA] 861 5.53 148 0.7
[C1CsCNIm][DCA] 906 5.78 174 0.4
[C1Cylm][Lev] 1196 210 190 0.5
[C1C4Im][C1HPO;] 390 12167 219 1.6
[C1(CH,CgHs)Im]INTF,] + 0.33 M LiNT, 547 7797 208 2.3
[C1(CH,CgHs)Im][NTS,] + 0.18 M Ni(NTf,), 633 5609 200 0.6
[C1(CH2CsH5)IM][NTS,] + 0.13 M Cu(NTf,), 672 5291 194 1.9

The viscosity of the ionic liquids decreases in the following order:
[C1Cslm][Lev] > [C41C3CNImM][NTf] > [C1C3CNImM][DCA] > [C1(CH2CsHs5)Im][NTf,] >
[C1CsIm][NTF] > [C4C4lm][C1HPO3] > [C1Celm][NTF] > [C4(CoH2CH)IM][NTf,] >
[C1C4Im][NTS;] > [C1(C3H5CH2)Im][NTf,] > [C1C4lm][DCA]. We observe that for ionic
liquids sharing the same anion, the viscosity increases with the increase of the cation
alkyl chain length. Taking [C1C4Im][NTf,] as a reference we observe that changing
the anion to DCA’ or to Lev’ results in a decrease in viscosity of 33% in the first case
and in an increase of up to 36 times in the second, in the temperature range.
Substituting the butyl group of [C1C4Im][NTf,] by propynyl, butenyl, cyanopropyl or
benzyl groups causes an average increase in viscosity of 12%, 1%, 2-4 times and 2-
3 times, between 298 K and 353 K.
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Figure 24 -  Experimental viscosity of ionic liquids: A, [C1(CoH,CH)IM][NTT,];
[, [C1CsCNIm]INTE,];  V, [C4(CH,CeHs)Im][NTF,]; O, [C4(CsHsCH,)Im][NTS,]; [>, [C4C3CNIm][DCA];
+, [C1Cqlm][LeV]; O, [C1C4Im][C{HPO;]; ¢, [C1C4Im][DCA] with the
temperature. e , [C1C3Im][NTFI%; R [C1C4Im][NTf,]"%;
...... , [C1CelmIINTR"; —. —._, [C1Calm]INTF,]®

99



200r il
150
2}
®©
o
£
— 100r 1
50 0
300 320 340 360 380
T/K
Figure 25 - Experimental viscosity of ionic liquids:
V, [C1(CH,CeHs)IM][NTT,];  V, [C1(CH2CgHs)Im][NTT,] + 0.33 mol L LiNTfy;

V, [C4(CH,CgHs)IM][NTf,] + 0.18 mol L’ Ni(NTf,), and V, [C1(CH,CgsH5)Im][NTf,] + < 0.01 mol L
CU(NTf2)2

Substituting the alkyl chain of the cation of [C1Cglm][NTf,] from octyl to benzyl
causes an increase of 10% in viscosity between the temperatures of 298 K and 353
K. Changing the phenyl substituent of [C1(CH,CgsH5)Im][NTf,] by a cyclohexyl leads to
a 2 times increase in viscosity.73 When the anion of the ionic liquid is the
dicyanamide, adding a nitrile functional group to the end of the butyl chain causes an
increase in viscosity of 3-5 times in the temperature range.

Adding metallic salts to an ionic causes an increase in the viscosity of
[C1(CH2CeH5)IM][NTS,]. The increase is up to 42%, 50% and 34% for the addition of
0.33 mol L™ of lithium, 0.18 mol L™ of nickel and for less than 0.01 mol L™ of copper
salts respectively and at 298 K, as can be observed in figure 2.5.

When possible, the results obtained were compared with the literature.
Viscosity is very sensitive to the presence of impurities, and the comparison will allow
some insight about the purity of the samples.

The relative deviations between the experimental data and the data reported

in the literature were determined and the results of this analysis for [C1C4Im][DCA],
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[C1(CH2CgHs)Im][NTf], [C1(C3H5CH2)Im][NTT], [C1C3CNIM][NTf,] and
[C1C3CNIm][DCA] are presented in figure 2.6.
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Figure 2.6 - Relative deviations between the experimental viscosity of the ionic liquids [C1C4Im][DCA]
(black symbols), [C1(CH,Cg¢Hs)Im][NTf,] (pink symbols), [C4(C3HsCH,)Im][NTf,] (light blue symbols),
[C1C3CNIM][NTf,] (green symbols) and [C;C3;CNIm][DCA] (grey symbols) in this work and data
reported in the literature as a function of temperature. Water, halide contents and purity of the ionic

liquid are reported in table 2.15. O/O/0O/O/O, this work, deviation of the experimental viscosities from
the values obtained using equation 2.5. ¥V, McHale et al.’%; A, Sanchéz et al.’®; O, Carvalho et al.**;

—, Mahurin et al.>®: , Orita et al.74; /\, Mandai et aI.57; 1, Mahurin et a/.58; O, Zang et al.eo; A,

Xing et al.”®; and [, Zang et al.®®

Carvalho et al.>* data on [C1C4Im][DCA] present deviations that decrease with
temperature, from +9.4% at 298.15 K to +1.4% at 343.15 K. This is probably due to
the larger amount of impurities present in our sample. Because of the fast decrease
in viscosity with the temperature, the effect of the impurities also decreases.*® The
+13% deviation between our measurements and those reported by Mahurin et al.*® is
hard to explain as the authors do not describe their sample or experimental method.
Our viscosity data agree with that published by McHale et al.*? to within +1.0% at
298.15 K, indicating that the amount of impurities in both samples is similar. Our data

also agrees with those reported by McHale et al.’? and Sanchéz et al.>® at lower
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temperatures, but a deviation of -31% is observed at 353.15 K. This abrupt decrease
in deviation can probably be explained by a poor temperature control.
For the ionic liquid [C4(CH2CeHs)Im][NTf,] two references were found.

1.5 1.%8 viscosity

Mandai et al.”" results present 13% less viscosity than ours. Mahurin et a
data present a constant deviation of -57% in the temperature range covered. Both
deviations are hard to explain. In the first case, because the authors claim that their
ionic liquid sample has a water content of less than 150 ppm, a value higher but
sufficiently close to ours. In the second, there is a lack of information about the purity
of the sample used by the authors, but the result is consistent with the presence of a
higher amount of water.

For [C1(C3sHsCHa)Im][NTf,], Orita et al.”* obtained a viscosity 10% lower than
ours at 298 K. The amount of water in the author's sample is consistent with ours;
this may indicate that our sample contains a larger amount of halide impurities than
the amount indicated by the authors, 150 ppm. The comparison of our viscosity
results for [C1C3CNImM][NTf,] and [C1C3CNIm][DCA] with the results from Zhang et
al.® led to deviations of +0.15% and +39%, respectively. It is hard to discuss the
reasons for these deviations due to lack of information about impurity amount in the
author's samples. The results obtained by Xing et al.” for [C1CsCNIm][NTf,] agree

with ours within to +0.04%.
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Table 2.15 - Purity, halide and water amount in several ionic liquid samples from this work and in the literature,

viscosity measurement method used with corresponding uncertainty

Purity /% Halide amount /ppm Water amount /ppm Method Uncertainty /% Reference

[C1C4im][DCA]
98 - 98 rolling ball +2 This work
- 1830 256 rotating £1 52
spindle
>97 - <680 Ubbelohde 11 53
>99 <100 28 Stabinger +0.35 54
- - - - - 56
[C1(C3HsCH2)Im][NTf,]
99 - 95 rolling ball 12 This work
- <150 <100 - - 74
[C1C3CNIM][NTf,]
99 - 45 rolling ball 12 This work
- - - Stabinger - 60
) ) ) rotating ) 75
cone/plate
[C1C3CNIm][DCA]
99 - 75 rolling ball 12 This work
- - - Stabinger - 60
[C1(CH2CgHs)Im][NTT]
99 - 70 rolling ball 12 This work
- - <150 rolling ball - 57
) ) ) rotating ) 58
cone/plate
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Conclusions

A series of imidazolium based ionic liquids were synthesized via a one-step or
two-step synthesis path, with purities of at least 99%. The ionic liquids were
characterized by proton and carbon NMR spectroscopy, high resolution mass
spectroscopy and their density and viscosity were measured. Solutions of ionic liquid
with metallic salts were also characterized in terms of their density and viscosity.

The ionic liquid with highest density is [C1(C2H2CH)Im][NTf,] and the one with
the lowest is [C1C4Im][DCA]. The ionic liquid with highest viscosity is [C1CsIm][LeV]
and the one with lowest is [C1C4Im][DCA]. The unsaturations can lead to viscosities
up to 2 times greater than in ionic liquids with saturated side alkyl chains.

Density measurements are a popular and reliable ionic liquid characterization
method. The method is sensitive to impurities, easy to perform, fast and inexpensive,
which makes a good candidate to complement or verify the purity of a sample. In
more recent years, more effort has been made into detailing the purity of the ionic
liquid and the accuracy of the density method employed, making the assessment of
purity easier.

The solubility, at 303 K, of the selected metallic salts in [C1(CH2CesHs)Im][NTT,]
roughly decreases with the size of the metallic cation for then salts studied. For the
LiNTf, salt the solubility in [C1(CH2CgHs)Im][NTf,] is greater than 2 M, for Ni(NTf,),
the solubility is between 0.5 M and 2 M and for Cu(NTf;), is lower than 0.01 M
between 303 K and 363 K. Solutions of [C4(CH2CsHs)Im][NTf,;] with LiNTf, with
concentration of 0.33 mol L™; with Ni(NTf,), with 0.18 mol L™ concentration and with
Cu(NTf,), at less than 0.01 mol L. The addition of these metallic salts to the ionic
liquid caused an increase its density of up to 2% for the salt types and concentrations
studied. The addition of these metallic salts to the ionic liquid caused an increase in
viscosity of 42%, 50% and 34% at 298 K for the lithium, nickel and copper salts
respectively.

Due to the great impact of impurities in the physicochemical properties of the
ionic liquids, it is critical to determine and report the purity of the sample and the
synthetic route used to obtain it. In recent years, there has been an increasing effort

in this sense and in finding synthetic routes avoiding the use of halogenated salts.
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Chapter 3

Ethane and Ethene Solubility in lonic Liquids
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In this chapter the original experimental data of the solubility of ethane and
ethene in selected imidazolium based ionic liquids will be presented.

The high solubility of unsaturated hydrocarbons in ionic liquids compared with
their saturated counterparts has been explained by the favorable electrostatic
interactions between the cation of the ionic liquid and the Tr-system of the solute.’?
Other interactions have been evoked to explain the solvation properties of
hydrocarbons in ILs e.g. hydrogen bond between the gas and the anion, anion-1r
interaction between the gas and the anion and/or 1-11 interaction between the gas
and the cation. >° It has also been reported that, in the presence of a metal ion, a
higher solubility for alkene gases versus alkanes, is observed due to a m-complex
bond formation between olefins and some transition metal ions.*

Four groups of pure ionic liquids were selected in order to study the influence
of different functional groups or anions in the solubility and ideal selectivity of ethane
and ethane. The first group of ionic liquids was used as a reference and served as an
indicator of the influence of the length of the alkyl side chain of the cation;
1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [C1C4Im][NTf,] and
1-methyl-3-octyl-imidazolium bis(trifluoromethanesulfonyl)imide, [C1Cglm][NTf]. A
second group was used to test the influence of the presence of unsaturations in the

alkyl side chain of the cation; 1-methyl-3-(propyn-3-yl)imidazolium

bis(trifluoromethanesulfonyl)imide, [C1(C2H2CH)IM][NTT,];
1-(buten-3-yl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
[C1(C3H5CH2)Im][NTf], 1-benzyl-3-methylimidazolium

bis(trifluoromethanesulfonyl)imide, [C1(CH2CsHs)Im][NTf,]. The third group consisted
in a systematic study of the influence of the cyano groups, due to the apparent
positive effect in the selective absorption of propene in propane/propene mixtures>;
1-butyl-3-methylimidazolium dicyanamide, [C41C4Im][DCA];
1-(3-cyanopropyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
[C1C3sCNImM][NTf,]  and 1-(3-cyanopropyl)-3-methylimidazolium  dicyanamide,
[C1C3CNIm][DCA]. The forth group consists of an ionic liquid with a phosphite based
anion, 1-butyl-3-methylimidazolium methylphosphite, [C1C4Im][C1HPOs3].

A study of the influence in ethene absorption of the presence metallic salts in
1-benzyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,

[C1(CH2CeH5)IMm][NTS,] was also performed. Three metallic salt-ionic liquid solutions
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were prepared with the following concentrations: LiNTf, at 0.33 mol L Ni(NTf,), at
0.18 mol L™" and Cu(NTf,), at less than 0.01 mol L.
Our first publications in international peer-reviewed journals can be found in

appendix 3.
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3. Gas Solubility in ionic liquids

The gas solubility measurements were performed using an isochoric
saturation method that allows the determination of the solubility at pressures close to
the atmospheric pressure and at different temperatures. In this method a known
amount of gas is put in contact with a precisely determined quantity of degased ionic
liquid. The pressure at thermodynamic equilibrium allows the determination of the
amount of gas absorbed by the ionic liquid. The experimental method is

schematically represented in figure 3.1.23:2%2

Pure gas Pure ionic

VT Mass and
meas':nement xolumeof
sample

- -
) )

Equilibrium Degassing
;K—)

New temperature pvT
measurement
-

Solubility

Figure 3.1 - Scheme of the experimental method for the measurement of solubility

The experimental device used is depicted in figure 3.2. The equilibrium cell
(EC) is placed in a thermostated water bath (TB). The temperature is controlled
through a PID controller (Hart Scientific model 2200, resolution £0.01 K) and is
measured with a 100 Q platinum resistance thermometer (Hart Scientific model
1502A with a NVLAP-accredited calibration probe, model 5615, accuracy of + 0.010
K at 273.15 K). The equilibrium cell includes a manometer (M) (Druck RPT350S,

117



pressure range from 35 to 2620 mbar, accuracy of £0.01% full scale) and a glass
bulb (GB) where the gas is kept.

Gas in
VG

&

VP TP c2

EC

Figure 3.2 - Solubility apparatus used in this work: (VP) vacuum pump; (TP) cold trap; (VG) vacuum
gauge; (GB) gas bulb; (M) precision manometer; (TB) thermostated bath; (EC) equilibrium cell; (V1,

V2) constant volume glass valves; (C1, C2) vacuum o-ring connections.

Before the equilibrium cell is assembled, the volume of the glass bulb (GB)
was calibrated with degased distilled water at 2 temperatures. The total volume of the
assembled cell is also calibrated at two temperatures by a gas expansion method.

The first step of the solubility measurement consists in filling and isolating the
gas bulb with a known amount of gas at a known temperature, closing the V2 valve.
Then, a precise amount of ionic liquid measured gravimetrically is introduced in the
cell through the C2 connection. The study of variation of the density of the ionic liquid
with the temperature at atmospheric pressure allows the determination of the volume
it occupies in the cell at each temperature. This value is considered to be equal to the
volume occupied by the solution after saturation with the gas. After degassing, the

ionic liquid is put in contact with the gas, which was kept in the gas bulb. The contact
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between them is optimized by stirring the liquid.” The temperature and pressure of
the cell are registered throughout the entire measurement. After thermodynamic
equilibrium is attained, a new temperature is set. The gas solubility is typically
measured at five temperatures between 303.15 K and 343.15 K. To ensure the
accuracy of the results, at least 3 independent measurements are performed for the
same system.

In the first pVT measurement, the amount of gas in the gas bulb, ng’t, can be

determined:

tot PiniVini
nlot _ (3.1)
2 [ZZ (pini, Tini)R Tini]

where pjpi, Tipj and Vi,; are the initial pressure, temperature and volume of the gas
bulb, respectively, before the insertion of the ionic liquid; R is the gas constant and
Z5 is the compressibility factor of the pure gas (subscripts 1 and 2 represent solvent

and solute, respectively). The compressibility factor is calculated by

Z5(pini:Tini) =1+ —;g;.mziz (3.2)

where Byo is the second virial coefficient of the pure gas, obtained from the

compilation of data by Dymond and Smith.® We consider that the ionic liquid presents

a negligible vapor pressure in the range of temperatures covered, and so the total
amount of liquid is equal to its amount in the liquid solution, n1”q, and that the only

contribution for the equilibrium pressure is from the solute.
The second pVT measurement is performed when the thermodynamic

equilibrium is attained, after the contact between the gas solute and the ionic liquid.

a

The amount of free gas in the cell, n; P is given by

nvap . pGQ(\/tOt _\//IQ) -
2 lZ2(Pequeq)QTqu

(3.3)

A glass coated magnetic stirrer was used
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where p., and T., are the pressure and temperature of the cell after the

thermodynamic equilibrium is reached. V¢ and Vj;, are the total volume of the cell
and the volume occupied by the ionic liquid, respectively, at the equilibrium

temperature. The amount of solute in the ionic liquid sample, ngq, is given by
n/2’ 9= plet _ ny@P (3.4)
The solubility can be expressed as the solute mole fraction, Xo,

(p,T) nlziq (3.5)
X2 P, = .
nlz’q + n4’q

Value which can be used to calculate the Henry’s law constant,

P F9p,T,x7)
H = -

(3.6)
x2—0 X2

where X5 is mole fraction of the solute and f2”q is its fugacity in the liquid phase. At

the thermodynamic equilibrium, 9 is determined:

i
leq = fzvap = ¢2(peaneq,YZ)Y2peq (3.7)

with fz"ap is the fugacity in the vapor phase, ¢o is the fugacity coefficient of the solute

and yo is the mole fraction of the solute in the gas phase, in the present case is

equal to one, due to the negligible vapor pressure of the ionic liquid. Therefore

equation 3.7 becomes

£ = 45 (Peg Teq Peq (3.8)
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And by substitution in equation 3.6,

#2(Peg: Teq I
Ky = eqxze" eq (3.9)

The fugacity coefficient of the solute, ¢o, can be determined by

Boo T,
%M}exp[zz(peq,req)—ﬂ (310)

) (peq’ Teq ) = exPl:
eq

The Henry’'s law constants calculated from the experimental solubilities were

fitted to a power series in T
5 a i
In[KH/‘IO Pa]: > Ai(T/K) (3.11)
i=0

For the metallic salts-ionic liquid solutions, the absorption results can be

expressed as solute mole fraction, X,

lig
T)= "2 (3.12)
Xo(p,T)= g liq | iq '
1 2 metal

or as the amount of solute per amount of metallic cation in the solution, Xgmta/ ,

nliq
X" (pT)= 72— (3.13)
Mmetal
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where n'd

eta) EPresents the amount of metal salt, I’I1I’q the amount of ionic liquid and

ngq the amount of gas solute in the metallic salt-ionic liquid solution.
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3.1 Materials

Linde Gas supplied the gases used for this study: ethane 3.5, mole fraction
purity of 0.9995 and ethene 2.8, mole fraction purity of 0.998. All gases were used as
received from the manufacturer. The metallic salts LiNTfz, Ni(NTfz2)2 and Cu(NTf,),

have been used as received from Solvionic.

Table 3.1 - Representation, name, abbreviation of the ionic liquids used for the solubility measurements

Cation Anion Name Abbreviation
/\\ P 1-methyl-3-(propyn-3-yl)imidazolium
_N 74 C1(CoH,CH)Im][NTF
\@N/ bis(trifluoromethanesulfonyl)imide [CA(CzRCH)mIINT]
/@\ 1-butyl-3-methylimidazolium (C,CalmIINT,]
—N m
NN N bis(trifluoromethanesulfonyl)imide e ?
1-(buten-3-yl)-3-methylimidazolium
’—N@ C1(C3HsCHy)Im][NTF
e i 00 Fo F bis(trifluoromethanesulfonyl)imide [CH(CaRECH)ImIINTE]
4 \\sX 1-(3 1)-3-methylimidazoli
. -(3-cyanopropyl)-3-methylimidazolium
o 3 L2 i N yimiess [CAC5CNIMINTE]
N+ \/\/ bis(trifluoromethanesulfonyl)imide
_——N@ 1-methyl-3-octylimidazolium (C,CalmIINT,]
N m
= \/</\>6\ bis(trifluoromethanesulfonyl)imide e ?
1-benzyl-3-methylimidazolium
) o o [C1(CH,CeHs)Im]INTF;]
N bis(trifluoromethanesulfonyl)imide
/'@\ 1-butyl-3-methylimidazolium (C,C.Im][DCA]
_N i m
P NN N—=N dicyanamide I
/ 1-(3-cyanopropyl)-3-methylimidazolium
_.—N@ //N N/ (3-cyanop F_)y) ) y [C1C3CNIm][DCA]
N \/\/ dicyanamide
H
7\ N 1-butyl-3-methylimidazoli
" yl-3-methylimidazolium
/N@N\/\/ //P\o‘ methylphosphite [C1Calm][C4HPO]

The name and structures of the ionic liquids used are listed in table 3.1. To
remove water, the ionic liquid samples were kept under primary vacuum at least 48 h
prior to use. Before each measurement, the water content of the degassed ionic
liquid was verified with a coulometric Karl Fischer titrator (Mettler Toledo DL32). The

amount of water in each ionic liquid sample is presented in table 3.2.
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Table 3.2 - Amount of water, in ppm, present in the ionic liquid after at least 48 h
under primary vacuum

lonic Liquid Amount of water /ppm Mole fraction of water
[C1(CoHL,CH)IM]INTS,] 95 0.0021
[C1C4IM][NTT,] 70 0.0016
[C1(C3H5CH2)IM][NTT,] 100 0.0023
[C1C3CNIM][NTF,] 43 0.0010
[C1CsIm][NTf,] 63 0.0017
[C+(CH,CeHs)Im][NTF,] 70 0.0018
[C1C4Im][DCA] 98 0.0011
[C1C3sCNIm][DCA] 75 0.00090
[C1C4Im][C{HPO;] 156 0.0020

Three metallic salt-[C4(CH2CgHs)Im][NTf,] solutions were prepared with the
following concentrations: LiNTf, at 0.33 mol L, Ni(NTf,), at 0.18 mol L' and
Cu(NTf,), at less than 0.01 mol L.

124



3.2 Ethane and ethene solubility

For each ionic liquid-gas pair, several solubility experimental data points were
measured for temperatures between 303 K and 343 K in steps of approximately 10 K.

The experimental solubilities for ethane and ethene in the ionic liquids
[C1(C2H2CH)IM][NTf,], [C1(C3H5CH2)Im][NTf,], [C1(CH2CeHs)Im][NTf,],
[C1C4lm][DCA], [C1C3CNIM][NTfy] and [C1C3CNIm][DCA] and [C1C4Im][C1HPO3], and
for ethene in [C1C4Im][NTf,] and [C1Cglm][NTf,] are reported in table 3.3 and figures
3.31t03.8.

Table 3.3 - Henry’s law constants, Ky of ethane, C,Hg, and ethene, C,H, in pure ionic liquids, along with their

solubility as gas mole fraction, x,, corrected for a partial pressure of solute of 0.1 MPa®

[C1C4Im][NTf,] + C,H, [C1CsIm][NTf,] + C,H,
K X K X
% 1 OfPa 1 05HPa 1 o33 Yadev % 1 OfPa 1 05HPa 1 033 Yodlev
283.67  803.0 54.62 18.19 +0.2 | 303.17  647.9 54.03 18.41 0.7
293.76  833.8 63.91 15.56 +0.1 | 30357 893.2 52.52 18.94  +2.8
303.57  872.4 75.11 13.24 1.3 | 30357 8784 55.14 18.04 2.1
303.57  863.3 73.67 13.50 +0.6 |313.17 6714 62.12 16.02 1.3
313.59  903.0 86.32 11.53 0.8 |[31358 924.4 60.44 16.47  +2.0
32361  923.2 96.64 10.30 +1.9 |323.16 694.7 70.93 14.04 1.2
323.61  933.3 98.55 10.10 0.1 | 32359 940.1 72.15 13.80 2.3
33363  963.6 112.6 8.847 +0.0 | 32359 9554 69.09 14.41 +2.1
34365  993.9 128.9 7.732 05 |[333.16 717.7 80.57 12.36 0.6
333.59  986.4 79.21 1258 +1.7
343.16  740.7 91.35 10.91 +0.1
34359 1001 93.45 10.66 1.6
343.60 1017 90.95 10.95  +1.1
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[C4(C2H,CH)Im][NTf;] + CzHe

[C4(C.H,CH)Im][NTf,] + CzH,

K X K X
% 1 OfPa 1 057=a 1 033 vodlev % 1 OfPa 1 057=a 1 o33 Yodlev
303.56  663.6 174.9 5.692 0.2 | 303.16  658.4 113.4 8.787 -2.0
303.57  654.7 175.4 5.674 05 | 303.16  659.3 111.4 8.947 -0.2
303.57 9104 172.5 5.760 +1.2 | 30357  653.0 109.3 9119  +2.3
313.56  686.1 204.6 4.865 19 |313.16 681.0 127.7 7.804 1.2
313.58  676.8 201.8 4.933 06 |313.16 681.9 126.4 7.885 -0.1
31359  941.2 197.6 5.029 +16 | 31358 675.6 125.2 7.963  +1.4
323.54 708.3 234 .4 4.248 -1.3 323.11 703.5 145.3 6.860 -2.0
323.60  698.9 233.6 4.263 09 |[323.16 704.4 141.4 7.050  +0.7
323.62  972.1 227.6 4.368 +1.8 | 32359 697.9 141.7 7.037  +1.1
33350  730.3 265.6 3.751 +0.6 |333.08 7257 161.9 6.159 1.4
333.61 7208 267.0 3.731 +0.3 | 333.15 726.7 158.5 6.293  +0.8
333.64  1003.0 265.6 3.745 +0.8 | 33359  720.1 159.5 6.252  +0.7
34341 7525 316.2 3.151 2.3 | 343.05 747.8 179.0 5573 -05
343.63  742.7 303.7 3.281 +2.0 | 343.14 7490 176.9 5638  +0.8
343.70  1034.0 311.8 3.191 05 | 34360 7423 179.8 5.548 -0.4
[C1(C3HsCH2)IM][NTF,] + C,Hs [C1(C3HsCH2)Im][NTf,] + C,H,
K X K X
% 1 OfPa 1 057’a 1 033 Yadev % 1 OfPa 1 057’a 1 o33 Yodlev
303.56  680.4 110.8 8.981 +0.7 | 303.12 646.5 87.30 11.42 -0.4
303.57  685.3 111.9 8.894 0.3 | 303.12 639.2 86.57 11.51 +0.6
313.57  703.6 126.9 7.845 05 |303.16 626.6 86.96 1146  +0.2
313.58  708.7 127.2 7.827 0.7 |313.09 6484 99.47 10.02 0.6
323.59 726.4 141.6 7.034 -0.5 313.12 668.9 99.33 10.04 -04
323.60 7315 138.6 7.182 +1.6 |313.12 661.5 98.88 10.08  +0.0
333.60  749.0 154.9 6.430 +0.2 | 323.00 670.0 112.8 8.841 0.7
333.62  754.6 155.5 6.406 0.2 [323.09 683.6 112.3 8.876 0.2
34361 7717 172.9 5.762 2.2 | 32311  690.9 111.2 8.965  +0.8
343.64  777.1 165.7 6.011 +2.1 [33291 691.3 126.2 7.902  +0.3
333.09 713.0 125.5 7.945  +1.1
342.78  712.8 144 .4 6.906 1.1
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342.94 7273 1443 6.911 -0.9
343.02 7348 141.3 7.056  +1.3
[C4(CH,CeHs)Im][NTF,] + C.Hs [C1(CH,CeHs)Im][NTF,] + C.H,
K X K X
% 1 OfPa 1 057=a 1 o33 Yadev % 1 ofPa 1 057=a 1 o33 Yadlev
30325  656.7 134.4 7.408 06 | 30355 675.0 94.91 1050  -1.6
303.55  881.6 135.9 7.315 1.3 | 303.58 680.7 92.09 10.82  +1.5
303.57  670.8 131.4 7.574 +21 | 31353  698.2 107.9 9.241 15
31329  679.6 152.5 6.530 11 | 31360 704.3 104.2 9560  +2.0
31353 9115 151.4 6.565 01 |[32349 7213 123.4 8.079  -2.8
31357  693.8 150.1 6.633 +0.8 | 323.63 7277 118.1 8.443  +1.7
323.35  702.4 172.8 5.762 16 |33342 7439 136.0 7.331 1.2
32356  716.7 169.6 5.871 +0.5 | 333.67 751.0 131.7 7572 +23
32361 9416 167.7 5.931 +1.7 | 343.35 766.4 150.2 6.640  -05
333.38  725.0 192.8 5.167 07 | 34367 7743 149.8 6.659  +0.1
33356  739.4 190.8 5.220 +0.5
343.38  747.9 223.7 4.454 3.9
34351  761.9 213.0 4.677 +1.1
34365 1002 209.8 4.744 +2.8
[C1C4Im][DCA] + C,H¢ [C1C4Im][DCA] + C.H,
K X K X
% 1 ofpa 1 057=a 1 o33 Vedev % 1 of Pa 1 057=a 1 033 Yodlev
303.57  867.1 296.9 3.344 +0.7 | 30356 685.2 178.5 5.571 1.1
303.57  886.5 297.1 3.342 +0.6 | 303.56  667.7 176.7 5630  +1.5
304.16  665.3 303.0 3.277 0.7 | 30358 683.6 180.1 5523  -04
31358  896.1 346.4 2.868 15 | 31356  690.2 202.8 4908  -06
32360  925.1 401.7 2.475 +0.6 | 313.60  707.0 206.3 4823  -22
333.61  954.2 489.0 2.034 +0.9 | 32350 731.3 233.4 4267 14
34361 9834 620.9 1.603 06 |32356 7125 226.1 4403  +1.9
323.62 730.2 233.7 4.261 1.3
333.53 7348 257.8 3.864  +3.3
333.63 7533 263.5 3.780  +1.2
343.19  776.0 319.6 3.117 3.2
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34344 7774 314.3 3.170 1.2
343.46  757.1 303.8 3280  +2.2
[C1C;CNIm][NTf,] + C,He [C1C;CNIM][NTf,] + C,H,
K X K X
% 1 OfPa 1 057=a 1 o33 Yadev % 1 ofPa 1 057=a 1 o33 Yadlev
303.57  873.3 195.7 5.075 +0.1 | 303.16  659.5 131.2 7580  +0.1
313.59  902.6 225.0 4.415 02 |[313.13 681.2 150.2 6.627 0.2
323.60  931.8 259.6 3.830 0.1 | 32310 702.8 172.2 5782  +0.2
333.62  961.0 300.1 3.315 +0.3 | 333.06 724.4 200.1 4.979 -0.1
343.63  990.2 350.5 2.840 0.1 | 343.06 746.0 232.9 4279  +0.0
[C1C3CNIm][DCA] + C,H¢ [C1C3CNIm][DCA] + C,H,
K X K X
% 1 OfPa 1 05HPa 1 033 Yodlev % 1 OfPa 1 05HPa 1 o33 Yadlev
303.17  700.1 672.6 1.476 0.8 | 303.15 664.4 317.1 3137  +0.1
303.17  682.9 665.7 1.492 +0.2 | 31313  686.1 356.9 2.788 0.2
313.16  722.9 766.7 1.296 04 |32310 707.8 403.4 2.468 -0.4
313.16  705.1 746.8 1.330 +2.2 | 333.08 729.4 4525 2.201 +0.7
32316 745.7 876.5 1.134 0.3 | 343.02 7510 519.8 1.917 0.3
323.16  727.4 882.7 1.126 1.0
333.15  768.4 1013 0.9817 1.4
33317 7495 985.9 1.009 +1.3
343.15  791.0 1158 0.8594 1.5
34316  771.6 1120 0.8886 +1.8
[C1C4lm][C1HPO;] + C;Hs [C1C4Im][C1HPO;] + C;H,
K ¢ K X
% 1 OfPa 1 05HPa 1 033 Vodlev % 1 ofpa 1 05HPa 1 033 Vadlev
303.58  898.6 235.8 4.211 +0.2 | 303.57 884.1 162.8 6.110 -0.1
313.59  929.0 275.4 3.608 04 |31359 914.1 183.9 5410  +0.2
323.61  959.3 325.2 3.057 0.0 |32361 944.2 210.5 4.730 -0.2
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333.62 989.7 389.9 2.551

343.64 1020 4791 2.077 -0.2

+0.5

333.62 9741 240.4 4.143 +0.1

2P is the experimental equilibrium pressure and the percent deviation is relative to the correlations of the data

reported in table 3.3

Table 3.4 - Henry’s law constants, Ky of ethene, C,H,4 in metallic salts-ionic liquid solutions, along with their absorption

as gas mole fraction, x,, corrected for a partial pressure of solute of 0.1 MPa® and amount of solute per amount of

metallic cation in the solution at the equilibrium pressure, x5

etal

[C1(CH,CsHs)Im][NTf]-0.33 mol L™ LiNTf,+C,H,

[C1(CH,CHs)Im][NTf]-0.18 mol L™ Ni(NTf,),+C,H,

metal metal
% 1 ofpa 1 0K57=a 1 )(;33 x120——2 Yodev % 1 of Pa 1 (’)(sl-ll’a 1)(;33 x120—2 Yodev
303.17  656.3 99.28  10.02 7.307  +0.3 |303.27 6552 9189 10.82  13.81 1.1
31317  679.4 112.7 8829 6660  -0.7 |313.17 6774 1028 9.681 1276  +15
323.16  701.9 1243 8012 6240  +01 |33279 7216 1316 7571 1062  -0.4
333.13 7242 136.0 7322 5880  +0.6
343.05 746.4 1496 6662 5512  -0.3

[C1(CHzcsH5)|m][NTf2]' <0.01 mol L-1 Cu(NTf2)2+C2H4

2P s the experimental equilibrium pressure and the percent deviation is relative to the correlations of the data reported in

The experimental solubilities obtained for ethane and ethene in the ionic

K X metal
T £ = 2. Xz %dev
K 10°Pa 10°Pa 10 102
303.99 644.9 - 21.26 35.52 -
table 3.3
liquids  [C+(C3HsCHa)Im][NT],

and [C1(CH2CeHs)Im][NTf;] and for ethene in

[C1C4Im][NTf,] have been published by us.” Reported experimental solubility results
for ethane in [C1C4Im][NTf,]® and [C1Cslm][NTf,]® were added in figures 3.1 to 3.5 for

comparison.

The experimental absorptions obtained for ethene in the ionic liquid solutions
[C1(CH2CeH5)IM][NTf,]-0.33 M LiNTf,, [C1(CH2CeHs5)IM][NTf,]-0.18 M Ni(NTf,), and
[C1(CH2CeH5)IMm][NTf,]-0.13 M Cu(NTf;), are reported in table 3.4 and figures 3.9 and

3.10.
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The coefficients A;, obtained from the fitting of the results to equation 3.12 are

listed in table 3.5.

From the variation of the Henry’s law constants with temperature, it is possible
to calculate the thermodynamic properties of solvation, as previously described,
using equations 3.11, 3.13 and 3.14. The values obtained, at the temperature of 323
K, are listed in table 3.6. Ky /10° Pa.

The solubility of ethane in [C{C3CNIm][NTf,] was previously measured by

/.20

Xing et al.”" and an +11% deviation, at 303K was found between our results and the

ones reported by the authors. The solubility of ethene was also measured in the

1?° and Deng et al.?*?®. In the first case, our results

same ionic liquid by Xing et a
agree within 3% at 303 K. However, in the second case the deviations are as high
as +49% at 303 K down to +25% at 323 K. The solubility of ethene in [C1C4Im][NTf;]
has been measured by Xing et al.?°, Anthony et al.?", Palgunadi et al.** and is also
reported in two publications from Deng et al.?*?3. Our values agree with the ones
from Anthony et al. within £0.6% at 323 K, but deviations increase to +13% at 283 K.
Our values agree within £2.7% with the one reported by Palgunadi et al. at 313 K and
within £1.8% with the one from Xing et al. The highest deviations were found from
Deng et al., from +17% at 303 K to +11% at 323 K. Similar deviations are attributed
by the authors to the difference in the measuring methods, in that case, gravimetric

microbalance and gas chromatography.?
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Table 3.5 - Parameters of equation 3.12 used to smooth the experimental results on Ky from table 3.1 and 3.2
along with the percent average absolute deviation of the fit, AAD

C.Hs

lonic Liquid Ay A Ay % AAD
[C+(C2H,CH)IM][NTH,] +2.024 +6.805 x 10 +1.163 x 10° 0.3
[C+(C3HsCHo)Im][NTH,] -4.782 +4.977 x 10 -6.089 x 10 0.3
[C+(CH,CeHs)Im][NTH,] +0.5989 +1.620 x 10 -6.699 x 10°® 0.4
[C,C,Im][DCA] +16.45 -8.276 x 10 +1.559 x 10 0.2
[C1C3sCNIm][NTF,] +3.318 -6.691 x 10™ +2.346 x 10° 0.0
[C1C3sCNIm][DCA] +1.844 +1.708 x 10 -5.663 x 10°® 0.2
[C1C4lm][C{HPO;] +8.814 -3.636 x 10 +8.341 x 10° 0.0

C.H,

lonic Liquid Ap Aq A, % AAD
[C1Calm][ NTf,] -2.386 +2.941 x 1072 -2.428 x 10° 0.2
[C1Cslm][NTH,] -0.1976 +1.420 x 102 -1.349 x 10 0.4
[C+(C2H,CH)IM][NTH,] -1.902 +3.066 x 10 -2.917 x 10° 0.3
[C+(C3HsCHo)Im][NTH,] -0.1297 +1.755 x 107 -7.863 x 10 0.2
[C1(CH,CeHs)Im][NTH,] -2.750 +3.480 x 107 -3.566 x 107 0.4
[C1C4Im][DCA] +7.813 -2.848 x 10 +6.534 x 10° 0.4
[C1C3sCNIm][NTF,] +3.975 -7.106 x 10 +3.325 x 10°° 0.1
[C41C5CNIm][DCA] +4.594 -3.619 x 10 +2.463 x 10° 0.1
[C1C4lm][C{HPO3] +3.876 -4.203 x 10° +2.704 x 10° 0.1
[C+(CH,CeHs)Im][NTf,] + 0.33 mol L™ LiNTf, -3.669 +4.245 x 107 -5.005 x 10 0.2
[C1(CH,CeHs)Im][NTf,] + 0.18 mol L™ Ni(NTf,),  +0.7622 +1.221x 107 - 0.1
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Table 3.6 - Thermodynamic properties of solvation of ethane, C,Hs, and ethene, C,H,, at 323 K, in the

ionic liquids and ionic liquid solutions used

CzHe

lonic Liquid — Agopy H* IkJ mol™ —TAgon, S® Ikd mol™ K
[C1C4lm][NTF,]* 13 +1 26 + 1
[C1Cglm][NTf,]* 13+ 1 25+ 3
[C1(C2H,CH)IM][NTF,] 1242 27 +3
[C1(C3HsCH,)Im][NTf] 9+1 22+ 1
[C1(CH2CeHs5)Im][NTT] 10+1 24 +2
[C1C4lm][DCA] 16 + 6 32+7
[C1C5CNIm][NTf] 1342 28 + 3
[C1C5CNIm][DCA] 12+ 1 30+2
[C1C4lm][C1HPOS] 15+ 4 31+5

C;H,

lonic Liquid — A gop H® IkJ mol™ —TAgon, S™ Ikd mol™ K
[C1C4lm][NTF,] 12+ 1 24 + 1
[C1Cglm][NT] 12 + 1 23+ 2
[C1(C2H,CH)IM][NTf,] 10 + 1 24 + 1
[C1(C3HsCH,)Im][NTH,] 11+ 1 24 +2
[C1(CH;CeHs)Im][NTf,] 10 + 1 23+ 1
[C1C4lm][DCA] 12+3 27 + 4
[C1C5CNIm][NTf,] 1342 26 +3
[C1C5CNIm][DCA] 1142 27 +3
[C1C4lm][C1HPOS] 1242 26+ 3
[C1(CH,CgHs)Im][NTf,] + 0.33 mol L' LiNTf, 9+ 1 22+ 1
[C1(CH,CgHs)Im][NTf,] + 0.18 mol L™ Ni(NTf,), 11+ 1 23 +2

* From reference 8
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Deng et al.?*?® also measured the solubility of ethene in [C1CsCNIm][DCA]
and we found deviations as high as +72% at 303 to +58% at 323 K.

The solubility of ethene in [CiC4lm][Ci{HPO3;] was measured by

. 9,24

Palgunadi et a and our results agree within £1% at 313 K.
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Figure 3.3 - Mole fraction solubilities of ethane and ethene at 0.1 MPa partial pressure and as a
function of the temperature in the following ionic liquids: ®, [C1C4Im][NTf,]; ®, [C,Cglm][NTf,]. Full lines
represent the smoothed data and the dashed lines corresponds to the previously reported values of
the solubility of ethane in [C1C4Im][NTf,] (red) and [C;Cglm][NTf,] (black) from reference 8.

For all ionic liquids studied, ethene is more soluble than ethane. For
[C1C4Im][NTF],  [C1Celm][NTF],  [C4(CoH2CH)IM][NTF,],  [C1(CH2CeHs)Im][NTf,],
[C1C4Ilm][DCA], [C1C3CNIM][NTf,], [C1C3CNImM][DCA], [C1C4Im][C1HPO3] the higher
ethene solubility is explained by more favorable entropies of solvation For
[C1(C3H5CHy2)Im][NTTf,] the higher ethene solubility is due to more favorable gas-ionic
liquid interactions, as expressed by a more negative enthalpy of solvation for CoHy
than for C,He.

The highest ethane and ethene solubility was found for the ionic liquid
[C1CsIm][NTf;]. No clear explanation is obtained from the analysis of the

thermodynamic properties of solvation for these high solubilities. Both gases are
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dissolved in the apolar part of the IL that is larger in [C1Cglm][NTf,], as observed in

simulation results.”®
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Figure 3.4 - Mole fraction solubilities of ethane at 0.1 MPa partial pressure and as a function of the
temperature in the following ionic liquids: A, [C1(C,H,CH)Im][NTf,]; M, [C;(C3HsCH,)Im][NTf,]; and

¢, [C1(CH,CgHs)Im][NTf,]. Full lines represent the smoothed data and the dashed line corresponds to

the previously reported values of the solubility of ethane in [C;C4Im][NTf,] from reference 8.

The ionic liquids [C1C4Im][NTf;] and [C41Cglm][NTf,] will be used as reference
for comparisons and as an indicator of the influence of the length of the alkyl side
chain of the cation on the solubility of ethane and ethene. The solubility of ethane
and ethene increases with the size of the alkyl side chain of the cation, due to more
favorable entropies of solvation for the ionic liquid with a larger alkyl side chain. Due
to the increase in the alkyl chain of the cation the solubility of ethane increased 42%
and the solubility of ethene increased 28%. These values are in agreement to what is

described in the literature (see chapter 1).

134



=i
(&)

-3

X2 ethene 10

e
o
T
1

5 1 1 1 1
28 300 320 340

T /K

Figure 3.5 - Mole fraction solubilities of ethene at 0.1 MPa partial pressure and as a function of the
temperature in the following ionic liquids: ®, [CiC4Im][NTf]; A, [C4(CH,CH)IM][NTS,];

M, [C(C3Hs5CH,)IM][NTT,]; and ¢, [C1(CH,CgHs)Im][NTf,]. Full lines represent the smoothed data.

The analysis of the solubility of the gases in [C4(CoH2CH)IM][NTf],
[C1(C3H5CH2)Im][NTf;] and [C1(CH2CsHs)Im][NTf] will allows us to determine the
influence of the presence of unsaturations in the alkyl side chain of the cation on the
solubility of ethane and ethene. The order of the solubility of each gas is
[C1(C3H5CH2)Im][NTf,] > [C1(CH2CeHs)Im][NTf,] > [C1(CoH2CH)Im][NTf,]. For ethane
this order is due to gradually more unfavorable entropies of solvation, although
countered by increasingly more favorable gas-ionic liquid interactions. In the case of
ethene, the solubility order is justified by a more favorable interaction between the
gas and [C4(C3HsCH2)Im][NTf,] than  with  [C4(CH2CgHs)Im][NTf,]  or
[C1(C2H2CH)IM][NTf,].

The solubility of ethane and ethene decreases with the presence of
unsaturations in the alkyl side chain of the cation of the ionic liquid. The higher
solubility of ethane and ethene in [C{C4Im][NTf,] than in all three ionic liquids
presenting unsaturations is due to more favorable gas-ionic liquid interactions of the
gases with [C1C4Im][NTf].
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Figure 3.6 - Mole fraction solubilities of ethane at 0.1 MPa partial pressure and as a function of the
temperature in the following ionic liquids: [C4C4Im][NTf,] (red curve); A, [C;C4m][DCA]; M,

[C1C3sCNIM][NTf,]; and ¢, [C;C3;CNIm][DCA]. Full lines represent the smoothed data and the dashed

lines corresponds to the previously reported values of the solubility of ethane in [C4C4Im][NTf,] from

reference 8.

The ionic liquids [C{C4Im][DCA], [C1C3CNIm][NTf;] and [C4C3CNIm][DCA]
allow the study of the influence of the cyano group in the solubility of ethane and
ethene.

The solubility order of the two gases in the selected ionic liquids is
[C1C3sCNIM][NTf,] > [C1C4lm][DCA] > [C1C3CNIm][DCA]. Ethane is more soluble in
[C1C3CNImM][NTf,] than in [C1C4Im][DCA] due a more favorable entropy of solvation in
the first, in spite of the more favorable ethane-[C1C4Im][DCA] interaction. For ethene,
it is the more favorable gas-ionic liquid interaction that justifies the higher solubility of
the gas in [CiC3CNIm][NTf;]. The reason why both gases are more soluble in
[C1C4lm][DCA] than [C4C3CNIm][DCA] is the same, a more favorable enthalpy of
solvation for [C41C4Im][DCA].
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Figure 3.7 - Mole fraction solubilities of ethene at 0.1 MPa partial pressure and as a function of the
temperature in the following ionic liquids: ®, [C1C4Im][NTf,]; A, [C1C4Im][DCA], M, [C1C3CNImM][NTF];

and ¢, [C,C3CNIm][DCA]. Full lines represent the smoothed data.

The presence of the cyano group in the alkyl side chain of the cation of the
ionic liquid or in the form of the DCA™ anion caused a decrease in the solubility of
both ethane and ethene, when compared to the reference ionic liquid, [C1C4Im][NTf,].
The ethane and ethene solubility decrease was of 85% and 77%, respectively for
[C1C3CNImM][NTf,]; 3 times and 2 times for [C1C4Im][DCA] and 6 times and 4 times for
[C1C3CNIm][DCA]. In all three cases, the ethane solubility decreases more than the
ethene solubility.

The reasons for the decrease are different in each case. For [C{C3CNIm][NTf;]
and [C4CsCNIm][DCA], the ethane solubility decreases because the gas-solvent
interactions are more favorable in the reference ionic liquid. For [C1C4Im][DCA] the
reason behind the decrease is different, since gas-ionic liquid interactions are more
favorable with this ionic liquid, but the entropic factors favor [C1C4Im][NTf,]. The
reason why ethene is less soluble in [C{C3CNImM][NTf,] or [C1C4lm][DCA] than
[C1C4IM][NTS;] is the same, the entropy of solvation of this gas in [C1C4Im][NTf;] is
more favorable. Both the enthalpic and entropic factors favor a higher solubility of
ethene in [C1C4Im][NTf,;] when compared with [C1C3CNIm][DCA].
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The study of the solubility of ethane and ethene in [C1C4Ilm][C1HPO3] will allow
to determine the influence of a phosphite based anion in the solubility of these gases.
In figures 3.8 and 3.10 we observe that the change of anion from [C1C4Im][NTf;] to
[C1C4lm][C4HPOs3] leads to a decrease in both ethane and ethene solubility. This
decrease is of 2.4 times for ethane and 2.2 times for ethene. As in the previous case,
the solubility of ethane is more affected by changes in the ionic liquid than ethene.
For ethane, the solubility decrease is due to a more favorable entropy of solvation in
[C1C4Ilm][NTF,] than in [C1C4lm][C1HPOg], although the enthalpy of solvation is more
favorable in the reference ionic liquid. For ethene, both the enthalpic and entropic
terms contribute to a higher solubility in [C1C4Im][NTf;] than in [C1C4Im][C1HPO3].
The solubility decrease when changing the anion from C4HPO3; to DCA’ in a ionic
liquid containing the C1C4Im” cation is of 26% for ethane and 10% for ethene. Both
gases are more soluble in [C1C4Im][C4HPO3], due to a more favorable entropy of

solvation.
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Figure 3.8 - Mole fraction solubilities of ethane (empty symbols) and ethene (full symbols) at 0.1 MPa

-3
X2 ethane or ethene /10

partial pressure and as a function of the temperature in the following ionic liquids: ®, [C;C4Im][NTf,];
A/, [CiC4Im][C4HPO;]. Full lines represent the smoothed data and the dashed lines corresponds to
the previously reported values of the solubility of ethane in [C1C4Im][NTf,] from reference 8.

To determine the influence of the type of unsaturation (C=C or C=N) on the
cation alkyl side chain on ethane and ethene solubility we can compare the results for
the ionic liquids [C1C3CNIm][NTf;] and [C1(C3sHsCH2)Im][NTf,]. We observe that the
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highest ethane and ethene solubility is obtained for [C1(CsHsCH2)Im][NTf,], due to a
more favorable entropy of solvation, in spite of the more favorable ethane or ethene
interaction with [C1C3CNIm][NTf,].

As can be observed in figure 3.9, the mole fraction absorption of ethene does
not change significantly with the addition of lithium or nickel salts, but it almost
doubles in the presence of the copper salt. There was no significant variation of the
thermodynamic properties of solvation for ethene upon addition of lithium and nickel
salts. The mole absorption of ethene slightly increases with size of metallic cation,
but in the case of Li* or Ni** is not due to coordination of ethene, as proven by the
linear relationship between mole solubility and pressure, in figure 3.9 (on the bottom).
The mole absorption of ethene in the copper solution is compatible with the values

reported in the literature for other metallic cations.'®!
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Figure 3.9 - Mole fraction absorption of ethane (empty symbols) and ethene (full symbols) at 0.1 MPa
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partial pressure and as a function of the temperature (on top) and amount of ethene per amount of

metallic cation as a function of the equilibrium pressure (on bottom), in the following ionic liquids:
4/0, [C1(CH,CeHs)Im]INTf,]; ¢, [C1(CH,CeHs)Im]INTf,] + 0.33 M LiNTf,; ¢,[C4(CH.CeHs)Im]INTT,] +
0.18 M Ni(NTf,), and ¢, [C1(CH,CgHs)Im][NTf,] + < 0.01 mol L Cu(NTf,),. Full lines represent the

smoothed data.
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Figure 3.10 - Henry's law constant, K, , for ethane, dashed bars, and ethene, full bars, in the ionic
liquids and ionic liquid solutions used, at 313 K. Measurements for ethane in [C;C4Im][NTf,] and

[C1CgIM][NTf,] from reference 8.

141



3.3 Ethane and ethene separation selectivity

The ideal selectivity, @, was calculated for the separation of ethane and
ethene in the selected ionic liquids. The ideal gas selectivity is not very different from
the real mixed gas selectivity as both gases present relatively low absorptions and so
their activity coefficients in the liquid phase are close to unity.

In figure 3.11, the selectivity is represented as a function of the respective
Henry’s law constant for ethene. A trend is observed, where the ionic liquids with

higher ethene selectivity present lower ethene capacity.
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Figure 3.11 - Ethane/ethene ideal selectivity versus Henry’s constant, Ky, of ethene in the ionic
liquids, O, [C1C,Im][NTF,]'>"3 1418181718, 4 " [C.(CoH,CH)IM][NTS,]; /O, [C1Calm][NTF,]? 102021222324,
O, [C1Celm][NTE]*'®"7%: @, [C/Cglm][NTF,]; M, [C1(CsHsCHL)IM]INTE]; ¢, [C1(CH,CesHs)Im]INTH];
W/, [C1CsCNIM][NTF,]*?°?2%; ¢, [C1C3CNIM][DCA]; O, [(CsCN)Im]INTH]*?%; V7, [C1CoIm][PFe]'™;
A, [CiC4m][PFg* 782" A [C,C4lm][C{HPOs]; O, [CiCoIm][DCA]"™; A, [C:C4lm][DCA];
O, [C/Cym][BFJ***?"; O, [C1CoIm][CF3S05]"; A, [Passd[TMPPI™; O, [Paysssl[TMPP?;

0, [C1C4PyYrT]INTf,]'** and 0, [C1CsPyr]INTF,]*° at 313 K. * at 303 K. Full symbols represent our data
and empty ones represent previously published values.

The largest selectivity was observed for [C1C3CNIm][DCA] which also presents

the smallest ethene solubility. The largest ethene absorption was reported by Liu et
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al.?® for [P14)6e6][TMPP], a very viscous ionic liquid designed to absorb more ethane

than ethene, and so presenting a ethene selectivity smaller than 1.
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Conclusions

From the study of the absorption of ethane and ethene in different ionic liquids
as a function of temperature, it was possible to determine the influence of several
factors on the solubility of the two gases: the increase of the alkyl side chain of the
cation of the ionic liquid; the presence of unsaturated bonds on the cation of the ionic
liquid; the presence of cyano groups in the cation or anion of the ionic liquid or both
and finally the influence of the a phosphite based anion in the ionic liquid.

We observed that small changes in the structure of the ionic liquid can have
large effects in the ethane and ethene solubility and selectivity of the ionic liquid.
Adding unsaturations in the alkyl chain of the cation of the ionic liquid, cyano groups
in the alkyl chain of the cation or anion and changing the anion of the ionic liquid from
an NTfy to a C4HPO3; or DCA", lead to decreases in the solubility of ethane and
ethene, when compared to a reference ionic liquid, [C1C4Im][NTf]. The only
exception is for [C1(C3sHsCH>2)Im][NTf;,], where ethane solubility is not greatly affected.
However, the introduction of these groups in the ionic liquid leads to an increase in
the ethene selectivity.

For the ionic liquids tested, the difference in solubility of the two gases in each
ionic liquid is due to entropic factors, meaning that the solubility is controlled by
non-specific interactions.

The solubility of ethane is more affected by changes in the ionic liquid than
ethene. The only exceptions from all the ionic liquids studied are for the ionic liquid
[C1(C3H5CHL)IM][NTf;] (where the solubility of ethane is similar and the solubility of
ethene decreases 14%) and [C1(CH2CgHs)Im][NTf,] (where the solubility of both
gases decreases in a similar way).

The addition of copper salts almost doubles the absorption capacity of ethene
in the ionic liquid [C1(CH2CeHs)Im][NTf,]. We observe that metallic cations such as
lithium and nickel slightly affect the absorption of ethene, and not through
coordination of the unsaturated gas. The observed solubility results with the lithium
salt are compatible with the known fact that this metallic cation, when present in a

NTf, containing ionic liquid, is surrounded by an average of 3-4 anions.*
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The goal of this project was to determine the potential of a selection of ionic
liquids for the separation of ethane from ethene. This selection of ionic liquids was
designed to escape the tendencies observed in the literature for the solubility of
ethane and ethene in order to increase both the selectivity and absorption capacity
for the unsaturated gas in ionic liquids.

Contrary to what is suggested in the literature, the solubility of unsaturated
gases, such as ethene and propene is not always higher than of their saturated
counterparts, ethane and propane. In fact, their solubilities range overlap. Ethyne and
propyne present the highest mole fraction solubilities, in imidazolium and/or
pyrrolidinium based ionic liquids. Ethyne and propyne are followed by propane and
propene with solubilities of the same order of magnitude for phosphonium based
ionic liquids (larger molecular weights). Ethane and ethene are one order of
magnitude less soluble than ethyne in the same phosphonium based ionic liquids.
For a low molecular weight ionic liquid such as [C;C,Im][NTf,] propyne is the most
soluble gas, followed by ethyne and propene (3-5 times less soluble), propane and
ethene (at least one order of magnitude less soluble than propyne and 3-4 times less
soluble than ethyne and propene) and ethane (20 times less soluble than
propyne, 4-7 times less soluble than propene and ethyne and 2 times less soluble
than propane and ethene The tendencies observed for ethane, ethene, propane and
propene are similar. The solubility of these gases increases with the size of the
non-polar domains of the cation or anion of the ionic liquid, suggesting that the
solubility of these gases in the group of ionic liquids studied is ruled by nonspecific
interactions. The solubility order in terms of cations is Pampg > Nampg > CaPyr” >
CnCmPyrr™> C,Crlm™. In comparison, the solubility dependency in terms of the nature
of the anion is much smaller, for the same gases. The tendencies found for ethyne
are the opposite. The influence of the cation size is much less important than the
influence of the nature of the anion. The highest ethyne solubilities are found in ionic
liquids containing anions with a Lewis base character, such as alkylphosphates,
alkylphosphites and alkylsulphates. This is probably due to the presence of a
relatively acidic proton in ethyne. The order of solubility of ethyne relative to anions
for imidazolium and pyrrolidinium-based cations is: C,C,,PO4 > OAc > C,HPO; >
CnSO4 > TFA > BF4 > PFg = NTf,. ). Ideal selectivities of 40 and 15 and mole
fraction solubilities of 0.1 and 0.2 can be obtained for ethene/ethyne and

propene/propyne separations, respectively.
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Completing the solubility data on ethane, ethene, ethyne and propyne (tables
4.1 and 4.2) would provide a good start on a database in light hydrocarbon solubility
in ILs. This information could also be used as a good basis for the development of a
model that would allow the prediction of the solubility of these gases in other ionic
liquids.

For this project, a selected group of ionic liquids were used to test the
influence of structural modifications in the ionic liquid on the absorption of ethane and
ethene. The presence of: an increasing alkyl side-chain on the cation of the ionic
liquid; unsaturations on the alkyl side-chain on the cation of the ionic liquid; cyano
groups in the cation or anion of the ionic liquid or both and a phosphite based anion
in the ionic liquid were tested for their influence on the density and viscosity of the
ionic liquid and in the solubility of ethane and ethene. The selected ionic liquids were
synthesized via a one-step or two-step synthesis path, with purities of at least 99%.
The ionic liquids were characterized by proton and carbon NMR spectroscopy, high
resolution mass spectroscopy, and density and viscosity measurements. Solutions of
ionic liquid with metallic salts of lithium (I), nickel (Il) and copper (Il) were also
characterized in terms of density and viscosity.

The ionic liquid with the highest density is [C1(C2H2CH)Im][NTf;] and the one
with the lowest is [C1C4Im][DCA]. The ionic liquid with highest viscosity is
[C1C4lm][Lev] and the one with the lowest is [C1C4Im][DCA]. The presence of
unsaturations in the alkyl chain of the cation can lead to viscosities up to 2 times
greater than in ionic liquids with saturated side alkyl chains.

Small changes in the structure of the ionic liquid can have large effects in the
ethane and ethene solubility and ethane/ethene separation selectivity of the ionic
liquid. Adding unsaturations in the alkyl chain of the cation of the ionic liquid, cyano
groups in the alkyl chain of the cation or anion and changing the anion of the ionic
liquid from an NTf, to a C{HPO3 or DCA, lead to decreases in the solubility of ethane
and ethylene, when compared to a reference ionic liquid, [C1C4Im][NTf,]. The only
exception is for [C1(C3sHsCH>)Im][NTf;,], where ethane solubility is not greatly affected.
The introduction of these groups in the ionic liquid also leads to increases in the
ethene selectivity. The solubility of ethane is more affected by changes in the ionic
liquid than ethene. For example, increasing the alkyl side chain of the cation from
[C1C4Im][NTS;] to [C1CsIlm][NTf,] leads to an increase in ethane and ethene solubility

but the increase was larger for the saturated gas. The only exceptions are for the
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ionic liquid containing a double bond (where the solubility of ethane is similar and the
solubility of ethene decreases 14%) and containing a benzyl group (where the
solubility of both gases decreases in a similar way).

For the group of ionic liquids tested, the difference in solubility of the two
gases in each ionic liquid is due to entropic factors, which means that the solubility is
still controlled by non-specific interactions, in the same way as it was observed in the
literature analysis. The interactions between the selected group of ionic liquids and
ethene were not strong or specific enough to gain against what is lost due to entropy.
This was further confirmed by observing that for the group of ionic liquids selected for
this study, the ones that present higher ethene absorption capacity and lower ideal
selectivity are the ones with highest molar volume and vice-versa, as can be

observed in figure 4.1.
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Figure 4.1 — Molar volume of the ionic liquids, in cm?® mol'1, versus the molar fraction absorption
capacity of each ionic liquid for ethene and versus the ionic liquids ideal selectivities

For the group of ionic liquids tested the one possessing the largest ethene
capacity and lowest ideal selectivity corresponds to the one containing the largest
alkyl chain in the cation, [C1Cglm][NTf,]. The ionic liquid family that presents the best
selectivity and smallest absorption capacity for ethene is the one containing cyano
groups; [C1C3CNImM][NTf,], [C1C4lm][DCA] and [C1C3CNIm][DCA].
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The influence in ethene solubility of the presence of three different metallic
cations, lithium (1), nickel (II) and copper (Il) in an ionic liquid was also studied. The
presence of copper was found to cause a large increase in the solubility of ethene.
The solubility, at 303 K, of the metallic salts in [C1(CH2CsH5)Im][NTf,] decreases with
the size of the metallic cation. The addition of these metallic salts to the ionic liquid
caused an increase its density of up to 2% for the salt types and concentrations
studied and an increase in viscosity of 42%, 50% and 34% upon addition of the
lithium, nickel and copper salts respectively and at 298 K. The addition of copper
salts almost doubles the absorption capacity of ethene in the ionic liquid
[C1(CH2CeH5)IMm][NTS,]. We observe that metallic cations such as lithium and nickel
slightly affect the solubility of ethene, and not through coordination of the unsaturated
gas.

It would be of great interest to develop ionic liquids containing
functionalizations or anions (such as AICls) that could promote a specific interaction
with ethene. Another promising possibility is to develop ionic liquids containing metal
ions in their structure.” However, the more specific are the interactions between the
gas and the ionic liquid, the harder the recycling of the absorbent will be, and a
balancing effect between specificity and recovery it should be taken into account into

developing an ionic liquid for separation purposes.
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Table 4.2 - Solubility of ethane, ethene, ethyne, propane, propene and propyne in several ionic liquids, expressed in
Henry’s law constant, K , the majority at 313 K

Gas
Q Q Q
= = = o o )
Ll Ll 11} gl gl =
.t B Solubility range
[C1CaIm][NTH,] K, /110° Pa color
[C1(CoHCH)IM][NTT,]* no data
[C1Calm][NTF,]* 0-10
[C1(C3HsCH)Im][NTT,]* 11-20
[C1CeIm][NTf,] 21-30
[C1(CH,CeHs)Im][NTT,]* 31-40
[C1Calm][NTF,]* 41-50
[C1C1olm][NTF,] 51-100
[C1C3sCNIM][NTF,]* 101-150
[(CsCN),Im][NTf,] 151-200
[C1C1C3CNIM][NTf,] 201-300
[C1C1COOCsIM][NTf,] 301-400
[C41C1CO0C,0C,Im][NTf,] 401-500
[C41C,CO0C,0C,0C,Im][NTf,] 501-600
[C1C4Im][BETI] e over 600
[C1C4Im][FAP]
[C1Colm][FAP]

[C4C,Im][DCA]

[C1C4Im][DCA]*
[C1C3CNIm][DCAJ*
lonic [C1C1C3CNIm][DCA]
liquid [C1C4IM][OAC]

[C1C4lm][n-C45H3,COO0]
[C1C4lm][n-C47H35CO0]
[C1Calm][PFe]
[C1C4lm][PFe]
[C1Calm][BF,4]
[C1C4lm][BF 4]
[C1Cslm][BF,]
[C1C4Ilm][TFA]
[C1C4Im][C1HPO;5]
[C1C2Im][C1HPO;]
[C1C2Im][CoHPO;]
[C1C4lm][C1HPO,]*
[C1C4lm][C4HPO;]
[C2C4lm][CoHPO;]
[C1C4Im][(C+)2PO4]
[C1C2Im][(C1).PO4]
[C1C2Im][(C2).PO4]
[C1C4lm][(C1).PO4]
[C1C4lm][(C4)2PO4]
[C1C4Im][C+1SO,]
*measurements performed in the context of this work
Table 4.3 - Solubility of ethane, ethene, ethyne, propane, propene and propyne in several ionic liquids, expressed
in Henry’s law constant, K, the majority at 313 K

Gas




[C1C2Im][C41SO,]
[C1C2Im][C2SO,]
[C1C4Im][C1SO4]
[C1C1CO0OC5IM][CsSO4]
[C1Calm][CF3SO,]
[(C2S0O2C2)C1Im][CF3S0s]
[C1CePyr][NTH,]
[C1C4Pyrr][NTH]
[C1C4Pyrr][FAP]
[C1C4Pyrr][DCA]
[C1C4Pyrr][OACc]
[C1C4Pyrr][TFA]
[C1 C1 Pyrr] [C1 H PO3]
[C1 C2Pyrr] [CzH PO3]
[C1C4PyrT][C4HPO,]
[N(1)424][NTT]
[Nay111][NTF]
[Nay113][NTF]
[Ne)111][NTF]
[N6)113][NTH2]
[N(10)111][NTf,]
[Ne)222][NTT2]
[N(10)113][NTf]
[N1)sss][NTT2]
[N1132.01][NTf,]
[P14)666][NTT2]
[P14)66][Cl]
[P(14)666][FAP]
[P12)666][DCA]
[P(2444][(C2)2PO4]
[P4444][TMPP]
[P(14)666][ TMPP]
[P(14)444][DBS]

lonic
liquid

Ethane

Ethene

Ethyne

Propane

Propene

Propyne

Solubility range

K, /110” Pa

color

no data

0-10

11-20

21-30

31-40

41-50

51-100

101-150

151-200

201-300

301-400

401-500

501-600

over 600
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" Lin, I. J. B.; Vasam, C. S. Metal-Containing lonic Liquids and lonic Liquid Crystals
Based on Imidazolium Moiety, J. Organomet. Chem. 2005, 690, 3498-3512
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Appendix 2

NMR and HRMS spectra of the lonic Liquids
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;I-Butyl-3-methylimidazolium methylsulfate, [C1C4Im][(CH30)S03]
H-NMR
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;I-Butyl-3-methylimidazolium methylphosphonate, [C1C4Im][(CH30)HPO]
H-NMR
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1-Butyl-3-methylimidazolium chloride, [C1C4Im][CI]
'H-NMR
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1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [C1C4Im][NTf,]
-NMR
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1-Butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide,
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H-NMR
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1-Hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
;C1C6Im][NTf2]
H-NMR
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1-Benzyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,

E

C1(CH2C6Hs)Im][NTf]

H-NMR

[T+

BE " &

-|1’| f.’[,
bl %l

\ Ill I"Fu'l

ol Nl

PEm

E

Il

10

11

184



BC-NMR

"Cl-FPhl-CHZ IM NT{Z QE"

z 1

15

10

C:\Bruker\TOFEFIN Moura

i e e o A
|||||||||

- 53,4621
- 36.4436

[ppm]

W

m/z (Fab+)
lﬁrg{‘ +MS, 0.0-0.3min #(2-19)|
25 1731
ey T
20 Zx “"”\@;?f”f @ !
Yoy f
hy | o Gy b = N0 T
1.5] Y/' Véf S0 N -gg“ r‘i}
i
626.1
1.07 563.9
O.5j
1 345.1 4759
2130 403.9
oo] N S A A N A ngs T8
100 200 300 400 500 00 700 800 900 miz
tens. +MS, 0.0-0.3min #(2-19)|
x104] 1734
2.0 /’_\
O3 = N @u
N
1.54
1.0
0.51
J 174.1
0.0 . : < L .......... ——— —— ——
171 172 173 174 175 176 177 178 miz

1-Butyl-3-methylimidazolium dicyanamide, [C1C4Im][DCA]
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;I-Butyl-3-methylimidazolium tetrachloroaluminate, [C1C4Im][AICI4]
H-NMR
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ABSTRACT: The influence of the presence of imidazolium side chain
unsaturation on the solubility of ethane and ethylene was studied in three ionic
liquids: 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide—
saturated alkyl side-chain in the cation; 1-methyl-3-(buten-3-yl)imidazolium
bis(trifluorosulfonyl )imide—double bond in the side-chain of the cation; and
1-methyl-3-benzylimidazolium bis(trifluorosulfonyl)imide—benzyl group in
the side-chain of the cation. The solubility of both gases decreases when the
side-chain of the cations is functionalized with an unsaturated group. This can
be explained by a less favorable enthalpy of solvation. The difference of
solubility between ethane and ethylene can be explained from a balance of
enthalpic and entropic factors: for the ionic liquid with the saturated alkyl side-
chain and the benzyl-substituted side-chain, it is the favorable entropy of
solvation that explains the larger ethylene solubility, whereas in the case of the
saturated side-chain, it is the more favorable enthalpy of solvation. Molecular simulation allowed the identification of the
mechanisms of solvation and the preferential solvation sites for each gas in the different ionic liquids. Simulations have shown
that the entropy of solvation is more favorable when the presence of the gas weakens the cation—anion interactions or when the
gas can be solvated near different sites of the ionic liquid.

H INTRODUCTION fluids, including high thermal stability, negligible vapor
pressure, and nonflammability, makes them good candidates
as absorbents for gas separation.'®'” Most of the published
studies concerning the solubility of gases in ionic liquids involve
the absorption of carbon dioxide, and much less report the
solubility of light hydrocarbon gases in ionic liquids.* It has,
nevertheless, been observed that unsaturated hydrocarbons,
such as alkenes, are significantly more soluble in ionic liquids
than their saturated counterpart™'” this fact being the basis for
considering ionic liquids as possible absorbents to be used for
hydrocarbon gas separation.'*'?

The molecular mechanisms involved in the solvation of light

Light olefins and paraffins are commonly separated by
cryogenic distillation. Although reliable and still unchallenged
in this application, this procedure implies high capital and
operating costs. Thus the high demand for an alternative
energy-saving separation process.'_4

Alternative processes for separating gaseous olefins from

’ : ‘ A0S : .

paraffins include ion exchanging resins,” adsorption on high-
surface-area SiO,,® on alumina,” on zeolites® and molecular
s 9 ; : 10
sieves,” or on metallic organic frameworks,” and the use of
several types of membranes.”'""'> Most of the alternatives
proposed involve liquid or solid selective absorbents containing

. o @ cer ; o 717
transition metals such as copper or silver, which are believed to hydrocarbon gases in ionic liquids are not yet well identified.

form a complex with the unsaturated gas molecule, =134 Several types of specific interactions between the unsaturated
These alternatives have not been applied to an industrial scale gases and the solvents have been suggested to explain their high
due to several drawbacks linked to the synthesis, the efficacy, solubilities such as 7—z, 7—cation, 7—anion, and hydrogen

the reliability or the contamination of the different materials

and also related to economical obstacles."'* Received: March 28, 2013

The molecular diversity of cations and anions that can form Revised:  May 27, 2013
an ionic liquid and the general attractive properties of these Published: May 28, 2013
A4 ACS Publications  ®© 2013 American Chemical Society 7416 dx.doi.org/10.1021/jp403074z | J. Phys. Chem. B 2013, 117, 7416-7425
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bonding.*'”"** A deeper understanding of the solution’s

molecular structure and gas-solvent interactions is still
necessary both for the design of an optimized ionic liquid
and for the development of a potential separation process.

In the present study, we have designed a series of ionic
liquids thought to favor the selective absorption of gaseous
alkenes. We describe experimental solubilities of ethane and
ethylene in these ionic liquids. Gas solubilities were measured
as a function of temperature and at pressures close to
atmospheric, using an isochoric saturation method. The
knowledge of the variation with temperature of the solubility
allows the calculation of the thermodynamic properties of
solvation. Those can be related with molecular simulation
calculations of the microscopic structure and molecular
interactions in the gas-ionic liquid solutions in order to assess
the mechanisms involved in the solvation of the different
gaseous solutes.*”

B EXPERIMENTAL SECTION

Materials. Linde Gas supplied the gases used for this study:
ethane 3.5, mole fraction purity of 0.9995 and ethylene 2.8,
mole fraction purity of 0.998. All gases were used as received
from the manufacturer.

1-Methylimidazole (>99%) (Aldrich), chlorobutane, benzyl
chloride, 4-chloro-1-butene (>99%, Aldrich), and 3-chloro-1-
propene (>99%, Aldrich) were distilled prior to use. Bis-
(trifluoromethanesulfonyl)imide lithium salt (Solvionic) was
used without further purification.

The ionic liquids used in this work, 1-butyl-3-methylimida-
zolium bis(trifluorosulfonyl)imide, [C,C,Im][NTf,], 1-methyl-
3-(buten-3-yl)imidazolium bis(trifluorosulfonyl)imide,
[C,(C3HCH,)Im][NTf,], and 1-methyl-3-benzylimidazolium
bis(trifluorosulfonyl)imide, [C,(CH,C4H)Im][NTf,], were
synthesized as previously re]i)orted and as described in the
Supporting Information, SL>'">* Their structures are repre-
sented Figure 1.

The purity of the ionic liquid samples (>99%) was checked
by 'H and *C NMR (Bruker Avance 400 MHz using CD,Cl,
as solvent) and mass spectroscopy (see the SI). The high-
resolution mass spectra (MS QTOF) were recorded in a

Cations

/N@N\/\/

1-methyl-3-(buten-3-yl)imidazolium

/N@N o~

1-butyl-3-metylimidazolium

[C,C4lm]* [C4(C3HsCH,)Im][NTH,]
)
N
1-benzyl-3-methylimidazolium
[C1(CHZCeHs)IM]INTF;]
N YAS'd
S .S
F /N7 F

Anion bis(trifluorosulfonyl)imide
[NTf,]

Figure 1. The structures and nomenclature system of the ionic liquids
studied.
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positive and negative ion mode on a hybrid quadrupole time-of-
flight mass spectrometer (MicroTOFQ-II, Bruker Daltonics,
Bremen) with an Electrospray Ionization (ESI) ion source. The
gas flow of spray gas is 6 X 107" Pa, and the capillary voltage is
+4.5 kV. The solutions are infused at 180 pL/h. The mass
range of the analysis is 50—1000 m/z and the calibration was
done with sodium formate.

To remove water, the ionic liquid samples were kept under
primary vacuum at least 24 h prior to use. Before each
measurement, the water content of the degassed ionic liquid
was verified with a coulometric Karl Fischer titrator (Mettler
Toledo DL32). It was found to be lower than 100 ppm for
[C,(C4H;CH,)Im][NTf,] and 70 ppm for [C,(CH,C¢Hjs)-
Im][NTf,]. The decomposition temperatures (Ty/ Tonser) Of
the same ionic liquids were 482 K/579 and 564 K/599 K,
respectively, determined using a DSC 2920 from TA
Instruments.

Density Measurements. Density measurements were
performed using a U-shaped vibrating-tube densimeter
(Anton Paar, model DMA $12P) operating in a static mode.
All measurements were performed at atmospheric pressure and
at temperatures ranging from 283 to 353 K following a
procedure described in previous publications.”* The temper-
ature was maintained constant within +0.01 K by means of a
recirculating bath equipped with a PID temperature controller
(Julabo FP40-HP). The uncertainty of the density measure-
ments is estimated as +0.1 kg m™>.

Viscosity Measurements. All of the viscosity measure-
ments were performed with an Anton Paar AMVn rolling ball
viscosimeter at atmospheric pressure and at temperatures
between 293.15 and 373.15 K. The temperature was controlled
to within 0.01 K and measured with accuracy better than 0.05
K. The measurements were performed using a 1.8 mm and a
3.0 mm diameter capillary tube that were calibrated as a
function of temperature and angle of measurement using
standard viscosity oils from Cannon (N3S, S60, and N100).
The overall uncertainty on the viscosity is estimated as +1.5%.

Solubility Measurements. The solubility measurements
were made using an isochoric saturation technique described in
previous publications.” ™’

In this technique, a known amount of gaseous solute is put in
contact with a precisely determined amount of degassed ionic
liquid, at constant temperature. At thermodynamic equilibrium,
the pressure above the condensed phase is constant and directly
related to the solubility of the gas in the fluid sample. The
measurements were performed at temperatures between 303
and 343 K for [C,(C3H;CH,)Im][NT£,] and [C,(CH,C¢Hy)-
Im][NTf,] and between 283 and 343 K for [C,C,Im][NTH].

The amount of ionic liquid sample is determined gravimetri-
cally and the volume it occupies in the measuring cell, Vy, is
evaluated by the independent determination of the density at
atmospheric pressure and as a function of temperature. This
value is considered to be equal to the volume occupied by the
solution after saturation with the gas. Since the ionic liquid does
not present a measurable vapor pressure in the range of
temperatures covered, the total amount of liquid is equal to its
amount in the liquid solution, n," (subscripts 1 and 2 represent
solvent and solute, respectively). The amount of solute in the
liquid solution is obtained from the comparison between two
pVT measurements: first when the gas is introduced in the cell
and second when the thermodynamic equilibrium is attained:
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where p;,; and T}, are the pressure and temperature in the first
pVT measurement and pq and V, correspond to the pressure
and temperature after the system reaches the thermodynamic
equilibrium, and Vj is the volume of the gas bulb. V,, is the
total volume of the equilibration cell, and Z, designates the
compression factor for the pure gas.

The solubility results, expressed in mole fraction of the gas,
are used to calculate the Henry’s law constant, Kj;:

" Lo, T,y xy) . ¢2(R\qr ’I;q)IZ‘q

Xy X

Ky = li

x,-0

()

where f, is the fugacity of the solute, and ¢, corresponds to the
fugacity coeflicient, calculated using the second virial coefficient
of the gas.

Molecular Simulations. Ionic liquids were represented by
an all-atom force field, which is based on the AMBER/OPLS—
AA framework®? with parameters developed specifically for
the cations considered here.**** For the [C,(C;HsCH,)Im]
cation, the force field parameters were determined in this work
and are listed in the SI. The gases were modeled using OPLS-
AA force fields.*

The ionic liquids were simulated in periodic cubic boxes
containing 246 ion pairs, using the molecular dynamics method
implemented in the DL_POLY package.”” Initial low-density
configurations, with ions placed at random in periodic cubic
boxes, were equilibrated to attain liquid-like densities and
structures at 373 K and 1 bar. Temperature and pressure were
maintained using a Nosé-Hoover thermostat and barostat,
respectively. Once the equilibrium density was attained,
simulations runs of 400 ps were performed, with an explicit
cutoff distance of 16 A for nonbonded interactions, from which
5000 configurations were stored. Structural quantities such as
radial and spatial distribution functions were calculated from
configurations generated during the production runs. Addi-
tionally, simulation boxes containing 8 molecules of ethane and
8 molecules of ethylene separately were prepared in the same
manner, to calculate solute—solvent radial distribution
functions between the gas and the ionic liquid and the
cation—anion interaction energy in the presence of the solute
molecules.

The total energy of the simulated systems containing solute
and ionic liquid was decomposed into contributions from
different pairs of species, in order to quantify the predominant
interactions. For that, the energy of each configuration (same
atomic coordinates) was recalculated, taking into account only
the relevant pairs of species, in turn. Also, the total energy was
decomposed into intramolecular terms, short-range (Lennard—
Jones) and electrostatic. In this manner, a detailed picture of
the energetics of the system can be obtained.

B RESULTS AND DISCUSSION

The experimentally measured densities of the ionic liquids
[C,(C3H;CH,)Im][NT£], and [C,(CH,C¢H;)Im][NT,] are
reported in Table 1. Because the ionic liquids studied are
relatively viscous, the experimental values of density were
corrected, as recommended by the manufacturer, for the
densimeter model used, by means of the equation:**

7418

Table 1. Experimental Values for Densities, p, of the Studied
Ionic Liquids, for Temperatures between 283 to 373 K and

at Atmospheric Pressure, after Applying Correction factor,
Ap

p (kgm™)

T (K) [C,(C;HSCHZ)Im][NTfZ] T (K) [CI(CchéHS)Im][NTfZ]
283.59 1482.5 282.80 1502.4
293.12 1472.8 293.15 1492.1
293.19 1463.1 302.75 1483.1
302.90 1472.8 302.82 1482.8
303.14 1463.2 313.13 1473.0
313.17 1453.6 321.87 1464.6
323.15 1444.1 333.06 1454.0
333.19 1434.6 342.81 1444.9
343.18 1425.3 352.90 1435.8
353.16 1416.2 363.03 1426.7
372.82 1418.1

2P [-0.5 + 0.45ym]107*
p 3)

The values found for Ap vary between 0.09 kgm™ at
approximately 283 K to 0.009 kgm™ at 373 K for
[C,(CH,C¢Hs)Im][NTf,]. The corrections are much lower
to [C,(C3HsCH,)Im][NTf,], for which a maximum value of
0.03 kgm™ was found for Ap at 293 K.

The values of density were fitted to linear functions of
temperature, the standard deviation of the fits being always
better than 0.05%:

3= 1751.7 — 0.95120 x (T/K)
4)

Plc,(c acHmINT)/ K8

=3
Pre,(ch,cymr,/Kgm ™~ = 17669 — 0.93770 X (T/K)
©)

The densities of the two ionic liquids have been previously
reported at 298 K by Mahurin et al.** (only for
[C,(CH,C4H,)Im][NT£,]) and by Mandai et al.*® The value
reported by Mahurin et al. has a lower precision than the ones
reported herein and is significantly lower, a result compatible
with the higher (and noncontrolled) amount of water of the
ionic liquid used by the authors. The density values measured at
298 K by Mandai et al. agree with the ones measured here to
within 0.1%.

The experimentally measured viscosities of the ionic liquids
[C1(C3HCH,)Im][NT,] and [C,(CH,C¢H)Im][NT£] are
reported in Table 2. The experimental data were fitted as a
function of temperature to a Vogel—Fulcher—Tammann (VFT)

equation:
k
T-T,

the parameters of the fits are reported in Table 3.

It can be observed that [C,(CH,C4H;)Im][NTf,] is much
more viscous than [C,(C;H;CH,)Im][NTf,], especially at the
lower temperatures where the differences in viscosity are as
high as 70% (or 137.4 mPa:s at 293 K). The difference in
viscosity between the two liquids is much lower at the higher
temperatures studied being of only of 40% at 353 K (or 6.27
mPa s).

n=AX Rz exp[
(6)
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Table 2. Experimental Values for the Viscosities the Studied
Ionic Liquids, For Temperatures between 283 and 373 K

n (mPa-s)

il (K) [Cl(CSHSCHz)]m][Nsz] I (K) [Cl(CHszHs)Im][Nsz]
293.15 60.45 293.15 197.8
303.15 39.65 303.15 104.6
313.15 27.52 313.15 62.33
323.15 19.96 323.15 40.34
333.15 14.92 333.15 2795
343.15 11.56 343.15 20.15
38315 9.208 353.15 1548

363.15 12.05

373.15 9.745

Table 3. Vogel—Fulcher—Tammann Equation Parameters
Obtained for the Measurements of Viscosity, 7, of
[C1(C3H;CH,)Im][NTE,] and [C,(CH,CgH;)Im] [NTE,]
Ionic Liquids, For Temperatures between 283 and 373 K

n (mPa-s)
A/1073 1 AAD
k(K) (mPa-s-K™1%) (K) (%)
[C,(C3HCH,)Im] 947 4.50 151 0.7
[NTH]
[C,(CH,C4H,)Im] 643 12.8 199 0.4
[NTE]

Orita et al.*” have determined the viscosity of the ionic liquid
[C/(C3H;CH,)Im][NTH,] at 298 K. Their value agrees with
our measurements to within 3%. Mahurin et al.** and Mandai
et al*® studied the viscosity of [C,(CH,C¢H;)Im][NTF,]
between 298 and 333 K and at 298 K, respectively. The present
values are much higher than those reported in ref 34, the
deviation of 57% being constant in the whole temperature
range and compatible with the presence of a relatively large
amount of water in the jonic liquid used. The value at 298 K
reported in ref 35 is 13% lower than the one reported here, a
difference more difficult to explain as the authors claim that
their ionic liquid sample has a water content of less than 150
ppm, a value higher but sufficiently close to ours.

As depicted in Figure 2, the viscosity of [C,(C;H;CH,)Im]-
[NTf,] is very similar to that of [C,C,Im][NTF]™ (a
difference of less than 3% in the whole temperature range),
proving that the presence of a double bond on the side chain of
the cation does not significantly affect the viscosity of
imidazolium based ionic liquids. The same is not observed
for [C,(CH,C¢H)Im][NTE,], even when its viscosity is
compared with that of [C,Cglm][NT£,]* (that has the same
number of carbon atoms in the side-chain of the cation), for
which a much higher viscosity was measured in the temperature
range studied. We have also compared the viscosity of
[C,(CH,CeH)Im][NTL,] with that of 1-methyl-3-methylcy-
clohexylimidazolium bis(trifluorosulfonyl)imide,
[C,(CH,CeH, ) Im][NTS,], reported by Mandai et al> at
298 K. We have found that the viscosity of [C,(CH,CgH,,)-
Im][NTf,] is more than 100% higher than that of the ionic
liquid containing the benzyl group in the side chain of the
cation.

For each ionic liquid—gas pair, several solubility experimental
data points were obtained for temperatures between 303 and
343 K in steps of approximately 10 K. The experimental
solubilities obtained for ethane and ethylene in the ionic liquids
[C,(CyH,CH,)Im][NT£], and [C,(CH,CH,)Im][NT£] and
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Figure 2. Viscosities of the studied ionic liquids: blue O,
[C,(C;H;CH,)Im][NTf,], and green ¢, [C,(CH,C¢H;)Im][NTf,]
for temEeratures between 283 and 373 K. Viscosity of [C,C,Im]-
[NTE],*® [C,CIm][NT£],* and [C,Celm][NT£,]* added for
comparison. The lines in the experimental data represent the VFT
equation fitting using the parameters of Table 3.

for ethylene in [C,C,Im][NTf,] are reported in Table 4 and
depicted in Figure 3, together with experimental results already
published for ethane?® in [C,C,Im][NTf,]. For the calculation
of the Henry’s law constants, the compressibility factor, Z,, and
the fugacity coefficient, ¢,, were calculated from the second
virial coefficient, obtained from the data compiled by Dymond
and Smith.** The volume of ionic liquid in the equilibrium cell,
Vyyy was obtained from the experimental density of the pure
ionic liquid, as reported in Table 1.

The calculated Henry's law constants were fitted to a power
series in T:

In[Ky;/10°Pa] = 3" A,(T/K)
i=0 (7

The coefficients A, being listed in Table 5. From the
variation of the Henry's law constants with temperature, it is
possible to calculate the thermodynamic properties of solvation
as previously described.***'** The values obtained, at the
temperature of 323 K, are listed in Table 6.

The solubility of ethylene in [C,C,Im][NTf,] has been
previously measured by Anderson et al.”® from 283 to 323 K.
Our values of the Henry's law constant agree to within 0.6% at
323 K, the deviations increasing at lower temperatures to reach
13% at 283 K.

The solubility of the two studied gases is larger for
[C,CyIm][NTE,] than for the two other liquids. This difference
can be attributed to more negative enthalpies of solvation for
both gases in [C,C,Im][NT,].

For the three ionic liquids studied, ethylene is always more
soluble than ethane in the temperature range covered. The
higher solubility of ethylene can be explained, for
[C,(C3H;CH,)Im][NTf,], by more favorable gas—ionic liquid
interactions, as expressed by a more negative enthalpy of

dx.doi.org/10.1021/jp403074z | J. Phys. Chem. B 2013, 117, 74167425
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Table 4. Experimental Values for the Solubility of Ethane, C,Hy, and Ethylene, C,H,, in [C,(C;H;CH,)Im][NTf,] and
[C,(CH,C4H;)Im][NTf,] Pure lonic Liquids, and for ethylene, C,H,, in [C,C,Im][NTf,] Expressed Both As Henry’S Law
Constants, K;, and as Gas Mole Fraction, X,, Corrected for a Partial Pressure of Solute of 0.1 MPa“

T(K) p (10° Pa) Ky (10° Pa) X, (102) %dev
CH, + [C,(C;H;,CHl)Im][NTfQ]
303.56 680.4 1119 8.895 +07
303.57 685.3 110.8 8.983 -13
313.56 703.6 126.9 7.847 -09
313.58 708.7 127.2 7.829 =11
323.59 726.4 141.5 7.035 - 11
323.60 7315 138.6 7.184 + 1.0
333.60 749.0 154.9 6431 +0.1
333.62 754.6 1554 6.407 — 04
343.61 17 172.9 5.763 - 16
343.64 777.1 165.7 6.013 +2.7
303.56 680.4 111.9 8.895 +07
303.57 685.3 110.8 8.983 -13
313.57 703.6 126.9 7.847 - 09
313.58 708.7 125:2 7.829 -1l
CyH, + [C,(CH,CH ) Im ] [NTH |
303.25 656.7 134.4 7.408 -12
303.55 381.6 135.9 7.315 -19
303.57 670.8 1314 7.574 +15
31329 679.6 1525 6.530 - 08
313.53 911.5 1514 6.565 +02
313.57 693.8 150.1 6.633 +12
32335 702.4 172.8 5.762 - 10
323.56 716.7 169.6 5.871 + 1.1
323.61 941.6 167.7 5.931 +23
333.38 725.0 192.8 5.167 - 04
333.56 7394 190.8 5.220 +0.8
343.38 747.9 223.7 4.454 — 4.4
34351 761.9 213.0 4.677 +05
343.65 1002 209.8 4.744 +22
C,H, + [C,C,Im][NT£]
283.67 803.0 54.62 18.19 +02
293.76 833.8 63.91 15.56 +0.1
303.57 872.4 75.11 1324 -13
303.57 863.3 73.67 13.50 +06
313.59 903.0 86.32 11.53 - 08
323.61 9232 96.64 1030 +19
32361 933.3 98.55 10.10 -0l
333.63 963.6 112.6 8.847 +0.0
343.65 993.9 128.9 7.732 - 05

T (K) p(10% Pa) Ky(10° Pa) X,(107%) %dev
C,H, + [C,(CyH;CH,)Im][NTF,]
303.12 639.2 87.30 11.42 — 0.4%
303.12 646.5 86.57 11.51 + 0.0%
303.16 626.6 86.96 11.46 — 0.4%
313.09 648.4 99.47 10.02 — 0.3%
31312 661.5 99.33 10.04 — 0.1%
313.12 668.9 98.88 10.08 + 0.4%
323.00 670.0 112.8 8.841 — 0.1%
323,09 683.6 112.3 8.876 + 0.4%
32311 690.9 1112 8.965 + 1.4%
33291 691.3 126.2 7.902 + 0.6%
333.09 713.0 125.5 7.945 + 1.4%
342.78 712.8 144.4 6.906 = 1.7%
34294 727.3 144.3 6911 — 1.4%
343.02 734.8 141.3 7.056 + 0.7%
C,H, + [C,(CH,CoH, ) Im[NTH, ]
303.55 675.0 94.91 10.50 =16
303.58 680.7 92.09 10.82 + 1.5
313.53 698.2 107.9 9.241 =15
313.60 704.3 104.2 9.560 + 21
32349 721.3 123.4 8.079 — 28
32363 T27.7 118.1 8.443 + L7
33342 743.9 136.0 7.331 —-12
333.67 7510 131.7 7.572 +23
34335 766.4 150.2 6.640 - 05
343.67 774.3 149.8 6.659 +0.1

“p is the experimental equilibrium pressure and the percent deviation is relative to the correlations of the data reported in Table S.

solvation for C,H, than for C,H,; (Table 6). For
[C,(CH,CH)Im][NTf,] and [C,C,Jm][NTf,], the higher
solubility of ethylene is explained by more favorable entropies
of solvation, an effect more pronounced in the case of
[C,CyIm][NTf,] even if the difference in the ethane and
ethylene solubility is larger for [C,(CH,C¢H;)Im][NTE,] than
for the two other ionic liquids.

Together with the amount of each gas that can be absorbed
by the ionic liquid, the difference in solubilities is important for
the design of gas separation processes and is normally
quantified as the ideal selectivity of the separation, @, herein
defined as follows:

1
Kyethylene
=—"

Kjjethane

(8)
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This ideal gas selectivity is not very different from the real
mixed gas selectivity as both gases present relatively low
absorptions and so their activity coeflicients in the liquid phase
are close to unity.

In the upper plot of Figure 4, the selectivity is represented as
a function of temperature for the ionic liquids studied (for
ethane in [C,C,Im][NTf,] the data from Costa Gomes et al.”’
was used in the calculation). It is observed that the selectivity
for [C,C,Im][NT£,] is similar to that for [C,(CH,C¢H;)Im]-
[NTf,] and constant over the temperature range covered. The
selectivity for [C,(C;H;CH,)Im][NT£] is slightly lower and
decreases with increasing temperatures (as expected as the
difference in solubilities is entropically controlled). In the lower
plot of Figure 4, the performance plot is represented for
ethylene (selectivity as a function of mole fraction solubility) of
different ionic liquids. The larger selectivity was observed by
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Figure 3. Mole fraction solubilities of ethane (empty symbols) and
ethylene (full symbols) at 0.1 MPa partial pressure and as a functions
of the temperature in the following ionic liquids: red @, [C,C,Im]-
[NTf,]; blue W/0, [C,(C;H;CH,)Im][NTf,]; and green /0,
[C1(CH,C4Hs)Im][NTf,]. Full lines represent the smoothed data
using the parameters in Table 5 and the dashed line corresponds to the
previously reported values of the solubility of ethane in [C,C,Im]-
[NTE,).Y.

Table 5. Parameters of Eq 7 Used to Smooth the
Experimental Results on Ky from Table 4 along with the
Percent Average Absolute Deviation of the Fit, AAD

%
ionic liquid Ay A, Ay AAD
C,H,
[C,(C;HCH,) - 4.782 4977 x 107 - 6089 X 10° 09
Im][NTf |
[C{CILCH:) + 05989 1620 % 1070 —6.699 x 107° 1.4
Im][NTE]
CH,
[C,(C3HCH,) - 01297 1755 %107 - 7863 x 107" 05
Im][NTE]
[C,(CH,CH;) —2.750 3480 X 107 — 3566 x 10° LS
Im][NTH]
[C,CIm][NT,]  — 2386 2041 X 107 — 2428 X 10° 0.6

Table 6. Thermodynamic Properties of Solvation of Ethane
and Ethylene, at 323 K, in [C,(C;H;CH,)Im][NTf,],
[C,(CH,C¢H;)Im][NTH,], and [C,C,Im][NTf,]

A H (KJmol™)

ionic liquid TA;,5® (KJmol™'K™")

C,Hg
[C,(C3HsCH,)Im][NTH] — 890 + 0.1 —-222+07
[C,(CH,C4H;)Im][NTE ] -10.1 £ 0.1 - 239 +07
[C,C,Im][NTE]* -13.0 £ 0.1 - 263 + 08
C,H,
[C,(C3H CH,)Im][NTE,] — 111 + 02 — 236 +07
[C,(CH,C4H;)Im][NTF, ] - 952401 - 223105
[C;CIm][NTH] - 119+ 0.1 - 242 +07

“Value from ref 27.

Camper et al.* for 1-ethyl-3-methylimidazolium dicyanamide,
the larger ethylene absorption being reported herein for
[C,C,Im][NTH].

In order to get an insight on the molecular mechanisms
responsible for the behaviors observed, we have analyzed the
structure of the gas-ionic liquid solutions by calculating all the
site—site solute—solvent radial distribution functions (RDFs)
for all the solutions of gas in ionic liquid. As can be seen in
Figure 5, where some of the most significant solute—solvent
RDFs are plotted, the most striking differences on the structure
of the solutions of the two gases are observed for the ionic
liquid with the benzyl group in the cation (Figure Sc). In this
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Figure 4. Upper plot: variation of the selectivity, @, as defined in eq 8
for the ethane/ethylene separation, with the temperature for the ionic
liquids: red @, [C,C,Im][NTL]; blue M, [C,(C;H,CH,)Im][NTf];
green ¢, [C,(CH,C,H;)Im][NTf,]. Lines represent the linear fitting
of the data. Lower plot: variation of the selectivity as a function of the
mole fraction solubility of ethylene, usually called performance plot,
for ethylene at 313 K. W ]-hexyI-3-meth¥1pyridinium bis-
(trifluoromethylsulfonyl)imide ([C,Cepy][NTE];" @ 1-ethyl-3-meth-
ylimidazolium dicyanamide ([C,C,Im][DCA]);*™ & 1-butyl-3-meth-
ylimidazolium tetrafluoroborate ([C1C4lln][BF4]);44 A 1-butyl-3-
methylimidazolium hexafluorophosphate ([C,C,Im][PF,] Jirt p 1
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([C,CIm][NTE]);* W L-ethyl-3-methylimidazolium trifluorometha-
nesulfonate ([C,C,Im][CF,80,]).**

case, ethane has a larger probability of being found near the
anion of the ionic liquid while ethylene interacts with a larger
probability with the benzyl ring of the cation, an evidence of the
preferential 7— interaction between ethylene and the cation of
the ionic liquid. A more detailed view is given by the spatial
distribution functions represented in Figure 6, where it can be
seen that ethane is preferentially solvated near the equatorial
hydrogen atoms of the benzyl group and ethylene rests planar
to the aromatic ring on the side chain of the cation. Also
represented in Figure 6 is the probability of finding the gases
solvated near the imidazolium ring of the cation—once again
there is evidence that the ethylene molecule rests planar to the
imidazolium ring, while ethane is solvated near the equatorial
hydrogen atoms.

We have also decomposed the overall system configuration
energy calculated by molecular simulation to the energy
between each pair of species, as represented in Figure 7. The
cation—anion interaction energy is more negative for
[C,(CH,C4H;)Im][NTH,] in the presence of ethane than in
presence of ethylene, an observation compatible with the higher
entropy of solvation for ethylene that was observed
experimentally. This difference on the total potential energy
is due to a change on the electrostatic contribution, a fact that
reinforces the conclusion that, in presence of ethane, the
cation—anion interaction in the ionic liquid is stronger than in
presence of ethylene.

Important differences can also be observed in Figure 5, parts
a and b, for the two gaseous solutes in the other two ionic
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C.H, CH,

a. [C;C4Im][NTf]

A

Figure 5. Site—site, solute—solvent radial distribution functions of ethane (plots on the left-hand side) and ethylene (plots on the right-hand side)
for the three ionic liquids studied: [C,C,Im][NTf,] (first row); [C,(C;H;CH,)Im][NTf,] (second row) and [C,(CH,C4H;)Im][NTf,] (third

row).
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CH

2 6 2 4

[C1Calm][NTf,]

[C1(C3HsCH)Im][NTH]

Figure 6. Spacial distribution functions of the center of mass of the
two solutes around the terminal atoms of the alkyl-side chain of the
cations or around the atoms of the imidazolium ring of the cation. The
surface corresponds to an iso-probability density of 3.0 times the
average density in the system.

liquids. For [C,C,Im][NTTf,], both gases are solvated near the
alkyl-side chain, but in the case of ethylene, the gas is
preferentially solvated closer to the imidazolium ring. The
interaction peak between the terminal atom of the alkyl-side
chain and ethylene is wider than that with ethane, an
observation indicating a larger mobility of the solute,
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Figure 7. Energy decomposition calculated by molecular simulation.
In blue, the total potential energy; in green, the dispersion interaction
energy; and in red, the electrostatic contribution to the interaction
energy. Upper plot: cation—anion interaction energy for the three
ionic liquids in the presence of the two solutes. Lower plot: solute—
ionic liquid interaction energies for the three ionic liquids. The filled
bars represent the solute—anion interaction energy, and the patterned
bars represent the solute—cation interaction energy.

compatible with the larger entropy of solvation found
experimentally for this gas.

For the ionic liquid [C,(C;H;CH,)Im][NT£], no significant
differences are observed on the site—site solute—solvent radial
distribution functions of the two gases (Figure Sb). In Figure 6,
we can nevertheless observe a slight difference on the solvation
of the two gases near the terminal atom of the alkyl side chain,
with ethylene being more probably found on the extremity of
the chain and ethane around the double bond.

Bl CONCLUSIONS

From the study of the absorption of ethane and ethylene in
different ionic liquids as a function of temperature, it was
possible to determine the influence of the presence of
unsaturated bonds on the cation on the solubility of the two
gases. It was observed that the solubility of both ethane and
ethylene decreases when the side-chain of the cation in the
ionic liquid is functionalized with a double bond or a benzyl
ring. This decrease of the solubility can be explained by a less
favorable enthalpy of solvation.

The difference in solubility between ethane and ethylene is
similar for the cation with the saturated alkyl side-chain and for
the cation containing the benzyl ring but decreases for the
cation with the double bond in the side chain. This behavior
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results from a balance of enthalpic and entropic factors: for the
two first ionic liquids ([C,C,Im][NTf,] and [C,(CH,C¢H;)-
Im][NTH£,]), it is the favorable entropy of solvation that is
responsible for the selectivity of the absorption of the two gases
(ethylene always being the more soluble). For the ionic liquid
containing a double bond on the side chain of the cation,
[C,(C3H,CH,)Im][NT£,], it is the more favorable enthalpy
that explains the larger ethylene solubility.

Computer simulations allow an interpretation at the
molecular level of the observed solvation behaviors. Although
the differences in solubility are similar, and attributed to
favorable entropic contributions, for the ionic liquids
[C,CIm][NTf,] and [C,(CH,C4H;)Im][NTE], the molecular
reasons behind them are quite distinct. In the case of the ionic
liquid with a benzyl substitution in the alkyl side-chain of the
cation, the presence of ethylene decreases the cation—anion
interaction, making the dissolution of C,H, entropically more
favorable. For the ionic liquid with the saturated alkyl side-
chain, several solvation sites compete for the solvation of
ethylene, probably contributing to a larger mobility of the
solute and so a more positive entropy of solvation.

In the case of the ionic liquid with a double bond on the side
chain of the cation, a more favorable interaction C,H,—

[C,(C3H;CH,)Im][NTf,] explains the larger solubility of this
gas.
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Experimental values of the absorption of carbon dioxide in two ionic liquids with carboxylate anions - the
1-butyl-3-methylimidazolium levulinate [C;C4Im][LEV] and the 1-butyl-1-methylpyrrolidinium acetate
[C1C4Pyrro][OAc] - are reported as a function of temperature and at pressures close to atmospheric. Mole
fraction absorption of carbon dioxide in [C;C4Im][LEV] and [C;C4Pyrro][OAc] is equal to 0.93 x 102 and
1.10 x 102 at 303.15 K and 89.2 kPa and 353.15 K and 67.1 kPa, respectively. The effect of the presence of
controlled amounts of water on the absorption of carbon dioxide was measured for [C; C4Pyrro][OAc]. The
presence of a 0.35 mole fraction of water in [C; C4Pyrro][OAc] decreases the viscosity of the ionic liquid
phase and dramatically increases the amount of carbon dioxide absorbed, pointing toward a chemical
reaction between the gas and the liquid absorbent. Increasing the amounts of water lowers the viscos-
ity further but also the absorption capacity of the ionic liquid. Molecular dynamics simulations were
used to interpret the molecular mechanism of solvation of carbon dioxide in [C;C4Pyrro][OAc]. Results
show that carbon dioxide is solvated preferentially in the non-polar domain of the solvent, and that the
CO-anion interactions dominate over the CO,-cation interactions. Molecular simulations could repro-
duce the experimental solubility of CO; in [C;C4Im][TFA] (known to be a physical process), but not in
[C1C4Pyrro][OAc] and reinforcing the conclusion that the higher solubility of carbon dioxide in the acetate
based ionic liquid can be ascribed to a chemical reaction.

Keywords:
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Molecular simulations
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1. Introduction

lonic liquids are considered as promising media for gas separa-
tions (Costa Gomes and Husson, 2010) as they are able to selectively
and efficiently absorb one gas in a mixture. In particular, they have
been indicated as possible alternatives for carbon dioxide removal
from flue-gas streams (Ramdin et al.,2012) by chemical (Bates et al.,
2002) or physical absorption (Shiflett et al., 2010). Several prop-
erties are significant for the evaluation of ionic liquids as liquid
absorbers for gaseous solutes - the absorption capacity, the selec-
tivity and the mass transfer - as they will determine the design and
cost of possible industrial processes (Henley et al., 2011).

We are interested in exploring the use of ionic liquids having car-
boxylate anions for the absorption of carbon dioxide, as they seem

* Corresponding author at: Institut de Chimie de Clermont-Ferrand, Equipe
Thermodynamique et Interactions Moléculaires, UMR 6296 CNRS/Université Blaise
Pascal, BP 80026, 63171 Aubiére, France. Tel.: +33 4 73 40 72 05;
fax: +334 73 40 71 85.

E-mail address: margarida.c.gomes@univ-bpclermont.fr (M.F. Costa Gomes).

1750-5836/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/.ijggc.2013.04.017

to be capable of chemically coordinating this gas hence showing a
high absorption capacity (Maginn, 2005; Shiflett et al., 2008). This
chemical reaction, evidenced by several authors for acetate based
ionic liquids (Stevanovic et al., 2012; Gurau et al., 2011; Besnard
et al,, 2012), seems to be reversible and so it is possible to recycle
the absorbent at a relatively low energy cost. Nevertheless, ionic
liquids based on the acetate anions and on the imidazolium cations
have shown some drawbacks linked to the possibility of proton
transfer between the anion and the cation (due to the acidity of the
hydrogen in the position C; of the imidazolium ring). Although the
equilibrium constant of this reaction seems relatively unimportant,
submitting the ionic liquid to repeated pressure cycles displaces the
equilibrium in the sense of the formation of acetic acid, a volatile
product. This means that these ionic liquids can, to some extent, be
considered as protic ionic liquids (Greaves and Brummond, 2008)
and so they are in reality a liquid mixture of different molecular
compounds and ions, the composition of the mixture depending
on the conditions at which it has been kept.

In this work, we have studied the absorption of carbon
dioxide by two ionic liquids having carboxylate anions. Firstly,
we have considered the 1-butyl-1-methylpyrrolidinium acetate
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Fig. 1. lonic liquids used in this work. (A) 1-Butyl-3-methylimidazolium levulinate [C, C4Im][LEV] and (B) 1-butyl-1-methylpyrrolidinium acetate [C,C4Pyrro][OAc].

[C1C4Pyrro][OAC], an ionic liquid based on the acetate anion but
having no acidic proton in the cation. Due to its low fluidity we
have studied the absorption capacity of the mixtures of this ionic
liquid with water. Secondly, we have studied an ionic liquid with a
heavier carboxylic anion, the 1-butyl-3-methylimidazolium levuli-
nate [C,C4Im][LEV], in order to check if the absorption mechanism
was the same as in the case of the acetate-based imidazolium ionic
liquids. We predict a considerable advantage on the use of this ionic
liquid linked to the fact that, if the cation-anion proton transfer
occurs, a molecular species of low volatility is formed (as levulinic
acid is much less volatile than acetic acid).

In order to contribute to the understanding of the mechanisms
of solvation of carbon dioxide in this family of ionic liquids, the
absorption of carbon dioxide in [CyC4Pyrro][OAc] was compared
with the solvation of CO, by 1-butyl-3-methylimidazolium triflu-
oroacetate [CyC4Im][TFA]. In this last ionic liquid, the absorption
of carbon dioxide is purely physical and so linked to the gas-liquid
molecular interactions and to the molecular structure of the
solution.

Absorption of carbon dioxide by [C;C4Im][LEV] was first stud-
ied by Yokozeki et al. (2008) and the value of absorption was found
to be equal to 0.245 at 298.1 K and at 100.2 kPa, when expressed
in mole fraction of gas. Absorption of gas in [C; C4Pyrro][OAc] was
not yet reported but a cation-anion proton transfer has been sug-
gested (transfer of a proton from the butyl chain of the cation
to the anion) with the release of acetic acid, methyl pyrroli-
dine and butane (Yoshizawa-Fujita et al., 2006). It seems then
that the low acidity of the protons in the alkyl side-chain in the
pyrrolidinium cation is sufficient to cause a cation-anion proton
transfer.

Values of absorption of carbon dioxide in [C;C4Im][TFA] are
available in the literature and were found to be significantly lower
than in ionic liquids based on the acetate anion and an imidaz-
olium cation (Shiflett et al., 2009; Carvalho et al., 2009; Cabaco
et al, 2011). Many explanations have been proposed to interpret
this difference in solubility mainly based on the stronger CO;-OAc™
interaction than CO,-TFA~ which can be attributed to the lower
electron density, and therefore lower donor ability, of the trifluo-
roacetate anion when compared with the acetate anion. The exact
mechanism of carbon dioxide absorption by these ionic liquids is,
nevertheless, still not well understood.

We investigate the absorption of carbon dioxide and its sol-
ubility in [C{C4Pyrro][OAc] and the [CyC4Im][TFA] by molecular
dynamic simulations. The comparison of the molecular structures
and interactions of the solutions of carbon dioxide in the two ionic
liquids ([C;C4Im][TFA] and [C; C4Pyrro][OAC]) is expected to clar-
ify the molecular mechanism of the CO, absorption. 'H and '3C
NMR spectroscopy provided further experimental evidence for the
solvation mechanism proposed.

2. Materials

The [C;C4Pyrro][OAc| was purchased from Solvionic with mole
fraction purities of 0.995. The [C;C4Im][LEV] samples were syn-
thesized at the laboratory of Chemistry, Catalysis, Polymers and
Processes of Lyon.

During the synthesis of 1-butyl-3-methylimidazolium levuli-
nate, [C;C4Im][LEV], all the operations were performed in the
absence of oxygen and of water and under a purified argon atmo-
sphere using glove box (Jacomex or MBraun) or vacuum-line
techniques. 1-Methylimidazole (>99%, Aldrich) was distilled prior
to use. Chlorobutane (>99%, Aldrich) was used without further
purification. Sodium levulinate was previously synthesized at the
laboratory LMOPS, Lyon, France and was used without further
purification.

For the synthesis of the 1-butyl-3-methylimidazolium chloride,
[C1C4Im][Cl], the first operation consisted on the slowly addition
of 1-chlorobutane (106 mL, 1.01 mol) to 1-methylimidazole (50 mL,
0.63 mol) under strong stirring. The mixture was left stirring for 2
days at 343.15K. The hot solution was then transferred drop wise
via a cannula into dry toluene (200 mL) at 273.15 K under vigorous
mechanical stirring. The white precipitate formed was then filtered
and washed repeatedly with dry toluene (3x 200 mL) and dried
overnight under vacuum giving a white solid (95.6 g, 0.55 mol, 87%)
(Magna et al., 2003).

To obtain the final product, 1-butyl-3-methylimidazolium lev-
ulinate, [C;C4Im][LEV], sodium levulinate (32.9g, 0.24 mol) was
dissolved in water (60 mL). 1-Butyl-3-methylimidazolium chloride,
[C1C4Im][CI] (34.4 g, 0.20 mol), was dissolved in dichloromethane
(170 mL). The aqueous phase was added drop wise to the organic
phase under strong stirring, at 303.15 K. The mixture was left stir-
ring during 60-70h at 303.15K. After separating the two phases
and drying the aqueous one, a dark viscous fluid was obtained (4.2 g,
0.08 mol, 41%).

The water contents of the degassed sample were determined,
with a precision of +5 ppm, using a coulometric Karl Fisher titrator
(Mettler Toledo DL31). The ionic liquids were kept under vacuum
for 72 h at 303 K before each measurement. The water content of
the degassed samples was found to be 365 ppm for [C;C4Im][LEV].

The temperature of decomposition of the ionic liquids used
herein (represented in Fig. 1) was determined using a modulated
DSC 2920 from TA Instruments and was found to be 448K for
[C1C4Im][LEV] and 518K for [C;C4Pyrro][OAc], respectively. The
temperature of fusion for [C;C4Pyrro][OAc], an ionic liquid which
is solid at room temperature, was found to be 353 K.

Mixtures of [C;C4Pyrro][OAc] and water of different compo-
sitions were prepared gravimetrically. The [C;C4Pyrro][OAc] was
first introduced in a glass vial and then the appropriate amount
of water was added and the glass vial was sealed. The vial was
completely filled with the liquid mixture in order to minimize the
volume of the vapor phase in equilibrium with the liquid solution
and so reduce the error in composition due to differential evapora-
tion. The uncertainty of the mole fraction is estimated at +0.0001.
The molar fraction of water in the prepared mixtures was 0.35-0.85.

The gases used for this study were used as received from the
manufacturer. Carbon dioxide was obtained from AGA/Linde Gas
with mole fraction purity of 0.99995.

3. Density measurements

Densities were measured using a U-shape vibrating-tube den-
simeter (Anton Paar, model DMA 512) operating in a static
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mode, following the procedure described in previous publications
(Jacquemin et al., 2006a, 2007). Measurements for [C;C4Im][LEV]
and [C;C4Pyrro][OAc] +water were performed for pressures up to
25MPa and at temperatures from 293 to 343 K.

The temperature in the densimeter was maintained constant
to within £0.01 K by means of a recirculating bath equipped with
a PID temperature controller (Julabo FP40-HP). For measuring the
temperature, a 100 2 platinum resistance thermometer (precision
of +£0.02K and accuracy of +0.04K) was used. Its calibration was
performed by verifying a water triple point (triple point cell by Hart
Scientific) and by comparison against a 100 €2 platinum resistance
Hart Scientific model 1502A.

The measured period of vibration (7) of a U tube is related to the
density (p) according to: p = At? + Bwhere A and B are parameters
that are function of temperature and pressure determined by cali-
bration between temperatures of 293 and 343 K (and pressures of
0.1 and 25 MPa), using as calibration fluids n-heptane, bromoben-
zene and 2,4-dichlorotoluene following the recommendations by
Schilling et al. (Schilling et al., 2008). Density measurements were
performed in steps of 10 K. The uncertainty of the density measure-
ments is estimated as 10~4 gcm 3.

The density of the pure [C;C4Pyrro][OAc] was calculated
using a group contribution model developed by Jacquemin et al.
(Jacquemin et al., 2008a,b).

4. Viscosity measurements

The dynamic viscosities of the two systems, [C; C4Im][LEV] pre-
viously dried under vacuum and [C;C4Pyrro][OAc] +water were
measured using an Anton Paar AMVn rolling ball viscometer, as a
function of the temperature from 293.15K to 363.15K (controlled
to within 0.01 K and measured with an accuracy better than 0.05 K)
and at atmospheric pressure. Before starting the measurements,
the 3 mm diameter capillary tube was calibrated as a function of
temperature and angle of measurement using standard viscosity
oil from Cannon (N35). The overall uncertainty in the viscosity is
estimated as +1.5%.

5. Gas-absorption measurements

The experimental method used for the gas absorption measure-
ments in pure ionic liquids is based on an isochoric saturation
technique and has been described in previous publications
(Jacquemin et al., 2006b,c). In this technique, a known quantity
of gaseous solute is put in contact with a precisely determined
quantity of degassed solvent at a constant temperature inside an
accurately known volume. When thermodynamic equilibrium is
attained, the pressure above the liquid solution is constant and is
directly related to the absorption of the gas in the liquid.

The quantity of ionic liquid introduced in the equilibration cell
is determined gravimetrically. This quantity is equal to the amount
of solvent present in the liquid solution, n'1'q. as the ionic liquid
does not present a measurable vapour pressure. The amount of
solute present in the liquid solution, n'zl(' (subscripts 1 and 2 stand
for solvent and solute, respectively), is calculated by the difference
between two, pressure, volume, temperature, pVT, measurements:
first when the gas is introduced in a calibrated bulb with volume
Vg and second after thermodynamic equilibrium is reached:

liq _ PiniVaB __Peq(Viot — Viig)
2 [Z2(Pinis Tini)RTini] IZZ(Peq~ Teq )RTeq]

where pj,; and Tj,; are the pressure and temperature in the first
pVT determination, respectively and peq and Teq are the pressure
and temperature at the equilibrium, respectively. Vi is the total
volume of the equilibration cell, Vjjq is the volume of the liquid

(1)

solution and Z; is the compression factor for the pure gas. The sol-
ubility can then be expressed in mole fraction, which is calculated
from the following equation:
liq
n

2 (2)

)= —
lig lig
n1 + n2

where n'z'q is the amount of solute dissolved in the ionic liquid
and nll'cI = n‘]‘" is the total amount of ionic liquid.We consider that
the volume of the ionic liquid does not change when the gas is
solubilized and so the volume of the liquid solution is equal to the
molar volume of the pure ionic liquid.

A second experimental method is used for the gas absorption
measurements in the mixtures ionic liquid + water. This one is also
based on an isochoric saturation technique and has been described
in previous publications (Hong et al., 2006; Husson et al., 2010).

In this technique a known quantity of gaseous solute is put into
contact with a precisely determined quantity of degassed solvent
at constant temperature inside an accurately known volume. As
previously, when thermodynamic equilibrium is attained the pres-
sure above the liquid solution is constant and directly related to the
solubility of the gas in the liquid.

The gas absorption can be expressed as mole fraction of the gas
in the liquid mixture, x, calculated through:
ngq

= Tiq Tiq
nsolv =+ n2

X2

(3)

liq
wheren

with nl/ being the amount of ionic liquid which due to its negli-
gible vapour pressure is equal to the total quantity of ionic liquid
introduced in the equilibrium cell and n'3'q the amount of water in
the liquid solution.

= n9 4+ n}%is the amount of solvent in the liquid phase

6. Molecular simulations

The microscopic structures and interactions in the mixtures
of ionic liquids ([C;C4Im][TFA] and [C;C4Pyrro][OAc]) and car-
bon dioxide were investigated by molecular dynamics simulations.
lonic liquids were represented by an all-atom force field, which
is based on the AMBER/OPLS_AA framework (Smith and Todorov,
2007; Jorgensen et al., 1996). For imidazolium cation force field
parameters were developed specifically (Canongia Lopes et al.,
2004), meanwhile for the pyrrolidinium cation they were retrieved
from the force field for amines (Rizzo and Jorgensen, 1999). Acetate
(Jorgensen et al., 1996; Yu et al., 2004) and trifluoroacetate (Liu
et al., 2006) were represented with the potential models existing
in the literature, whereas the potential model of Harris and Yung
(Mallet et al., 2008) was used for carbon dioxide.

Theionicliquids [C;C4Im][TFA] and [C; C4Pyrro][OAc] were sim-
ulated in periodic cubic boxes containing 127 ion pairs, using the
molecular dynamics method implemented in the DL_.POLY package
(Smith and Todorov, 2007). Initial low-density configurations, with
ions placed at random in periodic cubic boxes, were equilibrated
to attain liquid-like densities and structures at 373K and 1 bar
Temperature and pressure were maintained using a Nosé-Hoover
thermostat and barostat, respectively. Once the equilibrium den-
sity attained, simulations runs of 1ns were performed, with an
explicit cutoff distance of 16 A for non-bonded interactions, from
which 5000 configurations were stored. Structural quantities such
as radial and spatial distribution functions were calculated from
configurations generated during the production runs. Additionally,
simulation boxes containing 200 ion pairs and 12 carbon diox-
ide molecules were prepared in the same manner, to calculate
solute-solvent radial distribution functions between the gas and
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the ionic liquid and the cation-anion interaction energy in the
presence of carbon dioxide.

The chemical potentials of carbon dioxide at 373 K in the two
ionic liquids were calculated in a two-step procedure, as already
described by Almantariotis et al. (2010) First, for carbon dioxide, a
reduced-size version of the molecule was made by subtracting 0.8 A
from the C—0 bond length and also from the Lennard-Jones diam-
eters o and o¢. The resulting molecule is small enough so that its
chemical potential can be calculated using the Widom test-particle
insertion method with efficient statistics (100,000 insertions into
each of 5000 stored configurations of pure ionic liquids). Second,
a stepwise finite difference thermodynamic integration procedure
was followed to calculate the free-energy difference between the
initial, reduced versions of the carbon dioxide molecule and the
final full-size model. The free energy calculation was performed
on six intermediate steps along a linear path connecting the inter-
molecular parameters (bonds and diameters) of the reduced-size
to those of the full-size molecule. This relatively modest number
of intermediate steps is adequate because the starting point of
the thermodynamic integration route is not too far from the final
state. In the finite-difference thermodynamic integration scheme,
derivatives (finite differences) of the total energy of the system with
respect to the activation parameter were evaluated by a free-energy
perturbation expression in the NpT ensemble using a three-point
formula with increments of 2 x 103,

7. NMR measurements

'H and 'C NMR data were collected at 298.15I or 313.15K
on a Bruker AC 400 MHz spectrometer. Spectra of [C;C4Im][LEV]
and [CyC4Pyrro][OAc] samples were recorded in solution using
acetone-dg and CDCl3 as solvents, respectively. A coaxial capillary
tube loaded with DMSO-dg was inserted into the 5 mm NMR tube
filled with the [C{C4Pyrro][OAc] +water sample to avoid any con-
tact between the deuterated solvent and the analyzed mixture. The
deuterium in DMSO-dg was used for the external lock of the NMR
magnetic field and the residual proton in DMSO-dg was used as the
'H NMR external reference at 2.5 ppm.

8. Results and discussion

The experimental wvalues obtained for the density of
[C1C4Im][LEV] and [CC4Pyrro][OAc]+water as a function of
pressure and at temperatures from 293 to 353K are reported in
Table S2 of Supplementary information. The values of density at
atmospheric pressure (necessary for the calculation of the gas
solubility) were adjusted to linear functions of temperature:

Pic;camyev (kg m ™) = 1281.7 - 0.6112(T/K) (4)
Iy C4Pyrrol[0Ac)+ Hy0(x=0.4) (KE m~*)=1186.3 - 0.5669(T/K) (5)
Plc,CaPyrrolloActiH,0(x-0.6) (kg M) = 1198.7 — 0.5858 (T/K)  (6)

P|C,C4Pyrro][0AC+H,0(x=0.8) (K& m~*) = 1233.0 - 0.6689(T/K)  (7)

the standard deviation of the fits is always better than 0.1%.The
density of [C;C4Im][LEV] was compared to both the acetate based
ionic liquids with imidazolium cations studied in our previ-
ous work (Stevanovic et al., 2012) and was found to be lower
than [CyCoIm][OAc] and higher than [C;C4Im][OAc]. Mixtures of
[C1C4Pyrro][OAc] +water present, as expected, lower densities
than mixtures of [C;CoIm][OAc]+water or [C{C4Ilm][OAc] +water
(Stevanovic et al., 2012) for an equivalent mole fraction of water.
The density increases when the quantity of water increases as it was
observed previously for the systems [C;C;Im][OAc]+water and

[C1C4lm][OAc] +water. The densities measured herein as a function

of pressure were correlated using the Tait equation:
PO(T, B°)

1-C In((B(T) + p)/(B(T) +p))

AT, P) = [ (8)
where pO(T, p°) is the density value at a reference temperature T
and at the pressure p” =0.1 MPa; Cis an adjustable parameter and
B(T) a polynomial defined by:

2
B(r)="> BT €)
i=0

The parameters found for the present data are listed in Table 1.

The dynamic viscosity was measured for the systems
[C1C4Im][LEV] and [C{C4Pyrro][OAc]+water, and is listed in
Table 2 as a function of temperature from 293 to 373K. The
Vogel-Fulcher-Tamman (VFT) equation was used to correlate the
experimental viscosities as a function of temperature:

1197
N, CamiLev) (MPas) = (2.07 x 10-3)(T/K)"/? exp [ ]

(T/K) - 190
(10)

_ 2
1[c, C4Pyrro][0Ac]+Hy0 (x=0.4) (MPas) = (2.54 x 10 3)(T/K)U

985 }

x exp [—(T/K)—ISB (11)

1[C; C4Pyrro][0Ac]+H,0 (x=0.6) (MPas) = (1.01 x 1072)(1/K)/?

1173 }

(T/K)— 164 (12)

xexp[

1[C, CaPyrro][0Ac]+H,0 (x=0.8) (MPas) = (1.97 x 10 (/K

868 }

T/K) - 177 (13)

xexp[

As expected, the viscosities of the ionic liquids depend both
on the nature of the anion and the cation. Values of viscos-
ity, at 303.15K, of [C;C4lm][LEV] are equal to 1441 mPas, so
3.6 and 13.7 times higher than values of [C;C4lm][OAc] and
[C1CaIm][OACc], respectively (Stevanovic et al., 2012), The system
[CC4Pyrro][OAc]+water (for a mole fraction of water equal
to 0.4) presents a viscosity of 330.4mPas at 293.15K, a value
1.1 and 3.7 times higher than those of [C;C4Ilm][OAc]+water
and [C{CoIm][OAc]+water. The viscosity of the mixture
[C1C4Pyrro][OAc] +water decreases with the addition of water,
the viscosity, for a mole fraction of water equal to 0.8 being as
low as 45.43 mPas at 293K, 2.1 and 7.3 times lower than for mole
fractions of water equal to 0.6 and 0.4, respectively.

For both [C{C4Im]|[LEV], [C;C4Pyrro][0OAc] and for the mixtures
of [C1C4Pyrro][OAc] + water, multiple experimental data points on
the absorption of carbon dioxide were obtained in the temperature
interval between 303.15K and 343.15K in steps of approximately
10K. The pure ionic liquid [C)C4Pyrro][OAc] was only studied at
353 K. For the [C;C4Pyrro][OAc] + water mixtures, measurements
of the CO, absorption were made at 303.15 and 313.15K for mole
fractions of water equal to 0.35, 0.6 and 0.85. The experimental
values are reported in Table 3.

The absorption of carbon dioxide in pure [C;C4lm][LEV] is
represented in Fig. 2 as a function of pressure for the different
temperatures studied. The gas is absorbed up toa 0.93 x 10~2 mole
fraction at 303.15K and 67.1 kPa. Absorption of carbon dioxide in
[C1C4Im][LEV] increases when the partial pressure of gas increases
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Table 1

Tait parameters C, By, By and B; used to smooth the experimental densities as a function of pressure (to 25MPa) and temperature (from 293 to 353 K). AAD indicated the

percent average absolute deviation of the fit.

Ionic liquid 10? x C Bo (MPa) By (MPaK~') 103 x B, (MPaK~2) AAD (%)
[C1C4Pyrro][OAC] + water (Xyater = 0.4077) -2.137 +278.999 -2.339 +3.808 0.016
[C1C4Pyrro][OAc] + water (Xwater = 0.6028) -1.527 —107.704 +0.136 +0.007 0.016
[C1C4Pyrro][OAc] +water (Xwater = 0.8027) -2.005 -136.864 +0.230 -0.158 0.020
Table 2
Experimental dynamic viscosities, 1, of the ionic liquids [C;C4Im][LEV] and [C; C4Pyrro][OAc] + water mixtures as a function of temperature at atmospheric pressure.
T(K) ne*P (mPas) 5(%) T(K) NP (mPas) 8 (%)
[C;1C4lm][LEV] [C1C4Pyrro][OAc] +water (Xyacer =0.4077)
303.15 1441 +0.0 293.15 3304 +0.0
313.15 619.6 -0.2 303.15 160.12 -0.2
323.15 300.2 +0.7 313.15 86.23 +0.4
333.15 165.0 -0.9 323.15 51.09 +0.4
333.15 32,67 -0.2
343.15 22.10 -05
353.15 15.73 -1.2
363.15 11.52 -08
373.15 8.644 +0.6
[C1C4Pyrro][OAc] + water (Xwater =0.6028) [C1C4Pyrro][OAc] + water (Xwater =0.8027)
293.15 152.7 +0.1 293.15 4543 +0.0
303.15 81.31 -0.6 303.15 26.05 +0.2
313.15 45.97 +1.5 313.15 16.32 -0.2
323.15 29.13 -0.7 323.15 10.90 -03
333.15 18.89 +0.5 333.15 7.665 -0.2
343.15 13.23 -1.1
353.15 9.512 -13

and when the temperature decreases. It is observed in Fig. 2 that
the carbon dioxide absorption progress linearly with the pressure
for all temperatures studied, indicating that Henry's law is verified
and that carbon dioxide is only physically dissolved in that case.
Compared to the imidazolium acetate ionic liquids studied previ-
ously by our research group (Stevanovic et al.,2012), which are able
to both chemically and physically absorb carbon dioxide, absorp-
tion in the [C;C4Im][LEV] was found to be one order of magnitude
lower.

Table 3

The results presented herein on the absorption of CO, in the
mixtures [C;C4Pyrro][OAc]+water are presented in Fig. 3. The
absorption of carbon dioxide decreases when the mole fraction
of water increases, the absorbed quantity of gas varying from
10.9 x 1072 to 0.9 x 102 at 303.15K and 9.4 kPa and 303.15K and
63.8 kPa for water mole fractions equal to 0.35 and 0.85, respec-
tively.

In order to compare the absorption of carbon dioxide in all
studied systems, experimental data were extrapolated linearly to

Experimental values of carbon dioxide in [C; C4Pyrro][LEV], [C; C4Pyrro][OAc] and [C; CsPyrro][OAc] + water expressed as carbon dioxide mole fraction, x,. p is the experimental
equilibrium pressure, Ky the Henry's law constants and dev is the estimation of the precision of the experimental data.

T(K) p(10?Pa) s Ky (10° Pa) Xx2(1072) dev (%)
[C,C4Pyrro][LEV]

303.16 670.78 0.0093 722 1.38 ~0.1
31328 633.60 0.0078 81.4 1.22 +1.9
313.28 691.26 0.0083 829 1.20 +0.1
313.31 696.99 0.0082 84.4 1.18 -1.7
323.32 658.57 0.0066 99.5 1.00 +0.1
32334 717.90 0.0073 97.4 1.02 +2.3
323.34 72384 0.0070 102.5 097 =27
33335 683.20 0.0056 122.3 0.82 +1.4
333.36 750.17 0.0060 124.1 0.80 +0.0
333.41 747.00 0.0059 125.7 0.79 -1.2
[CiCsPyrro][OAC]

353.55 891.8 0.011 84.5 0.012

353.18 43426 0.005 88.8 0.011

[C1C4Pyrro][OAc] + water (Xwater = 0.35)

303.34 94.00 0.109

31335 147.00 0.103

[C,C4Pyrro][OAc] + water (Xyater = 0.6)

303.32 154.00 0.057

313.72 221.00 0.053

[C; C4Pyrro][OAc] +water (Xwater = 0.85)

30335 638 0.009

313.36 709 0.008
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Fig.2. Mole fraction absorption of carbon dioxide in the [C; C4Im][LEV] as a function
of the temperature: ([J), 303.15K; (@), 313.15K; (v),323.15K; and (#), 333.15K.

353.15K for all systems except for [C;C4Pyrro][OAc]. In that case,
it is assumed that the pressure differences do not affect signifi-
cantly the values of absorption of carbon dioxide in the different
systems studied and so they can be compared at the different
temperatures studied. Results are presented in Fig. 4. The absorp-
tion of carbon dioxide in the mixtures [CC4Pyrro][OAc] +water
for water mole fractions equal to 0.35 and 0.60 is one order of
magnitude higher than in the three other systems. Values are com-
parable to these found for the systems [C;CyIm][OAc] +water and
[C1C4Im][OAc] + water studied previously (Stevanovic et al., 2012).
Itimplies that the system [C; C4Pyrro][OAc] + water can react chem-
ically with carbon dioxide when the amount of water present is
sufficient. Absorption of carbon dioxide in pure [C; C4Pyrro][OAc]
was found to be lower than in mixtures of [C; C4Pyrro][OAc] + water
for water mole fraction equal to 0.35 and 0.60. Absorption of
carbon dioxide in pure [C{C4Pyrro][OAc] is also one order of
magnitude lower than in [C;C;Im][OAc] and [C{C4Im][OAc]. It
appears that pure [CyC4Pyrro][OAc] is only able to physically
absorb carbon dioxide and the mechanism of chemical reaction
between [CyC4Pyrro][OAc] +water and carbon dioxide is different
from that of the systems with the ionic liquids [C{ C2Im][OAc] and
[C1C4Im][OAc], these two ionic liquids reacting chemically with
carbon dioxide with and without water present.

155 220

Xeo /107

tzo
0.35 0.60 0.85
Fig. 3. Mole fraction absorption of carbon dioxide in the systems

[CiC4Pyrro][OAc] + water as a function of the temperature: (B ) 303.15K and
(M) 313.15K. The number above each bar represents the equilibrium pressure in
102 Pa.

10
8
« B
2
g
< 4
2
e os o8 =
< k] N Q @ &
I
S 3% 3% iy 2
Q E
gL gL &L o =
g o x SFf goF Iy
g g g g g
o & & &
3 3 .
) S g
S e S

Fig. 4. Mole fraction absorption of carbon dioxide in the ionic liquids and ionic
liquids +water systems studied herein, at 353.15K: . [C1C4Pyrro][OAc): .
[CiC4Pyrro][OAC] + water (xy,0 = 0.35); M, [C; C4Pyrro][OAc] + water (xy,0 = 0.60);
W, [CCyPyrro][OAc] +water (xp,0 = 0.80); B, [C;C4Im][LEV]. Values are obtain
by extrapolating linearly experimental data to 353.15K for all systems except for
[CyC4Pyrro|[OACc].

Absorption of carbon dioxide in [C;C4Im][LEV] is compara-
ble to the absorption in pure [C;C4Pyrro][OAc] or in the mixture
[C1C4Pyrro][OAc] +water for water molar fraction equal to 0.85.

[n order to explain the difference in carbon dioxide absorptionin
the studied ionic liquids as well as the effect of water on the micro-
scopic structure of the pure ionic liquids and in their mixtures with
carbon dioxide, we have used molecular dynamics simulations.
Two ionic liquids were considered, the 1-butyl-3-methyl triflu-
oroacetate [C;C4Ilm][TFA] and the [C,C4Pyrro][OAc]. In the first
case, it is well known that the absorption of CO; is purely physical
(Carvalho et al., 2009) and we expect that the comparison between
the behaviors of the two ionic liquids will contribute to the under-
standing of the mechanisms of gas absorption in [C;C4Pyrro][OAc].

Molecular dynamics simulations were done in a condensed-
phase and took into account all the two-body interactions from the
environment of each molecule or ion, labeled as depicted in Fig. 5.

[nitially, the microscopic structure of the pure ionic liquids
[C1C4Im][TFA]and [C; C4Pyrro][OAc], was perceived by the analysis
of the site-site radial distribution function - probability of find-
ing two selected atomic sites at a certain distance is represented
in Fig. 6 for several representative atomic sites in the pure ionic
liquids. From the plots in Fig. 6 it can be observed that in the imidaz-
olium ionic liquid, the cation and the anion interact preferentially
through the H2,, hydrogen of the C;C4Im™ and the O oxygen
of TFA~, where negative charge is concentrated. The oxygen atom
of the anion TFA~ is also found with significant probability in the
vicinity of the nitrogen Ny, of imidazolium cation. This result was
expected and is consistent with other imidazolium liquids reported
in literature.

Likewise, in the pyrrolidinium ionic liquid the interaction
between the partially positive Npy;o (as well as Clpyrro) and the
oxygen of the OAc~ are of the most importance. The other inter-
action sites between the cation and the anion are present, but less
expressed. However, the distance between these cation and anion
atomic sites are shorter for the imidazolium ionic liquid (Stevanovic
et al., 2012) than for the pyrrolidinium based one, in accordance
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Fig. 5. Atom labeling in 1-butyl-3-methylimidazolium and N-butyl-N-methylpyrrolidinium cations and acetate and trifluoroacetate anions.

with accessibility and acidity of imidazolium H2j,, and therefore
stronger acid-base interactions in the former case.

The molecular simulation results indicate that the presence of
carbon dioxide does not affects the most significant interaction
sites present in the pure ionic liquids. This can be also deduced
from the plots in Fig. 6, where solid lines refer to the pure ionic
liquid and dotted lines to the mixture (CO, +ionic liquid). In the
[C1C4Im][TFA], both peaks, one corresponding to the interactions
of the terminal carbon atoms of the alkyl chain of the cation CTjy,
and the oxygen of CO; (Oco, ), and the other between the oxygen
of the anion (Opac) and carbon of carbon dioxide (Cco,) are of sig-
nificant importance. This indicates that carbon dioxide is solvated
preferentially in the vicinity of the anion and in the non-polar
region of imidazolium ionic liquids. Carbon dioxide was found to
be solvated similarly in [C;C4Im][TFA] and in [C;C4Im][OAc] as
demonstrated in our previous work (Stevanovic et al., 2012). Anal-
ogously in [C;C4Pyrro][OAc], there is a high probability of finding
carbon dioxide near oxygen of OAc™ and CTpy,ro. No significant
difference in solvation of carbon dioxide in both types of ionic

T T
H2jy-Orpp ——
a0t H2ym-Ogo, - === 1
CTIm'OCOZ
ra~Ceo, ——
30 Frea=Ceo, 5
S 20} -
1.0
0.0
0

r/&

liquid, imidazolium (Stevanovic et al., 2012) and pyrrolidinium,
was observed.

These structural features of the mixture of (CO, +ionic liquid)
can be perceived and confirmed also in 3 dimensional spatial
distribution functions in Fig. 7. In Fig. 7a and d is represented
the distribution of the local density of the cationic and the
anionic atomic sites around carbon dioxide in [C;C4Im][TFA] and
[C1C4Pyrro][OAC], respectively. As already deduced from the radial
distribution functions, for the two ionic liquids studied the spatial
distribution function shows that carbon dioxide is mainly solvated
by the anion (Opac or Ofga, red) and the terminal carbon atoms
of CTyy or CTpyyo (gray). Looking at distribution of atomic den-
sity around acetate or trifluoroacetate (Fig. 7b and e) is expected
to find Ccop (cyan) and C2j, or Npyrro (blue) interacting with the
oxygen atoms of the anion. From Fig. 7c and f we can observe that
the presence of the oxygen of carbon dioxide around the cation is
minor.

Calculations of the free energy of solvation of carbon diox-
ide in [C;C4Im][TFA] and [C{C4Pyrro][OAc] at 373K give access

T
Npyro~Ooac ——
40 NPyno'OC02 e
Pyrro'OCO S
oac-Cco, ——
30 Hoac—Oco, ——
5 2.0 - e
1.0 /“’<\
0.0 L
0 5 10 15
r/d

Fig. 6. Preferential interaction sites between ionic liquid and carbon dioxide. On the left-hand side: [C,C4Im][TFA] and on the right-hand side: [C; C4Pyrro][OAc].
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[C1C4lm][TFA]

Fig. 7. Spatial distribution functions between selected atomic sites in [C; C4Im][TFA], [C;C4Pyrro][OAc] and carbon dioxide. (a and d) Around carbon dioxide: iso-surface
corresponding to a local density of twice the average density of the CTj, or CTpyo (gray) and of the Ogac or Oy (red). (b and e) Around OAc or TFA-. Iso-surface corresponding
to a local density of 3-times the average density of the H2)y, (blue) and Ccoz (purple). Figure ¢ and f: around C;C4Im* or C,C4Pyrro*. Iso-surface corresponding to a local
density of twice the average density of the Oco, (yellow) and of 4-times of the Ooac or Orra (red). (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of the article.)

to the Henry's law constants, Ky, that allow us to calculate the
gas solubility at a partial pressure of gas pgas=1bar The results
are summarized in Table 4, where a comparison with the exper-
imental values is also reported. The results of the simulations
agree with the experiments for [C;C4Im][TFA]. Whereas, simula-
tions made previously (Stevanovic et al., 2012) did not reproduce
experimental trends for [C; C4Im][OAc]. Solubilities calculated for
[C1C4Im][TFA] were found to be the same than for [C; C4Im][OAc]
studied previously (Stevanovic et al., 2012), within the incertitude
of simulations. This implies that the nature of the cation does not
affect the solubility of carbon dioxide significantly.

The disparity in the solubility of carbon dioxide in the studied
ionic liquids can be ascribed either to the structural difference in
ionic liquids or/and different strength and nature of interactions. As
the structural analysis showed no significant difference between
[C1C4Im][TFA] and [C;C4Pyrro][OAc], the strength of interactions
CO,-solute must be of significant importance.

In order to explain such a difference in the solubility of carbon
dioxide the simulation results were examined in detail. The overall
system configuration energy of the mixtures (CO, +ionic liquid)
was decomposed to the energy between each pair of species,

Table 4

Comparison of experimental solubilities of carbon dioxide in ionic liquids and calcu-
lated by molecular dynamic simulations expressed in mole fraction: [C, C4Im|[TFA]
and [CC4Pyrro][OAc].

lonic liquid

[C1C4Im][TFA]
[C1C4Pyrro][OAC]

Calculated, X

0.004 + 0.001
0.002 + 0.001"

Experimental, Xexp

0.005¢
0.012¢

4 373K.
b Extrapolated to 373 K.
€ 298 K.
d 353K,

represented in Fig. 8. The overall cation-anion interactions are
stronger for the pair [C;C4Im]*[TFA]~ than for [C; C4Pyrro]*[OAc]~.
These observations were already made from the analysis of the
site-site radial distribution functions in Fig. 6. The presence
of carbon dioxide increases the cation-anion interactions thus
favoring the ion pair association. No significant difference in the
interaction energy between carbon dioxide and cation/anion was
observed for the two ionic liquids. Surprisingly, carbon dioxide
was found to have a more favorable energy of interaction with the
cation than with the anion of the ionic liquids.

[C,C,Im][TFA]

[C,C,Pyrro][OAc]

\ |

0.0

N

Z

N\

-10.0

-20.0

Anion + CO, &
N

Anion + CO,

I} o)
-30.0 o 3]
+ +
s §
-40.0 2 =
© ©
o | ©
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Fig. 8. Comparison of the cation-anion, cation-CO; and anion-CO; interaction
energies in pure ionic liquids and in the mixtures with carbon dioxide. The values are
normalized by a number of the amount of substance of ionic liquid in moles. In the
mixtures IL+CO; interaction energies are normalized by number of CO; molecules.
Exact values are reported in Table S1 (ESI).
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Fig. 9. '"H NMR (upper plot) and '*C NMR spectra (lower plot) of various samples of [C;C4Im][LEV] in acetone-ds.

Molecular simulation reproduces the correct carbon dioxide sol-
ubility in [C;C4Im][TFA], but not in [C; C4Pyrro][OAc], meaning that
in the later case some mechanism of gas absorption other than
physical absorption (the only implemented in the molecular simu-
lations), prevails.

To obtain further information about the interaction of carbon
dioxide and the ionic liquids, which could help to interpret the
trends of the experimental values of carbon dioxide absorption,
TH and '3C NMR spectra of pure and carbon dioxide-saturated
ionic liquids were recorded at atmospheric pressure. Fig. 9 shows
NMR spectra of pure [C{C4Im][LEV] and [C;C4Im][LEV] saturated

with carbon dioxide. Comparison of the spectra (a) and (b) in
the upper and lower plots of Fig. 9 shows no noticeable changes
neither in 'H or in '3C chemical shifts upon saturation of the
ionic liquid with carbon dioxide. This observation proves that
no chemical reaction is involved in the carbon dioxide absorp-
tion by [C;C4Im][LEV], in agreement with the lower values of
absorption found compared to the imidazolium acetate based
ionic liquids (Stevanovic et al., 2012). Furthermore, the small peak
in spectrum (b) of the lower plot in Fig. 9 at around 175ppm
is the clear signature of free CO, in solution (Tomizaki et al.,
2010).
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Upper plot

a) [C,C,Pyro][OAc] in CDCl,

b) [C,C,Pyrro][OAc] + CO,in CDCl,

c) [C,C,Pyrro][QAc] + H,O

d) [C,C,Pyrra][OAc] + H,O + CO,

ppm 5 4 2 1
Lower plot
a) [C,C,Pyrro][OAc] in CDCl, [
b) [C,C,Pyrro][OAc] + CO,in CDCl, l
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Fig. 10. "H NMR spectra (upper plot) and 'C NMR spectra (lower plot) of various samples of [C, C4Pyrro][OAc]. Samples (a) and (b) were recorded in solution in CDCl; while

samples (c) and (d) were recorded in a coaxial tube loaded with DMSO-ds.

To obtain further insight into the mechanism of carbon diox-
ide absorption by pyrrolidinium acetate, 'H and !3C NMR spectra
of pure [CyC4Pyrro][OACc], of the [C;C4Pyrro][OAc] + H>O mixtures
and of the solutions containing CO5 in these liquids were recorded
and are depicted in Fig. 10. Since [C;C4Pyrro][OAc] is a solid at

room conditions with a melting point at 353K, the pure ionic lig-
uid was dissolved in CDCl; before the NMR spectra of the solution
were recorded. Comparison of the spectra (a) and (b) in the upper
and lower plots of Fig. 10 shows no noticeable changes, neither
in 'H or in '*C chemical shifts upon saturation of the mixture
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with carbon dioxide. This indicates that, without the presence of
water, the mechanism of absorption is different from the mecha-
nism in [C;C4Im][OAc] in which chemical reactions with acetate
were observed previously (Stevanovic et al.,, 2012). Contrary to
[C1C4Im][OACc], solubility measurements showed that the presence
of water in [C; C4Pyrro][OAc] increases dramatically the absorption
of gas when compared with that in the pure ionic liquid. This is
another evidence that the mechanism of absorption of the gas is
different in the two ionic liquids containing the acetate anion. An
additional peak appears in the '>*C NMR spectrum at 158.5 ppm
(® in the lower plot labeled d) in Fig. 10) when the ionic lig-
uid + water mixture is saturated with CO;. Most probably, this peak
corresponds to the formed HCO3~, as proved independently by
dissolving NaHCO3 in the ionic liquid (Fig. S1 in Supplementary
information). This observation is in agreement with previously
established results, which showed that solubility of carbon diox-
ide in triethylbutylammonium acetate is excluded by chemical
reaction involving cation (Wang et al., 2011), but instead involves
the acetate anion. Although the reaction is possible only in the
presence of water, excess water displaces equilibrium toward the
reactants and decreases the absorption, as proved by the experi-
mental measurements herein. This works shows that there should
be an optimum concentration of water around mole fraction con-
centrations of 0.35.

9. Conclusions

This work presents an original study of the physico-chemical
properties of the ionic liquids [C; C4Im][LEV], [C; C4Pyrro][OAc] and
[C{C4Pyrro][OAc] + water. Our aim is to study the absorption mech-
anisms of carbon dioxide in these solvents. These mechanisms are
relevant to propose alternative processes for carbon dioxide cap-
ture.

We have observed that the ionic liquid [C;C4Im][LEV] presents
a higher viscosity than the imidazolium acetate based ionic liquids,
which can constitute a disadvantage for industrial processes need-
ing high fluidities. The mixtures [C; C4Pyrro][OAc] + water present
also higher values of absorption than [C;C;Im][OAc] +water and
[C1C4Im][OAc] + water for the same water molar composition.

We have observed that absorption of carbon dioxide in the pure
ionic liquids is of the order of 10-2 when expressed in mole frac-
tion of gas, indicating that no chemical reaction between carbon
dioxide and ionic liquids are involved unlike in the case of imidaz-
olium acetate based ionic liquids. Absence of chemical reaction is
confirmed by comparison between the NMR spectra of pure ionic
liquids and those of carbon dioxide saturated ionic liquids.

The mixtures [C;C4Pyrro][OAc]+water present values for the
carbon dioxide absorption one order of magnitude higher than
that in the pure ionic liquids. These values, comparable to those
that can be found in the systems [C;CyIm][OAc]+water and
[C{C4Im][OAc] + water, point toward the existence of chemical
reaction between [C;C4Pyrro][OAc] and carbon dioxide but only
in the presence of water. The NMR study reported here proves
that, in the case of [C;C4Pyrro][OAc]+water, the mechanism of
CO; absorption is different from that previously reported for
[C1C4Im][OAc] + water mixtures.
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23.1 Introduction

Separation processes explore differences in the properties of the species,
either molecular (molar mass, dipole moment or dielectric constant), thermodynamic
(vapour pressure or solubility) or transport (diffusivity). Common separation
techniques rely on creating or adding a new phase, on introducing a barrier or a solid
agent, or on using a force field or a gradient.”

Distillation, crystallization, liquid-liquid extraction and absorption are the most
common examples of separation techniques based on the creation or on the addition
of a new phase that require an energy transfer or the use of a mass-transfer agent,
respectively. The latter is usually less energy demanding but technologically more
challenging, as the mass-transfer agent needs to be effectively separated and then
recycled with reasonable purity. Membrane separation processes are based on the
use of liquid or solid (often polymeric) barriers? that have different permeability to the
components of a mixture. Membranes can be used in small, compact and clean units
that require low energy to achieve separation but are still difficult to scale-up.

Adsorption consists on the use of a solid agent, often a porous material with a large
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surface area, capable of selectively retaining at its surface (by physical or chemical
adsorption) the constituents of a mixture. Because the active separating agents (e.g.
alumina, ion exchanging resins, high-surface-area SiO,, zeolites or molecular sieves)
eventually become saturated and need to be regenerated, the separation by
adsorption is seldom conducted continuously. Centrifugation, electrolysis,
electrodialysis or electrophoresis are examples of separation techniques that exploit
the differences in the responses of the constituents of a feed to an external force or
gradient. These techniques are used to separate both liquid and gaseous mixtures
and are especially useful and versatile for separating biochemicals.

Cryogenic distillation is the most used separation process for mixtures of
gases. For ethane/ethylene and propane/propylene separation,1'3 it has been in use
industrially since the 1960’s, ethylene and propylene being used in large quantities
(demand of 25 x 10" tons of ethylene per annum)* as precursors for the production
of polymers, lubricants, rubbers, solvents and fuel components.*>® These
separations require large distillation towers (120-180 trays), low temperatures
(-114°C) and high pressures (15-30 bar), resulting in a high capital and energy
demanding processes needing up to 120 x 10" BTU/year.”® The implementation of
alternative processes with improved economic and environmental performance would
represent a major advance in the sector

lonic liquids have been suggested as separating agents for olefin/paraffin gas
separation, as absorbents or as solvents for the chemical complexation of olefins with
silver or copper salts. lonic liquids are composed uniquely of ions and have a melting
point below 100°C. Many present unique properties such as negligible vapour
pressure, high thermal, chemical and electrochemical stability, non-flammability, high
ionic conductivity. lonic liquid can be synthesized in a large variety of combination of
cations and anions, leading to tuneable physical chemical properties. The cations
and anions that constitute the ionic liquids proposed for gaseous olefin/paraffin

separations are listed in tables 23.1 and 23.2.

Table 23.1 - Abbreviation, full designation and structure of some cations of ionic liquids. C,, represent alkyl
chains of variable size

Abbreviation Full designation Structure
. .
4 A\
C,Cpnlm 1-C,-3-CImidazolium C(N@N\Cm
C,(C;HsCH,)Im" 1-(buten-3-yl)-3-methyllmidazolium = /\@q o~
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C,(CH,C¢Hs)Im" 1-benzyl-3-methyllmidazolium -——N@ \/@
=N

. 1-diethylsulfonyl-3- N\ 0
N> &
(C:50,C)CIm methylimidazolium \/Z,S\/
+ 1-(3-cyanopropyl)-3- /\\ N
CiGCNIm methyllmidazolium ’NVNM
+ 1-(3-cyanopropyl)-2,3- —-N@ N
GG GENIm dimethylTmidazolium 7/“\/\//
N AN
(C5CN),Im" 1,3-(3-cyanopropyl)Imidazolium \\\/\/ I\ \/\//
N\/N
C.C.COOCIm" -1-(pentoxycarbonylmethyl))-3- ——N@ O
11 > methylimidazolium \ﬂ/
o}
+ 1-(ethoxyethoxycarbonylmethyl))-3- —"N/\jq 0
GG CO0G0GIm methyllmidazolium \ﬂ/ il e
O
1-(2-(2-butoxyethoxy) N
C,C,CO0C,0C,0C,Im" ethoxycarbonylmethyl)-3- \/N\r("\/\o/\/o\/\/
methyllmidazolium o)
C,CPyrr’ C,CPyrrolidinium :N’f
Cn/ \Cm
C,Pyr" C,Pyridinium @
~Cn
(I:m
Pomoo C,CnC,CyPhosphonium CrP=C,
Cq
(|3m
Noumpq C,CinC,CoAmmonium Cr_\_w‘t_cp
Cq
-/
N30 Propylcholini N
1132-0H ropylcholinium N

Unsaturated hydrocarbons usually present a higher solubility in ionic liquids
than their saturated counterparts as can be seen in Figure 23.1 where the Henry’s
law constants of different gases in one ionic liquid are represented. The exact
reasons for the observed trends are still poorly known, but are essential for the
development of new alkane/alkene/alkyne separation processes.’ Herein, we present
the current knowledge on the solubility of ethane, ethylene, acetylene, propane,
propylene and methyl acetylene in pure ionic liquids. Whenever possible we calculate
the ionic liquid absorption capacity and ideal selectivity (solubility ratio) for

ethane/ethylene, ethylene/acetylene, propane/propylene and propylene/methyl
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acetylene mixtures and so assess the potential of a particular ionic liquid as

separating agent.

Table 23.2 - Abbreviation, full designation and structure of some anions of ionic liquids. R, represents alkyl

chains of variable size

Full designation

Structure

Abbreviation
00
L .. FaCu _CF
NTf, Bis(trifluoromethylsulfonyl)imide : O//”\N-:\\b :
CF //o o\\ CF
BETT Bis(perfuoroethylsulfonyl)imide e 2‘S\ N ep,
I
N . . N—=N
DCA Dicyanamide N//
. o
NO; Nitrate &
0% o
Cn\ Icl)
C,C,POy C,CPhosphate 0—P—0_
(')' Cm
H
- . o [
C,HPO; C,Phosphite Cn //P\O'
(0]
B F
PF¢ Hexafluorophosphate F—P—F
F F
i
C,SOy C,Sulfate 0—S=0
</
n O
10
CF;SO5 Trifluromethanesulfonate F—|—?=O
F O
i
DBS Dodecylbenzenesulfonate H3C(HZC)10HZC~©—?=O
&
B (o]
C,CO, Carboxylate . H)J\O,
o}
OAc Acetate
CH:,)J\O_
o}
TFA Trifluoroacetate
F3CJ\0'
cl Cl
AlCly Tetrachloroaluminate ‘AI;
/ ~Cl
Cl
F
: Fso.o
BF, Tetrafluoroborate /B\F
F
TMPP” Bis(2,4,4-trimethylpentyl) phosphinate Qﬁ)}
&
Fa?
CF,
FAP Tris(pentafluoroethyl)trifluorophosphate F\l_,F
Loy L er,
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The absorption capacity of gaseous hydrocarbons by pure ionic liquids is
relatively low because, in most cases, it is only a physical process. The use of
silver(l) and copper(l) salts can significantly improve the amount of the unsaturated
hydrocarbon absorbed by the ionic liquid phase as these metal cations are capable of
selectively and reversibly reacting with it. This concept has been explored for the

separation of ethane from ethylene and propane from propylene.

0 500 1000 1500 2000 2500
Ky /10° Pa

Figure 23.1 - Henry’s law constant, Ky, for several gases in ionic liquid [C,C,Im][BF4]'" "% 134 at 313 K. * -
293 K; ** - 314 K; *** - 298 K.

23.2 Gas solubility

The chemical potential of component i in a mixture is defined as'>'®

£ 00 + RTIn(1]x;) (D

where /[ is the chemical potential of component i in a chosen reference state and /;
its activity coefficient. Two conventions are usually adopted to choose the appropriate
combination of the reference state chemical potential and the activity coefficient, the
choice depending on the physical state of the pure components at the

thermodynamic conditions of the mixture.
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The asymmetric convention is usually applied to solutions where the solute(s)
or the solvent are not in the physical state of the solution at a given temperature and
pressure, as in the case of the solutions of gases in ionic liquids considered herein.
For the solvent, the activity coefficient approaches unity when its mole fraction is
approximately unity and for the solute its activity coefficient becomes unity when the
solute is present at very low concentrations, y/’ —1 when x, —0. In this case the
solute is present in the limit of infinite dilution and the solution approaches ideal
behaviour in the sense of Henry’'s law. The reference state adopted for the
calculation of the chemical potential in this case is that of the pure solute at infinite

dilution:'>""

w=w" +RTI(yx))  x =0 =y -1 @)

the activity coefficient in the asymmetric convention, [/* being a measure of the

solute intermolecular interactions, the solvent and solute-solvent interactions being
accounted for in the reference state.

The Gibbs energy of solution is defined as the difference in chemical potential
when the solute is transferred, at constant pressure and temperature, from its pure

state into the infinitely dilute solution. If the solute remains pure at equilibrium with the

solution’ and the solubility is low enough that [ﬁ 11, the following, approximate

relation can be used:

1 G~ RTlnx (3)

sol i i

The Gibbs energy of solution expresses the difference between the solute-
solute interactions in the pure species, which may be a condensed phase, and the
solute-solvent interactions in an infinitely dilute solution. In order to isolate the role of
the solute-solvent interactions in the process of dissolution, a thermodynamic
transformation called solvation'® can be defined as the difference in chemical
potential when the solute is transferred from an ideal gas at standard pressure into

the reference state at infinite dilution, equation (3) leading to:

This is the case for the solutions of gases in ionic liquids because the solvent does not have any measurable
vapour pressure at moderate temperatures.
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K. .
A\ G = RTln(*fj) 4)
P

in which Ky is the Henry’s law constant defined as:
Ky;= xhil})(fz/xt) (5)

From the behaviour with temperature or with pressure of the Gibbs energy of

solvation it is possible to calculate the other thermodynamic properties: '

p

oTr T
oA .G
AsolVSi = _(%) (6)
or »
A .
AVi= (M)
ap -

The thermodynamic properties of solvation provide insights into the molecular
mechanisms determining the solution behaviour — the enthalpy of solvation reflects
the energy of solute-solvent interactions and the entropic contribution is related to
structural organization in the solution. These thermodynamic properties of solvation
are approximately equal to the thermodynamic properties of solution in the case of
gaseous solutes at low pressure, the differences becoming more important for liquid
or solid solutes?®®>. These solvation properties can be determined through
experimentally accessible quantities namely from solubility measurements and the

calculation of the Henry’s law constants.

23.3 Ethane and propane solubility

The ethane and propane mole fraction solubility? in different ionic liquids at
313 K is depicted in Figure 23.2. For ethane, 27 different ionic liquids were studied
(20 based in imidazolium cations) and the mole fraction gas solubility ranges from
1.50 x 107 in [C1C.Im][DCA] to 52.6 x 10~% in [P14666][TMPP]. For propane, 8 ionic

% Calculated for a 1 bar partial pressure of gas.
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liquids were studied (6 based in imidazolium cations and 2 based in phosphonium
cations) and the mole fraction gas solubility varies from 3.24 x 107> in [C{C,Ilm][DCA]
to 156 x 107 in [P14)666][TMPP].

For both gases, the solubility is higher in phosphonium based ionic liquids
followed by imidazolium bis(trifluoromethylsulfonyl)imide ionic liquids and imidazolium
tris(pentafluoroethyl)trifluorophosphate ionic liquids, the latter having been studied
only with ethane. Phosphonium based ionic liquids are capable of dissolving three
times more ethane and eight times more propane than imidazolium based ones,
these differences being less pronounced when the solubility is expressed in mass
fraction, as can be observed in figure 23.3.

For both imidazolium and phosphonium based ionic liquids, the gas solubility
increases with the increase of the size of the alkyl side-chains. For example, for
imidazolium bis(trifluoromethylsulfonyl)imide ionic liquids, the mole fraction solubility
of ethane increases, at 313 K, from 6.73 x 1072 for [C1C,Im][NTf,] to 16.4 x 10~ for
[C1C10Ilm][NTf;] and the solubility of propane increases from 12.0 x 1073 (at 313 K) for
[C1Colm][NTf,] to 16.9 x 107 (at 320 K) for [C1C4Im][NTf,]. The increase in ethane
solubility for the ionic liquids [C1C,Im][NTf;] can be explained by a more favourable
entropy of solvation when the alkyl side-chain of the cation increases. Using
molecular simulation, it was observed that ethane is solvated in the non-polar
domains of the ionic liquid, preferentially near the terminal carbon of the alkyl chain
and it becomes more mobile when the alkyl side-chain becomes Ionger.23 The same
variation of ethane solubility is found for [C1CpIm][PFs] ionic liquids but is much
smaller for [C1C,Im][FAP] (n = 4, 6) for which a more moderate increase of the
ethane solubility is observed. This is attributed to a balancing effect between a more
favourable enthalpy and less favourable entropy, resulting in similar Gibbs energies
of solvation for [C1C.Im][FAP] (n = 4, 6).?"
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Figure 23.2 - Mole fraction solubility for ethane (top) and propane (bottom) in several ionic liquids at 313 K.

- values at 303 K; ** - values at 323 K; *** - values at 320 K. [C;C,Im][NTH]** **; [C CaIm][NT£,]* 2
[ C(C3HsCH)ImM]NTE]Y; [C,Cm]NTE; [Cy(CH,CHImIINTE]; [C,Colm][NTH]?; [C,Ciolm][NTE]™;
[C,CsCNIm][NT£,]*;  [(C3CN)Im][NTH,]*;  [C,C,COOCsIm][NTf,]*;  [C,C COOCZOCZIm][Nsz 28,
[C,C,CO0C,0C,0CIm]NTE]®;  [C,CoIm][PFs] ' %, [C,Cm][PF¢*%  [C,C,COOCsIm][CsSO,
[
[

— =

28
cczlm][DCA]30 [C,CAm][BF, "™  %;  [C,CoIm][CF5SO5]%; [C1C4Im][FAP]21; [C,CeIm][FAP]”!

CiCPyr]INTH;  [CICPYr]INTHI;  [CiCaPyrt][FAPTY;  [Niisoul[NTH]™; [P<14)666][FAP]”
[P (14666 [TMPPT™ ** [P0, [ TMPP] .

In the case of phosphonium based ionic liquids, a large increase in the
solubility of ethane and propane was observed when the size of the alkyl chains
increases in the cation, independently of the anions studied.

The functionalization of the alkyl side-chains in imidazolium based ionic liquids
with cyano, ether or ester groups, does not improve the solubility of ethane and
propane for the ionic liquids studied so far. Furthermore, when ester or ether
functions are included in the side-chain of the imidazolium cations, the solubility
increases more slowly with the increase of the chain when compared with non-
functionalised alkyl chains.

Imidazolium-based ionic liquids containing large anions such as FAP", CsSO,

and NTf," present higher ethane and propane solubility, followed by PFg, CF3SOs3,
BF4, and DCA".

224



[C1C4Im][BF,]

[C1C4Im][PF¢]
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Figure 23.3 - Mole fraction (><103, full bars) and mass fraction (><104, patterned bars) of ethane (on the
left) or propane (on the right) in several ionic liquids at 1 bar partial pressure of gas and 313 K ( *
values at 320 K).

23.4 Ethylene and propylene solubility

The ethylene and propylene mole fraction solubility in different ionic liquids at
313 K is depicted in Figures 23.4 and 23.5, respectively. For ethylene, 53 different
ionic liquids were studied (30 based on the imidazolium cation and 23 based on other
cations) and the mole fraction gas solubility ranges from 1.78 x 107 in
[C1C3CNIm][DCA] to 38.5 x 1072 in [P14)666][TMPP]. For propylene, 40 ionic liquids
were studied (25 based on the imidazolium cation and 15 based on other cations)
and the mole fraction gas solubility varies from 4.14 x 107 in [C1C4Im][C1SO4]
to 133 x 107 in [P14)e6][TMPP]. Both ethylene and propylene solubility is less
affected when changing from [C1C2Im][DCA] to [P(14)66][TMPP] than the solubility of
ethane or propane.

For both ethylene and propylene, the solubility is higher in phosphonium
based ionic liquids followed by ammonium, pyridinium, pyrrolidinium and imidazolium
ionic liquids. In the case of phosphonium based ionic liquids, several anions were
studied and both ethylene and propylene solubility follow the order: [P14)666][DCA] <
[Paayesl[Cl] < [P4asl[TMPP] < [P(14)444][DBS] < [P(14)666][TMPP]. In the case of
imidazolium and ammonium based ionic liquids, ethylene is more soluble in
[C1C4lm][NTf] than in [N@y11][NTf2] but significantly less soluble than in
[N(1)ess][NTf2], at 303K.
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As for ethane and propane, the solubility of ethylene and propylene increases
with the increase of the alkyl chain of the cation for imidazolium ionic liquids based in
the NTf,, BF4, phosphate and phosphite anions. An outlier is found ethylene in
[C1Celm][NTT,] with a strangely low solubility. Ethylene solubility also increases with
the increase of the alkyl chains in phosphonium and ammonium based ionic liquids
but no precise contribution can be attributed to each supplementary —CH,— group.
The ethylene solubility also increases with the increase of the alkyl chain in the anion
of imidazolium based ionic liquids as can be evaluated by comparing the gas
solubility in [C1C4lm][OAc] and in [C1C4lm][n-C15sH31CO0O] or in [C41C4lm][n-
C15H31COOQ0] and in [C1C4lm][n-C47H35COQ]. The same effect is observed when the
alkyl chain in the anion is fluorinated, the solubility of ethylene being larger in
[C1C,IM][BETI] than in [C41C,Im][NTf;] ionic liquids.

[C Czlm][Nsz]
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Figure 23.4 - Mole fraction solubility for ethylene in imidazolium based ionic liquids (top) and in pyridinium,
pyrrolidinium, ammonium and phosphonium based ionic liquids (bottom) at 313 K. * - at 303 K; ** - at 323 K;
¢ - Uncertainty not indicated by the authors.
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Figure 23.5 - Mole fraction solubility for propylene in imidazolium based ionic liquids (top) and in ammonium
and phosphonium based ionic liquids (bottom) at 313 K. * - at320 K; ** - at 303 K; ° - Uncertainty not
indicated by the authors.
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Functionalizing the alkyl side-chains of the ionic liquid can have very different
effects on the ethylene or propylene solubility. For example, ethylene solubility is
lower in [C1Calm][CF3S03] than in [(C2S0O,C,)C4Im][CF3SOs3] while significantly higher
than in [C1C3CNIm][DCA]. The presence of polar groups in the side chain of the
cation of the ionic liquid can increase or decrease ethylene solubility, while it was
observed that it always seems to decrease ethane solubility. The absence of the
imidazolium acidic proton in [C1C41C3CNImM][DCA] seems to significantly increase the
solubility of ethylene as can be observed by comparing [C1C3CNIm][DCA] and
[C1C4C3CNIm][DCA].

23.5 Acetylene and methyl acetylene solubility

The acetylene and methyl acetylene mole fraction solubility in different ionic
liquids at 313 K is depicted in Figure 23.6. For acetylene, 27 different ionic liquids
were studied (20 based in the imidazolium cation and 7 based in pyrrolidinium
cations), the mole fraction gas solubility ranging from 42.4 x 107 in [C1C.Im][NTf,] to
204 x 1072 in [C1C4Im][(C1)2PO4] and [C1C4Pyrr][(CsHPOs]. For methyl acetylene, 17
imidazolium based ionic liquids were studied and the mole fraction gas solubility
varies in this case from 585 x 107 in [C{C{Im][C1SO4] to 156 x 107 in
[C1C4lm][(C4)2PO4]. Both gases, acetylene and methyl acetylene, are much more

soluble in the ionic liquids studied than the four lighter gases reviewed above.
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Figure 23.6 - Mole fraction solubility for acetylene (top) and methyl acetylene (bottom) in different ionic liquids
at 313 K. ° - Uncertainty not indicated by the authors.

[CICIm][NTH]®;  [CCalm][NTH]™;  [C,CIm][C{HPO]™®; [CColm][C{HPO5]™;  [CiColm][C,HPOS]”;
[C,Cylm][CHPO;]39"; [C,Cylm][C,HPOS]™ s [C2CyIm][C,HPOS]™; [C,CiIm][(C1);POL]*;
[C1CoIm][(C1),PO,]"™;  [CCam][(C1),PO,]™;  [CiCalm][OAc]®;  [C,Calm][TFA]™;  [C,CiIm][C,SO.]";
[CiCAm][C,S0,]";  [C,CIm][CiSO,]™;  [C/CIm][CSO,]™;  [CiCoIm][BF]*;  [CiCylm][BF,]®;
[C\Cam][PE¢]*; [C,CiPyrr][CHPO,]"; [CCoPyrr][CHPOs]Y [CiCyPyrr][C4HPOS]"; [CCaPyrr][OAcT";
[CiCaPyrr][NTE]®; [CiCyPyrr][TFA]"; [C/CaPyrr][DCA]*.

Contrary to what was found for ethane, ethylene, propane and propylene, the
solubility of acetylene does not always increase when the side alkyl chain of the
cation or of the anion increases. For example, almost no change in acetylene
solubility is observed when comparing [C1CoIm][NTf,] and [C1C4Im][NTF],
[C1C2Im][C1HP03] and [C1C2|m][CzHPO3], [C1Cz|m][C1HPO3] and [C1C4Im][C1HP03],
[C1Cylm][C4HPO3] and  [C1C4lm][C4HPO3], or  [C1C2Im][(C4).PO4 and
[C1C4lm][(C1)2POy4]. For pyrrolidinium based ionic liquids, a systematic increase of the
solubility of acetylene with the alkyl size of the cation or anion of the ionic liquid is
observed.

For all the cations studied, the solubility of acetylene generally follows the
order for the anions: C,C,POs > OAc > C,.HPO3; > C,SO4 > BF, > TFA" > PFs =
NTf,". Some exceptions are observed as for example no change in acetylene
solubility was found between [C1C2Im][NTf;] and [C1C2Im][BF4].

23.6 Selectivity and performance

The ideal selectivity of an ionic liquid for a particular gas in a mixture, //, can

be defined as a ratio of Henry’s law constants:

_Ki

[]=—H
2
K,

(7)

where, KLis the Henry’'s law constant of the lightest gas. The calculated ideal

selectivity is plotted as a function of the absorption of the unsaturated gas for the
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pairs ethane/ethylene, ethylene/acetylene, propane/propylene and propylene/methyl

acetylene, in Figures 23.7 and 23.8, respectively.

In general, the highest ideal selectivities are found for the separation of

unsaturated gases and the increase of the ionic liquid unsaturated gas absorption

corresponds to a lower selectivity for this gas.
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Figure 23.7 - Ethane/ethylene ideal selectivity versus ethylene absorption (left-hand side) and propane/propylene
ideal selectivity versus propylene absorption (right-hand side) in the ionic liquids: ®, [C,C,Im][NTf;]; @,
[CiGIm][NTE]; @, [C(CHsCH)Im]INTE]; A, [C,CIm][NTH]*; @, [C,(CH,CHs)Im][NTH]; W,
[CiCGCNIm][NTEL]*; A, [(CCN)Im][NTEH]*; ¥, [C,CIm][PFe]; M, [C,Cilm][PFe]*; ¥, [C,CoIm][DCA];
[CiCim][BF,]; ¢, [C,CIm][CF;SO;]; M, [Pyys][TMPP]; - A, [P(1aysss][TMPP]; A, [C,CiPyrr][NTf,] and
B, [C,CePyr][NTf,] at 313 K. * at 303 K for the ethane/ethylene separation.

[C1C1Im][C1HPO3] [C1C1Pyrr][C1HPO3] the
ethylene/acetylene ideal selectivities, 43 and 40, respectively. lonic liquids containing

and present highest
NTf,, DCA, TFA, BFs or PFs anions present both low acetylene absorption
capacities and low ideal selectivity for the ethylene/acetylene separation.

The maximum values for the ideal selectivities for propylene/acetylene
separation are half of the values observed for ethylene/acetylene separation. As for
ethylene/acetylene, they are observed for ionic liquids based in imidazolium cations
having short alkyl chains associated to phosphorous anions — [C1C4Im][C4HPO3] and
[C1C4IM][(C1)2PO4], with selectivities of 17 and 16, respectively.

With the lowest values for the ideal selectivity and absorption capacity, the
ethane/ethylene separation seems to be the most difficult to perform with ionic liquids
as far as these criteria are concerned. The liquids [C41C2Im][DCA],

[(C3CN)2Im][NTf,] and [C4CaIm][PFe] present the highest ideal selectivity for the

ionic
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ethane/ethylene separation, 2 for the two first and 1.8 for the third. The presence of a
CN group seems to have a positive effect in the ideal selectivity however leading to

lower absorption capacities.
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Figure 23.8 - Ethylene/acetylene ideal selectivity versus acetylene absorption (left-hand side) and
propylene/methyl acetylene ideal selectivity versus methyl acetylene absorption (right-had side) in the ionic
liquids ®,[C,C,Im][NTf,]; ®, [C,Cyim][NTf,]; M, [C,Cyilm][PF¢]*; #,[C,Colm][BF,] ¥, [C,CyIm][BF,];
A, [CCm][TFA]; ¥, [C,CiIm][OAc]; A, [C,CiIm][C,HPO;]; ¢, [C,CIm][CHPOs]; @, [C,Colm][CHPO;];
o, [CCyIm][CHPO;]; @, [C,CyIm][C4HPO;]; V., [CoCyIm][C,HPOS]; ¥, [C,CiIm][(C)2PO,];
¢, [C,CGIm][(C),PO4; A,  [C,CIm][(C,),PO4]; VY, [CiCdm][(C),PO,4]; B, [C,Cym][(C4)2PO4];
¢, [C,CIm][C,SO4]; ¥, [CCIm][C,SO4]; ®, [C,CIm][C,S04]; ¢, [C,CyIm][C;SO4];
®, [C,C\Pyrr][C;HPO];  ®,  [C,CoPyr][CHPOs]; ¥, [C,CyPyrr][C;HPOs]; @, [C,C.Pyrr][OAC;
A, [C,CPyrr][NTS,]; #,[C,C,Pyrr][TFA] and A, [C,C,Pyrr][DCA] at 313 K. * at 303 K for the
ethylene/acetylene separation

For all separations, the increase of the alkyl chain in the cation or in the anion,
leads to a decrease in the values of the ideal selectivity, and to an increase of the
absorption capacity of the ionic liquid. This increase seems to be less important for

the case of ethane/ethylene.

23.7 Conclusions

The solubilities of ethane, ethylene, acetylene, propane, propylene and methyl
acetylene in pure ionic liquids were presented. The potential of the use of different
ionic liquids as separating agents for gaseous mixtures of saturated and unsaturated

gases was analysed on the basis of their ideal selectivities as absorption capacities.
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The highest gas solubilities are observed for acetylene in [C1C4Im][(C1)2PO4]
and [C1C4Pyrr][C4HPO3] with a 0.20 mole fraction at 313 K and 1 bar. The maximum
mole fraction solubilities reported for propane and propylene in the same conditions,
are 0.15 and 0.13 in [Pu4)6e6][TMPP], respectively. For ethane and ethylene the
maximum mole fraction solubilities are much lower — 0.052 and 0.038 in
[P14)666][TMPP], respectively.

If the cations forming the ionic liquids are considered, the solubility of ethane
and propane follows the order: Punpg" > CaCnlm* >CPyr'> C,CrPyrr" > Numpq'. For
ethylene and propylene the solubility order is: Pympg > Nnmpg™ > CaPyr™ > C,CrPyrr*>
CnCmlm®. The solubility of acetylene has been reported only in imidazolium and
pyrrolidinium based ionic liquids and the solubility order is confirmed. For methyl
acetylene, only imidazolium based ionic liquids were studied.

Imidazolium-based ionic liquids containing large anions such as large
carboxylates, BETI, FAP, CsSO,4 , NTf,, heavy phosphates and phosphites present
higher ethane, ethylene, propane and propylene solubility, followed by PFg,
CF3S03, BF, and DCA™ based ionic liquids. The order of solubility of acetylene and
methyl acetylene relative to the anions in the ionic liquids is: C,C,,PO4 > OAc >
C.HPO3; > C,SO4 > BF4 >TFA™ > PFg = NTf, .

lonic liquids present great potential for light hydrocarbon separation, especially
in the case of ethylene/acetylene and propylene/methyl acetylene separations, with
ideal selectivities of over 40 in the first case and over 15 in the second and

corresponding mole fraction absorptions between 0.1 and 0.2.
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