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Abstract

The growing demand for room-temperature ionic liquids (RTILs) for energy applications
necessitates the development of an efficient screening platform. In this study, we have
successfully developed a fully automated high-throughput RTIL screening platform
specifically designed for assessing ionic conductivity. By utilizing the 96-wells of a microtiter
plate as individual electrolysis cells, we measured ionic conductivity of 22 different RTILS,
encompassing various combinations of cations and anions, and benchmarked the values with
existing literature. We also employed the screening platform to investigate the conductivities
of RTIL mixtures with a non-aqueous solvent, ethylene glycol (EG). Our results reveal specific
combinations of RTILs with EG that result in approximately 200% enhancement in the
conductivity values as compared to the pure RTILs. To understand the underlying mechanisms
responsible for this enhancement, we developed a theoretical framework that considers factors
such as degree of dissociation, viscous forces, and molal volume of the RTIL-EG mixtures.
The optimized electrolyte mixture was then employed in the migration-assisted moisture
gradient (MAMG) CO. capture process to study the effects of improved ionic conductivity on
the energy efficiency of the process. Notably, the enhanced conductivity of the RTIL-EG
mixture led to nearly 50% reduction in energy consumption for capturing CO>. These outcomes
highlight the effectiveness of our strategy in screening RTILs and improving existing
processes. Moreover, our fully automated high-throughput setup, combined with the developed
theoretical framework, provides a comprehensive platform for screening and studying RTIL
mixtures with different solvents, enabling their application in various fields.

Keywords: Room Temperature lonic Liquids (RTILs); High-throughput screening; lon
dissociation; lonic Conductivity; Carbon Capture; lon Mobility



1. Introduction

Room temperature ionic liquids (RTILs) are salts that are liquid at ambient
temperatures with beneficial properties like nonflammability, low vapor pressure, and high
ionic conductivity.! Some ionic liquids also exhibit significant improvement in properties such
as ionic conductivity when diluted with other solvents, which makes them promising
candidates to be used as electrolytes in various applications.? This non-monotonous behavior
has often been attributed to the extent of ionic dissociation in such electrolytes, and several
theories have been proposed to explain it. Further, the effects of ion dissociation are also known
to impact the density, viscosity,* surface tension,® vapor pressure,® chemical reactivity,” 8 and
solubility of such mixtures.® Thus, understanding ion dissociation and developing a theoretical
framework that can explain the behavior of such electrolytic mixtures of ionic liquids and
molecular solvents is crucial to leverage such systems in various applications.

The IL/solvent systems are of specific interest to energy storage and conversion
systems, where ionic conductivity dictates ohmic losses and concentration polarization. The
contribution of ion mobility and dissociation towards the ionic conductivity of the solution is
non-linear and challenging to deconvolute. The available ion dissociation studies cover only
highly concentrated or very dilute systems. lons accumulate into clusters at high concentrations
of RTILs,'% * which result in partial ionization.*?** Whereas, at very dilute concentrations of
IL in solvent systems (<1 mM), complete dissociation can be expected as the solvent screens
the attractive forces between the anion and cation,*™ 1° but there are exceptions.! 2 However,
at an intermediate concentration range, the RTILs may undergo partial dissociation, the extent
of which depends on the concentration of the RTIL and the type of solvent.? 1’ The electrolyte
morphology is especially sensitive to solvent concentration, and small changes in dilution often
translate to more pronounced changes in the degree of dissociation. Consequently, the intensity
of partial dissociation significantly influences the properties of the IL/solvent mixtures. Since
there are limited approaches to understand the partial dissociation of ions, we probe into IL/
solvent electrolyte systems through the lens of degree of dissociation over comprehensive
range of concentrations and try to correlate ionic conductivity with mixture composition.

Several computational studies involving molecular simulations, density functional
theory (DFT) calculations, and machine learning techniques have been utilized to study the
ionic conductivity of the ILs in different solvents.!® 1° While these methods can be
computationally intensive, the classical theory of ion dissociation can provide reasonably
accurate estimations for IL/solvent mixtures with much lower computing power. For example,
Li et al.?° correlated the thermodynamic properties such as densities and osmotic coefficients
of aqueous solutions by using the equation of state where the association energies of anions
and cations are the fitted parameters. Some of these classical theories can explain the
dissociation behavior of electrolytes;?:-2* however, these cannot be extended to describe the
dissociation behavior and ionic conductivity of the RTILs for a full range of solvent
concentrations. In recent years, ion dissociation of RTILs has been estimated by independently
measuring the ionic conductivity and diffusion coefficients.? Watanabe’s research group used
electrochemical impedance spectroscopy (EIS) and pulse field gradient spin-echo nuclear
magnetic resonance (PG-NMR) to measure ionic conductivity and diffusivity, respectively, of
neat ionic liquids. Diffusivity was measured to calculate the ionic conductivity with the help
of the Nernst-Einstein relationship. They estimated ionicity from the ratio of ionic molar



conductivity measured by EIS to that calculated from the Nernst-Einstein conductivity based
on the ion-diffusion coefficient measured using PG-NMR. They reported that free ion fraction
is directly correlated with ionicity,?> * whereas, Lopes et al.?® estimated the ILs ionicity in
binary mixtures with the help of solubility data.

Both ionicity and diffusivity determine the ionic conductivity of solutions. Viscosity is
known to affect the diffusivity and hence mobility of ions. Previous research on RTIL and
solvent system used low-viscosity solvents to mix ILs, making it challenging to analyze the
hydrogen bonding on the transport behavior due to the high viscosity of the IL.2-32 However,
recent studies have examined IL mixtures with slightly more viscous molecular solvents (e.g.,
ethylene glycol (EG) with a viscosity of 16.8 cP) to understand hydrogen bonding effects
better. Studies are available for a mixture of ILs and EG report viscosity and density. The study
of viscosity and density of 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] and
1-ethyl-3-methylimidazolium tetrafluoroborate [EMIM][BF4] in EG was performed,®* 3 and
negative deviation in viscosity measurement was observed in both the studies. Pal et al.®
studied the behavior of mixing of aprotic and protic ILs in EG with the help of Fourier
transform infrared spectroscopy (FT-IR). They observed that the interaction of hydrogen
bonding was not imitated at the molecular level in the macroscopic behavior of the mixing.
The hydrogen bonding and ion dissociation in a mixture of [BMIM][BF4] and EG was studied
with the estimation of the viscosity of the solution, and it was observed that dilute ionic liquid
solutions show isolated ion pairs surrounded by solvent. Cation-anion pair size increases non-
linearly with concentration, leaving isolated solvent monomers in concentrated IL solutions.
However, studies for the conductivity analysis of the mixture of ILs and EG are very scarce.
Recently, Nordness et al.” reported the conductivity measurement of the mixture of 1-ethyl-3-
methylimidazolium trifluoroacetate [EMIM][TFA], 1-ethyl-3-methylimidazolium
trifluoroacetate  ethyl sulfate [EMIM][ESOs], and 1-ethyl-3-methylimidazolium
trifluoroacetate triflate [EMIM][OTF] in EG. The conductivities of all three mixtures attained
a maximum at a particular composition and then decreased. They reported that this
phenomenon was responsible due to the competition between free-ion concentration and
viscous forces hindering ion diffusion.!’” The available studies only qualitatively highlight the
ion dissociation phenomena for the limited number of IL/solvent systems. There is still a need
for a comprehensive theory that enables a better understanding of how ion dissociation varies
with the size/type of anions and cations, as well as their concentrations in a range of solvents.

The lack of a theoretical framework that can accurately predict the non-monotonous
variation of ionic conductivity of electrolyte mixtures demands an intensive experimental
campaign. Screening an extremely large number of electrolytes that can be formed from pure
ionic liquids, their mixtures, and combinations with other solvents at different mixing ratios
poses several logistical challenges, thereby making the process inefficient, slow, material and
labor intensive. High-throughput screening is an approach that has been extensively used in the
Pharmaceutical and Biotech industries for drug discoveries.®” Based on the same strategy,
screening of various solar catalysts,®-! and sensing proteins*? have already been reported.
However, literature on screening ionic liquids is scarce. Herein, we report a strategy to
effectively screen binary IL with solvent mixtures to examine ion pair dissociation using
conductivity.



The primary objective of high-throughput screening is to obtain the necessary ionic
conductivity dataset to estimate ion dissociation and develop correlations. Such correlations
will help prepare optimal compositions of IL mixtures to enhance ionic conductivity and hence
reduce energy losses in several applications, including wastewater remediation,* 4 batteries,*>
6 and biocatalysis.*’ Additionally, ILs have attained significant interest and have been
identified as potential candidates amongst emerging technologies for carbon capture utilization
and storage (CCUS). Application of IL in CCUS is an example studied, where we identify and
implement an optimal composition of IL mixtures in CO; capture solvent (EG + KOH) to
demonstrate percentage reduction in energy consumption for CO; capture and release via
migration assisted moisture gradient (MAMG) process.

In this work, we developed an automated high-throughput platform to screen the
conductivity of neat RTILs (details provided in Table S1 of the Supporting Information) and
the mixture of RTILs and EG. For this purpose, we designed an electrode holder cell set for a
robotic hand whose maneuvering was controlled by custom-built software for measuring the
solution resistance. The measured resistance was then used to calculate the conductivity of that
solution. A novel theoretical framework that relates ion dissociation with measured
conductivity and concentration-dependent ion mobility has also been developed. The variation
of ion dissociation with cation and anion type and their concentrations shed light on the
mechanism of conductivity in the mixture of RTILs and EG. Finally, the migration-assisted
moisture gradient (MAMG) process for carbon capture was tested as a potential application of
enhanced conductivity in an ionic liquid and EG mixture.

2. Background and Theory
2.1. Theory of concentration-dependent ion dissociation and mobility

A simple theoretical framework is presented to evaluate the conductivity of neat RTIL
and RTIL/solvent systems based on the estimation of the ion mobility which is comprised of
ion dissociation. The basic equation of the conductivity of the solution is as follows:*

o= FZZ 22uC, 1)

where ¢ is conductivity (s/m), F is Faraday’s constant (96,485 C/mol), u; is the mobility of
species (m2.mol/J.s), ci is the concentration of species (mol/m?), zi is charge of species. The
neat RTIL and RTIL/solvent systems have two species, i.e., cation and anion; therefore, the
conductivity of the RTILs system could be expressed as follows from eq. (1):

o=F?2’u.c, +F*2’uc_ (2)
where u+ and u. are the mobility of the cation and anion, respectively; c+ and c. are the
concentration of cation and anion, respectively; and z+ and z. are the charges of cation and
anion, respectively. Since the concentration of the cation and anion is the same in the solution,

then c+=c.=c+,. and z+=z.=z, therefore eq. (2) could be expressed as follows:
=o=F%’c, (u, +u) ®)

=o=Fc,u, (1+ u—‘J (4)

+

The Nernst-Einstein equation relates the ionic mobility with the diffusion:*® 4°
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where Dj is the diffusion coefficient of species i (m?/s), R is the universal gas constant
(J/mol.K), and T is the temperature (K).

Instead of direct measurement of ion diffusivity, it could be estimated from other properties.
There are different models with complex ranges that have been developed to explain ion
transport. However, despite its simplicity, the Wilke and Chang equation is a good
approximation of ion diffusivity. Therefore, the diffusivity of ionic species is defined as:°

-18 0.5
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where Di is the diffusivity of species i (m?/s), Ms is the Molecular weight of solvent (kg/kmol),
T is the temperature (K), # is viscosity (kg/m.s) of a solution, v; is species molal volume at
normal boiling point (m3/kmol), ¢ is Association factor for solvent (p=1 for ethylene glycol).
The molal volume of the ions was estimated by Schotte’s methodology.>! For cation and anion
of the ionic liquid, diffusivity could be expressed as follows:
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By combining eq. (7) and (11):
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Now, combining eg. (4) with eq. (13) and after rearrangement:

0.6
o=F?%z°c u, (1+ (&j J (13)
v

RTILs have free ions that are responsible for the conductivity of the RTILs, and ion dissociation
(&) is the ratio of the concentration of the free ions (cation/anion) and concentration of the ionic
liquid, and it could be expressed as follows:

c

g=St (14)

CIL
Now, combining eq. (13) and (14):

o =F?%z*sc,u, [1+ (ﬁ] | J (15)
v
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For infinite dilute solution (Xsolvent—1), the product of ion dissociation and mobility is given
by,

=éu

(16)

L=

lim fu, =&u, (17)

Xsolvent -1

where u,  is the mobility of the cation at infinite dilution and & is the ion dissociation at

infinite dilution. Their product can be estimated from experimental molar conductivity by
taking infinite dilution limits on eq. (16) as follows:
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Since it is difficult to measure ion dissociation at infinite dilution, we can estimate the relative

(18)

ion dissociation defined as ¢, = % = C+% at different concentrations of ionic liquids. For
0 +/—,00

this purpose, we re-write product of ion dissociation and mobility in terms of relative quantities
as follows:

fu =&Eu, U, =(&u,,)(Eu.,) (19)

The relative mobility is related to the viscosity of the solution and radius of the solvated cation,
as follows:

TP (20)
U, o nmor
The viscosity » of a solution can be determined from the mixing rule of the ideal solution,
which is as follows:’
logn =x,_logn, +(1_ Xu_)IOQ Uy (21)
where 7 is the viscosity of the solvent, 7, is the viscosity of the pure ionic liquid, and x, is the

mole fraction of ionic liquid in binary solution.
Rearranging the above equation gives,

77_:[77_} (22)
n o

Combining eq. (19), eq. (20) and eq. (22),

=éu =& u U, =(&u,)(&u,.)=¢ [’j]—] r;“’ (&u,.) (23)

0 +
The solvation number for larger cations in non-aqueous solutions is typically lower than
the solvation number in aqueous solutions.>? This is due to the lower polarity of non-aqueous
solutions. In such cases, we can assume a monolayer of primary solvation shell of thickness
approximately the diameter of the solvent molecule, which varies linearly with the mole
fraction of the solvent.



=ro+XAr, =r,+(1-x,)Ar,, (24)
where r, , is the van der Waal radius of the cation in neat IL solution, Ar, , is the solvation

shell thickness of the cation at infinite dilution, and x, is the mole fraction of the solvent.

Rearranging the above equation,

M ro+Ar, B 1 (25)
r.+ r--v-O +(1_XIL)Ar+oo Ar+w
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Since Ar, , =2r, (diameter of solvent) and r,, =r,_, , the above expression reduces to

r., 1

= (26)
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Now, substituting the relative cation radius and relative viscosity back into the expression for
relative migration yields

1, Lo {Lw 1 27)

UOJ l_XIL( 2r, ]

I, +2r

S

u,=—
nr

Now, substituting eq. (27) into eq. (19) and equating with eq. (16) will yield the expression for
relative ion dissociation constant-
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i 2r
£ = - (’7—] (1—x.L (—B (28)

L

This equation can be further simplified by defining ionic conductivity at infinite dilution (o)

and relative mobility (eq. 20)
o mi_ o
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Using such formulation, we can estimate the ion dissociation of neat RTIL and
RTIL/solvent mixture. One can observe the significance of the eq. (29) that the present
methodology of ion mobility comprised of ion dissociation requires concentration of ionic
liquid (ciL), ionic conductivity (o) measured by EIS and molal volume of ions at normal boiling
point (v) calculated by Schotte’s method. In addition, a relation between ion dissociation and
equilibrium constant through thermodynamic chemistry is given in section S1 (Supporting
Information). It further relates the activity coefficient of the ions with ion dissociation.

2.2. Chemistry of CO2 capture and release by migration-assisted moisture gradient
(MAMG)

MAMG is based on a humidity swing process under an external bias that can achieve
high CO2 capture flux from dilute sources.>*>> Fundamentally, a humidity swing approach,
proposed by Lackner and coworkers,® >’ utilizes a quaternary amine-based ion exchange resin
supported on a membrane that creates a water concentration gradient by separating dry and wet
compartments. The membrane can absorb CO> in the form of HCO3™ ions and release CO- in



the wet compartment. Similarly, the MAMG process continuously absorbs CO in an organic
liquid (dry compartment) to form HCOz3™ ions (Eqg. (30)) and then under an influence of an
external electric field, these ions migrate to an aqueous compartment to decompose and yield
CO,, water and COs* ions. Extensive details on the CO, capture kinetics, effect of CO> partial
pressure and membrane thickness have been discussed in our previous works.>

CO, + OH™ = HCO; (30)

2HCO, = CO, +H,0 + COZ> (31)

3. Experimental Methods
3.1. Materials

Room temperature ionic liquids (RTILs) used in the study were obtained from loLiTec
and were used without further purification. All RTILs structures, abbreviation, and purity
information is shown in Table S1 (supporting information). The ethylene glycol of 99% purity
and silver wire of 99% purity was obtained from Sigma Aldrich. It might be important to list
the number of ionic liquids to impress upon the amount of work accomplished.
3.2. Automated mixture preparation of RTILs and EG

Prior to the use in an experiment, RTILs, and ethylene glycol were subjected to drying
at 60°C in a vacuum oven for 12 hrs. The water content of ILs and EG was determined by
Metrohm Karl Fisher Titrator (EcoKF Titrator). It was ensured that the water content was less
than 0.1% before the experiment. DragonFly liquid handling system was used to create binary
mixtures of RTIL and EG in each well across the microtiter plate. After the liquid dispensing
step, the 96-well plate was placed in a vibrator (MTI Corporation Ltd.) for 15 min with an
evaporation shield to minimize contact with the air. A schematic illustration of the automated
mixing of RTIL and EG is shown in Figure 1.
3.3. Automated high-throughput conductivity measurement

A custom electrode holder cell for conductivity measurement was 3D printed, shown
in Figure 1, which housed two silver electrodes (500 pm diameter). Each well of the 96-well
plate acts as an electrolyte cell, and the cell constant (1.1943/cm) was obtained by calibrating
against the aqueous solution of KCl 0f 0.01 M, 0.1 M, 0.5 M, and 1 M concentration by standard
procedure.'® 8 Dobot Magician was used as a robotic hand to maneuver and place two
electrodes in each microtiter plate well for conductometric study. lonic conductivity
measurements were carried out by performing Electrochemical Impedance Spectroscopy (EIS)
on Biologic SP-300 potentiostat. The interfacing between the motion of the robotic hand and
EIS measurement was enabled through SweepMe! software (www.sweepme.net). Therefore,
the ionic conductivity of all neat RTILs was measured by measuring RTILs solution’s
resistance in a fully automated system comprised of a liquid dispenser unit, a 96-well plate,
and a robotic hand synchronized with SweepMe! Software. The SweepMe! Software consists
of the control of robotic hand movement as well as EIS measurement of the solution. Therefore,
this software was developed to measure the resistance of the solution in each well of the 96-
well plate with a robotic hand (with an electrode holder) moving towards each well. The cross-
contamination of the electrode surface as the robotic arm moves electrodes from one cell to
another was avoided by filling the cells of the alternate column of the 96-well plate with
isopropy! alcohol to wash the electrode before measurements. All EIS measurements were



obtained at 298.15K and performed on each binary mixture with a 20mV sinusoidal pulse in
the 100 kHz to 30 Hz frequency range. All the conductivity values are presented with a standard
deviation of triplet measurements. A schematic illustration of the automated high-throughput
conductivity measurement is shown in Figure 1.
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Fig. 1. Schematic illustration of the automation system for high-throughput screening of
conductivity of neat RTILs and the mixture of RTILs and EG.

3.4. Migration-assisted moisture gradient (MAMG) experiment

The experiments were carried out in a custom 3D-printed cell which consists of an
aqueous compartment containing 0.1M KOH pre-equilibrated with CO2 (pH=7.8) and an
organic liquid compartment containing a mixture of 1.2M of KOH in EG. For the MAMG
experiment with the mixture of IL with EG, the organic liquid was prepared additionally with
the relevant IL mol fraction (at which the maximum ionic conductivity was observed).
Solutions in both compartments were continuously recirculated with a Cole Parmer MasterFlex
multi-drive peristaltic pump. An anion exchange membrane from SnowPure (Excellion A200,
pretreated with water at 80°C) was sandwiched to separate the aqueous and organic
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compartments. Migration in the MAMG process was enabled by using Cu mesh (4cm?,
American Elements 99.99% pure) as cathode and using Carbon Toray paper (4cm?, Fuel Cell
Store, 190um Toray 060) as anode placed in organic and aqueous compartments. A DC source
from Eventek at constant current mode facilitated the migration of ions from the organic side
to the aqueous side. During the MAMG experiment, a simulated flue gas of 90% N> and 10%
CO2 was continuously bubbled in the organic liquid. The migration flux of the dissolved CO>
was continuously monitored as a function of the pH decrease in the aqueous side by a Thermo
Orion Al111 pH probe. A schematic diagram of the electrochemical setup for MAMG process
is available in our already-published article.>*

4. Results and Discussion
4.1. Comparison of ionic conductivity measured via high-throughput approach and
previously reported ionic conductivity of neat RTILs

All the calculated conductivity obtained from the fully automated high-throughput
system (mentioned in the Experimental Methods section) with previously reported conductivity
values with conventional methods is shown in Figure 2. The previously available conductivity
data of the neat RTILs have been referenced from the IL Thermo?® %77 and loLiTec. We have
used different RTIL systems with different cation and anion combinations, shown in Table S1
(supporting information). The list contains different imidazolium cations ([EMIM]*, [BMIM]",
[HMIM]*, and [OMIM]"), and pyridinium cation ([BPM]", [B3MPYT]", and [4AMBBP]") with
tetrafluoroborate anion ([BF4]); different imidazolium cation ([EMIM]*, [BMIM]*, and
[OMIM]), and one pyrrolidinium cation ([BMPYRR]") with
trifluoromethanesulfonate/triflate anion ([OTF]); [EMIM]* and [BMPYRR]" cation with
dicyanamide [DCA]" anion; [MPI]+, [BMIM]*, and [HMIM]* cation with iodide [I]" anion;
[EMIM]* with ethyl sulfate [ESO4] anion, hydrogen sulfate [HSO.]" anion, thiocyanate [SCN]
anion, diethyl phosphate [DEP]" anion; [MMIM]* with methyl phosphate [DMP]" anion; and
ethyl ammonium with nitrate anion [EAN]. It can be seen from Figure 2 that the fully
automated high-throughput setup measured the conductivity, which matches well with the
previously reported values. Table 1 illustrates the cation-anion combinations for which ionic
conductivity was obtained, and Table S2 (supporting information) shows the average
conductivity values of three experiments of all the RTILs.
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Table 1. Different combinations of cations and anions of RTILs studied in this work.

Anion—~ [BF4] [OTF] [DCA]” [ESO4q [IIT [SCN]” [DEP]" [N]T [DMP]" [HSOa

Cation|

[EMIM]? v v v v v
[BMIM]*
[HMIM]?
[OMIM]*
[BPM]*
[B3MPY]*
[4MBBP]*
[MPI]* v

[BMPYRR]" v v

[MMIM]* v
[EA]" v

v
v

AN N N NI NN
<

The estimated conductivity values obtained from automated high-throughput setup for
imidazolium-based cation and [BF4] anion, i.e., [EMIM][BF4], [BMIM][BF4], [HMIM][BF4],
and [OMIM][BFs] was of 1.4+0.008 s/m, 0.352+0.004 s/m, 0.116+0.00011 s/m, and
0.069+0.0001 s/m, respectively (estimated conductivity are represented with a standard
deviation of triplet experiments). These values agree with the previous reported, i.e.,
1.563+0.06 s/m, 0.3560.054 s/m, 0.118 s/m, and 0.067+0.007 s/m, respectively (Figure 2).”®
78,79 The agreement also demonstrates the high-throughput screening apparatus constructed in
this study is capable of accurately providing ionic conductivity information over, at least, one
order of magnitude. As the alkyl chain of the imidazolium-based tetrafluoroborate, RTIL,
increases from C; to Cg, the conductivity of this RTIL system decreases. Therefore, this RTIL
system has the following trend of ionic conductivity, [EMIM][BFs] > [BMIM][BF4] >
[HMIM][BF4] > [OMIM][BF:]. The reason for such a trend could be the high viscosity of
RTIL, which increases with the increase of the alkyl group, i.e., from 0.0338 to 0.76 Pa.s, for
[EMIM][BF4] to [OMIM][BF4], respectively. The viscosity of all neat RTILs was provided by
the manufacturer (loLiTec).

Rilo et al.2 also reported that the conductivity decreases with the increase of the alky
chain. In addition, it was demonstrated that with the increase of the alkyl chain length, the role
of the electrostatic interaction decreases,®* which was further verified by Nordness and
Brennecke?, and they also reported that longer alkyl chain length is responsible for the stronger
van der Waals interaction resulted in the decrease in ion dissociation which corresponds the
decrease in ionic conductivity. It could be observed that the conductivity of the neat
[BPM][BF4] RTIL from Figure 2 was estimated by automated high-throughput setup; it has a
maximum of 0.229+0.00007 s/m among pyridinium-based cation paired with [BF4] anion, i.e.,
[B3MPY][BF:], and [4AMBBP][BF4] which have a conductivity of 0.171+0.00016 s/m, and
0.162+0.00002 s/m, respectively. These values are also in good agreement for [BPM][BF4],
[B3MPY][BF:], and [4AMBBP][BF4] with previous conductivity values of 0.210, and 0.185
s/m, respectively (Figure 2).
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The next RTIL system consists of imidazolium, pyrrolidinium cation, and
trifluoromethanesulfonate/triflate [OTF]™ anion. The estimated conductivity obtained from the
automated setup of neat [EMIM][OTF], [BMIM][OTF], and [OMIM][OTF] was 0.830+0.004
s/m, 0.251+0.005 s/m, and 0.065+0.0001 s/m, respectively. It follows a similar trend as
imidazolium cation and [BF4]™ anion-based RTILs; the conductivity of pyrrolidinium-based
cation trifluoromethanesulfonate/triflate [OTF] anion decreases with the increase of the alkyl
chain  length. The estimated conductivity for pyrrolidinium  cation-based
trifluoromethanesulfonate/triflate anion [BMPYRR][OTF] RTIL was 0.176+0.0001 s/m.
These conductivities have good agreement with previous values of the conductivity of
0.907£0.035 s/m, 0.294+0.005 s/m, 0.058 s/m, and 0.185 s/m for [EMIM][OTF],
[BMIM][OTF], [OMIM][OTF], and [BMPYRR][OTF], respectively.®®> 7® The next RTIL
system consisting of [EMIM]* and [BMPYRR]" cation and [DCA] anion was used for the
estimation of conductivity with the help of an automated setup. The estimated conductivity for
[EMIM][DCA] and [BMPYRR][DCA] was 2.817+0.005 s/m and 0.99+0.004 s/m and matches
well with previously reported conductivity which was 2.83+0.116 s/m, and 1.19+0.02 s/m,
respectively (Figure 2).% 8 The conductivity of [I]" anion with [MPI]*, [BMIM]*, and
[HMIM]* cation RTIL system was obtained by automated setup, and estimated values were
0.112+0.0005 s/m, 0.064+0.0001 s/m, and 0.014+0.0002 s/m, respectively. It also follows a
similar trend, i.e., with the increase of the alkyl chain of the RTIL, the conductivity of the
respected RTIL decreases. It also has matching conductivity values of 0.096 s/m, 0.057 s/m,
and 0.014 s/m with previous reported data for [MPI][I], [BMIM][I], and [HMIM][I],
respectively (Figure 2).%

The other anionic groups with imidazolium-based cation and ethyl sulfate and hydrogen
sulfate RTILs were also used to estimate their conductivity with an automated setup. The
estimated conductivity was of 0.371+0.0001 s/m, and 0.050+0.0002 s/m whereas reported
conductivity values was of 0.382+0.08 s/m, and 0.052 s/m for [EMIM][ESO4], and
[EMIM][HSO4], respectively (Figure 2).”? The automated estimation of the conductivity
matches well with previously reported values. It can also be observed that the conductivity of
[EMIM][ESOQ4] is higher than [EMIM][HSO4]. Since [EMIM][ESQO4] has a viscosity of 0.0942
Pa.s lower than the viscosity of [EMIM][HSO4], which has a viscosity of 1.51 Pa.s, therefore
viscous forces are a significant parameter to define the conductivity of neat RTIL. The
estimated conductivity of the [MMIM][DMP] and [EMIM][DEP] was of 0.141+0.0001 s/m,
and 0.079+0.0001 s/m whereas reported conductivity was of 0.084 s/m, and 0.090+0.0001 s/m,
respectively (Figure 2).7° Similarly, the estimated conductivity for [EMIM][SCN] and [EAN]
was of 2.218+0.002 s/m, and 2.093+0.001 s/m, whereas reported conductivity was of
1.813+0.06 s/m, and 2.259+0.01 s/m, respectively (Figure 2).6% 73

Overall, the estimation of the conductivity of neat RTILs through the measurement of
solution resistance with automation follows a good agreement with the previously available
conductivity data of the respected RTIL. Therefore, this automated configuration represents a
potentially unique approach for rapidly screening RTILs suited for applications where ionic
conductivity is a key determining factor.
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Fig. 2. Measured ionic conductivities of neat RTILs using the high-throughput setup that are
benchmarked against previously reported data at 298 K (Data taken from IL Thermo and
loLiTec).

4.2. lonic conductivity and ion mobility comprised of ion dissociation in RTIL and EG
mixtures

The ionic conductivity of the mixture of RTILs and EG was estimated with the high-
throughput setup discussed in the Experimental Methods section at 298.15 K. The relative ionic
mobility comprised of ion dissociation is calculated with the help of Eq. (28) to compare its
trend with ionic mobility. The ionic conductivity and relative ion dissociation (&) behavior of
the RTIL system consisting of imidazolium cation ([EMIM]", [BMIM]*, [HMIM]*, and
[OMIM]" with tetrafluoroborate anion ([BF4]") in EG is shown in Figure 3(a), and 3(b),
respectively. It could be observed that the conductivity increases with the increase of the ionic
liquid mole fraction, reaching a maximum and then decreases approaching the conductivity of
the neat RTIL. Also, as the alkyl chain length increases, the ionic conductivity behavior of the
respective RTIL system decreases, similarly observed for neat RTILs conductivity. Therefore,
this RTIL system has the following trend of ionic conductivity, [EMIM][BF4] > [BMIM][BF4]
> [HMIM][BFs] > [OMIM][BF4]. A similar trend was also reported for the mixture of RTILs
in aqueous and non-aqueous solvents (e.g., ethanol, EG, glycerol, triethanolamine).t2 178 A]j
RTIL systems showed a maximum in the ionic conductivity at a given concentration of the
RTIL in EG; however, the composition was different for the maximum conductivity value.
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Fig. 3. (a) lonic conductivity of [EMIM][BF4], [BMIM][BFs], [HMIM][BF4], and
[OMIM][BF4] RTILs in EG at different mole fractions of ionic liquid estimated by the high-
throughput system at 298.15 K; (b) relative ion dissociation of [EMIM][BF], [BMIM][BF4],
[HMIM][BF4], and [OMIM][BF:] RTILs in EG for IL mole fraction.

The maximum ionic conductivity (omax) With its composition for all the RTIL systems
is shown in Figure 4. It could be observed from Figure 4 for [EMIM][BF4], [BMIM][BF4],
[HMIM][BF4], and [OMIM][BF4] that as the alkyl chain length increases, the mole fraction of
ionic liquid necessary to achieve the maximum decreases. The maximum conductivity is
obtained at XiL,max=0.5 for the lowest alkyl chain in this RTIL system, i.e., [EMIM][BF4],
whereas the maximum conductivity is obtained at a lower Xi_,max=0.4 for [BMIM][BF4]. For
[HMIM][BF4] and [OMIM][BF4], the maximum conductivity was obtained at Xi_,max=0.3. Rilo
et al.”® also observed similar behavior for [EMIM]*, [BMIM]*, [HMIM]*, and [OMIM]*
cationic group paired with [BF4]" anion in ethanol at Xi,max=0.54, 0.28, 0.18, and 0.18,
respectively, at 298.15 K temperature. It could be observed in Rilo’s study that the composition
for [HMIM]" and [OMIM]" is same, which was also obtained for the present study.
Interestingly, the ionic liquid mole fractions at which ionic conductivity maximum is observed
are higher in ethylene glycol than those in ethanol except [EMIM][BF4]. The behavior could
be attributed to a higher dielectric constant for ethylene glycol, enabling a higher dissociation
of ionic liquids due to greater screening of electrostatic interactions. Furthermore, the presence
of two -OH groups in ethylene glycol as opposed to one in ethanol provides more opportunities
for hydrogen bonding in ethylene glycol, resulting in improved solvation of charged species.
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Fig. 4. Maximum conductivity of RTIL mixture in EG at the respective composition of the
ionic liquid in EG. omax is the maximum conductivity of RTIL and X max is the mole fraction
at which maximum conductivity is obtained.

After comparing the behavior of & with the ionic conductivity, it could be observed that
the & of this RTIL system showed a similar trend as ionic conductivity (Figure 3(b)). This
potentially validates our hypothesis that the ion dissociation governs the observed trend of
increasing conductivity with the composition of ionic liquid and reaching the maximum value
at a particular composition, then approaching the ionic conductivity of neat RTIL. Therefore,
& is a significant parameter for any RTIL system to define the dissociation of the ions in any
molecular solvent. In addition, this phenomenon could also be identified as the competing
effects of enhancing free ions concentration against the enhanced viscous forces hindering the
diffusion of ions in the system. Therefore, viscous forces and free ions are the significant
parameters that control the mobility of the ions and, thus, the ionic conductivity. It could also
be observed from Eqg. (1) that the ionic conductivity is defined by the ion mobility (u;). For this
purpose, the behavior of the solution viscosity (1) (calculated from Eq. (21)) and relative
mobility of cations (u+r) (calculated from Eq. (27)) of all RTILs in EG with the composition
of RTILs is shown in Figure S1 and Figure S2 (supporting information), respectively. It could
be observed from Figure S1 (supporting information) that the viscosity of the solution of the
RTIL and EG increases with the increase of the RTIL concentration from infinite dilution
condition, i.e., the viscosity of the solvent, EG, to the neat RTIL viscosity. Figure S2(a)
(supporting information) shows that as the alkyl chain length increases, the relative mobility
of the cations decreases, which could be related to the ionic conductivity behavior with alkyl
chain length. The relative mobility of the cations decreases for [BMIM][BF4], [HMIM][BF4],
and [OMIM][BF4] for the composition of the RTILs; however, it increases for [EMIM][BF4],
which shows the combined behavior of the viscous forces and size of the solvated cations (Eq.

16



27). The viscosity of the [EMIM][BF4] was the lowest for the [BMIM][BFs], [HMIM][BF4],
and [OMIM][BF.], therefore it supported the increasing mobility of the cation, i.e. [EMIM]".
The ionic conductivity of the RTIL system is also compared to & and shown in Figure S3
(supporting information). It could be observed from Figure S3(a) (supporting information) that
with the increase of the relative ion dissociation value, ionic conductivity increases, and it
reaches the maximum value at the maximum ion dissociation, then & further decreases due to
the viscous forces and size of the solvated ions, which hinders the mobility of the ion, it reaches
the minimum for neat RTILs where viscosity and size of the ions were maximum. In addition,
Lee and Lin'® studied ion dissociation phenomena computationally in various IL/water
systems, including [EMIM][ETSOg4], finding a minimum dissociation where free ion activity
is dominated by solvent-induced dielectric polarization. The ion dissociation minimum
changes with IL concentration. The dissociated ions are solvated mainly through the solvent in
the dilute region. In contrast, the ion pair stabilizes the free ions in the high concentration limit.

The ionic conductivity and ion dissociation behavior of the next RTIL system
consisting of [BPM][BF4], [B3MPY][BF:], and [4AMBBP][BF4] in EG is shown in Figure 5. It
could be observed that it follows a similar trend to imidazolium cation-based [BF4] anion
RTILs of increasing ionic conductivity, reaching a maximum before falling as the ionic liquid
concentration increases. It could also be observed that [BPM]* has lower alky chain length than
[B3AMPYT", and [4AMBBP]" cation, and [BPM][BF4] showed maximum ionic conductivity than
[B3AMPY][BF], and [4AMBBP][BF4]. However, the maximum conductivity value was obtained
at almost the same composition of RTILs. For [BPM][BF4], and [4MBBP][BF4], omax sShowed
at XiLmax=0.5, whereas, for [B3MPY][BF4] it showed at xi.,max=0.4. It could be due to the
viscous forces since [B3AMPY][BF4] has the lowest viscosity among pyridinium-based [BF4]
anion RTILs, shown in Figure S1(b) (supporting information). Since [BPM][BF4] has a higher
viscosity than [B3MPY][BF4], it could be observed from Figure S2(b) (supporting information)
that both RTIL system has almost similar relative mobility of the cation. In addition, it could
be observed from Figure S3(b) (supporting information) that the relative ion dissociation was
maximum for [BPM][BF4] than [BAMPY][BF], and [4AMBBP][BF4] in EG. Therefore, the
competitive behavior of the viscous forces and size of the ions verifies the maximum ionic
conductivity of [BPM][BFs] among pyridinium-based [BF4]" anion RTILS. Whereas
[4AMBBP][BF4] has high enough viscosity to show minimum mobility of the cations resulting
in the minimum ionic conductivity.
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Fig. 5. (a) lonic conductivity of [BPM][BF], [B3MPY][BF4], and [4AMBBP][BF4] RTILs in
EG at different mole fraction of ionic liquid estimated by the high-throughput system at 298.15
K; (b) relative ion dissociation of [BPM][BF4], [B3AMPY][BF], and [AMBBP][BF4] RTILs in
EG with respect to IL mole fraction.

The next RTIL mixture has a common [OTF] anion with imidazolium and
pyrrolidinium-based cations, which are [EMIM]*, [BMIM]*, [OMIM]*, and [BMPYRR]*
cation, respectively, in EG. The ionic conductivity and ion dissociation behavior of this RTIL
system is shown in Figure 6. It also has a similar trend of ionic conductivity and ion dissociation
with composition to the previous RTIL system. Among imidazolium-based cations with [OTF]
anion RTIL, the lowest alkyl chain length cation representing the ultimate ionic conductivity
in EG, also the as the alkyl chain length increases, the composition of the RTIL in EG decreases
(Figure 4). Relative ion dissociation and ionic conductivity pattern with RTIL composition
have a similar fashion resulting in the & a significant parameter to represent the conductivity
behavior pattern with composition (Figure 6(b)). Therefore, this RTIL system has the following
trend of ionic conductivity, [EMIM][OTF] > [BMIM][OTF] > [OMIM][OTF]. However, the
ionic conductivity of [BMPYRR][OTF] lies with a composition near to [BMIM][OTF], and
the maximum conductivity showed at the similar composition of [BMIM][OTF] and
[OMIM][OTF] RTIL in EG. For [EMIM][OTF], omax showed at Ximax=0.5, whereas,
[BMIM][OTF], [OMIM][OTF], and [BMPYRR][OTF] the maxima showed at Xi_ max=0.3. This
behavior also results from the competitive nature of viscous forces and the type and size of the
ions in the RTIL system. Figure S1(c) and Figure S2(c) (supporting information) show the
RTIL viscosity and relative mobility of cation in this RTIL system. Among imidazolium and
pyrrolidinium-based [OTF]" anion RTIL system, [EMIM][OTF] has the maximum ion
mobility, which could be the result of the lowest viscosity which represents that it has enough
lowest viscosity, showing increasing relative mobility of cation resulting maximum
conductivity. In addition, Figure S3(c) (supporting information) shows a similar relative ion
dissociation behavior with the ionic conductivity with previously discussed RTIL systems.

18




1.6 /—— 4.0
Jom S A : Emm gﬁ = EMIM OTF
14 o . . o BMPYRR OTF 3.5 R A e BMIM OTF
‘-E. 1 2 BMPYRR »n [ A OMIM OTF L g BMPYRR OTF
a - 3.0 . A OMIMOTF
; 1.0- . 251 4 LA
$0.8 . . "o 5201 & o 0 ¢
©0.6 ® o ® 15{ ® = .
'§ 0.4 = ¢ ¢ o ‘ ° m : 2
) 1.0-
8 3 A A 4 a * 3 . 2
02{ * A . 0.5-
A A A
0-0 1 T L] L] L] 0-0 L] L] T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
XL X)L
(a) (b)

Fig. 6. (a) lonic conductivity of [EMIM][OTF], [BMIM][OTF], [OMIM][OTF], and
[BMPYRR][OTF] RTILs in EG at different mole fractions of ionic liquid estimated by the
high-throughput system at 298.15 K; (b) relative ion dissociation of [EMIM][OTF],
[BMIM][OTF], [OMIM][OTF], and [BMPYRR][OTF] RTILs in EG for IL mole fraction.

Similarly, the ionic conductivity and ion dissociation behavior of common iodide [I]
anion and imidazolium-based RTIL with composition is shown in Figure 7. It also has a similar
trend of ionic conductivity and ion dissociation with composition with the previous RTIL
system in which ionic conductivity increases with the increase of alkyl chain length. This group
has an ionic conductivity trend in the following manner, [MPI][1] > [BMIM][I] > [HMIM][I].
Relative ion dissociation similarly represents the conductivity behavior pattern with
composition, making it a significant parameter to define the ionic conductivity dependency
with the composition of the RTILs (Figure 7(b)). However, this RTIL system showed almost
similar composition for representing maximum ionic conductivity (Figure 4). Figure S1(d) and
Figure S2(d) (supporting information) represent the solution viscosity and relative mobility of
cation with the composition of RTIL. It could be observed that the viscosity of [MPI][1] is
higher than [BMIM][I] and [HMIM][1]. Whereas the relative mobility of cation has almost the
same for [MPI][1], [BMIM][I], and [HMIM][I] RTIL system, which was calculated from Eq.
(27). In addition, Figure S3(d) (supporting information) represents the behavior of ionic
conductivity of RTIL and &, and this represents that relative ion dissociation follows the trend
of the increasing conductivity then reaching to maximum and then decreasing to the minimum.
Therefore, these phenomena explain the conductivity behavior of this RTIL system in EG.
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Fig. 7. (a) lonic conductivity of [MPI][I], [BMIM][1], and [HMIM][I] RTILs in EG at different
mole fractions of ionic liquid estimated by the high-throughput system at 298.15 K; (b) relative
ion dissociation of [MPI][I], [BMIM][I], and [HMIM][I] RTILs in EG for IL mole fraction.

The ionic conductivity and relative ion dissociation of RTIL consisting of dicyanamide
[DCA] anion with [EMIM]* and [BMPYRR]" cation in EG was also estimated and shown in
Figure 8. It could be observed from Figure 8(a) that [EMIM][DCA] has a higher concentration
profile with the composition of RTIL than [BMPYRR][DCA], and it follows a similar trend
with the components discussed above. [EMIM][DCA] and [BMPYRR][DCA] has Gmax Of
3.442 s/m and 1.423 s/m at xiLmax=0.6, and 0.4, respectively (Figure 4). It could be noted that
[EMIM][DCA] shows the maximum conductivity at xi.max=0.6 among all the RTILs systems
in EG used in this study. Figure 8(b) shows that & with composition has the trend of reaching
maxima and then decreasing with composition; however, the composition position for ionic
conductivity and relative ion dissociation is not similar compared to previous RTILs. The
reason could be the effect of viscous forces and the structure of the cation and anion. For all
the RTIL used in this study, [EMIM][DCA] has the lowest viscosity of 0.0146 Pa.s. It has the
lowest viscosity profile with composition compared to all RTIL profiles of viscosity (Figure
S1 (supporting information)). In addition, it also has the highest mobility profile of the cation
shown in Figure S2(e) (supporting information). Therefore, it could be said that [EMIM][DCA]
and [EMIM][DCA] has as the conflict behavior of the & profile to be compared with the ionic
conductivity profile with composition, which could be the result of the competitive behavior
of the viscous forces, structure of the anion and cation, and property of the EG. However, the
& profile follows the trend of getting maxima for both the RTIL, as well as the ionic
conductivity profile for & follows a similar behavior to other RTILs (Figure S3(e) (supporting
information)).
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Fig. 8. (a) lonic conductivity of [EMIM][DCA], and [BMPYRR][DCA] RTILs in EG at
different mole fractions of ionic liquid estimated by the high-throughput system at 298.15 K;
(b) relative ion dissociation of [EMIM][DCA], and [BMPYRR][DCA] RTILs in EG for IL
mole fraction.

Similarly, another RTIL system was also used to study the ionic conductivity behavior
in EG. These RTIL systems are [EMIM][SCN], [EAN], [MMIM][DMP], [EMIM][DEP]
[EMIM][ESO4], and [EMIM][HSO4], and the ionic conductivity and relative ion dissociation
are shown in Figure 9. These RTILs have different groups of cations and anions; therefore,
comparing these RTILs with each other regarding ionic conductivity and relative ion
dissociation is impossible. However, all have the trend of increasing ionic conductivity and
relative ion dissociation with composition, reaching a maximum and decreasing to its neat
RTIL value. In addition, the viscosity and relative mobility of cation with a composition are
also shown in Figure S1(f-h) and Figure S2(f-h) (supporting information) for this RTIL system
for understanding the competitive behavior of viscous forces and mobility of free cation. The
conductivity profile for & also supports the ionic conductivity behavior in EG for these RTIL
systems (Figure S3(f-h) (supporting information)).
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Fig. 9. (a) lonic conductivity of [EMIM][SCN], and [EAN] RTILs in EG at different mole
fractions of ionic liquid estimated by the high-throughput system at 298.15 K; (b) relative ion
dissociation of [EMIM][SCN], and [EAN] RTILs in EG for IL mole fraction; (c) lonic
conductivity of [MMIM][DMP], and [EMIM][DEP] RTILs in EG at different mole fraction of
ionic liquid estimated by the high-throughput system at 298.15 K; (d) relative ion dissociation
of [MMIM][DMP], and [EMIM][DEP] RTILs in EG for IL mole fraction; (e) lonic
conductivity of [EMIM][ESO4], and [EMIM][HSO4] RTILs in EG at different mole fraction
of ionic liquid estimated by the high-throughput system at 298.15 K; (f) relative ion
dissociation of [EMIM][ESO4], and [EMIM][HSO4] RTILs in EG for IL mole fraction.
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To understand the dependence of components for the composition of RTILs and & in
the expression of & (Eq. (28)) are illustrated in Figures S4 to S7 (Supporting Information). It
could be noted that the expression of &r in Eq. (28) is composed of three terms: the first term
is dimensionless conductivity, the second term is dimensionless viscosity, and the third term is
dimensionless radii. The dimensionless viscosity term has nondissociated properties, including
the viscosity of RTIL and solvent representing the viscous forces which could be said to be a
type of resistance influencing the movement of the molecules within the solution. Therefore, it
has significant characteristics to influence the mobility of the free ions, resulting in ionic
conductivity behavior at any composition. Figure S4 (Supporting Information) represents the
dimensionless viscosity term concerning the composition of the RTILs and shows that
(o)X increase with the increase of the RTIL concentration in the solution. However, when
this term is observed with &, it could be observed that with the increase of (no/mw)X'" value, &
increases and reaches maximum then decreases, which explains the ion dissociation
phenomena to represent the ionic conductivity behavior of RTIL in molecular solvent (Figure
S6 (Supporting Information)). The next is the dimensionless radii term shown in Figure S5
(Supporting Information) for the mole fraction of RTILs. It shows that this term has less
influence than dimensionless viscosity since it has almost similar values for every RTILs.
However, when plotted with respect to &, it showed a similar pattern to get maximum value
then declines, which explains the ion dissociation phenomena to represent the ionic
conductivity behavior of RTIL in molecular solvent (Figure S7 (Supporting Information)).

The present methodology utilizes an automated high-throughput platform to screen the
mixture of RTIL system in any molecular solvent in the manner of ionic conductivity quickly.
In addition, this conductivity could be utilized to study the ion mobility comprised of ion
dissociation with the help of developed expression of relative ion dissociation, which needs
only measurement of ionic conductivity. However, ion mobility comprised of ion dissociation
phenomena is a complex behavior of the cations, anions, free ions, and viscous forces resulting
in the different behavior of the properties of the RTILs in molecular solvents like EG.

4.3. Application of RTIL mixture for MAMG process

As discussed in the previous section, the mixture of RTIL and EG could achieve
maximum conductivity at a specific composition of RTILs higher than neat RTILS
conductivity. For [EMIM][DCA], the conductivity enhanced from 2.843 s/m to 3.442 s/m for
neat RTIL and 0.6-mole fraction of RTIL in EG, respectively. Therefore, the same mixture of
[EMIM][DCA] RTIL with EG was used for the MAMG process. It could be understood from
Ohm’s law that voltage is inversely proportional to conductivity; therefore, enhancement in the
conductivity will reduce the operating voltages resulting in the reduction of energy
consumption. The same concept is applied to reduce the energy consumption in the MAMG
process to capture CO by using higher conductivity capture media which consist of RTIL and
EG.

The CO; capture via MAMG proceeds with the migration of the bicarbonate ions at the
migration current densities of 15mA/cm? in the mixtures containing RTIL and EG. The pH
drop in Figure 10a shows the rate of bicarbonate ions entering the aqueous compartment and
decomposing to CO, as discussed earlier in Section 2.2. Also, based on HCO3 CO3% water
equilibrium, the concentration of the aqueous CO> was determined, as shown in Figure 10a.
Since the aqueous solution was pre-equilibrated, the solution initially contained ~7mM CO..
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However, in the presence of an external electric field, the CO concentration quickly rises from
7 mM to 33 mM, reaching its maximum solubility in water. To highlight the role of
conductivity in the MAMG process, we use the metric energy consumed per mol of CO2 (E.,

). The following expression calculated the energy consumed per mol of CO2:

_ I, xV
l:IUXCOZ capture x A

Co,

(32)

where I is migration current, i.e., 60 mA, V is the voltage observed during the CO, capture
process, and A is the electrode area, i.e., 4 cm?. The flux of the CO> capture process can be
calculated by using the number of moles of CO> captured per second per unit area. For the
experiments conducted with and without RTIL+EG mixture, the flux of CO> capture was
observed to be similar and was ~0.6 mmol/(m?.s). A comparison between energy consumed for
the MAMG process with and without IL binary mixture in Figure 10b revealed a stunning
decrease in energy consumption by up to 50%. Therefore, these results confirm the propitious
role of RTIL+EG mixtures in enhancing the energy efficiency of the MAMG process.
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Fig. 10. (a) Change of pH in the aqueous compartment of a MAMG process with a migration
current density of 60 mA per 4 cm? area; (b) comparison of energy consumption to capture
CO. with and without IL binary mixtures in a MAMG process.
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With RTIL

This work presents a ground-breaking advancement in the high-throughput
measurement and understanding of room-temperature ionic liquids (RTILs) both in their pure
form and in combination with ethylene glycol (EG). By developing a comprehensive
theoretical framework, we successfully elucidated the behavior of ion mobility and its impact
on the ionic conductivity of RTIL-EG mixtures. Notably, our study revealed that the length of
the alkyl chain in the RTILs inversely correlated with their conductivity, with [EMIM][BF4],
[BPM][BF4], [EMIM][OTF], and [MPI][1] demonstrating the highest conductivity within their
respective cation families. The relative ion dissociation concept provided a clear explanation
for ion mobility and thus, the overall ionic conductivity across the entire concentration range,
from dilute solutions to neat RTILs. This behavior can be attributed to the interplay between
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free ions and viscous forces, which impact ion diffusion and ultimately affect ionic
conductivity. Importantly, relative ion dissociation emerged here as a crucial parameter for
characterizing ion dissociation in RTIL and molecular solvent mixtures. Our findings also
identified [EMIM][DCA] as the RTIL with the highest conductivity (3.442 S/m) at a mole
fraction of 0.6 within the RTIL-EG mixture. This optimized mixture offers superior
conductivity and requires less energy for CO. absorption through the migration-assisted
moisture gradient (MAMG) process compared to IL-free solutions. Additionally, we
introduced a fully automated high-throughput system for efficiently measuring the
conductivity, further enhancing the significance and applicability of our study. This automated
high-throughput configuration represents a pioneering approach for the rapid screening of
RTILs, particularly in applications where ionic conductivity plays a critical role in performance
evaluation and selection.
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