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The use of methane as the energy vector in our current energy matrix has challenged scientists to solve problems, which are now
related to the exploration of oil wells but tomorrow will be the foundation for a carbon-neutral industry. Subsea exploration
challenges engineers to find new solutions to separate CO, from CH, at the extremely high pressure of ca. 400 bar, to which all
mature separation technologies are unsuitable. In this review, we highlight possible ways to employ ionic liquid (IL) as a highly
selective absorbent to CO, for extremely high pressure. Besides revising the high-pressure physical-chemical properties of ILs, the
IL designing principles, and finally, the current employment of IL for preparing membranes, we prospect possible solutions for the
sluggish, disfavored IL-regeneration at high pressure. We prospect—CO, electro-reduction reaction (CO,RR) as a promising
disruption for separation processes, being CO,RR-based technologies viable not only for IL-regeneration after the IL-based CO,
capture but also for CO, conversion into valuable fuels/chemicals. As a prelude to CO,RR-based technologies, this review
highlights key aspects concerning the use of IL as the electrolyte in an electrochemical cell performing CO,RR.
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List of Symbols [Comim][CF3S05] 1-ethyl-3-methylimidazolium trifluoro-
) ) ) methanesulfonate (triflate)
AEP 1-(2-aminoethyl) piperazine ) [C2mim][N(CN),] 1-ethyl-3-methylimidazolium dicyanamide
[amim][DCA] 1-Allyl-3-methylimidazolium  dicyana-  [Comim][(OCH;),PO,] 1-ethyl-3-methylimidazolium  dimethyl-
) mide o o . phosphate
[Apbim][BF4] 1-(3-propilamino)—3-butylimidazolium [C2mim][OT(] 1-etyl-3-methyl-imidazolium trifluoro-
tetrafluoroborate methanesulfonate
[BA][For] butylammonium formate [C2mim][SCN] 1-ethyl-3-methylimidazolium thiocyanate
[BA][Ac] n-butylammonium acetate [C2mim][TFSI] 1-butylpyridinium tetrafluoroborate
[BA][N] n-butylammonium nitrate ) [C2mim][Tos] 1-ethyl-3-methylimidazolium tosylate
[BHEA][For] N-butyl-2-hydroxyethylammonium  for-  [Comim][FSA] 1-ethyl-3-methylimidazolium ~ (fluorosul-
mate ) fonyl)amide
[BHEA] [Ac] N-butyl-2-hydroxyethylammonium [C2Pip][HSO4] 1-methylpiperidinium sulfate
acetate ) [C2Pyr][CF3COO0] 1-methylpyrrolidinium trifluoroacetate
[BHEA][Pro] N—butyl—2—hydroxyethylammon1um pro- [C2Pyr][F] 1-methylpyrrolidinium formate
pionate . [C2Pyr][HSO4] 1-methylpyrrolidinium sulfate
[BHEA][But] N-butyl-2-hydroxyethylammonium  bu- [C4mim] [Ac] 1-butyl-3-methyl-imidazolium acetate
tanoate . [C4mim][PF6] 1-n-butyl-3-methylimidazolium hexa-
[BHEA][Pent] N-butyl-2-hydroxyethylammonium pen- fluoro-phosphat
, tanoate [C4mim][MeSO4] 1-butyl-3-methylimidazolium methylsul-
[bmim] fate;
[bmpip][Tf2N] 1-Butyl-1-methylpiperidinium bis(trifluor- - c4mim][SCN] 1-butyl-3-methylimidazolium thiocyanate
omethylsulfonyhimide ~ ' [C4mPy][SCN] 1-butyl-4-methylpyridinium thiocyanate
[bmpyrr][DCA] 1—Eutyl—l—methylpyrrohdlmum dicyana- [C4mPyr][SCN] 1-butyl-1-methylpyrrolidinium  thiocya-
mide nate
[cprop][DCA] 1,2,3-Tris-(diethylamino)cyclopropeny- [C4mPip][SCN] 1-butyl-1-methylpiperidinium thiocyanate
lium d1c_yangm1de _ [C4mim][TFA] 1-butyl-3-methylimidazolium trifluoroa-
[cprop][Tf2N] 1,2,3-Tris(diethylamino)cyclopropeny- cetate
, lium bis(trifluoromethylsulfonyl)imide [C4mim][ TFSI] 1-butyl-3-methyl-imidazolium  bis(tri-
[C2mim][Ac] 1-ethyl-3-methylimidazolium acetate fluoromethylsulfonyl)imide
[C2mim][BF4] 1-bu-tylpyridinium, — and  bis(trifluoro-  ;c4py|TFSI] 1-ethyl-3-methylimidazolium tetrafluoro-
methylsulfonyl)imide borate
[C2mim][CH;0HPO,]  1-ethyl-3-methylimidazolium methylpho- [C4Py][BF4] 1-ethyl-3-methylimidazolium bis(trifluor-
. sphonate o omethylsulfonyl)imide
[C2mim][CH3SO3] 1-ethyl-3-methylimidazolium methanesul- [C6mim][Tf2N] 1-hexyl-3-methylimidazolium bis(trifluor-
fonate omethylsulfonyl)imide
ChCl 2-Hydroxyethyl-trimethylammonium
chloride (Choline chloride)
[DBU] [TFSI] 1,8-diazabicyclo[5,4,0]—7-ene bis(tri-
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[DEA][Ac] diethylammonium acetate

[DEA][Bu] diethylammonium butanoate

[DEA][CI] diethylammonium chloride

[DEA][For] diethylammonium formate

DEA Diethanolamine

[DPA][For] di-n-propylammonium formate

[DEA][HSOy4] diethylammonium sulfate

[DEA][OSA] diethylammonium sulfamate

[D2HEA][Pe] 2-hydroxy diethylammonium pentanoate

[EA][Bu] ethylammonium butyrate

[EA][Gly] ethylammonium glycolate

[EA][Lac] ethylammonium lactate

[EA][HS] ethylammonium hydrogen sulfate

[EA][For] ethylammonium formate

[EA]IN] ethanolammonium nitrate

[EA][P] ethylammonium propionate

[emim][DEP] 1-Ethyl-3-methylimidazolium diethylpho-
sphate

[emim]

EG Ethylene glycol

[EOA][N] ethanolammonium nitrate

[EOA][For] ethanolammonium formate

[EOA][Lac] ethanolammonium lactate

[EOA][Ac] ethanolammonium acetate

[HEA][Pe] 2-hydroxy triethylammonium pentanoate

[2ZHEA][But] 2-hydroxyethylammonium butanoate

[2ZHEA][Pe] 2-hydroxy ethylammonium pentanoate

[HDBU][Im] 1,8-Diazabicyclo[5.4.0]Jundec-7-ene

[MA][For] 3-methylbutylammonium formate

MEA Monoethanolamine

MDEA methyldiethanolamine

[2MPA][For] 2-methylpropylammonium formate

[2MBA][For] 2-methylbutylammonium formate

[MMpy][eFAP] 1,3-dimethylpyridinium  tris(pentafluor-

[m-2HEA][Pr]

oethyl)
N-methyl-2-hydroxyethylammonium

[N4111][NTf2] butyl-trimethyl-ammonium  bis(trifluoro-
methylsulfonyl)imide

[Pip][F] Piperidinium formate

Reline

scCO, CO, at the supercritical conditions

[tes][Tf2N] Triethylsulfonium bis(trifluoromethylsul-
fonyl)imid

[tEtA][For] triethylammonium formate

[tEtA][Ac] triethylammonium acetate

[TFSI]

[thtdp][DCA] Trihexyltetradecylphosphonium dicyana-
mide

[thtdp][PFs] trihexyl(tetradecyl)phosphonium  hexa-
fluoro-phosphate

[P444o][IDA] Tri-n-butyl(ethyl)phosphonium iminodia-
cetate

[PeA][For] pentylammonium formate

[2POA][For] 2-propanolammonium formate

The petroleum industry has explored subsea natural gas reser-

voirs, and the fluid found in Brazil has a substantially high CO,
content,’ being CO, currently separated and buried into the
reservoir. However, transporting crude gas from the seafloor to the
ocean surface substantially adds to the cost of recovering natural gas
(mostly composed of CHy), especially in deep waters, whose depths
reach at least 2 Km. Figure 1 drafts the conceptual idea of a subsea
separation unit. To date, such unit separates the streaming coming
from the reservoir wells into three final phases, namely water, oil,
and gas, being the water discharged into the injection wells, whereas
both oil and crude gas transported up to the floating unit on the
surface, where the CH4/CO, mixture is currently separated. If CO,
could be removed from crude gas by an extra unit still on the
seafloor, instead of on the sea surface, the cost of piping to transport

either the crude gas up or the CO, down could be reduced. The
extremely high pressure on the seafloor, however, imposes peculiar
constrictions over the separation processes.” In this review, we
survey possible ways of using ionic liquids (ILs) for this separation,
highlighting the key fundamental aspects for that aim, such as high-
pressure solubilities, phase diagrams, etc. Moreover, we foresee CO,
electrocatalysis as a possible tool not only for assisting CO,
separation with ILs but also to pave new ways in the context of
the carbon-neutral industry.

Seafloor separation technologies must be compact, of low
maintenance, and, above all, reliable at 400 bar or other higher
external pressures found on the seafloor. Traditional CO, removal
technologies,*” such as aqueous amine scrubbing, are unsuitable for
such applications. Additionally, the most mature membrane-based
technologies are not suitable for the subsea application, either,
because parts of the device, such as the vacuum pump are not
applicable to the subsea operation. These technologies have to be
imperatively innovated to serve the purpose of CO, separation at
pressures varying from 200 to 400 bars and at temperatures ranging
from 20 °C to 100 °C, which are variations allowed in seafloor
conditions. Ionic Liquids (IL) employment for CO,-CH, separation
has gained attention just recently, given widely-known IL suitability
for extraction up to 400 bar.® The negligible vapor pressure, the high
thermal stability, and tunable molecular structures make IL a
promising candidate to replace the conventional aqueous ethanola-
mine solvents. In principle, not only CO, but also other undesirable
oil/gas contaminants, such as H,S, can be removed from high-
pressure streaming with ionic liquids.” There are more opportunities
than simply CO, separation with IL on the seafloor, and any real
technical advance in this respect may trigger a number of others.

At high pressure, ILs have been reported to have high CO,
absorption® and high CO, selectivity over CH,.>~'" However, most
of these data were obtained with modeling predictions, and physical
proof of concept for CO,/CH, separation at high pressure remains to
be produced. There are glenty of IL reviews on varied topics, such as
the solubility in ILs,l multiscale modelings on ILs,13 the CO,
capture by ILs,'* structure-property relationships,'” and the separa-
tion of light hydrocarbons'® and CO,'”'® with ILs. Differently from
all of them, the present review focuses stringently on the high-
pressure application, critically surveying the literature from this
perspective. As follows, the reader will find a short overview on the
most important IL properties for successful separation/electrocata-
lysis at high pressure (cf. section Ionic Liquids in brief); the
principles guiding the IL molecular tuning (cf. section Design
principles for ILs), and their correlation with the CO, solubility
diagram at high pressure (cf. section The CO,-IL interactions into
details ); a survey on the few physically measured solubilities at high
pressure (cf. section High-pressure CO, and CH, solubilities in ILs);
current advances in IL-based separation technologies (cf. section
High-pressure processes for CO, separation employing ILs), and,
finally, the promising use of ILs for further CO, processes via
electrocatalysis, which may potentially serve for IL-regeneration
(cf. sectionCO, (Eletro)catalysis either in IL or at High-pressures ).

Ionic Liquids in Brief

Molecular perspective.—Ionic liquids (ILs) are usually defined
as compounds formed solely by ions with a melting point below T =
100 °C." They are usually composed of large organic-based ions
linked by well-balanced Coulomb bonds and charge dispersion
interactions. These strong and stable ionic interactions partially
explain their high thermal stability and their negligible vapor
pressure.”” In general, ILs present negligible vapor pressures at
temperatures below 100 °C. However, the myth that the ionic liquids
were not volatile was only broken in 2006, when Earle & coworkers
showed that some aprotic ionic liquids could be distilled at
200 °C-300 °C at low pressure of 10~ bar, with simultaneous
recovery of significant amounts of pure substance.?' Corroborating
this remarkable piece of evidence is recent theoretical insights based
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Production
Wells

Production
Manifold

Injection Wells

Compact SSAO

Figure 1. Scheme of subsea separation unit. FPU is an acronym for floating process unit. On the seafloor lays a compact SSAO that is an acronym in Portuguese
for “separag@o submarina dgua-oleo” or subsea water-oil separation unit. Currently, the CH,/CO, separation is made on the FPU. Reprinted with permission from
“Albuquerque et al. in Offshore Technology Conference, Houston, Texas, USA, 2013>—Copyright Offshore Technology Conference.

on ]Sjredictive methods, which found the equilibrium vapor pressure
107 bar at 30 °C for a broad IL variety.>*~>* Further, the large ions
promote an easier charge dispersion and hamper the formation of
crystalline structures, resulting in lower fusion temperature sub-
stances.

In general, all ILs are reported in abbreviation forms like
[C4mim][PF¢], which represents the species formed by the butyl-
methyl-imidazolium [C4mim]™ cation and by the hexafluoro-phos-
phate [PF¢]™ anion. Figure 2 exhibits both the chemical structure and
the inducted charge dispersion of the standing-alone ions for typical
IL ions alongside two other monoatomic ions. Besides, Fig. 2 also
shows the structure for other ions like [Pyrr]+ and [But] to illustrate
how the inducted charge dispersion varies with the IL-ion chemical
structure. All the chemical structures were pre-optimized by
MMFF94 force field via AVOGADRO software, whereas the
induced charges were estimated through the Hartree-Fock and
TZVP basis set level of theory via the GAMESS software, and
finally the visual display of each ion-induced charges produced via
JCOSMO software, as described elsewhere.”> The negatively
induced charges on the vicinity of [C4mim]™ are represented by
the blue color scale. Similarly, the positively induced charges are
represented by a red scale on the vicinity of [PFg]™ anion. As noted,
the induced charges are spatially dispersed through the carbonic
chain of the IL’s ions, which in turn, uniforms the ion’s charge
density and potentially reduces the strength of local ionic interaction.
The large size of IL ions together with their spatially distributed
induced charge hamper the formation of crystalline structure,
resulting in ionic species with low fusion temperature in comparison
with the smaller monoatomic ions, such as Na™ and CI".

ILs can be categorized through several metrics, such as their
fusion temperature, number and types of ions, the existence of task-
specific groups, and the nature of their ionic interaction. The latter
can be tuned by going from aprotic (AIL) to protic ionic liquids
(PIL).”® The latter predominantly form their ionic interaction
through a proton donation, which is less stable than the aprotic
interactions. AILs usually present higher thermal stabilities,?”*
lower vapor pressure, and more complex synthesizing routes than
PILs. Imidazolium- and pyridinium-based cations are the most usual
structure of AILs ions chosen to be investigated.® PILs are usually
less expensive, easier to be synthesized, and more environmentally
friendly®® than common AlILs, and usually present lower thermal
stability®® and lower conductivity®® when compared with AILs.
Nevertheless, both types of IL presented a high absorption of CO,*’
and low absorption of CH,, leading to high CO, selectivity.” ™'

Figure 2. Chemical structure and inducted charge dispersion for two typical
IL anions (a) [C4mim] " and [Pyrr] *; cations (b) [PFs]™ and [But]™ together
with two monoatomic ions (c) [Na]™ and (d) [C1]". The JCOSMO software
assisted in the image creation.

Some of the common ions used in CO, capture can be observed in
Table I. In fact, there are myriad possibilities to combine a cation
and an anion to obtain an ionic liquid suitable to capture CO,.
However, the understanding of molecular interaction between ILs
and CO, is an essential issue to design such combinations.
Therefore, many efforts have been devoted to characterizing the
molecular interaction of CO, with different cation and anions.?’*>3>

Properties.— Viscosity (n).—Depending on its application, the IL
viscosity would be its worst disadvantage. The strong ion-ion
interactions and large molecular size result in overall high viscos-
ities. This might reduce mass transfer rates and increase the pressure
drop along with the fluid transport through the pipes.

Figure 3 shows comparatively viscosities measured in neat ILs at
T =25 °C and P = 1 bar.*'***! Despite overall high viscosities
presented by most ILs, many others can present significantly lower
values, but still higher than water, except by [DEA][Bu]. The crude-
oil transport in pipelines is economically viable only for viscosities



Journal of The Electrochemical Society, 2021 168 086502

Table 1. Typical ion structure of ILs used in CO, capture processes.

Cation Structure

Anion Structure

[R,RyIm]* [Pyrr] * [Pro] = [DCA]
—_— —_— N_
Imidazolium + H =C7 '\
N N _ . o N=—
Rl/ \/ \R2 Pyrrolium Cﬁx( Prolinate O \/EN> Dicyanamide C\\\
H
| I = N
R O
[Py] * [2HEA] * or [HEA] * [Ac]” [PE¢]”
A - F
= HO / o)
C s . \/ F |_,F
Pyridinium Lﬁ 2-Ethylammonium _\—N+—H Acetate || Hexafluorophosphate \P
NN \ F7~I>F
R q 0 |
F

below 500 mPa-s™'.** As noted, the viscosity of some ILs is well
above the required level for pumping, being those gather aside on the
top scale in Fig. 3 together with glycerol viscosity. Among the ILs
presenting suitable viscosities for pipeline transportation, those
presenting viscosities below 200 mPa's™' correspond to the most
cost-effective alternative for fluid transportation by oil pipelines.
The olive oil is gathered together with those ILs presenting the
lowest viscosities for cost-effective transportation.

When in presence of a CO,-rich atmosphere, the IL viscosity
modifies due to the CO, dissolution into ILs. As a representative of
macromolecules, the long-chain-ions-containing ILs exhibit me-
chanical behavior intriguingly similar to aliphatic polymers, i.e.
the dissolution of short molecules promote smaller inner friction
among the contacts of different atomic centers among the macro-
molecule, which for aliphatic polymers causes a reduction in
viscosity; those short molecules are additives named plasticizers.
By analogy, the CO, dissolution into ILs plays the role of plasticizer.
For those ILs for which CO, plays the role of plasticizers, the
CO,-IL interaction may be said to be governed by the CO,
occupation into the IL inner free volume. Yet if otherwise, the
CO, dissolutions in IL do not vary or even induce an increase of the
IL viscosity, the CO,-IL interaction may be said to be governed by
chemical CO, interaction with the IL functional groups. Regarding
the water content, it promotes a reduction of the water-rich IL
viscosity, except for small water contents that can increase it.*’

Intrinsic ionic conductivity (A)—Like any other dielectric
medium, ultrapure water only attains substantial ionic conductivity
if “contaminated” with molar tenths of external ions that promptly
get solvated by water molecules, passing to act as a fundamental unit
of charge transportation, i.e., charge carrier. Contrariwise, neat ionic
liquids exhibit an intrinsic ionic conductivity that overall lays below
30 x 107 s:«em™'. Such intrinsic conductivity can be attributed to
the degree of ionicity in its pure form. Nevertheless, only a mild
improvement on the ionic conductivity is attained with the addition
of monoatomic ions, which strongly indicates viscosity imposes a
substantial friction action over the motion of the ions. For instance,
[C2mim][FSA] reaches at best 70 x 10 >s.cm™' when the
monoatomic cation like sodium replace 50% of the IL—cations,43
being a negligible improvement in comparison to water that elevates
the ionic conduction from 6 x 1073 s.cm™' for ultrapure-water to
800 x 10 s«em™' for 0.1 M of aqueous KCI solution. The
foundations to understand the important role played by both the IL
viscosity and ionicity on IL intrinsic ionic conductivity are discussed
below.

The impact of IL viscosity on its intrinsic ionic conductivity has
been discussed on the basis of Walden’s original observation of
organic electrolytes.** The molar conductivity (A,,) correlates to the
fluidity of the medium through which the ions move (represented by
the inverse of the viscosity, 7 ~'); so that, it is expressed by the

Walden Rule: A,,n ~' = constant. On a plot of log A,, vs log n ',

this rule predicts a straight line, and the plot has become known as a
“Walden plot.” This plot demands the molar conductivity A,
(S-em 2mol 1) defined as A,, = AV !, where A (S-em™!) stands
for the conductivity measured by the electrochemical impedance
spectroscopy and written as A;,,, or Agy; and, Vg stands for the
volume containing one Faraday of positive charge. The experimental
density (p), which in this case is a function of temperature, demands
to be known for Vg to be calculated by Vg=p-M,, ", where M,, is the
IL molar mass.*> Data from a wide range of electrolytes can then be
placed on the Walden plot, including any ionic liquid for which
viscosity, conductivity, and density measurements are available.
When this data set can be carried out over a broad temperature range,
their representation on the Walden plot interestingly follows a
straight line as those seen in Fig. 4. If otherwise, only a single
temperature had been exploited, only a single point would be
displayed on the Walden plot for each IL, as shown by Zhao et al.*
Figure 4 shows the Walden plot for a few ILs tested in
electrochemical applications.*>*”%% Rather than covering the
literature extensively, this review curbs the core topics about IL
conductivity, offering a broad picture of the issue. The linearity of
the experimental data indicates Walden Rule is obeyed so that the
ILs can be interpreted similarly to the aqueous KCl solutions at high
dilution. The solvated ions in aqueous media are known to be fully
dissociated and have to have equal mobility. In this context, the
conduction for 0.001 M aqueous KCL is taken as a reference. Its
value at room conditions is represented by a symbol of star in the
plot (a) in Fig. 4, while the lines are just an extension of the Walden
role, A, " = constant. The same is valid for lines traced for higher
KCl concentrations. The Walden plot had been extensively dis-
cussed by Angell & coworkers®*>* that suggested using the
Walden plot for a general classification of ILs. Except for one or
two notable exceptions,”** most ionic liquids fall below the ideal
lines, more or less so depending on their structure. According to
Angell & coworkers, the ILs that fall below the ideal line for 0.001
M KCl in the Walden plot are classified as poor ionic conductors or
even non-conductors, as does [C2mim][BF4]*® in Fig. 4. Still,
according to Angell & coworkers, the ILs with conductivity above
the ideal line (1 M KCl) are classified as superionic conductors, as
the [DEA][HSOA4]. For this IL, two points are displayed in the graph;
both estimated by Zhao et al. 2008, while one point used the upper
limit of viscosity from equipment used by the authors, the other
considered a viscosity ten times higher. Despite such imprecision,
the [DEA][HSO4] still lays within the superionic ILs zone.
Furthermore, it should not be of interest for electrocatalysis due to
the low mass transport rates (product/reactant) imposed by its high
viscosity; even though, it can be of potential interest for batteries.
The empirical rule of Walden matches theoretical grounds when
interpreted in light of the theory-derived equations, namely the
Stokes-Einstein and Nernst-Einstein equations. In both the models,
ions are approximated to hard spheres. Although moving at the
action of different force fields (the mass and electrical fields,
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Figure 3. Dynamic viscosities (v) of 48 ionic liquids measured at 7 =
298.15 K and P = 1 bar by different authors as Zhao et al. 200()8,39 Chennuri
& Gardas 2016,36 Iglesias et al. 2010,38 Widegren & Magee 2007,31 Greaves
et al. 2006,"" Xu 2013, Domanska & Krélikowska 2012,%” Alcantara et al.
2018 and Freire 2011.3* The viscosities of water, olive oil and glycerol are
also shown for getting IL-viscosities into perspective.

respectively), they are subjected to very similar counteraction forces.
The friction imposed by hydrodynamic displacement of the forward
fluidic medium is of similar nature for both cases. In particular, the
Stokes-Einstein model takes explicitly into consideration the fluid
viscous forces as the counteraction friction, and then the ionic
diffusion of specie i (D;) is related to the medium viscosity 7 through
the Stokes-Einstein equation

kgT (1
D, =2 |= 4! 1
C (s[)” [1]

where T is the temperature, 7 is the bulk viscosity of IL, Kp is the
Boltzmann constant, s; is the Stokes radius of the ion (s; for cation
and s_ for anion), and C is a constant based on the slip (C = 4m) or
stick (C = 6m) boundary condition. When the ions in question are
the own constituents of the viscous medium, coefficient D; is named
self-diffusion coefficient. Alternatively, the Nernst-Einstein model
correlates the ion self-diffusion coefficients of both cations (D+) and
anions (D-) with the molar conductivity (A,, = Ayg)

ANE_ + zZ D) [2]

where kg is the Boltzmann constant, N, is Avogadro’s number, e is
the charge of an electron, T is the absolute temperature, and z+ and
z—are the cation and anion charges. If accurately stoked to the
original models, the ion diffusion coefficients on the Nernst-Einstein
model would be instead defined as the ion mobility. However, in the
context of IL conductivity, the self-diffusion coefficient, D;, can be
approximated to the ion mobility (D; — D,orD.), thus resulting in
the combined equation.

2
Ang = Mae (Zf (L) + ZE(L)]’?_] [3]
C Sy S_

Such a combined equation gives the theoretical foundation to
interpret the empirical Walden’s role on a molecular level. Despite
the Stokes-Einstein equation being most appropriate for the case of
large ions moving in a solvent of small molecules, we will see here
that the Walden rule applies, rather well, to pure ionic liquids.
MacFarlane et al.>® demonstrated that the combined equation (Eq. 3)
adjusts quite well to the experimental data, which in turn could
justify, although in part, the vertical displacement on the Walden
plot seen for the ILs in relation to the line traced by “ideal” KCl
aqueous solution. Following the arguments of MacFarlane et al.,
small vertical displacement in relation to 0.001 M KCI solution on
the Walden plot seen in Fig. 4 for [C2mim][BF4] could be justified
by the Stokes radii of the ions (s;), i.e., the radii differences between
the cations K™ and [C2mim]" and between the anions CI” and
[BF4]". Still, according to this rationale, the neat [C2mim][BF4]
would have a similar ionicity of 0.01 M KCI solution.; however, an
overall conductivity is reduced due to the larger radii of both
[C2mim]* and [BF4]". At this point, the concept of ionicity of ILs
has to be evoked.

The ionicity (I) can be quantified either by comparing self-
diffusion coefficients (D, ) or by comparing the molar conductivities
(A,,), either of which measured with different techniques. On the one
hand, the indirect approach estimates D, (D, — D;,,) by considering
conductivity measured with the electrochemical impedance at high
frequency (A,, = A;yp) into the Stokes-Einstein/Nernst-Einstein
combined equation, cf Eq. 3. On the other hand, the pulsed field
gradient NMR (PFG-NMR) technique is a straightforward approach
to measure the self-diffusion coefficients (D, — Dyyg), once it
detects the motion of atomic nuclei like Hydrogen or Fluor.
Alternatively, the molar conductivity (A,, = Ayyg) can be esti-
mated from the self-diffusion coefficient (Dyyr) experimentally
measured with the PFG-NMR and, then, compared with A;,,. In
either case, the ionicity can be experimentally defined as

imp D, imp

1= or I = .
NMR Dyur

(4]

There is an important number of works in the literature describing
this approach to evaluate the ionic conductivity of different types of
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Figure 4. The Walden plot for a few ILs tested in electrochemical applications (a) and their respective ionicity (b). The data was generated with the adjusted
model to the experimental data (density, conductivity, and viscosity) obtained by Noda et al. 2001,*® Zhao et al. 2008,%° Wu et al. 20107 and Chapter 7 in the
Handbook of Reference Electrodes.*® Plate b display data exclusively from Noda et al. Vertical line in the plate (a) indicates the viscosity at 500 mPa s. The
highlights in plate (a) follow the classification proposed by Angell & coworkers.* Acetonitrile used 0.1 M [NBu4]Cl1O4 at 295 K.

jonic liquids.’®*%*> According to Watanabe & co-workers,®® the
degree of ionicity or Ai,m,-(AI\nv[R)"1 values, as seen in Fig. 4b for
PILs, plays role in the ionic conductivity, exhibiting an excellent
correlation with coordinating abilities of the cations and the anions
and/or the overall interactions in the ILs under chemical equilibria.
Recently, Nordness & Brennecke® extended the ion dissociation
analysis for a broad range of ILs and IL solutions (aqueous and
nonaqueous). However, without hydrogen or fluor atoms within the
ion structure, it is unfeasible to employ the PFG-NMR technique. In
those cases, the ionicity is impossible to be measured via experi-
ments, even though the combined Stokes-Einstein/Nerst-Einstein
equation offers a good approximation to obtain the values of ion
diffusion.

A broad picture of the IL physical behavior has been scrutinized
by Angell & co-workers,*>**”* being a few of their insights
commented here but in the context of selecting an IL for electro-
chemistry. Walden plot in Fig. 4 explicitly shows the IL-viscosity
issue related to its intrinsic ionic conduction. As said repeatedly, the
viscosity of 500 mPa-s is the target mark below which pumping from
the seafloor to sea surface is profitable at the industrial level; thus,
500 mPa- is also the benchmark for electrosynthesis/electrochem-
istry. As seen in Fig. 4, despite all ILs to attain viscosity below
500 mPas, only a few display suitable conduction for operating in an
electrochemical cell, being those highlighted in green. Alternatively, an
intrinsically poor ionic conductor may be mitigated by adding
monoatomic ions such as Na + (supporting electrolyte); however, it
seems not to be a good strategy in this case, otherwise indispensable.

An underlying justification between the good and poor IL-
conduction in Fig. 4 were first formulated by both MacFarlane
et al. & Angell et al., and latterly complemented by Paluch et al. In
general lines, it was proposed two conductivity mechanisms,
Grotthuss (proton hopping) and vehicle (molecular transport)
mechanisms. The vehicle mechanism tends to be more dominant
when the temperatures are far above the IL temperature of glass
transition (Ty). If, otherwise, the IL tends to be “parked” in face of
the electrical field because both the forward and backward motions
occur almost at the same frequency. As result, there is motionless in
translational terms, which is said to be a cooling state; thus, the
vehicle mechanism tends to contribute to the overall conduction
lesser and lesser, the nearest the temperature is to 7T,. If no other
mechanism of conduction is present, the tends to have poor intrinsic
conduction as represented by the imidazolium-based ILs in Fig. 4a,
to which the room temperature is far above both the T, (around
—100 °C). Contrariwise, a few PILs are capable of retaining a high

ionic conductivity despite temperature nearing their T, and Fig. 4a
depicts this case for [DEAJ[HSO4], to which the room temperature
is less distant to T, (around —65 °C) than aforementioned ILs. In this
context, Paluch et al.® propose the conductivity transitioned from a
vehicle to a Grotthuss mechanism. Despite the (super)cooling state,
the proton being a small specie can easily transit from one ion to
another due to the action of the electrical field by overcoming the
local potential barrier for proton jumping two vicinal anions, which
renders a high proton conductivity offer observed in some viscous
PILs. It is worth to be mentioned that [DEA][HSO4] although highly
conductive is unsuitable for application in electrosynthesis.

According to the vehicle mechanism, the charge transport occurs
through the displacement of molecular obstacles by the ion carrying
the charge; also following the Stokes-Einstein equation (Eq. 1). At
the Walden plot (Fig. 4), the ILs that exhibit predominantly this
mechanism can be observed somewhere on or below the “ideal”
(1 M of KCI aqueous solution). Furthermore, for the ILs plotted far
below this line, their ionic conductivities cannot be solely attributed
to differences in their viscosities. Previous studies reported that IL
jonicity can promote changes in ionic conduction.®® However, their
ionicity cannot be easily predictable given the several possible
interionic interactions (i.e. Coulomb forces, dispersive interactions,
m...m stacking, hydrogen bonding, etc.). According to the Grotthuss
mechanism, the superionic IL region is located above the 1 M
“ideal” line on the Walden plot and features electrolytes with high
ionic conductivity due to the proton hopping mechanism and low
viscosity due to the “supercooled” effect (near to Ty).

Thermal physical properties.—lonic liquids are often claimed to
be thermally stable because of their very high decomposition
temperature (7). For ammonium- and imidazolium-based ionic
liquids, T, can reach as large values as 470 °C, when considering
thermogravimetric analysis (TGA) in the mode of ramped
temperature.”® Instead, Maton et al.”® suggested that more accurate
T, values would be measured if used a fixed temperature protocol. In
this mode, an isothermal TGA has to be measured over a prolonged
and fixed time, for instance, 2, 15, or 20 h, and the time frame which
allowed 10% weight loss defined as the accurate 7, According to
this protocol, ionic liquids can reach 393 °C as the highest T, among
the ammonium- and imidazolium-based ILs tested by the authors. In
pragmatic terms, the thermal stability of the fluidic phase is marked
by the interval between the melting temperature (7,,) and decom-
position temperatures (7,;). Most ionic li%uids exhibit wide ranges of
thermal stability, around 100 to 200 °C. 7
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Interestingly, the high-pressure CO, has a substantial effect on
the IL melting point as compared to the atmospheric-pressure CO,.
Such a melting point depression can reach a dramatic value of
120 °C. Serbanovica et al.%” presented meticulous experiments on
high-pressure CO,-induced melting point depression. The authors
elucidated that the nature of the anion and its interaction with the
CO; molecule seems to have a predominant influence on the melting
behavior, while the cation seems to play a role of either hindering or
allowing that interaction.

Besides, the ILs exhibits a second-order phase transition known
as the glass transition temperature (7},) that can be correlated with
many other IL physical-chemical properties such as conductivity,
heat capacity, and melting point. Pitawala et al.°® showed that the
length of the alkyl chain on the cation has no, or a weak, influence on
the T, whereas the presence of rigid aromatic side groups has a
strong influence in increasing T,. The highest ionic conductivity is
59 x 107> s-cm™" at 25 °C for an ionic liquid with a decane chain
and one methyl group on each imidazolium ring. Other properties,
such as the heat capacity and melting point, also change associated
with 7,.%

Design Principles for ILs

There are several ways of combining ions to tune the IL’s
physical-chemical properties. The present section summarizes the
latest strategies used to design IL-ions to obtain higher CO,
absorption capacities at atmosphere pressure, one of the most
intensively tackled IL properties over the years.

Blends/hybrid solvents.—The physical mixture of different
classes of COj-absorbers can be used to regulate specific IL
properties.”®”* Two examples of how to regulate IL properties are
presented here. In the first example, amines and ILs can be mixed
together into an aqueous solution mostly aiming at optimizing CO,
solubility for a low-viscosity aqueous-based solvent. In the 2.5 molal
of 1-butyl-3-methyl-imidazolium acetate, [C4mim][Ac], CO, solu-
bility reaches 0.005 mol of CO, per mol of [C4mim][Ac] at T =
30 °C and P ~ 21 bar. Twice as larger CO, solubility can be reached
with bends. In 2.5 molal of [C4mim][Ac] blended with 0.5 molal
of 1-(2-aminoethyl) piperazine (AEP), CO, solubility reaches
0.013 mol of CO, (Per mol of [C4mim][Ac]/AEP at T = 30 °C
and P ~ 21 bar.”’ The incorporation of reactive and volatile
alkanolamine molecules within the stable ionic liquid structures
can produce Protic ILs (PILs) with moderate thermal stability,**"*
low toxicity,”> and moderate to high CO, solubility.**”> Despite
presenting lower CO,/CH, selectivity’®’” than their original alka-
nolamine structures,”’® these PILs still present high CO,/CH,
selectivity compared with other physical CO,-absorption ILs.”®”’
Infra-red spectroscopy and 'H/'>C NMR studies indicate that these
ILs and CO, interaction mechanisms could be tuned from chemical
interactions””®® to physical interactions,'"** depending on the IL
structure.

In the second example, macromolecules are mixed with pure IL
aiming at reducing the overall solvent-based cost. For instance, the
ionic liquid butyl-trimethyl-ammonium bis(trifluoromethylsulfonyl)
imide, [N4111][NTf2], and the macromolecule poly(ethylene oxide),
PEO1000, mixed in molar ratio 0.25 to 0.75 exhibits CO, solubility
of 0.22 mol of CO, per mol of blend at 7 = 50 °C and P = 5 bar
against 0.12 mol and 0.26 of CO, per mol of pure [N4111][NTf2]
and pure PEO1000, respectively.”

Deep eutectic solvents (DES).—In 2001, Abbott et al.3! demon-
strated the synthesis of conducting materials that were viscous
liquids at or around room temperature, insensitive to moisture, and
much cheaper than imidazolium-based liquids. The material ob-
tained by heating organic quaternary ammonium chloride and
inorganic chloride presented an impressive decrease in the freezing
points, from hundreds of Celsius degrees, typical for the ammonium-
based chloride to mild tens Celsius degrees for the final viscous

material. Abbott et al. had also extended the concept over choline
chloride/urea® and choline chloride/carboxylic acids,®* naming the
mixture as a deep eutectic solvent (DES).

DESs are a homogeneous and eutectic (i.e. they present lower
freezing temperature than the pure components) mixture between
salt and a complexing agent (CA).** Typically, the CA acts as a
hydrogen bond donor (HBD) whereas the salt acts as a hydrogen
bond acceptor (HBA).'**57 Among the most employed HBDs are
urea, glycerol, ethylene glycol, and amino acids whereas choline
chloride (2-Hydroxyethyl-trimethylammonium) have been the most
ordinarily used HBA. For CO, capture, choline chloride/urea
(named as reline) has been the most investigated DES,!7%8 ex-
hibiting CO, solubility of 0.399 mol of CO, per mol of DES at T =
70 °C and P = 63.5 bar.'” Haider et al.®° studied choline chloride
and ethylene glycol as DES and obtained solubility of 0.06 mol of
CO, per mol of DES at T = 30 °C and P = 15 bar.

Within the last five years, renewed interest in DESs for CO,
capture has led to the exploration of new compositions.®***°! In
order to obtain DESs with new compositions, the concept of DES
synthesis was widened. Now, HBD is considered to be a Lewis base,
and HBA, a Lewis acid. With this renewed concept, the IL cation
could take over the HBD rule, whereas the IL anion, over the HBA
rule. According to this rationale, Yan et al.”' selected a superbase IL
to synthesize a DES with improved CO, absorption. The authors
employed [HDBU][Im] as superbase-IL and viscous ethylene glycol
(EG) as Lewis acid and found that the resulting DES (ratio IL:EG of
7:3) was capable of absorbing 0.141 grams of CO, per grams of DES
at T =313 K and P = 1 bar, which corresponds to ~0.4067 moles of
CO, per mol of DES or yet ~0.9613 mol of CO, per mol of DES if
considering the IL content alone. Interestingly, the same authors
reported that such DES was capable of fully releasing the absorbed
CO; at T = 343 K by simply purging N, throughout the DES, and
the overall CO, absorption capacity remained at the same value even
at a few capture/regeneration cycles.

Employing the same rationale, Zhang et al.®® obtained a max-
imum of ~1.0 mole of CO, per mol of DES and the kinetic of
absorption was tuned by the molar ratio HBA to HBD. The authors
used mixtures of [Bmim][Cl] and imidazole (Im) at different molar
ratios as IL and 1,5-diazabicyclo [4.3.0] non-5-ene (DBN) as
superbase. Haider et al.”® reported 0.29 mol of CO, per mol of
DES at T = 313 K and P = 10 bar for a mixture of tetrabutyl
ammonium bromide (TBAB) mixture and methyldiethanol amine
(MDEA), being the HBD role played by MDEA.

Task-specific lonic liquids (TSIL).— Amino-functionalized IL.—
Davis et al.”> proved the concept of IL functionalization. Their main
objective was to improve the CO, solubility at atmospheric pressure.
The authors synthesized an IL similar to the one used by Brennecke
et al.,*® who demonstrated the IL capability of high CO, solubilities
at high pressure by the first time. For achieving these solubilities,
functionalized cations were used, i.e. an amino group was inserted in
the cation [bmim]. Whereas the [bmim][BF,] used by Brennecke
et al. reported negligible CO, solubility at 7= 30 °C and P = 1 bar,
Davis et al. reported 0.5 mol of CO, per mol of [Apbim][BF,] in the
same conditions. Later on, Zhang et al.”® proved that a dual amino-
functionalized cation would lead to a twice as larger solubility, i.e.
1.05 mol of CO, per mol of IL at T = 30 °C and P =1 bar.

Since then, one or two amino-functionalized cations®**> and
anions”® ' have been synthesized and investigated. Experimental
measurements of CO, solubility,>'* spectroscopic investigations,**'%*
and numerical simulations® indicate that the CO, solubility in
imidazolium-based IL depends essentially on the nature of the anion,
being the cation a secondary player. Recently, this conception was
contested by Holléczki et al.'® who advocated that significant attractive
interactions exist between the cations 7-bonds and the CO, in ILs
containing imidazolium-ring.

Amino-acids-functionalized IL.—For anions of amino acids, the
further addition of amino acid groups increases the capacity of CO,
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absorption. For instance, Yang et al.”” observed ca. 1.0 mol of CO,
per mol of IL when the IL structure has an amino group bound to the
rigid carbon-based ring that creates an electrostatic environment that
prevents the deprotonation of the carbamate group. When two
carboxyl groups are incorporated in the anion of the IL ca.
1.69 mol of CO, per mol of IL can be reached.'®® Figure 5 sketches
the multiple-absorption chemical-sites mechanism of CO, capture
by multiple amino-acids-functionalized ILs.

Ester- and ether-functionalized IL.—Ester- and ether-functiona-
lized ILs have been developed to obtain better CO,-selective ILs,
besides reducing both IL toxicity'”” and viscosity.'”'” For
instance, the use of ether-functionalized cations, in particular
phosphonium cation that contains a methoxy group, exhibited quite
low viscosities at T = 25 °C, ca. v = 35 and v = 44 mPa-s, and quite
high thermal stability, i.e. up to nearly 7 = 400 °C.'" Regarding
CO, selectivity, Bara et al.'”’ synthetized ether-functionalized
imidazolium cations based on oligo(ethylene glycol) functional
group substitutes in the lateral chain of the imidazolium cation.
This imidazolium TF,N ionic liquid, which is ether functionalized,
exhibited CO,/CH, ideal selective solubility of 30%—75%, higher
than its corresponding alkyl analogues. A similar trend was reported
by Deng et al.''® and Zhou et al.'"" Kanakubo et al.''? extended the
ether-functionalized ion concept over the anion and noted an
improvement in the CO, solubility at high pressure. Regarding
the ability of ester and ether functional groups to modulate
the intermolecular interaction with CO,, it was suggested that the
oxygen atom in the ether group (a Lewis base) interacts with the
carbon atom on the CO, molecule (a Lewis acid) forming a Van der
Wals complex.'"?

Regulating the ion basicity.—In 2010, Wang et al.'"* synthe-
tized a bunch of the so-called super-base ILs by simply mixing a
super-base with a weak acid. In this mixture, the super-base has the
ability to deprotonate weak proton donors, such as phenol and
imidazole. Such liquids present low viscosity, low melting point, and
CO, absorption capac1t?/ around or even higher than 1.0 mol of CO,
per mol of IL. Li et al.''> observed that the choline cation, which is a
superbase cation, combined with different anions always results in
an absorption greater than 1.0 mol of CO, per mol of IL at 25 °C and
1 bar.

Wang et al.''® categorically proved that the capacity of CO,
absorption positively and linearly correlates with both the Azole
(nitrogen hetero-ring) anion pKa and the absorption enthalpy.
Additionally, the authors reported a negligible variation in the IL’s
viscosity with the CO, absorption, which in turn, corroborates with
the fast kinetic rates of CO, absorption. Since then, the IL basicity
became an important criterion for designing ILs with either better
CO, absorption capacities or lower absorption enthalpy, which can
save energy during the IL-regeneration process. The presence of
water in super-base ILs favors the CO, absorption capacities.''” In
this regard, Zanatta et al.''® propose a mechanism of CO, absorp-
tion/desorption assisted by water for super-base IL.

Internal free volume (IFV).—Interestingly, the glass transition
temperature (T,) is not the only characteristic in common for ILs and
polymers. Both also exhibit substantial variations on the molar
volume under the dissolution of a small-molecule solute into their
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bulk, which is an indication of small, if not negligible, volume
expansion. For ILs, this effect was first noted by Blanchard et al.,®
who noted a linear correlation between CO, solubility and pressure,
which suggests a space-filling mechanism of CO, absorption. In the
review of Zeng et al.,'* the reader finds a compressive survey on the
most exciting advances on this topic.

The CO,-IL Interactions Into Details

The nature of the chemical interaction between IL-molecules and
scCO, can be directly inferred by experiments employing spectro-
scopic methods, such as in situ Attenuated Total Reflection Infrared
Spectroscopy (ATR)''*'?° and in situ NMR spectroscopy.’>'*!~126
In fact, there was a significant evolution in the understanding of
CO,-IL molecular interaction when these techniques were used
under high pressure. For instance, one of the best examples of the
application of high-pressure NMR spectroscopy to elucidate the
interaction of CO, with imidazolium ionic liquids was brought by
Corvo et al.*® These authors observed that the IL structure is not
greatly affected by the solvation of CO,, which occurs without
disrupting the cation-anion hydrogen bonds. In turn, suggesting that
CO, is not competing with the anion for the same locations in
relation to the cation because it is establishing weaker interactions.
More recently, the same authors'*? used different NMR experiments
to quantify CO, sorption and to evaluate the interaction between
PIL/IL—CO,PIL@IL composites. Their results show the possibility
to control the sorption pathway according to the PIL/IL ratio, ions
structure, and water amount. Moreover, their results also suggested
that the 3D organization of PIL composites was similar to native ILs.
In situ ATR was also used under high pressure to characterize the
molecular interaction between ILs and CO,. For instance, Seki and
c0'? used this technique to elucidate the molecular interactions
between dissolved CO, and three different imidazolium-based room-
temperature ionic liquids that are swollen under scCO, conditions.
Their results show that both cation and anion species impacted the
molecular state of the dissolved CO, due to the Lewis acid-base
interaction. Nevertheless, these strong Lewis acid-base had no effect
on the solubility of CO, in this type of ILs was governed either by
the affinity of CO, for fluorine atoms or by the IL-free volume.
Albeit successful, these in situ approaches require sophisticated,
cost-intensive experimental apparatus that justifies their unspreaded
use worldwide and limits the advances their employment could
produce. In this context, the next subsections will be focused on
more traditional approaches to inferring physmal chemical adsor};
tion of CO, in ILs, such as phase equilibrium,® IL-molar volumes,'*’
and CO, absorption enthalpy.'?®

Physical CO, absorption in ILs.— Brief theory.—The physical
interaction mechanism between ILs and CO, has been mostly
deciphered by means of theoretical aj 9proaches Among the pub-
lished models, the empty space theory'* is arguably one of the most
accepted ones. In summary, an empirical correlation was observed
between the inter-ion empty spaces and the amount of CO, dissolved
in the ILs. Thus, ILs with large and less polar ions promote weaker
ion-ion interactions; therefore, generating larger empty voids and
greater CO, solubility. However, large empty spaces can also
promote the solubilization of other larger molecules, such as those
of light fuel gases. Thus, according to this theory, the ILs CO,
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Figure 5. Interaction mechanism of CO, with [P444][IDA] through multiple chemical sites. Figure adapted from “Chen et al. Angewandte Chemie
(International ed. in English), 55, 7166, 2016”'°°—Published by John Wiley and Sons.
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(a)

B: = Lewis Base

selectivity is also related to the careful control of empty space sizes,
and CO, solubilization is related to inner empty space volume. It is
also worth mentioning that selecting an IL for selectively absorbing
CO, would also require knowledge about its interaction with the
other gases. Previous studies reported that the ions’ polarity plays a
vital role in promoting selective CO,/CH, absorption.

High-pressure absorption.—The critical temperature (Tc) of CO,
is 31.05 °C (or 304.2 K) which is a significantly low temperature.'*
In Fig. 6, it is possible to observe the phase equilibrium of
[bmim][PF¢] and CO, in the vicinity of the CO, critical temperature.
For isothermals below CO, critical temperature, IL + CO, mixture
present liquid-liquid-vapor phase equilibrium. The gas-phase in
thermodynamic equilibrium with a (liquid phase) IL- CO, binary
mixture is sugpposedly composed of pure CO,. There are many other
reports'>'~'* measuring phase behavior of CO, and IL mixture.
According to Raeissi et al.,'* a good design and optimization of
application involving CO, and ILs requires accurate experimental
data and also knowledge of the kind of phase behavior involved. The
general classification of Scott and van Konynenburg'*® for binary
mixtures at high pressures can be used to identify it. Knowing the
CO, + IL phase behavior permits selecting the best experimental
conditions and also using them as validation information for
modeling and simulation purposes. Based on that, Raeissi et al."*°
discussed the most probable type of phase behavior for a mixture of
CO, with imidazolium-based ILs.

The CO, physical absorption in ILs has been majority studied on
the basis of experimental CO, solubility in ILs with varied pressure.
Figure 7 shows a typical experimental finding pressure of binary
mixtures is directly proportional to the CO, molar
concentration.®'?”'*? The correspondence is very close to the ideal
behavior described by Raoul’s law. The current ATR-IR spectro-
scopic data provide strong evidence that the [BF,]™ anion interacting
more strongly with CO, than [PF¢]”, meaning that the strength of
anion-CO, interaction decreases with the increase of anion size.'*?
Thus, the strength of these anion-CO, interaction does is responsible
for the solubility of CO, in imidazolium-based ionic liquids, but,
very presumably, a free volume also play another important
contribution. Blanchard et al.® noted a rough correlation between
the liquid molar volume of the IL and CO, solubility. The IL molar
volume, while not quantitative, gives an indication of “free volume”
or “void space” available in the IL phase. Among the ILs
investigated in Fig. 7, those ILs containing the largest molar
volumes displayed also the highest CO, solubility. In fact, the linear
correlation between CO, solubility and pressure (Fig. 7) suggests a
space-filling mechanism.

Chemical CO; absorption in ILs.— Brief theory.—Since most
TSILs use amine-based functional groups, these TSILs likely present

(b)

Figure 8. Sketch of the (a) CO, chemical interaction mechanism with primary and secondary amines, forming (b) carbamates. B: is a base acting as a proton
acceptor/abstractor during the reaction and can be either water or even another alkanolamine. Adapted with permission from (Crooks &Donnellan, Journal of the

Chemical Society, Perkin Transactions 2, 331, 1989)'47

—Published by The Royal Society of Chemistry.
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Figure 9. Proposed CO, reaction mechanism interaction with [Apbim][BF,].
Reprinted with permission from (Bates et al. Journal of the American
Chemical Society, 124, 926, 2002).92 Copyright (2021) American Chemical
Society.

a chemical interaction with CO, as does aqueous amine. As initially
proposed by Caplow (1968) and further developed by Danckwerts
(1979), the reactional mechanism of CO, with either yrimary or
secondary amines follows the scheme of Zwitterions,”>'** which are
compounds obtained upon the nucleophilic addition of N-hetero-
cyclic carbenes (NHCs) onto carbon dioxide. The latest advances on
the chemistry of the Zwitterions and related compounds can be
consulted in the extensive Delaude’s review.'* In brief, the reaction
begins with the donation of an electron pair from amine’s nitrogen to
the carbon of the CO, molecule,'*® forming a carbamate as shown in
Fig. 8. The central amine is then deprotonated by a neighbor amine,
or another Lewis base, stabilizing the carbamate by concentrating
the negative charge over its C—O bond. For a primary and secondary
amine, the global zwitterion-based reaction with CO, is shown
below in reactions 6 and 7:

CO, + 2RNH, = RHNCOO~ + RNHj, [6]

CO, + 2RR'NH = RR'NCOO~ + RR'NHj, (7]

A similar reaction mechanism of carbamate formation upon CO,
absorption into amines was proposed by Bates et al.”* for an amine-
functionalized IL, as shown in Fig. 9. The authors showed
uncontestable experimental data based on infra-red and '>*C NMR
spectroscopy confirming the characteristic absorption bands of
carbamate for CO,-rich 1-(3-propilamino)—3-butylimidazolium tet-
rafluoroborate, whose nomenclature is [Apbim][BF4]. ILs that
chemically interact with CO, exhibited very promising
CO,-absorption capacities.'*®'** Among the growing number of
chemical-absorber ILs, the [bmim][Ac] had attracted the most
attention.””*™'>* [bmim][Ac] has demonstrated to absorb CO, at
high pressure by physical mechanism, displaying a substantial
capacity of sorption induced by pressure. Amino-acid-functionalized
ILs are highly viscous, which justifies the sluggish kinetics of CO,
capturing. Despite this disadvantage, Brennecke, Schneider, and
collaborators'®" verified 0.9 mol CO, per mol of [bmim][Ac] at
room temperature and atmospheric pressure.

High-pressure absorption.—In terms of phase equilibrium, ILs
that typically promote chemical interactions with CO, present a
much higher absorption capacity and, therefore, lower vapor
pressures. Thus, their IL-CO, phase equilibria behavior is no longer
linear but exponential, as shown in Fig. 10.

High-Pressure CO, and CH, Solubilities In ILs

Experimental apparatus and measurements at high pressure.—
The knowledge of the phase behavior of the CO, + IL systems at
high pressure is very important for properly developing technologies
using these compounds. The solubility of CO, in ILs has been
determined experimentally by various researchers using different
techniques. After an exhaustive search in the literature, we

concluded that the CO, + IL solubility data reported worldwide
has been based mainly on four experimental techniques:

Isochoric method.—The isochoric method measures the gas
absorbed by an IL in a closed system of a well-known volume,
being such a closed system named Equilibrium Cell (EC). The EC
equilibrium pressure is measured at the temperature settled by the
thermostatic bath of the EC, cf. Fig. 11 and point 3. The mixture
composition is changed by further addition of precisely-known
amounts of CO, at a constant temperature, i.e the settled temperature
by the bath at point 2 in Fig. 12. The way this amount of CO, is
injected into the EC defines two main variants of the isochoric
method. The solute injection may be either from a known volume of
liquid CO,">° or from a gas reservoir whose volume can be precisely
characterized whereas both the pressure and the temperature are
monitored/controlled.'*® Thus, isotherms corresponding to CO,
solubility at different pressure are obtained. This technique is also
known as the pressure drop method. More details may be found
elsewhere.'*>'3® Note that the volume of the gas phase inside the
EC is inferred as the difference between the total volume of EC and
the volume of IL in the cell. For this reason, it is mandatory to
consider the volume expansion of the IL due to the absorption of
CO,.

Differential weight.—This method is very simple. The ionic
liquid is placed in an equilibrium cell with the gas. After equilibrium
has been reached, a sample of the saturated-CO, ionic liquid is taken
and weighted. Then, the sample is depressurized, vacuumed to
remove all the dissolved gas, and weighted again. Differences
between the two values are the mass of CO, dissolved in the liquid
phase. This process is based on the assumption that the vapor
pressure of ionic liquids is negligible. Details may be found
elsewhere. Figure 13 shows the experimental setup for this
method."’

Bubble point.—It is a widespread technique based on the vapor-
liquid equilibrium, which is used for mixtures. The technique
consists of producing a mixture with an exactly known composition.
The mixture is subcooled in a variable volume view equilibrium cell.
The volume is slowly increased (which reduces the pressure) at a
constant temperature until the first bubble appears. Ionic liquids are
considered to have a negligible vapor pressure. Therefore, the bubble
pressure is approximately the saturation pressure of CO, in the CO,
+ IL mixture of well-known composition. The process may also
occur at constant pressure, varying the temperature, i.e., either the
pressure is gradually reduced whereas keeping the temperature
constant (isothermal method) or the temperature is increased
whereas keeping the pressure constant (isobaric method). When
the first bubble is observed, the pressure (for the isothermal method)
or the temperature (for the isobaric method) is recorded. The PTx
variables indicate the saturation points, i.e., the solubility of CO, in
the IL. Details may be found elsewhere.'37-1597162

Gravimetric—Gravimetric analysis is an analytical technique
that describes the quantitative determination of the gas solubility by
measuring the change in weight of a sample during absorption. A
small portion of IL is placed on a high precision balance inside the
equilibrium cell. The pressure of the system is raised by injecting
CO,. The mass change in the precision balance is a direct
measurement of the gas dissolved in the IL. This technique directly
measures the total mass of the solution at different CO, pressures.
For this measurement, both the ionic liquid and the balance plate are
immersed into the gas phase at different pressures. The weight
measurements need to be corrected for buoyancy forces on the plate
on the balance. The calculations are well described in the
literature'®* and apparently, low uncertainties (u(mco,) < 1%)
have been achieved. A number of, many measurements can be
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Figure 10. Phase equilibria of CO, + ILs known for promoting both physical and chemical interactions at @ 298.1 K; O desorption at 298.1 K; A absorption at
323.1 K; and [l absorption at 348.1 K (dashed lines, trend lines). Adapted with permission from (Shiflett & Yokozeki, Journal of Chemical & Engineering Data,

54, 108, 2009)."*? Copyright (2021) American Chemical Society.

(2)

(b)

Vacum

Figure 11. Schematic view of the isochoric system whereby the source of the solute is (a) in gaseous and (b) in liquid phases. 1- gas cylinder; 2 and 3-
thermostatic baths; 4- equilibrium cell featuring precisely-known volume; 5- solute reservoir; 6 and 7- pressure transducers; 8- computer; 9- connecting valve;

10- inlet valve; 11- purge valve.

performed in short times. Details of this method may be found
elsewhere,'37-138:157.164=167.158 Bioyre 13 shows a schematic view of
a gravimetric system.

Influence of the liquid expansion in the solubility measure-
ments.—The expansion of the liquid can have a significant effect
on the measurement. For example, according to Jessop et al.,'®® at
P = 4 MPa, ionic liquids can absorb about 10% of carbon dioxide
which leads to a 10% increase in volume. For this expansion, the

measurement of the molality changes from m = 2.5 mol-kg™', when
the expansion of the liquid is considered, to m = 2.34 molkg™'
when this expansion is neglected. This means a difference of 6.4%
from the real value, which is higher than the uncertainty and it must
therefore be taken into account.

Overview on the CO, selective solvents.—Several solvents
could, at least in principle, enable the CO, separation via selective
CO, absorption at high pressure. Different than those IL-based
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Figure 12. Differential weight experimental system. 1- CO, cylinder; 2- Hand screwing pump; 3- thermostatic air bath; 4- adjustable volume view equilibrium

cell; 5- magnetic stirring plate; 6- liquid sampler.
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Figure 13. Schematic view of a gravimetric system reg)rinted with permis-
sion. Copyright © 2013 Elena Torralba-Calleja et al.'
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Figure 14. Sketch of binary CO, and solvents phase equilibrium at 313 K
for six solvents, namely alcohol, alkenes, fatty acids, polyethylene glycol
(PEG), methyl esters, and ionic liquids (IL). Adapted with permission from
(P. J. Carvalho and J. A. P. Coutinho, J. Phys. Chem. Lett., 1, 774, 2010).9
Copyright (2021) American Chemical Society.

solvents described in section Design principles for ILs, to which the
CO, absorptions occur mainly via a chemical interaction, other
solvents like alcohols, alkenes, fatty acids, polyethylene glycols
(PEGs), and methyl esters typically obey Raoult’s law over some
extend of CO, dissolution. This features a typical physical CO,
absorption. Figure 14° shows the binary phase equilibrium with CO,
for these solvents along with for an IL’s representative. These
solvents present in general a large molar volume, and the solute-
solvent size and shape asymmetries generate significant entropic and
free volume contributions, leading to deviation of an ideal solution
(Raoult’s law). Two other aspects have to be said about Fig. 14.
These solvents feature vapor pressure inferior to 10~ bar at room
temperature, which is far above the 107 bar typically observed for
ILs. As result, all those solvents would lose a considerable amount
of material by evaporation during any industrial processes. Second,
the IL vapor pressure line is much lower than other common
physical absorbents, indicating that, in generic terms, ILs have
higher CO, molar absorption capacity than other solvents.

Aqueous ethanolamines, developed in 1930, represent the most
mature industrial adsorbent technology,* and since 1937 it has been
applied to remove CO, from crude natural gas by the “Standard” oil
company.'>® The most often employed amines for CO, capture are
monoethanolamine (MEA), diethanolamine (DEA), methyldiethano-
lamine (MDEA), and more recently the diamines.'®"!”® The reaction
mechanism of CO, with amines involves the formation of carbamic
acid and ion pair products.'*® The main disadvantages of aqueous
amines are their high vapor pressure and volatility, corrosive
potential, and the need for amine replacement after the regeneration
cycle to compensate for the volatilized content at the beginning of
the cycle.

Table II compares the CO, solubility capacities in aqueous amine
against other chemical absorbents developed later on such as
aqueous ammonium,'”"'7? jonic liquids, and LI-based deep eutectic
solvent (DES).!78184173-175 gyep compared to reactive solvents,
some ionic liquids, such as [P4442][IDA], were observed to present
significantly higher molar absorption capacity at low pressures.

Solubility of CO, and CH, in ILs at high pressure.—CO,
solubilities at atmospheric pressure were extensively reported in
section Design Principles for ILs. In Table III, the solubilities of
both CO, and CH, are evaluated at supercritical pressures of CO,,
(scCO,,) i.e. pressures above 50 bar. In practice, not the solubility
but the selectivity is the key parameter for judging the separation
performance. Hence, the solubility data in Table III assist to obtain
the ideal selectivity, which is obtained by the solubility ratio of CO,
to CH,4 at a constant temperature and pressure. Among the available
experimental data, the highest selectivity of 11.16 (0.67/0.06) is
found for [MMpy][eFAP] at ~50 bar and 40 °C,'"” followed by 6.88
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Table II. Carbon dioxide solubilities in typical solvents.

CO, Solvents

Typical Solubility

1. Amine aq.

2. Ammonium aq.
(5 to 10 wt.%)
3. ILs 3.1 Pure ILs

3.2 DES

(0.62/0.09) selectivity obtained with [C4mim][ TFSI],'”® at similar
conditions. A selectivity 4.18 (0.46/0.13)" is obtained for [C4mim]
[Ac] at ~55 bar and 40 °C,15 ! whereas a pressure-induced selectivity
4.23 (0.55/0.13) is obtained at ~270 bar and 30 °C."”° Interestingly,
ChCI/EG, that is a deep eutectic solvent of low viscosity and
toxicity, exhibits a selectivity of 3.75 (0.060/0.016) at mild pressures
(15 bar) and 40 °C.%°

The gravimetric setup was employed for obtaining solubility data
in Table III. Alternatively, if the bubble-point method is used to
measure the vapor-liquid equilibrium, the ratio of Henry’s law
constant has to be estimated for obtaining the selectivities. A
common approximation performed in the gas solubilities data
obtained from the latter type of experiments is that the gas phase
is only composed of the gas. Since the IL usually has vapor pressures
below 107> bar,?* it may be a feasible approximation for the bubble-
point method. From such approximation, the gas solubilities can be
easily estimated from the experimental data at low pressures or by a
fitted thermodynamic model. Several equations of state (EoS) were
previously used to fit the high-pressure data of gas-IL VLE, such as
sPC—SAFT,40 Soave—Redlich—Kwong,'g' and Peng—Robinson.” Most
of which were used to calculate the fugacity coefficient in both
phases with usually a simple cubic mixing rule, or they were only
applied to represent the vapor-phase behavior. In the latter, the
parameters of used Gibbs excess function, such as UNIQUAC and
NRTL are adjusted to represent the high non-ideality behavior of
jonic liquid systems.'®*'®* In such cases, a suitable mixing rule must
be applied, such as Wong-Sandler’s or Huron-Vidal.

If any experimental data is not available, the adjusted models
may be extrapolated to predict gas solubilities and selectivities at
other conditions; however, without any great reliability of the
estimated values. In such cases, predictive models may be more
suitable approaches. Carvalho and Coutinho’ reported an empirical
method for the estimation of CO, solubility in ILs as a function of
their molecular weights; however, only applied at a limited condition
of low pressures. Predictive EoS can also be applied with properties
predicted by Valderrama methods.*!'®*185 The predictive NRTL
electrolyte,"*® LIFAC,'®” and COSMO-based methods can produce
qualitatively suitable predictions.'®*'®® From molecular simulation
methods, the gas solubilities in ILs can be accurately predicted.
These methods should account for low-distance interactions more
precisely; therefore, also accounting for the important CO,-anion
interaction and the CO, accommodation into the IL inner voids.!*®

The models with regressed parameters may be interpolated to
estimate the gas solubilities within the conditions evaluated by the
experiments. For several years, Noble et al.,'®'" proved the
solubility of CO, and other light gases in imidazolium-based IL
solvents can be modeled accurately using the regular solution theory
(RST). Using a similar concept, high CO,/CH, selectivity was
reported for a few non-imidazolium-based IL ILs,'%'* as displayed

2Carvalho et al.* found 0.46 mole fraction for CO2 dissolution in [bmim][Ac] at 55

bar, 40 °C, and 10~° wt% humidity. Navarro et al. 152 found 0.11 mole fraction for

CH4 dissolution in the same [bmim][Ac] at 200 bar, 30 °C, and zero wt% humidity.

Despite the substantial mismatch in pressure between the measured solubilities, we

calculate a selectivity of 4.18 (0.46/0.11), even though this represents an under-

estimation (CO, dissolution must increase from 55 to 200 bar, so the selectivity is
well).

0.36 kg CO,/kg MEA, Ref. 176

0.5 mol CO»/mol MEA

0.9 kg CO,/kg ammonium aq. @ 7 = 70 °C and P = 63.5 bar

0.368 mol CO»/mol ammonium agq., Ref. 176

1.69 mol CO»/mol [Pyy4,][IDA] @ T = 25 °C and P =1.03 bar, Ref. 106
0.5 mol CO,/mol [Apbim] [BF,;] @ T = 25 °C and P =1.03 bar, Ref. 92
0 mol de CO»/mol [C4mim] [PFs] @ T = 40 °C and P =1 bar, Ref. 8
0.399 mol COy/mol ChCI/EG @ T = 70 °C and P = 63.5 bar, Ref. 17

in Fig. 15. The CO, dissolution in ILs proved to be an exothermic
process,''! and the decrease in CO, selectivity seen in Fig. 16 with
the rising temperature corroborates with that.

To the best of our knowledge, only two papers have reported the
CH,4 phase equilibrium behavior with ILs using the gravimetric setup
and high pressures.’'”® In general, the parameters of a thermo-
dynamic model are regressed to represent the experimental data for
N, which is well-known to display solubility in IL very similar to
that of CH4. Then, extrapolation or interpolation are performed to
estimate the CH, solubility (or its N, equivalent) at the desired
condition.**77:8183.194 Both  experimental and theoretical ap-
proaches display a linear-like CH,4 solubility at low gas composition,
which is similar to that shown in Fig. 7. Previous studies reported the
presence of a temperature crossover effect for some CHy-IL VLE.'®!
Furthermore, the CH, solubility in the IL may play an important role
in their CO,/CH, selectivity. Alcantara et al.'' reported that
ethanolamine-based ILs have much higher CO,/CH, selectivity
than several physical absorption imidazolium and pyridinium.
Figure 16 displays the influence of the pressure on the CO,
selectivity for a few ILs. For moderate pressures, that between 1
and 100 bar, the higher pressures reduce ILs selectivity. The
compared ILs have similar CO, solubility; however, the much lower
CH,4 solubility of ethanolamine-based ILs resulted in their higher
selectivities reported.

Solubility and selectivity of H,S and other gases.—Hydrogen
sulfide is an acidic, corrosive, toxic, and flammable gas, that is
widely found in the oil and gas industry. For these reasons, H,S
should be removed before further processing of either oil or natural
gas. Typically, either the classic Claus process or a gas-liquid
adsorption process using amine-based solvents are used.'®
However, the Claus process is only efficient for H,S concentration
above 55%, whereas the amine-based process suffers from poor H,S
selectivity. Fruitfully, this work addresses the ILs’ employment to
H,S removal.

In the last two decades, the use of IL to adsorb H,S was pointed
out as a remarkably interesting solution to replace amines in the
liquid-gas adsorption process.'*""'**=2°% In 2007, Jou & Mather®®
reported the adsorption of H,S in ILs for the first time. The authors
evaluated the solubility of H,S in [bmim][PF6], concluding that the
solubility of H,S was strongly favored at higher pressures (90 bar)
and at lower temperatures (25 °C). Later, Pomelli and co-workers
produced one of the first reports that elucidated the mechanism of
H,S solubility in ILs using medium-pressure NMR spectroscopy.
The authors observed that the solubility of H,S was significantly
higher than those reported for many other gases in ILs. In this case,
the authors suggested that this higher solubility could be explained
by the occurrence of specific interactions between H,S since
solubility decreases in the order CI” > [BF,] > [TfO7] > [Tf,N7]
>[PF¢ 1. More recently, Hussein et al.'*® purposed a new molecular
model based on an artificial neural network for predicting H,S
solubility in the presence of different ILs. For this, they collect data
from the literature (1243 conditions), covering 33 different ILs.
Their work provides an excellent tool to design novel ionic liquids
for the H,S separation process. Despite the success of these



Table III. Solubility of both CO, and CH, in ILs using the gravimetric method at high pressures.

IL CO; Solubility CH, Solubility Selectivity CO,/CH4 Humidity (mol IL: mol H,O) Pressure and Temperature References
[thtdp][PFs] 0.68 0.28 242 NA 50 bar, 40 °C 177
[MMpy][eFAP] 0.67 0.06 11.16 NA 50 bar, 40 °C 177
[bmim][ TFSI] 0.62 0.09 6.88 NA 50 bar, 40 °C 178
[bmim][PF¢] 0.54 — — 0.15 wt% 57 bar, 40 °C 8
[bmim][PF¢] 0.13 — — 2.30 wt% 57 bar, 40 °C 8
[bmim][Ac] — 0.07 — 33.33 mol% (2:1) 200 bar, 30 °C 179
[bmim][Ac] — 0.11 — 0.00 mol% (1:0) 200 bar, 30 °C 179
[bmim][Ac] 0.46 — 4.18 107° wt% 55 bar, 40 °C 151
[bmim][Ac] 0.55 0.13 4.23 0.00 mol% (1:0) 270/280 bar, 30 °C 179
[bmim][Ac] 0.51 0.09 5.66 33.33 mol% (2:1) 240/280 bar, 40/30°C 179
ChCI/EG 0.06 0.016 3.75 NA 15 bar, 40 °C 89
[bmim][TFA] 0.51 — — 107° wt% 55 bar, 40 °C 151
[emim][OTf] 0.65 — — 0.00 wt% 100 bar, 40 °C 180
[emim][OTf] 0.58 — — 10 wt% 100 bar, 40 °C 180
[emim][OTf] 0.51 — — 10 wt% 60 bar, 40 °C 180
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Figure 15. Ideal CO,/CH, selectivity at low-pressure (between 1 and 60
bar) for [m-2HEA][Pr], [BHEA][Bu],'' [DEA][Bu],"’ and others ILs."'”

approaches, the application of this technology is still in its infancy
mostly due to the prohibitive cost of this 2nd generation of ILs.
Several authors have thus proposed different strategies, which go
from using 3rd generation of ILs>* to using IL-based membrane
technologies®* "7 to perform the H,S separation from different
gaseous mixtures. For instance, Abdukarem et al.”®* have used
molecular dynamic simulation to evaluate the transport of CO,, H,S,
and CH, molecules across environmentally friendly choline-
benzoate and choline-lactate ILs. The authors predicted exception-
ally high CO,/CH, and H,S/CH, selectivities. Another insight was
reported by Zhao et al.>® that have synthesized different low-cost
carboxylate protic ionic liquids to adsorb H,S. Their results show
that the length of the alkyl chains increases the solubility of H,S in
these ILs, which demonstrates that protic ILs could be a promising
solution for H,S separation.

The success obtained by ILs in the separation, in the adsorption
of CO, and H,S, or even in CH, has motivated several authors to
evaluate their applicability in NH5 adsorption.”*®!® For example,
Makino e Kanakubo reported the solubilities and absorption
mechanism in different types of IL. They verified that the
Brgnsted acidic ionic liquids, consisting of sulfo and carboxy groups
and hydrogen sulfate anion, absorbed larger amounts of NHs.
Moreover, they also verified through Raman and NMR spectroscopy
that NH3 exhibits both physical and chemical adsorption. Another
good example was brought by Kohler et al.>'* that have used
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Figure 16. Ideal CO,/CH, selectivity at 40 °C for [m-2HEA][Pr],
[BHEA][Bul,'! [DEA][Bu],*’ and others ILs.'>

different SILPs to remove NHj irreversibly from an ambient gas
(flow 1000 ppm NHj in N,). The SILP was prepared by dispersion
of thin films of imidazolium ILs onto a large surface area of
polymer-based spherical activated carbon supports. Their results
show that the increase in humidity significantly enhanced NH3
absorption in some of the studied SILPs.

Water influence on CO, solubility in IL.—Apparently, the effect
of water on CO, solubilization in ionic liquids has been
controversial.'**?'>2!® The earliest experiments on the water effect
on the IL CO, solubilization indicated a 75% reduction even at small
water fractions. Blanchard et al.,® measured CO, molar fractions of
0.13 in high humidity against 0.54 in humidity-free [bmim][PF6] at
57 bar and 40°C. However, Table III presents a more precise
scenario. Recent investigations indicate a much inferior impact of
water on the CO, solubility in ILs.'”*'3%!3 Fy et al.>'> found a 15%
reduction in CO, solubility for experiments reproducing the condi-
tions originally used by Blanchard et al. and proposed some possible
reasons for the mismatch: (a) instability of the anion [PF6], (b)
presence of impurities, (c¢) IL degradation and so on. In another IL,
[emim][OTf], CO, solubility was reduced by only 10% in presence
of water.'®" Navarro et al.'”® observed that water fractions apply to
better CO, selectivity in [bmim][Ac], even though both CO, and
CH, solubilities reduce with water. Overall, CH, solubility is
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reduced the most, in turn, favoring an enhanced CO, selectivity. For
instance, Table III shows both CO, and CH,4 solubilities reduction in
[bmim][Ac] from 0.55 to 0.51 and from 0.13 to 0.091, respectively,
when in the presence of 33.33% of water at pressures between 280 a
240 bar, which results in an increase from 4.23 to 5.66 in CO,
selectivity.

Such CO, absorption reduction with increasing water content in
the IL was interpreted as a reduced Coulomb interaction among the
jons in the presence of water®'®; or alternatively, it was interpreted as
a competition of water and CO, for the same empty spaces.'”
However, at low water concentrations, the CO, solubility can be
slightly higher than the water-free imidazolium ILs.*'® The ILs
reaction with CO, may also benefit from the addition of small
amounts of water.”'”

In a new interpretation, Bonilla et al.>'® proposed a reaction
mechanism whereby, in addition to the reaction of the anion with
CO; to form carbamate, the anion reacts with water (i.e., hydronium
ions in water from either the natural dissociation of water or the
formation of carbonic acid) and is reprotonated, leaving CO, to react
with the hydroxide to form bicarbonate. This new route corroborates
well with the recent interpretation from Jairton Dupont research
group,''®%!? which advocates that the acid-base chemistry of buffer
system plays an important role for superbase anions in the presence
of water, recognizably known for its enhanced capacity of CO,
absorption.

1.21

High-Pressure Processes for CO, Separation Employing ILs

The CO, removal from a stream of shale gas can increase its heat
potential (for fuel streams), reduce equipment corrosion, and avoid
its supersizing, resulting in economic gains and better safety. Several
processes can be used for such separation,?° such as absorption,
membrane, adsorption, microbial conversion, and cryogenic distilla-
tion. For over eight decades, gas chemical absorption through
aqueous alkanolamine remained the world-leading CO, capturing
process due to its low cost, high absorption capacity, and
selectivity.??! However, these solvents are usually associated with
equipment corrosion, high evaporation rates, and low thermal
stability; which leads to foam formation and an efficiency reduction
of the absorption processes.?** Ionic liquids are emerging candidates
to replace aqueous ethanolamine solutions mainly due to their low
solvent loss and high CO, selectivity. Its negligible vapor pressure
and higher thermal stability can promote lower solvent loss in
absorption processes.”>*** Besides, their overall high viscosity and
tunable structures can promote lower solvent loss in supported ionic
liquid membranes and facilitated transport mechanism membrane
separation processes.?>*?%>

IL-based absorption.—The CO, separation process employing ILs
as absorbent occurs via selective absorption of CO, by chemical or
physical interactions with the ILs. Briefly, Fig. 17 drafts an over-
simplified separation process containing two steps, one unit for selective
CO, capture and another for CO, stripping. In the absorption columns, a
CO, rich gaseous stream flows upwards, while mixing with a counter-
flow of a CO, selective IL stream. The stripping process, also known as
desorption, consists of CO, removal from the CO,—rich IL, which in turn
regenerates the IL that is ready again to be used in the absorption unit,
thus, closing the absorption/regeneration cycle (duty). Since CO,
solubilization in the IL is exothermal, low temperatures and high
pressures favor the CO, capture in the absorption unit. However,
lowering the temperature may require utility consumption and might
promote a significant viscosity increase, hampering the system’s mass
transfer and its overall efficiency. At the stripping unit, low pressures and
high temperatures are preferable for promoting an easier absorbent
recovery. However, too high temperatures may promote absorbent
degradation,”** and too low pressures are unfeasible at subsea conditions.

Presumably, the major bottleneck of IL-based absorbent for CO,
separation processes at subsea pressure relates deeply with the

kinetics of the CO, adsorption/desorption process. The kinetics of
CO, desorption is usually much more sluggish than its adsorption.
Of course, the rate differences are deeply linked with the solvent and
temperature used during the desorption process. In fact, the latter
plays a major role in process economics. Usually, the desorption of
CO, performed at temperatures above 100°C. This allows not only
the recovery of CO, (e.g. Enhanced oil recovery - EOR) but also
solvent regeneration which is an essential issue to the economic
viability of the separation process.

In general, several others IL-non-related solvents suffer the same
solvent-recyclability challenges. Although the slow kinetics of CO,
adsorption was overcome through the use of numerous strategies
namely the use of amines (e.g., monoethanolamine (MEA), piper-
azine, and polyamines),227 weak acids (e.g., boric acid),228 amino
acids (e.g., glycine and roline),??%%° metal oxides (e.g., ALLO3,
CuO, Fe,05, Si0,),>*1%? and carbon-based (e.g., graphene oxide)
nanoparticles®*** or even enzymes (e.g., carbonic anhydrase), >
the kinetics of desorption processes are still considered a major issue
for most of the examples described above.

On the one hand, many efforts have been done to reduce the
temperature of the IL-based CO, absorption step, as described in
section Design principles for ILs. On the other hand, the use of phase
change solvents has been one of the successful strategies to reduce
the energy demand of the CO, desorption process. These solvents
are aqueous or non-aqueous solutions amines, amino acids, or ionic
liquids. The chemical interaction of CO, with these solutions
promotes the formation of an immiscible phase richer in CO,. This
CO, richer phase can be separated and further processed to recover
the CO, using a much lower energetic demand. The ILs also have
proved to be suitable solutions to create these phase transfer
solvents.*'"**2%0 For example, Zhang et al.>*® reported a novel
phase solvent based on a mixture of [TETA]Br-PMDETA with
water which was able to absorb more than 2.6 mol of CO, per liter
under 30 °C. Moreover, these solvents could be regenerated at
120 °C with a regeneration efficiency of 95% after four cycles.

Besides that, reversible ILs have also demonstrated the potential
to address this subject. These ILs were firstly described by Jessop
and co-workers.”***** These authors showed that certain ILs could
be formed from nonionic liquids such as amine or alcohol when
exposed to CO, leading to the formation of salt that could revert
back to its initial state just by exposing it to an inert gas. This
pioneering work has opened the doorways to different creative
approaches for this type o ILs.'17-241-242 Eor instance, Huang and
co-workers®** described an interesting preorganization and coopera-
tion strategy for highly efficient and reversible capture of low-
concentration CO, by imide-based ILs. These authors show that this
strategy allows considerable high adsorption of CO, (1.65 mol CO,
per mol IL) and good reversibility (16 cycles).

In a recent hands-on processes review,”** six promising imida-
zolium and pyrrole-based ILs, known for promoting chemical
interactions with CO,, were evaluated in chemical absorption
processes for CO, capture. The CO,-IL reaction enthalpy and IL
viscosity were identified as key properties to guide solvent selection.
The IL performance in CO, capture processes was evaluated by
means of solvent need, energy consume and column size. Among
ILs studied, the [Pyy,g][CNPyr] resulted in the lowest column
diameter required for the duty and the lower energy consumption.
Its lower viscosity, high CO, solubility, and absorption kinetic
resulted in a lower amount of ILs required for achieving the
specifications; despite its high reacting energy of desorption. The
reported results indicate that the studied ILs, especially the
[P2228][CNPyr], can be successfully used as CO, chemical absor-
bents. The results also indicate that they can be competitive
alternatives to current amine-based or aqueous ammonia technolo-
gies for pre- and post-combustion CO, capture. However, at high
pressure, [Bmim][Ac] may be more effectively applied for CO,
capture due to its higher CO, solubility; possibly resulting in greater
energy savings.
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Figure 17. Sketch of a simple absorption unit for CO, separation. Reprinted from “Taimoor et al. Processes, 6 (2018).

IL-based membrane separation.—In short, the membrane gas
separation process promotes a selective flow of a target specie
through a physical barrier (membrane).>* Despite recent
advances,?'"**~2*® the membrane-based technology is neither as
mature nor cheaper than the current leading technology, i.e.,
alkanolamine-based absoaption which has been optimized since
1931, right after Bottoms™ deposited his patent. Recognizably, the
main challenge for membrane-based separation is the suitable trade-
off between membrane permeability and selectivity,>*® once highly
permeable membranes lack selectivity and vice versa. The second,
how to produce a membrane s_/ystem with mechanical resistance and
durability at high pressure.>'” If built with suitable materials and
suitable micro- and nano-structures, the membrane-based separation
would serve as efficient high-pressure gas separation. In general,
organic-based materials have been the most frequently tested for IL-
based CO, separation.”*® Alternatively, inorganic materials offer
efficient ways to tailor pore sizes and shapes, known for regulating
either permeability or selectivity. A few examples of inorganic
materials are zeolites,”>**>' graphene and other two-dimensional
2D-atomically thin materials of the graphene family,>” and carbon
molecular sieve materials.>>> metal-organic frameworks (MOFs), >

Among the polymeric materials most used as membranes for
CO,/CH, separation are polyimide,>>>>>" polysulfone,”>*>° ther-
mally rearranged polymers,”®**® and polycarbonates.’®'*** There
are some strategies for combining ILs with polymeric membranes,
which include: supported (or immobilized) ionic liquid membranes
(SILMs), gel membranes, polymerized IL membranes (PILM), and
IL composite membranes. To the best of our knowledge, membrane
contactors have never tested for IL-based membranes, even though
the reader finds an excellent up-to-data in the review by Nogalska
et al.?®3

For convenient comparison in Fig. 18, the membrane separation
performances are plotted on CO,/CH4 Robeson upper bound plots,
being the different classes of materials color-coded. The 2grag)h
collects data from the most recently updated reports.*’-204+263
Robeson’s plots originally represent pure gas transport at dry and
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Figure 18. Permeability/selectivity trade-off for polymeric membranes
tuned either by the polymer chemical structure or by the IL-facilitated
transport. Data collected from elsewhere.?*7?%* SILM 1 refers to data from
Alcantara et al.,266 and SILM 2 refers to data from Alkhouzaam et al.”®
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ambient temperatures using purely polymeric homogeneous dense
membranes. This plot compares the membranes’ permeability and
selectivity to the selected gases, being also conveniently used to
compare the performance of different types of membranes, such as
heterogeneous membranes or facilitated transport membranes that
may require humidified gas streams. As seen in Fig. 18, many of the
materials, especially thermally rearranged polymers and facilitated
transport membranes surpass 2008 upper bound. Conventionally, the
selectivity of purely polymeric homogeneous dense membranes such
as polyimide and polysulfone substantially benefits from the inser-
tion of ILs into its free volume space; however, polyvinyl alcohol
(PVA) benefits the most, merely because of the higher intrinsic
selectivity of the PVA matrix against the polysulfone, cf. SILM 1
against polysulfone and SILM 2 against polycarbonate and mis-
cellanea.

Supported (or immobilized) ionic liquid membranes (SILM) are
non-dispersive-type liquid membranes, in which ILs are immobi-
lized inside the pores of porous support by capillary forces.>'”27-26?
In principle, this concept may be used in both polymeric and
inorganic porous supports; however, to the best of our knowledge, it
has never been tested for a rigid inorganic supporter. The concept
behind SILMs for polymeric membranes was firstly idealized and
proved by Myers et al.>’® In principle, the transport of small gas
molecules through polymers occurs by diffusion throughout tran-
sient free-volume elements or cavities formed by random, thermally
stimulated motion of the flexible polymeric chains.>’' Myers et al.
idealized that the specie formed by the chemical reaction of IL with
CO, would serve as a transport carrier, once the CO, captured by the
IL on the feed side of the membrane could diffuse throughout IL
immobilized in the pores, and eventually, the reversible chemical
reaction would free the CO, on the permeate side. The authors
named this mechanism facilitated transport. We point out some a
reservation on this topic. Originally, Myers et al. argued that the
chemical reaction of CO, with IL was a complexation reaction, not
an equilibrium system such as the coexistence of gaseous CO, with
the aqueous solution rich in CO5™>. There is no guarantee that the
reaction of CO, with ILs will be fully reversed at both the pressure
and temperature swings allowed on the SILM permeate side on the
seafloor. This issue can be addressed from different viewpoints. In
this review, we decided to highlight those authors devoted to
overcoming the energy penalty for the IL-regeneration, which the
reader may find in section facilitated solvent regeneration.

Polymerized IL membranes (PILM) are those that incorporate
ILs as monomers into the backbone chain forming the polymer
molecule.?’” PILMs are known for their highly polar and ionic
properties such as high conduciveness and high thermochemical
resistance.”’* Some PILMs resulted in high CO, separation perfor-
mance than its original IL.>"* Perhaps the major disadvantage of
using PILMs in high-pressure CO, separation would be their overall
low mechanical resistance.’’”?’* An attempt to mitigate this
problem includes the mixture of the PILMs matrix with polymers
known for higher mechanical resistance. Recently, Dunn et al.*”
used a mixture of PILM with a suspension of zeolite in the same IL,
which creates mixed matrix membrane (MMM), and reported
CO,/CH4 separation characteristics under binary feeds up to 40
bar and 50 °C.

Another alternative is to use ILs is in gel membranes.”’® Among
the common synthesizing routes, these membranes can be produced
by adding a chelating agent to the selected IL followed by heat
treatment. Due to their liquid-like properties, these membranes
usually present high gas diffusion performances. However, these
materials usually require thick membrane layers and may lose their
original mechanical resistance at a high gas flow rate.

IL composite membranes are formed by the embedment of ILs
into the polymeric material, forming a composite material that leads
to an increase in both CO, permeability and selectivity.?'”*’"-*"8
The IL addition into a polymeric matrix modifies a set of polymeric
membrane properties. This may promote a reduced diffusion of CO,

and CH4 gases; however, since the CH, diffusion is affected in a
larger extension, the IL. addition may result in a higher CO,/CH4
sorption selectivity.?”” Yet, it may increase the overall efficiency of
the gas diffusion presumably due to an increase in yolg/mer chain
flexibility caused by a decrease in its crystallinity.?””>’® The latter
effect may even be maximized by using a hygroscopic IL, as a
consequence of the membrane swelling.>”” However, other proper-
ties are affected by ILs embedment, but negatively. The mixed IL
matrix membranes are usually associated to lower thermal®”’ and
mechanical?’®*%® resistances. The latter can be mitigated by
blending the membranes with polymers featuring a higher mechan-
ical resistance.”’®

facilitated solvent regeneration.—As stated in section Design
principles for ILs, the ILs molecular structure can be tuned to
promote higher CO, solubility by means of two major molecular
strategies; whereas one strategy promotes the intimate chemical
interaction between CO, and IL functional groups (including
hydrogen bond), the other maximizes the free-volume of the ion
structure for better accommodating CO, into it. However, the release
of CO, from these two classes of absorbents is expected to exhibit
substantially different CO,-desorption kinetics at high pressure. In
fact, there are just a few data on the CO, kinetics of desorption,
yet all of them at 1 bar.”"***?%! Considering the seafloor pressure of
ca. 400 bar and minimum suitable subsea pressure of 200 bar, the
kinetic of CO, desorption is expected to be highly disfavored in the
subsea condition. For this reason, our viewpoint on the (electro-)
catalysis-induced separation process is now considered. The main
reason for treating this topic aside grounds on subsea high pressure
to be, now, an asset, and not a mitigated problem as discussed in
section named IL-based absorption. Both the kinetic rate of electro-
catalysis and homogeneous catalysis will benefit from the scCO,
pressure as large as 400 bar.

Hereby, the reader finds our thoughts on very risky but promising
endeavors to facilitate CO, desorption/separation, being three of
them briefly mentioned below. Actually, they represent a new way of
“thinking” about the separation processes, in which CO, is absorbed
via chemical reaction, thus forming a second phase that can be either
methanol®®? or formic acid,?®* i.e. CO, separation by a chemical-
reaction induced phase-transition.

Catalyst-aided IL-regeneration.—Heterogeneous mesoporous
catalysts rich in Bronsted-acid sites have been tested by Bairq
et al.”® as solid sorbents to enhance the CO, desorption rate. The
authors enhanced the desorption rate by 195%, and a decreased
energy requirement by 37.41% compared to the monoethanolamine
as a blank run. Despite proved for the mature amine solvent, we
believe this concept can potentially be suitable for IL as well. A
recent review on this topic offers more details.”®

Regeneration aided by homogenous CO, electro-reduction.—
Imidazolium-based salts are known to act as a molecular co-catalyst
for homogenous CO, reduction. Taking advantage of this fact,
Weilhard et al.”®® employed ILs in the selective hydrogenation of
CO, to formic acid (FA) and proved it to be efficient. Furthermore,
the authors proposed that FA would be separated upon the
immobilization of IL followed by simple filtration.

Regeneration aided by electrocatalysis.—In this concept, the
solid electrified electrode is employed in IL-regeneration without
entering in direct contact with the CO,, but exclusively with the IL-
cation, which is reduced at the solid electrified catalyst. This concept
is inspired bg the homogeneous electroreduction of CO, by organic
promoters.”***%32%7 For instance, Lim et al.*** report chemical,
homogeneous CO, reduction to the formate anion (HCOO—) by a
metal-free benzimidazole-based organo-hydride. In principle, the
absorbed CO, is readily reduced by the benzimidazole-based
hydride donor, which is then oxidized to its aromatic
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Figure 19. Electrosorption of water on graphene from water-containing reline (chcl: urea 1:2) contacting a graphene interface. The averaged (a) and normalized
(b) number density of adsorbed water in the interfacial region as a function of surface charge density. The number of residual water molecules in bulk Reline is 1
wt%, 3 wt%, and 10 wt%. The interfacial region is taken to be 3.5 A from the graphene surface. Reproduced from “Mamme et al. Nanoscale Advances, 1, 2847,

2019"?*®__Published by The Royal Society of Chemistry.

benzimidazolium cation. Then such cation is electrochemically
reduced to its original organo-hydride form on the solid electrode,
establishing its recyclability.

CO;, (Electro)Catalysis Either in IL or at High-Pressures

Both the high pressure and the use of IL as electrolytes can
benefit the CO,RR. The use of IL replacing water as electrolyte
greatly promises to impact the properties on the electrified solid/
liquid interface. ILs electrochemical window is wider than that of
water, which enables a far larger number of other reduction reactions
to take place with substantial kinetic performance since the water
reduction can no longer hide them. In the context of the CO, electro—
reduction (CO,RR), enlarged chances of either favoring this target
reduction or promoting the carbon-carbon coupling are envisioned.

In a recent review, Dong et al.'* put together a few theoretical
and experimental understandings on the EDL for the IL/metal
interface, being the latest, additional advances briefly highlighted
hereby. Mamme et al.”®® evaluate the amount of adsorbed water in
the vicinity of the interface between reline (chcl: urea 1:2) and a
negatively charged graphene electrode, i.e. electric field similar to
CO,RR polarity. Figure 19 shows the main results. Regardless of the
water concentrations in IL, the adsorbed water tends to increase in
the interfacial region with a charged electrode, cf. plate (a). For the
moderately negatively charged graphene electrode, the water mole-
cules are depleted compared to the bulk, cf. plate (b). Besides, a
further increase in surface charge density of the negatively charged
electrode (o < —0.16 C'm?) leads to an increase in water adsorption.
This is mainly due to the enhancement of the electrostatic interaction
between the charged graphene electrode and the water molecules.
For highly charged electrodes, water adsorbs at both electrodes due
to a strongly enhanced external electrostatic interaction between the
electrodes and the water dipoles. This allows more free spaces for
the accumulation of more water molecules in the vicinity of the
negatively charged surface, which features a more compact con-
formation when compared to the positively charged electrode.

Figure 20 shows in detail the alignments of water and IL-cation
on the electrode. On the uncharged electrode, Fig. 20b, there is no
preferential orientation of any of the molecules; instead, both are
oriented randomly. However, when the electrode is charged nega-
tively/positively both polar molecules show a preferential orienta-
tion. At the negatively charged electrode (blue electrode), Fig. 20a,
both IL-cation and water molecules are aligned in a mixture of
perpendicular and parallel arrangements, i.e., the H-O-H plane of
water is perpendicular and parallel to the graphene electrode,
respectively.

Major issues of ILs for electrocatalysis.—The IL viscosity is by
far the major challenge for using ILs in electrocatalysis. Despite the
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Figure 20. Orientation of IL-cation (Urea) and water molecules near the
electrode surface for different surface polarizations — 0.32 C-m2(a),0 C-m™
(b) and + 0.32 C-m™> (c). The total water content was 3 wt%. The uncharged
electrode is colored grey, whereas negatively and positively charged
electrodes are colored blue and red, respectively. The color-coding of the
atoms of IL-cation and water is: white, hydrogen; cyan, carbon; blue,
nitrogen; and red, oxygen. Reproduced from ‘Mamme et al. Nanoscale
Advances, 1, 2847, 20192 _Published by The Royal Society of Chemistry.

elevated ionic degree, the ionic conductivities of some ILs are
greatly lowered with the high viscosity owing to the low mobility of
the charge carriers, cf. Stokes-Einstein relationship in Eq. 1, vide
section Properties. Further, other mass-transport-related issues
feature the electrocatalysis in ILs such as the products/reactant
mass transport and bubble entrapment. For example, Fig. 21 depicts
some dramatic images of bubble entrapment during a rotating disk
electrode experiment carried out with [DEAJ[HSO4], which is the
most viscous IL listed in Fig. 3. A selection of electrolytes for
CO,-based electrosynthesis has to be based on a conjunct analysis of
both viscosity and ionic conductivity, to which the Walden plot
offers valuable guidelines for IL selection.

Zhao et al.* highlights a bunch of other viscosity-related issues
like (a) the necessity of adding an unusually large content of
supporting electrolyte (inorganic salts like NaSO,) in order to
achieve measurable Faradic currents; (b) enlarged chances of the
electrochemical cell to operate under the ohm domain, instead of the
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Rotating disc electrode

Trapped air bubbles

Figure 21. Photographs of an electrochemical cell (a) before, (b) during, and (c) after a rotating disk voltammetric experiment in the viscous ionic liquid, [DEA]
[HSO4]. Image b was taken after rotation for 30 s at 1000 rpm, and image ¢ was taken 30 min after the experiment. Reprinted with permission from (Zhao et al.
The Journal of Physical Chemistry B, 112, 6923, 2008).° Copyright (2021) American Chemical Society.

Faradaic domain; (c) the bubble entrapment mitigate against the
achievement of a Levich limiting current under RDE conditions; and
(d) highly viscous media also may result in the adsorption of
colbaltocene or ferrocene or their precipitation at the IL/interface,
which restricts their use for reference potential scale purposes.

Further complications arrive from the development of a reference
scale for the electrical potential. Knowing the formal potential by
means of an electrochemical probe, named as reference electrode
(RE), is central to understand the underlying processes at the IL/
metal interface. The electrical potential drop at the RE electrode has
to be related to the free energy of Gibbs, which is mathematically
expressed in terms of the Nernst equation. So that, the electro-
chemical probe has (a) to obey the Nernst equation, (b) to be fully
reversible over both positive and negative sides of the potential
scale, (c) to provide a fast equilibrium restore under the action of any
small potential perturbation, and (d) to be stable over time. If,
otherwise, the electrochemical probe fulfills all the requirements
except the item (a), as does the silver (Ag) wire in contact with the
IL, the electrode is said pseudo-reference, and the potential despite
measurable has no physical meaning in absolute terms, being
suitable only to study variations on the potential, i.e. the potential
window. In aqueous media, both the widely known hydrogen
evolution (HER/2H' — H,) and hydrogen oxidation (HOR/H, —
2H™) reactions fulfill that set of requirements, leading to the
widespread use of Hy/H" pair as RE in aqueous media; but,
unfortunately, it proved unsuitable on IL media. According to
Meng et al.,”®® the cyclic Voltammograms of the H,/H™ redox
couple in imidazolium-based IL exhibits a quasi-reversible feature
on the HER side of the potential scale, which in addition were also
substantially dependent on the nature of IL anion. Until 2008 and
2010, the major advances in the development of RE for ILs can be
found reviewed by Zhao et al.*® and Barrosse-Antle et al.,**°
respectively. In more recent years, Compton & Students***'~2%7
have intensified the search of different redox pairs suitable at the IL/
metal interface, which led the researchers to study some of the
fundamental processes at this interface by the very earliest time, and
it has been of great assistance to standardize the way in which
electrochemical experiments in ILs are approached.

In non-aqueous electrolytes, such as organic solvents, the
International Union of Pure and Applied Chemistry (IUPAC)
recommends the use of the redox ferrocene/ferrocenium,
[Fe(CsHs),]/[ Fe(CsHs),]™, couple as an inner reference scale, being
the recommended abbreviation Fe/Fet.2%52%° A reference probe is
pragmatically prepared by dissolving equimolar amounts of ferro-
cene and ferrocenium hexafluorophosphate [Fc][PF¢] to give be-
tween 4 mM to 30 mM solution in IL, which in addition may contain
an extra salt as a sggporting electrolyte if dealing with an IL of poor

ionic conduction.*® However, issues like Fc poor solubility®*" and

.. . .. 302.303
volatility of dissolved ferrocene under vacuum conditions®’*3°

demonstrated to restrict its use as RE for potential calibration.
Further, RE manufacturing has to follow a stringent protocol to
avoid contamination by dissolved gases such as oxygen and others in
the atmosphere, so that the headspace of the RE compartment has to
be subject to evacuation by vacuum before electrochemical mea-
surements. According to Compton & students,”® this protocol
ensures that even if the Fc is volatilized by the low-pressure
environment, accurate RE data can be still obtained. The researchers
have even modified the Fc structure to mitigate its volatilization
under vacuum.?> Unlike most cells for the study of aqueous
electrolytes, the IL-based RE employed a specific cell featuring an
IL drop deposited on the electrode disk.*** Alternatively, Bond and
co-workers®' have demonstrated that the Cobaltocenium/
Cobaltocene redox couple ([Co(CsHs),]™/[Co(CsHs),] hereafter
referred to as Cc™/Cc) probably is a broadly superior reference
scale in both organic solvent and in ILs on the bases of both the Cc™
negligible volatility and generally high solubility of Cc+. In aprotic
ILs, [Cc][PF¢] (36.5-450.0 mM) was found to be much more soluble
than Fc (27.5-101.8 mM), whereas the diffusion coefficient D,
estimated by the classical Stokes-Einstein equation, for Fc® and Cc™
does not change signiﬁcantly with concentration.”** This supports
the use of both Fc” and Cc" to provide a well-characterized and
model redox couple for use as a voltammetric internal potential
reference.

In practical terms, however, the use of a silver (Ag), gold (Au), or
platinum (Pt) wire as a pseudo-reference electrode, in which wires
are immersed directly into the IL, had been widespread because of
its simplicity and the fact that possible contamination of test IL is
avoided. To date, senior surface electrochemists adopt the Ag
pseudo-RE without further referencing to either Fc® or Cc* in the
IL tested. It may be argued that Ag pseudo-RE presents a stable
potential, so that its formal potential against either Fc or Cc + using
Ag wire can be accurately gauged any time later, either after each
experiment or after the data publication. In experimental practice,
preparation of IL-based RE on daily basis is humanely unfeasible,
whereas using Fc or Cc + based RE prepared any time before the
day of experimental record adds substantial uncertainty on the
formal potential. The accurate measure of the formal potentials is
central to understand surface electrochemistry, and comparison of
the measurements allows redox data to be reported against either Fc
or Cc + in an aqueous solution. The formal potential of H*/H, redox
couple on Pt in [C2mim][Tf2N] was quantified as —0.065 V at 25 °C
vs Fe/Eet (or —0.338 V vs Ag/Ag+).>* For larger, coordinatively
saturated specie such as Fc and Cc™, the IL-based variations in
formal potential tend to be small,*® so that it is judged unnecessary
to list formal potentials in more than one IL; however, the same can
not be extended to the redox couple containing smaller ions such as
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H */H, and Ag+/Ag redox couple that must be measured for each
IL. Furthermore, the difference between formal electrode potentials
of Fc/Fc™ and Cc*/Cc redox couples was 1.34 V, enabling
conversion between the two internal potential Refs. 307, 308.

CO3RR in neat and dissolved ILs.—All the experimental
assessments of the CO,RR in ILs reported the production of
single-carbon molecules (C1), which substantially differs from
aqueous-based electrocatalysis that is capable to synthesize two-
carbon molecules (C2) as the major product. In the recent review of
Chen & Mu’® the reader may found compiled a broad number of
varied experimental conditions used to promote CO,RR in IL
worldwide, all of them leading to the C1 and carbon monoxide as
major products. Unfortunately, ILs-mediated CO, electro-reduction
into higher-carbon-chain products as the major products were not
reported yet.

The south Brazilian research group of Jairton Dupont has been
reported comprehensive advances on the CO,RR in neat ILs. For
instance, Faggion et al.>'® critically discussed the electrochemical
reduction of CO, considering selected recent examples. The authors
highlighted that ILs play a significant role due to their distinct
physical chemistry properties, the tuning of the reactions conditions,
the assistance with radical CO-— in overpotential, and the increase in
faradaic efficiency and current density. Alternatively, the ILs are
dissolved in an organic solvent. For instance, Wellington et al.>''
employed aqueous electrolytes containing the ionic liquid (IL) 1-n-
butyl-2,3-dimethylimidazolium acetate ([BMMIm][OAc]) and di-
methyl sulfoxide (DMSO) as the electrolyte, and reported that
CO,RR proceeds at low overpotentials (—0.9 V vs Ag/AgCl) at
commercially-available Au electrodes, and with high selectivity for

A — Gaoetal. 2019
B — Mistry et al. 2016

G —Kuhl et al 2012

H - Jietal 2019/ Fe,P,S;

C - Jiang et al. 2018 I - Lv et al. 2018/Ag anchored N-doped Graphene
D - Lietal. 2018/CO-RR  J —TIto et al. 1982 / Pb + DMSO (electrolyte)

E — Wang et al. 2019/CO-RR + high Pressure

F — Lee et al. 2015 L — Mota-lima 2020 / Electrochemical discharge
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Figure 22. Faradaic efficiency of CO, electroreduction on copper-based
electrocatalysts (references A—G), copper-free electrocatalysts (references
H-J), or a catalyst-free platform (L) based on a range spectrum of the final
products (C3, n-propanol; C2, ethylene, ethanol, acetate, and oxalate; C1,
methane, methanol, formic acid, and carbon monoxide; and hydrogen).
References D and E tested the carbon monoxide reduction reaction.
Reprinted with permission from (A. Mota-Lima, J. Phys. Chem. C, 124,
10907, 2020).**” Copyright (2021) American Chemical Society.

CO production (58% faradaic efficiency at —1.6 V vs Ag/AgCl).
Furthermore, the authors discuss the possible reaction pathways
involved in the CO, reduction to CO in IL buffer-like solutions.
They had observed 0.43 mol of CO, per mol of IL dissolved into the
electrolyte at atmospheric pressure, forming bicarbonate and pro-
viding a constant supply of dissolved CO, to the electrode. This
equilibrium with bicarbonate can be shifted with confined water
activation by the IL anion structure, which acts like a neutral base
catalyst as well as a proton buffer.

Using the IL-dissolved approach, Feaster et al.*!? determined that
[EMIM][CI] breaks down at both the working and counter electrodes
under reaction conditions under both acidic and basic conditions.
The authors used 1 H nuclear magnetic resonance spectroscopy on
the electrolyte before and after electrolysis. Such electro-activity of
the ILs-cations at the electrode underscores the challenges in
employing ionic liquids for CO,RR. Still using IL-dissolved
approach, Sun at. al.*'* noted a shift on the reaction course by
promoting the formation of carbon monoxide instead of oxalate
anion. We have one reservation on the IL-dissolved approach. It is
highly probable that EDL has a remarkably distinct structure and
properties when considered the electrode in contact with neat and
diluted ILs. It is not certain whether both cases exhibit similar
distributions of adsorbates.

Electrocatalysis at high pressure—Hori’'* argues that the
increasing CO, partial pressure up to 60 bar has a minor impact
on the adsorption energy of CO on the electrode surface, which is the
initially adsorbed intermediate along the CO,RR. In this context, the
apparent benefit of the CO,RR with an increased pressure derives
from a higher CO, concentration in the electrolyte solution at high
pressure, cf. Fig. 14. Interestingly, the LIs are the most suitable
electrolyte to absorb CO, at high pressures, outperforming any other
in terms of phase stability whereas retaining more than a half CO,
molar ratio. At this point, we discuss the possibility of synthesizing
hydrocarbons from a CO,-enriched IL at high pressure.

Thanks to the pressures around 100 bar, the syngas (H, mixed
with CO) were converted into light hydrocarbons (those having up to
eleven carbon centers) by the first time over alkalized iron chig)s,
which is known as the Fischer-Tropsch (FT) synthesis.’"”
Contrariwise, heavy hydrocarbons can be produced at lower pressure
(~7 bar). To date, the total syngas pressure is widely known to
influence both the FT kinetics and the FT catalyst surface structure.
The pressure of 20-30 bar generally results in condensation of
hydrocarbons flooding the catalyst pores by liquefied products,
which, in turn, slows down the mass transfer of reagents. The
shortening hydrocarbon chain with high pressure has been be
interpreted in the context of reagent concentrations and reagent
mass transfer in the gaseous and liquid phases. Further, total pressure
can influence the catalytic surface restructuring at the atomic level,
which affects the number of active sites in cobalt catalysts. Scanning
transmission microscopy has shown significant restructuring of the
cobalt Co (0001) surface in the presence of H,/CO = 2 mixture at 4
bar and 250 °C. Industrial FT units typically employ cobalt catalysts
and operate at 220 °C-240 °C, a total pressure of 20-30 bar, and an
inlet H,/CO ratio of 1.7 to 2.2. The reader is referred to Khodakov
et al.>'> for global review and to Weststrate et al.>'®>'” for a current
understanding of the structure sensitivity and on the surface
chemistry of growing chains.

There is no electro-catalytic version of the FT processes.
Figure 22 get into perspective the most efficient electrochemical
platforms for CO,RR in terms of faradaic efficiency (FE).31873 2 At
atmospheric pressure, conventional electrocatalysis enables efficient
CO; reduction to two-carbon-containing molecules such as ethylene
(60% FE), ethanol (85% FE), and oxalate (76% FE). Those
molecules couple two carbons centers and indicate that the carbon-
carbon bound can be promoted by electrified surfaces.
Comparatively, the electrified plasma-liquid interface (PLI) enables
the highest CO,RR efficiency ever, about 98% efficiency; however,
it is only suitable at atmospheric pressure. At high pressure,
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electrosynthesis of oxalic acid (to which oxalate is the conjugate
base) needs ~9.6 bar to reach 76.6 % FE in the non-aqueous
electrolyte when performing CO,RR on the lead electrode.**® How
would the lead electrode perform CO,RR at 200 bar in ILs?

Aside from the catalyst selection based on the desired final
product, the design of the high-pressure reactor is an additional, but
not secondary, challenge. The already well-established electrolyzers
for pressure smoothly above the atmospheric level unsuits the
mechanical constrictions imposed by the supercritical CO, (=50
bar). At sea level, the reactor has to have a thicker wall to support the
difference between inner and outer pressure without blowing the
reactor up. In this context, further innovation on the Membrane
Electrode Assembly (MEA) was already published by Ramdin
et al.,*®® and the new MEA allowed the facile flow of any catholyte
(CO,-enriched IL, for example) at the anode compartment at high
pressure. Despite being a semicontinuous batch reactor, such a high-
pressure electrolyzer successfully converts CO, to formic acid. At
the subsea level, we foresee that such innovations may be employed;
however, without the capital expenditure for a thicker wall reactor,
once the inner and outer pressure should no longer be so dissimilar at
subsea.

Conclusions

Recovering natural gas at extremely high pressure on the seafloor
is a current challenge to exploit undersea natural gas resources. This
review critically evaluates possible ways to employ Ionic Liquid (IL)
for CO, separation from natural gas on the seafloor, meaning the
total pressures can vary between 400 and 200 bar. The main
drawbacks to implement either an IL-based membrane or a recycl-
able IL-absorbent for the selective capture of CO, are thoroughly
analyzed. With enthusiasm, we discuss the value of CO, electro-
reduction either for assisting IL-regeneration or for paving new ways
for further CO, processing in the context of the carbon-neutral
industry. In either case, CO, selectivity, IL viscosity, and intrinsic
ionic conduction of the ILs are key properties to be considered to
select the best candidate for an application, the reason for which this
review carefully evaluates them, compiling the most updated data.
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