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Abstract

Tackling global warming through the reduction of greenhouse gases is a key challenge
mankind is called to face in the close future. Carbon dioxide is one of the main causes of
such temperature increase, thus avoiding its release in the atmosphere through capture
and/or utilization strategies is a valuable tool to limit greenhouse effect. Presently, the
applied technology for sequestrating CO:2 relies on its reaction with amines in aqueous
solutions, giving rise to the formation of carbamates and carbonates. However, due to the
energy intensive release step, toxicity and corrosiveness, amine scrubbing could not
represent a long-term solution in CO2 capture. lonic liquids (ILs), organic salts in the liquid
state near room temperature, are a class of emerging materials with a great potential
towards CO2 capture. Recently the combination of the choline cation with amino acids
based anions gave rise to a wide set of bio-inspired ILs with low toxicity, that, due to the
presence of amino groups in the amino acid moiety, are optimal candidates for CO:2
capture. In the present work, two choline-amino acids ILs were synthesized, containing
glycine and proline, according to an innovative procedure, overcoming some drawbacks
proper of the classical methods. A throughout IR operando study of the CO2 absorption
process in these amino acids based ILs was performed. Even though elementary reactions
are the same for all the investigated systems, different absorption pathways were
recognized depending on the amino acid based anion. The reversibility of the absorption
process differs between the two systems as well, further remarking the role played by the
selected amino acid in the overall absorption performances. Such fundamental
information, still missing in the literature, will contribute to rationally develop choline-amino
acids ILs with optimal CO2 absorption/activation properties.

Keywords: ionic liquids, amino acids, CO2 capture, operando ATR-IR spectroscopy,
carbamic acid, ammonium-carbamate.



1. Introduction

Since the mid-20™" century, the mean temperature of the Earth started rising. [1] The
human influence on this event is not negligible, in fact the emission of gases such carbon
dioxide (COz), methane (CHa4), nitrous oxides (NOx) and chlorofluorocarbon (CFC), due to
the progressive industrialization, contributes to enhance the so-called “greenhouse effect”,
leading to the global warming. COz2 is the most responsible for greenhouse effect, because
of its disproportional abundance in the atmosphere. [2] Its concentration raised due to
human activities,[3] and, recently, overstepped the concentration of 400 ppm. [4] The
primary sources of CO2 emissions are the combustion of fossil fuels, which is still widely
applied in transportation, electric power generation and in several energy-intensive
industrial processes. Other sources include specific manufactures, where CO:2 is a by-
product (e.g. concrete production) and intensive livestock farming.

CO:2 removal from these gaseous emissions, its storage or its conversion in other
chemicals are some of the possible strategies to tackle the climate change: these
technologies should be developed with a minimum of additional energy consumption. [5]
Furthermore, capture/conversion systems with low or nil toxicity, chemical stability and low
cost are highly desirable.

Many technologies are available for CO2 separation taking advantage of different physico-
chemical mechanisms, e.g. based on adsorption, absorption, membrane separation or
cryogenic separation. [5] Currently, the most exploited method relies on ammine
scrubbing: [6,7] agueous solutions of alkylammines chemically react with the CO2 forming
ammonium-carbamate (two amines per one CO:z molecule, 2:1 mechanism) and
ammonium-carbonate species (tertiary amine and water involved), as shown Scheme 1.
[8-10]
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Scheme 1 Chemical reaction between alkylamines and CO2: (a) ammonium-carbamate
formation; (b) carbonate formation.

Unfortunately, amine scrubbing has several drawbacks such as high-energy costs for
regeneration (since the working solvent, i.e. water, must be evaporated in order to release
CO2), solvent loss, corrosion and toxicity. Furthermore, once the COz is captured, it has to
be managed in some way: beside the bare storage, a possible strategy is to convert it into
useful chemicals, thus considering CO2 as an environmental friendly carbon feedstock
rather than a waste to be disposed. However, only few processes presently reached
industrial scale. [11-13] The main reason is the poor reactivity of carbon dioxide, due to
the absence of dipole moment and to the high oxidation state of the carbon atom, thus



hampering the development of industrial-scale conversion processes. The most promising
paths for CO2 utilization rely on its catalytic activation: since the CO:2 is slightly acidic,
basic catalysts have been widely studied. [14] Several thermo-, electro- and photo-
catalytic processes have been proposed, such as the synthesis of carbonates (both
inorganic and organic), the reduction to simple organic molecules (e.g. methanol, formic
acid, etc.) and the dry reforming with methane to syngas. [12,13,15,16]

lonic liquids (ILs), commonly defined as materials constituted by cations and anions which
melt at or below 100°C [17,18] , are an emerging class of material in the field of CO2
capture and conversion. [19-22] On the capture side, ILs can overcome some critical
issues related to the use of amines aqueous solutions, since they are non-volatile, non-
corrosive and highly stable. [23-27] Thanks to the variety of cations and anions which can
be combined to form ILs, these compounds can absorb CO2 on the basis of several
different physico-chemical mechanisms. In the simplest case, i.e. when the IL does not
contain COz-affine functional groups, only physical absorption occurs at high pressure.
However, CO:2 absorption capacity can be improved (thus decreasing the working
pressure) by including functionalities, such as amine groups in the cation and/or anion,
[28] which increases the CO2 absorption capacity per given amount of IL. Similarly to
alkylamines solution, amine-based ILs [29] and amino-tethered ILs [28] react with CO:2
fixing it as carbamate, considered an activated form of carbon dioxide, [30,31] with a 2:1
mechanism. Unfortunately, during the CO2 absorption process, the ILs viscosity increases,
[32] thus reducing their gas-diffusion properties (i.e. limiting the absorption processes
itself). As a possible solution, the dilution of ILs in proper solvents can boost their
absorptive capacity, according to improved transport properties and possibly to synergic
IL-solvent effects. [21,22] ILs are generally referred to as “green solvents”, however, the
most common cations (e.g. imidazolium and pyridinium) and anions (often fluorine based)
do not show good biodegradability and biocompatibility. [33,34] lons derived from
metabolic molecules are possible environmental-friendly alternatives, e.g. choline (a
proved non-toxic and biocompatible cation)[35-37] and amino acids (AAs, renewable,
biodegradable, biocompatible and naturally-abundant anions). Since every AA contains
amine functionalities, AA based ILs (AAILs) are in principle optimal candidates for CO:2
absorption. [38] As an example, the recent study by Gurkan et al. proved that
trinexyl(tetradecyl)phosphonium prolinate, [P66614][Pro], and methioninate [P66614][Met]
can achieve the equimolar absorption at a pressure of 2 bar. [39]

Despite the chemical variability offered by AAs (i.e. the variety of anions and their
functional groups) and the encouraging properties of choline-based AAILs (including their
biodegradability and potential biocompatibility), nowadays few studies have been
conducted on these innovative materials. [40-47] A first limitation to their employment
could be represented by the presently applied synthetic methods. [40,43,44] Even if yields
higher than 90% are obtained, all these routes rely on the AAs acid-base reaction with the
choline hydroxide, a strong base indeed corrosive, difficult to handle (it easily reacts with
atmospheric CO2) and quite costly. Accordingly, few examples are available concerning
the interaction of Choline-AAILs with COz: to the best of our knowledge, only two works
report about the CO2 absorption in these materials. Zou and co-workers tested choline
prolinate, [Cho][Pro], as such and diluted in polyethylene glycol 200 (PEG-200), measuring



a 0.6 CO2-IL molar ratio for absorption at 1.1 bar. [41] Lu et al. measured the CO:2 solubility
in different aqueous solution of choline glycinate, alaninate and prolinate up to 15 bar.
They reported CO2-IL molar ratio up to 2 and the hydration of carbamate to bicarbonate,
due to the higher pressure employed and as a consequence of using water as solvent. [45]
Moreover, all the aforementioned studies proposed minimal sets of characterization data
beside the assessment of the absorption performances, thereby direct evidences about
the CO2 absorption mechanism in these Choline-AAlILs are still missing. In this regard, a
spectroscopic operando approach is in principle extremely valuable, since it allows to infer
the COg-IL interaction mechanism on the basis of spectroscopic data, simultaneously
monitoring the CO2 concentration in the gas stream.

In the present work, an innovative method for synthesizing Choline-AAILs by overcoming
the limitations of traditional routes is reported for the first time. This method makes use of
choline chloride (a cheap and easy to handle salt) as choline cation source, avoiding the
employment of the corrosive and costly choline hydroxide. Two different choline based
AAILs (exploiting glycine and proline as anions) were synthesized and their interaction with
a synthetic flue gas (20%v/v CO2) at RT and atmospheric pressure was studied by means
of operando infrared spectroscopy: the ILs sorbent phase and the composition of the
gaseous stream were simultaneously monitored. Due to the need of characterizing a liquid
phase upon interaction with a gas stream, a dedicated setup has been designed and
implemented. For the first time, important mechanistic insights about the CO2 reaction with
choline-based AAILs is documented, showing the formation and the (possible) reversibility
of ammonium-carbamate and carbamic acid species as a function of the CO2 loading.

2. Material and methods

2.1 Synthesis of [Cho][Gly] and [Cho][Pro]

In a 250 ml flask, glycine (37.8 g, supplied by Merck, purity 299%) and an excess of
potassium hydroxide (30.9 g, Carlo Erba, purity 285%) are mixed at RT in ethanol (200ml,
supplied by Merck, purity 299.8%) under stirring. The potassium salt of the glycine is
formed, the suspension turned white while the excess of potassium salt of the glycine
precipitates. Once the potassium hydroxide pellets dissolved completely (c.ca 2 h), the
choline chloride (69.8 g, supplied by Alfa Aesar, purity 298%) was added. The mixture was
left under stirring for 4 h. The potassium salt of glycine dissolves and potassium chloride
precipitated as white powder leaving choline glycinate in solution upon the exchange of K*
by choline cations. The potassium chloride crystals were separated by centrifugation, and
then ethanol and water produced during the reaction were removed using a rotary
evaporator. The so obtained IL (hereafter referred to as [Cho][Gly]), was preliminary
checked by means of ATR-IR spectroscopy and, then, outgassed under dynamic vacuum
at 30°C overnight to totally remove the possible residual ethanol and water, prior the
operando experiments. The synthesis of the other IL. Choline prolinate (termed as
[Cho][Pro]), follows the same procedure, but using L-proline (45 g, supplied by Merck,
purity 299%) instead of glycine. The reactions describing the whole synthetic process are



summarized in Scheme 2. The successful formation of the two ILs ([Cho][Gly] and
[Cho][Pro]) has been also confirmed by 'H-NMR measurements and the KCI content was
evaluated by TG and XPS analyses. For the sake of brevity, these data are reported in the
Sections S1, S2 and S3 of the Supplementary Material.

2.2 ILs solutions with dimethyl sulfoxide (DMSO)

[Cho][Gly] and [Cho][Pro] were diluted in dimethyl sulfoxide (DMSO, supplied by Merck,
purity 299%) in order to decrease their viscosity. DMSO was chosen because it is
completely miscible with the ILs considered in this study, it inhibits carbonates formation
(DMSO is an aprotic but exhibits properties similar to water), it is non-toxic and it has a
high boiling point. DMSO allows the use of pressure/temperature switching to recover COz2
without solvent evaporation/condensation, thus reducing the energy required for CO:2
desorption in comparison with agueous amines systems. Dilutions in DMSO were
performed to reach a 16%wt/wt concentration. A more concentrated solution of [Cho][Gly]
(50%wt/wt) was prepared as well. The ILs dilution was performed just prior the beginning
of the absorption experiment, thus reducing the extent of CO2 spuriously captured from the
atmosphere.
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Scheme 2 Synthesis pathways of [Cho][Gly] (a) and [Cho][Pro] (b)

2.3 COz absorption quantification

The CO:2 absorption quantification of [Cho][Gly] and [Cho][Pro] were tested using a
gravimetric method. In a reactor (volume ~4.5 ml), ~3ml of IL-DMSO solution was poured
and purged with N2 (50 ml/min) for 10 minutes and the weight of the solution was acquired.
Then, CO2 (50 ml/min) was bubbled in the solution until the weight ceased to increase.
During the whole procedure, the IL-DMSO solution was kept under stirring. The absorbed
CO:2 was quantified by mass difference before and after CO2 bubbling, taking into account
the headspace of the vessel. Two physical quantities were calculated: the absorption
capacity, defined as the weight ratio between the absorbed CO2 and the liquid solution,



and the molar efficiency, defined as molar ratio between the absorbed CO2 and the IL
present in the solution. Different IL dilutions in DMSO were tested: 50, 33.3, 20, 16
Yowt/wit.

A custom reactor made by HEL Group was employed to investigate the effect of the
temperature on the absorbed CO2 and on the release process. For the sake of brevity, the
schematics are reported in Section S4 of the Supplementary Material. The absorption
experiments for the quantification of the absorbed CO: were performed at three
temperatures: 25, 30 and 40°C on a 16%wt/wt [Cho][Pro]-DMSO solution. In a typical
experiment, during the initial temperature stabilization step, the DMSO-IL solution (~5 ml)
was purged with N2 (40 ml/min). Then, the gas composition was changed to CO2/N2 20:80
(40 ml/min) until saturation of the solution. At the end of the absorption step, the gas was
switched back to pure N2 (40 ml/min) and the temperature was kept constant. After 10
minutes, the reactor was heated up (ramp 5°C/min) to 80°C, keeping this temperature until
CO2 becomes undetectable.

2.4 FT-IR spectroscopic measurements.

The characterization of the pure ILs and the study of CO:2 interaction have been performed
by means of two different FT-IR spectrophotometers (termed as IR1 and IR2), coupled in
the case of the use of the experimental setup for simultaneous liquid and gas IR
monitoring described in the following section.

IR1. Bruker Vertex 70 spectrophotometer equipped with a Mercury-Cadmium-Telluride
(MCT) cryodetector and coupled with an Axiom-Hellma TNL 130H multiple-reflections
attenuated total reflectance (ATR) cell specifically designed for liquid samples. The cell is
operated through an AMTIR-1 optical element. This spectroscopic setup was employed to
acquire in situ the ATR spectra of the IL-DMSO mixture (as such and in interaction with
CO2). A single-reflection Platinum ATR accessory provided by Bruker, equipped with a
diamond crystal, was instead exploited for the basic post-synthetic characterization of the
pure ILs and their precursors. All the spectra were recorded at a resolution of 2 cm?, by
accumulating 32 scans in the 4000-600 cm* spectral range.

IR2. Jasco FT/IR-6100 spectrophotometer equipped with a DTGS detector, allowing
collecting gas-phase spectra in transmission mode by means of a home-made gas cell
with an optical path of 19 cm to quantify the CO2 concentration. Each spectrum was
recorded at a resolution of with 2 cmt, by accumulating 32 scans within the 4000-600 cm-
1 spectral range. The CO:2 concentration monitoring was obtained via area integration of
the CO:z first overtone stretching vibrational mode in the 3400-3800 cm range.

The whole analytical apparatus relies on the two FT-IR spectrophotometers described
above: the IR1 (working in ATR mode, devoted to the liquid phase characterization) and
the IR2 (working in transmission mode, adopted to monitor the gas phase effluents
downstream the ATR cell). Further details about the gas-liquid supplying system are given
hereafter. Aiming to perform gas absorption into a bulk liquid phase, a custom setup has
been designed, according to the schematics reported in Figure 1. This setup is constituted
of two separated circuits: i) a closed loop circuit intended to continuously feed the ATR cell



with the liquid phase; and ii) an open gas circuit, devoted to flow a desired gas mixture
through the liquid phase within a dedicated mixing chamber.

Initially, 42 ml of IL solution in DMSO 16%wt/wt was poured in the mixing chamber. Then,
the solution was circulated through the closed-loop liquid circuit by means of a peristaltic
pump: during this preliminary stage, 200 ml/min of dry N2 were bubbled through the IL
solution inside the mixing chamber, employing the open gas circuit, to purge the gas
system from any residual CO2. After 10 min of purging, the gas flow was directed through
a bypass line (i.e. avoiding its mixing with the IL solution) and the gas phase composition
was changed to 20 vol% CO2 in N2 (200 ml/min total flow), in order to simulate a typical
flue gas. [48] The gas flow rate for each pure gas was controlled through a Delta Smart Il
digital mass flow controller (MFC), supplied by Brooks Instrument. The bypass line allowed
the assessment of the initial composition of the model flue gas by IR2: to this purpose, a 5
min baseline was collected with a 30 s/spectrum sampling rate. Then, the gas flow was
bubbled through the IL solution inside the mixing chamber, thus allowing CO2 from the flue
gas to be adsorbed by the IL solution. Meanwhile, the liquid phase was synchronously
monitored by IR1. The synthetic flue gas was bubbled until saturation occurred, i.e. when
the concentration of monitored CO2 has returned back to the baseline level. After that, the
gas stream was switched to pure N2 and directed to IR2 in order to acquire a N2 baseline
(5 min stream, 10 IR spectra). At this moment, the N2 flow was bubbled inside the liquid in
the mixing chamber until no more CO2 was measured by IR2. The above described
procedure was performed once in the presence of both [Cho][Gly] and [Cho][Pro].
[Cho][Pro] underwent an additional shorter absorption cycle.
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Figure 1 Schematic of the experimental setup for simultaneous liquid and gas IR
monitoring. The liquid circuit is highlighted in orange, the gas one in blue.

3. Results and discussion

3.1 Infrared characterization of pure ILs

Pure [Cho][Gly] and [Cho][Pro] have been preliminary characterized by means of ATR-IR
spectroscopy, aiming to prove the successful synthesis of the IL and, at the same time, to
unequivocally identify the main spectral features of the amino acid moieties in the pure ILs
that will be directly involved in the CO2 absorption process.

The ATR-IR spectra of [Cho][Gly] and [Cho][Pro] (both collected immediately after the
solvent removal at the rotary evaporator), together with ones of their precursors, are
depicted in the 1800-1100 cm™ spectral region in Figure 2a and 2b respectively. The
insets report the spectra in the higher wavenumber region (3650-2550 cmt). Comparing
the spectra of the precursors (the solid amino acid and the choline chloride) with those of
the final ILs, it is evident that both of them are not a bare mixture of the reagents. The
spectra of the solid crystalline amino acids, that usually exist in zwitterionic form (hereafter
z-, see chemical structures (i) and (iii) in Figure 2), both exhibit the spectral features of the
protonated amino group and of the carboxylate anion. Indeed, the bands at 1573 and 1389
cm? and at 1611 and 1405 cm™ (see the blue spectra in Figure 2a and 2b) can be
ascribed to the asymmetric and symmetric stretching vibrational modes (voco-) of the
carboxylate moieties in z-glycine and z-proline respectively. [49-51] The existence of the
amino groups in protonated form are testified by the presence of the bands at 3100, 1627
and 1495 cm! generated by the asymmetric stretching and the asymmetric and symmetric
bending vibrational modes of the NHs* moiety of z-glycine (blue spectrum in figure 2a) and
of the signals located at 3050 and 1550 cm™ due to the asymmetric stretching vibration
and the in-plane bending mode of NH2* group of z-proline form (blue spectrum in figure
2b). [49-51] Still, the intense signal present in solid z-proline at around 1373 cm™ is
ascribed to the bending mode of the CH group in the heterocyclic ring.

Passing from the solid amino acids to the ILs, evident spectral changes are expected due
to the fact that, thanks to the presence of the choline acting as positive counter ion (that
maintains electrical neutrality in the final IL) the amino acids can be found in their alkaline
form, i.e. with a neutral amine moiety and carboxylate anionic group (see chemical
structure (ii) and (iv) in Figure 2). Therefore, the successful formation of the two ILs is
proved by (see black spectra of Figure 2a and 2b) (i) the existence of the carboxylate
groups fingerprints (bands at 1565 and 1390 cm* in [Cho][Gly] and at 1584 and 1370 cm™
in [Cho][Pro]), (ii) the total absence of the amino groups signals in protonated form and (iii)
the presence of the spectral features of neutral amine moiety. In the case of [Cho][Gly] the
NH:2 stretching vibrational mode (vnr2) is well evident at 3350 cm™. The corresponding
deformation vibration (8nH2), instead, is not distinguishable at around 1600 cm™ due to the
superimposition of the intense carboxylate asymmetric voco- band, that is located in the
same spectral range. For what concerns [Cho][Pro], a broad signal at around 3250 cm™,
generated by the NH stretching vibration (vnH) of the neutral amine moiety inserted in the



heterocyclic ring, is observable, together with the absence of the NH2*" group fingerprints.
Again, the NH deformation is not observable due to the superimposition of the choline
vibrational modes in the same spectral region. Moreover, it is worth noting that in
[Cho][Pro] the carboxylate stretching vibrations redshift of 30 cm* with respect to the solid
z-proline, due (probably) to a significant interaction with the choline cation. Moreover, it is
clear that the symmetric voco- in [Cho][Pro] at around 1370 cm is overlapped to the
bending mode of the CH group located in the heterocyclic ring.
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Figure 2 Section (a): ATR-IR spectrum of [Cho][Gly] ionic liquid (black curve), compared
to the reference spectra of choline chloride (orange curve) and solid z-glycine (light blue
curve). Section (b): ATR-IR spectrum of [Cho][Pro] ionic liquid (black curve), compared to
the reference spectra of choline chloride (orange curve) and solid z-proline (light blue
curve). The two insets report the same spectra in the higher wavenumber region (3650-
2550 cm). In both sections the signals related to the main functional groups vibrational
modes are labeled: carboxylate groups (diamonds), neutral amines (triangles) and
protonated amine moieties (stars). Bottom: chemical structures of the amino acids in
zwitterionic form (i, z-glycine and iii, z-proline) and of the final ILs (ii, [Cho][Gly] and iv,
[Cho][Pro]).

The main spectral features of choline are evident in the 1500-1450 cm™ region in the
spectra of both ILs. Differently, the OH stretching vibrational mode of pure choline chloride,



present as a narrow peak at 3220 cm™, undergoes evident transformations in the final ILs
giving rise to a broad envelope in the 3600-3100 cm range overlapped to the signals of
both not protonated amine moieties and of the small fraction of water still present in the ILs
after the preliminary solvent removal by rotary evaporator. [49] These changes testify that
the OH group of choline probably interacts with the amine moiety or the carboxylate group
of the amino acid of a neighboring ionic couple.

The assignment of the main vibrational frequencies of z-proline and z-glycine and of their
ILs from the IR spectra of Figure 2, made according to ref.[49], [50] and [51], are
summarized in Table 1.

Table 1 Assignment of the main vibrational frequencies in the IR spectra of Figure
2, related to the carboxylate groups and to the amine moiety in both neutral and
protonated forms present in solid z-proline and z-glycine and in their respective
ILs. &b

Functional . .
Group z-Glycine [Cho][Gly] z-Proline [Cho][Pro]
Carboxylate 1573 (vas) 1565 (vas) 1611 (vas) 1584 (vas)
(OCO_) 1389(Vsym) 1390 (Vsym) 1405 (Vsym) 1370 (Vsym) ¢
Protonated 3100 (vas) - 3050 (vas) -
amine (NHs* or
NH,? 1627 (8as) 1550 (3)

1495 (3sym)
Neutral amine 3350 (Vas) - - ~3250 (v) ©
(NH2 or NH) ~1600 () ¢

a Assignments made according to ref. [49], [50] and [51]

b All wavenumber values are in cm. v, stretching; 8, bending; as, asymmetric; sym, symmetric.
¢ Overlapped to the to the bending mode of the CH group of the heterocyclic ring.

d Overlapped to the to the asymmetric OCO- stretching mode.

€ Overlapped to the OH stretching group of choline.

3.2 CO2 absorption quantification

The absorption capacity (AC) and molar efficiency (ME) of different IL-DMSO solutions
were measured and reported in Table 2. Both [Cho][Gly] and [Cho][Pro] were tested, as
reported in the experimental section, using different dilutions (50, 33.3, 20, 16%wt/wt). By
comparing the absorption capacities with the same dilution, [Cho][Gly] always exhibits
higher absorption values than [Cho][Pro]. This fact can be explained considering the lower
molecular weight of [Cho][Gly] with respect to [Cho][Pro], that leads to a higher amount of
amine species per weight unit. In addition, it is worth noticing the proportionality between
the IL concentration and the absorption capacity (i.e., the higher IL concentration, the
higher absorption capacity). By considering the ME, it is evident that all the values
reported in Table 2 are higher than 0.5 mol(COz2)/mol(IL), meaning that all the IL-DMSO



solutions exceed the theoretical stoichiometry of the CO2-amine absorption, in which two
amines react with one CO2 molecule (see Scheme 1). The CO2 excess could be absorbed
in the form of carbamic acid. Nonetheless, it worth highlighting that the lower the IL
concentration the higher the ME. It is possible to hypothesize that the dispersion of the
absorbing molecules inside the bulk liquid affects the absorption mechanism, favoring the
formation of carbamic acid or the ammonium-carbamate couple. Comparing the MEs, both
the ILs show the same value at 50%wt/wt concentration, whereas at lower IL
concentrations, [Cho][Gly] manifests higher MEs than [Cho][Pro].

The dilution exhibiting the higher ME (16 %wt/wt) has been chosen to be studied using the
operando spectroscopic setup in order to determine the IL-CO: interaction and to identify
the chemical species deriving from this reactivity.

Table 2 CO2 absorption performances of [Cho][Gly] and [Cho][Pro] as a
function of their concentration in DMSO.

. [Cho][Gly] [Cho][Pro]
IL concentration?
ACP ME® ACP ME®
50 8.58 £+ 0.18 0.70 £ 0.07 7.03+£0.19 0.70 £ 0.07
33.3 6.06 £ 0.16 0.74 £ 0.07 4.63+0.22 0.69 £ 0.07
20 407 +0.18 0.83+0.08 295+0.17 0.73+0.07
16 3.35+0.15 0.86 = 0.09 2.39+0.17 0.75+0.08

a |L concentration expressed as %owt/wt
b Absorption capacity, expressed as %wt(CO2)/wt(solution)
¢ Molar efficiency, expressed as mol(COz)/mol(IL)

3.3 Operando ATR-IR study of the CO2/choline-AAILs reaction mechanism

The absorption process of COzinto bulk AAILs is associated with a real chemical reactivity
occurring between the CO2 molecule itself and the amine group of the amino acid anion. In
this chemical context, the ATR-IR spectroscopy is probably the elective experimental tool
to study the interaction mechanism of CO2 with the selected AAILs and to unequivocally
identify the chemical species generated by this reactivity. The study has been carried out
by means of the operando ATR-IR setup described in Section 2. As reported in the
Introduction and in the Material and Methods sections, the AAILs have been studied by
preparing solutions with DMSO to overcome the issues deriving from the high viscosity
typical of these systems. [32]

3.3.1 CO2z absorption in [Cho][Gly]-DMSO solution.

The first operando experiment was carried out on a [Cho][Gly]-DMSO (16%wt/wt) solution.
According to the setup description reported in the experimental section, IR1 monitored the
[Cho][Gly]-DMSO solution throughout the CO2 absorption process, while IR2 measured
the gas phase, allowing an evaluation of the CO2 concentration over time. In the upper
part of Figure 3 the ATR-IR spectra of the [Cho][Gly]-DMSO solution are displayed in the
different stages of the CO2 absorption process, in the spectral range of interest for the CO:2
chemical reactivity (1800-1100 cm™). For a better comprehension of the reactivity



mechanism, the spectra have been divided in two distinct sections (Figure 3a and 3b). The
corresponding breakthrough curve, obtained by monitoring the gas phase during the
absorption run by means of the IR2 spectrophotometer, is displayed in Figure 3c.
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Figure 3 Section (a) and (b): time evolution of the ATR-IR spectra, in the 1800-1100 cm
spectral region, of the [Cho][Gly]-DMSO (16%wt/wt) solution in contact with a synthetic
flue gas (composition: 20 vol% CO2 in N2). Section (a): ATR-IR spectra of pure DMSO
(black dotted curve), [Cho][Gly]-DMSO solution (black curve), [Cho][Gly]-DMSO solution
after 48 minutes of contact with the flue gas (red curve). Transition spectra (light grey
curves) were acquired every 5 minutes. Red stars label the main spectral features
appearing consequently to the COz2 interaction. Section (b): ATR-IR spectra of [Cho][Gly]-
DMSO solution (black curve), [Cho][Gly]-DMSO solution after 48 minutes (red curve) and
after 150 minutes (blue curve) of contact with the flue gas. Transition spectra (light grey
curves) were acquired every 10 minutes. Blue stars label the main spectral features
appearing as a consequence of the long contact with CO2. Section (c): CO2 breakthrough
curve collected monitoring the gas phase during the whole experiment. The first dashed
line (t=0 min) marks the beginning of the synthetic flue gas bubbling inside the DMSO/IL
solution and refers to the black spectrum in section (a). The second dashed line (t=48 min)
corresponds to the transition from section (a) to section (b).



Figure 3a reports the spectrum of the DMSO-[Cho][Gly] solution (black curve) before
contact with CO2. The spectral features of [Cho][Gly] are all recognizable, as described in
detail in Figure 2a and in Table 1. Beside the bands of the bare IL, the signals of the
solvent are easily distinguishable (see for comparison the black dotted spectrum of pure
DMSO reported in Figure 3a).

After the baseline acquisition by means of the dedicated bypass line, as described in the
experimental section, the gas flow was bubbled through the IL solution inside the mixing
chamber at t = 0 min. Exactly at that time, as shown in Figure 3c, the breakthrough curve
suddenly drops to zero, testifying that the [Cho][Gly]-DMSO solution is sequestrating CO2
from the gas stream. The black spectrum of Figure 3a remains obviously unchanged, until
the flue gas is directed through the IL solution at t = 0 min. From that moment, indeed, the
spectrum of the [Cho][Gly]-DMSO solution undergoes evident modifications, with the
appearance of new spectral features that, after a starting induction period (probably
essential for the diffusion of the gas into the bulk liquid phase), rapidly increase in
intensity. After 48 minutes of contact with the flue gas, these new bands (identified by the
red stars in Figure 3a) become well evident in the spectrum. In particular, the band located
at around 1600 cm™ in the spectrum of the bare IL becomes broader and more intense
due to the appearance of two new signals at around 1625 and 1525 cm related to the
formation of NHs* species. In parallel, the new bands at 1380 cm™ and 1312 cm! points
out the generation of the carbamate moiety (-NHCOO). [49] The amino groups of two
adjacent glycinate anions react with the COz2 through a cooperative 2:1 mechanism,[52] as
reported in Scheme 3, process (i) to (ii). In particular, the first amine reacts with CO:2
generating a carbamate species, while a proton moves to the second amine forming the
ammonium counterion. It is worth noticing that one of the two glycines, that extracts a
proton from a neighboring amine to favor the insertion of the CO2 molecule, giving rise to
an NHs* moiety, transforms into a z-glycine. It is also important to highlight that a
consistent fraction of COz is absorbed by the IL in the first 50 minutes of reaction and that,
exactly when the carbamate species stop forming, the breakthrough curve changes
concavity (see Figure 3c). From this point, the CO2 concentration in the gas stream slowly
increases again, tending to an almost constant value after 2 hours of reaction.

In Figure 3b the ATR-IR spectra collected between 48 and 150 minutes of reaction are
reported. Immediately after 48 minutes of contact with the synthetic flue gas, the spectral
features of the just formed carbamate species start to decrease. After 150 minutes,
simultaneously to the almost total disappearance of the bands ascribable to the carbamate
moieties, new signals arise in the spectrum at 1698 cm™, 1520 and 1380 cm (see blue
spectrum in Figure 3b and bands labeled with blue stars). These spectral modifications
can be unequivocally ascribed to the formation of carbamic acid. [53-56]

Considering that the carbamate signals decrease when the carbamic acid features appear,
it is possible to assume a conversion of the ammonium carbamate species into carbamic
acid through a proton transfer as depicted in Scheme 3, process (ii) to (iii). In principle,
carbamic acid can be formed also through an intramolecular path, where a proton is
transferred from the amine directly to the carbamate (i.e. with a 1:1 mechanism in one
step, process (i) to (iii), grey arrow in Scheme 3). This mechanism does not require the



presence of adjacent glycine anions to preliminary form the NHs* moiety, thus if the
formation of carbamic acid preferentially occurs through this reaction way the formation of
NHs* should be limited. Since the intensity of the vibrational features of NHs* increase
along the first 48 min of reaction and then decreases upon the formation of carbamic acid,
the intramolecular mechanism seems to be not favored for [Cho][Gly] under these reaction

conditions.
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Scheme 3 Reaction paths between [Cho][Gly] and CO2. Observed reactions are indicated
by green arrows. Possible reactions without experimental evidences are labeled with the

grey arrows.

Table 3 Assignments of the main FT-IR bands formed upon CO:2 absorption in
[Cho][Gly]-DMSO solution (see Figures 3a and 3b).

Wavenumber? Assignment Ref.
1698 b C=0 stretching of carbamic acid [53,55—-
57]
1625-1525 © Asymmetric and symmetric NHs* bending [50,58]
1584-1380 © Asymmetric and symmetric carbamate COO" stretching [55,56]
1520 P CN stretching and NH bending of carbamic acid [53,56,59
,60]
1380 P OH bending of carbamic acid [56,59]
1312 °¢ NCOO- skeletal vibration [56]

awavenumber (in cm-1) from this work.
b signal present in the blue spectrum of Figure 3b.
¢ signal present in the red spectrum of Figure 3a and Figure 3b.



For the sake of simplicity, the main FT-IR bands, deriving from the species that form
during the reaction of the [Cho][Gly]-DMSO solution with CO2, are listed in Table 3.

As proved by the breakthrough curve (Figure 3c), after 150 minutes of reaction, the CO:2
concentration in the gas stream reaches an almost constant value, testifying that the IL
saturation occurs.

At that time, the gas stream was directed into the bypass line and the gas composition was
changed into pure N2. A new baseline was collected, then the gas was bubbled again
inside the mixing chamber, to favor the release of CO2 from the bulk liquid phase. Figure
4a reports the ATR-IR spectra evolution, in the 1800-1100 cm range, during the
desorption run. The corresponding CO2 concentration trend is displayed in Figure 4b. As
soon as the release process begins, the CO2 concentration immediately raises, to then
decrease reaching a value close to zero after 200 minutes. However, by comparing the
CO2 breakthrough curve during the absorption run (Figure 3c) with the CO2 concentration
trend during the desorption one (Figure 4b), it is clear that only a fraction of the molecule is
released by the liquid. The partial desorption is confirmed by the ATR-IR spectra collected
on the [Cho][Gly]-DMSO solution during the N2 bubbling, as reported in Figure 4a. Indeed,
throughout the CO:2 release, the carbamic acid fingerprints at 1698 cm™, 1520 and 1380
cm? gradually disappear. After 550 minutes of desorption (see dark cyan spectrum in
Figure 4a), the signals of carbamic acid are virtually absent, whereas some residual
spectral features of ammonium carbamate species return to be visible, as labeled by the
red and cyan stars in Figure 4a. However, the intensity of these species is definitely lower
if compared withthe spectra collected during the first stages of the CO2 uptake (compare
the dark cyan spectrum in Figure 4a with the red spectrum in Figure 3a). Moreover, the
spectra collected during desorption shows as a direct conversion of carbamic acid into
carbamate species (process (iii) to (ii) in Scheme 3) does not occur preferentially, despite
the disappearance of the carbamic acid signals during the desorption process. This latter
species is, in fact, not sufficiently stable to survive without a CO2 excess. In order to
explain the absence of the carbamic acid bands in the spectrum collected at the end of the
desorption run and the partial release of CO2 observable in the breakthrough curve of
Figure 4b, the conversion mechanism reported in Scheme 3, process (iii) to (i), could be
proposed. Considering this pathway, the carbamic acid converts in the starting IL by
simply releasing CO2. The signals of the restored IL are not visible in the spectra collected
at the end of the desorption run due to the overlapping of the bands generated by the
residual fraction of ammonium carbamate.

Nevertheless, beside this partial reversible behavior, unfortunately [Cho][Gly] undergoes
an irreversible transformation during the CO2 absorption. Indeed, already in the early
stages of the experiment, the [Cho][Gly]-DMSO solution loses its clearness due to the
formation of a white precipitate. The precipitate revealed to be solid glycine. In fact,
considering the results obtained in another experiment (performed with a more
concentrated [Cho][Gly]-DMSO 1:2 volume ratio solution) the ATR-IR spectra, collected
during the CO2 absorption/desorption runs, exhibit the typical spectral features of solid
glycine in both neutral and zwitterionic form [50], as displayed in Figure S3 of the
Supplementary Material. The precipitation of solid glycine probably occurs in the first step
of the absorption, during the formation of the carbamate species (see (ii) in Scheme 3),



when one of the two glycinate anions involved in the process, extracting a proton from a
neighboring amine to favor the insertion of the CO2 molecule, transforms into z-glycine.
The low solubility of the z-glycine in DMSO is probably responsible for the precipitation of
the solid. This irreversible chemical modification of the IL does not allow the same
[Cho][Gly]-DMSO solution to be employed in a second absorption/desorption cycle.
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Figure 4 Section (a): time evolution of the ATR-IR spectra, in the 1800-1100 cm* spectral
region, of the [Cho][Gly]-DMSO solution during the desorption run, i.e. bubbling a N2
stream inside the mixing chamber. ATR-IR spectra of [Cho][Gly]-DMSO solution before
CO:2 absorption (black curve), of the [Cho][Gly]-DMSO solution after 150 minutes (blue
curve) of contact with the flue gas and after 590 minutes of contact with a N2 stream (dark
cyan line). Transition spectra (light grey curves) were acquired every 30 minutes. Dark
cyan and red stars label the main spectral features of the ammonium carbamate species
present in the dark cyan spectrum. Section (b): CO2 concentration curve collected
monitoring the gas phase during the N2 bubbling inside the [Cho][Gly]-DMSO solution. The
dashed line (t=0 min) marks the beginning of the N2 bubbling and corresponds to the blue
spectrum in section (a).



3.3.2 CO2z absorption in [Cho][Pro]-DMSO solution.

In the second experiment, the CO2 absorption in the [Cho][Pro]-DMSO solution (16%wt/wt)
has been studied. Figure 5a reports the ATR-IR spectra of the [Cho][Pro]-DMSO solution
in the different stages of the CO2 absorption process, in the 1800-1100 cm™ spectral
range. The corresponding breakthrough curve are shown in Figure 5b. The synthetic flue
gas was directed inside the mixing chamber, after the usual baseline acquisition. Similarly
to the first experiment, the CO2 concentration rapidly drops to zero in the early stages of
the experiment (see Figure 5b), testifying the CO2 sequestration ability of the [Cho][Pro]-
DMSO solution. At the same time, the ATR-IR spectrum of the [Cho][Pro]-DMSO solution
starts changing, as reported in Figure 5a.
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Figure 5 Section (a): time evolution of the ATR-IR spectra, in the 1800-1100 cm™ spectral
region, of [Cho][Pro]-DMSO 16%wt/wt solution in contact with the synthetic flue gas
(composition: 20 vol% CO2z in N2). ATR-IR spectra of pure DMSO (black dotted curve),
[Cho][Pro]-DMSO solution (black curve), [Cho][Pro]-DMSO solution after 20 (red curve)
and 150 minutes (blue curve) of contact with the flue gas. Transition spectra (light grey
curves) were acquired every 10 minutes. Red and blue stars label the main spectral
features appearing consequently to the COz2 interaction. Section (b): CO2 breakthrough



curve collected monitoring the gas phase during the CO2/N2 mixture bubbling. The first
dashed line (t=0 min) marks the beginning of the synthetic flue gas bubbling inside the
DMSO/IL solution and corresponds to the black spectrum in section (a). The second
dashed line (t=20 min) refers to the red spectrum in section (a).

In fact, as soon as the COz is bubbled in the IL solution, the band related to the [Cho][Pro]
carboxylate group asymmetric stretching vibration at 1590 cm! decreases in intensity and,
in parallel, new spectral features appear at 1554-1381 cm™* and at 1628-1407 cm™
generated by the NH2* and the OCO™ moieties of carbamate species respectively. [51,60]
As already observed for [Cho][Gly], the amino groups of two adjacent prolines react with
the CO2 through a cooperative 2:1 mechanism (see Scheme 4, process (i) to (ii)).

Cho* O
O + co,
N
H
(i) (ii)
CO,< "

O=( (iii)
OH

Scheme 4 Reaction paths between [Cho][Pro] and CO2. Observed reactions are indicated
by green arrows. Possible reactions without experimental evidences are labeled with the
grey arrows.

After a brief starting period (within the first 20 minutes of reaction), other signals rapidly
increase simultaneously to the fingerprints of the carbamate species. These bands can be
ascribed to the C=0 stretching mode (signal at 1683 cm™) and to the CN stretching
vibration (band at 1520 cm™) of carbamic acid.



It is worth noting that, in contrast to what observed in the presence of the [Cho][Gly]-
DMSO solution, the formation of the carbamic acid begins earlier, when the CO:2 is still
closely fully absorbed by the IL, as proved by the breakthrough curves (see the dashed
line at t = 20 min in Figure 5b).

The infrared data clearly prove that, in the presence of [Cho][Pro], the CO2 absorption
occurs through two different mechanisms that take place simultaneously without any
interconversion between the ammonium carbamate species and the carbamic acid
(Scheme 4, processes (i) to (ii) and (i) to (iii)). Indeed, differently from [Cho][Gly] (in which
the ammonium carbamate, formed in the early stages of the absorption, convert into
carbamic acid following the mechanism reported in Scheme 3, process (i) to (iii)), in the
presence of [Cho][Pro], the carbamic acid and ammonium-carbamate species seem to
evolve independently. Therefore, it is possible to assume 1:1 mechanism in one step for
the carbamic acid formation, i.e. through the direct reaction of just one proline with a CO:2
molecule (path (i) to (iii) in Scheme 4).

The main FT-IR bands of the different species that appear consequently to the chemical
reactivity between the [Cho][Pro]-DMSO solution and CO: are listed in Table 4.

Table 4 Assignments of the main FT-IR bands formed upon CO2 absorption in [Cho][Pro]-
DMSO solution (see Figure 5a).

Wavenumber? Assignment Ref.

1683° C=0 stretching of carbamic acid [39,53,56,57,
60]

1628-1407° Asymmetric and symmetric carbamate COO" stretching  [55,56]

1554-1381° Asymmetric and symmetric NH2* bending [51]

1520° CN stretching of carbamic acid [53,56,59,60]

1380° OH bending of carbamic acid [56,59,61]

1312° NCOO- skeletal vibration [56,62]

awavenumber (in cmt) from this work
b signals present in both red and blue spectra of Figure 5a.

As proved by the breakthrough curve (Figure 5b), after 150 minutes of reaction, the COz2
concentration in the gas stream reaches an almost constant value, due to the saturation of
the IL. At that time, the gas stream was directed into the bypass line and the gas
composition was changed into pure N2. A new baseline was collected and the gas was
bubbled again inside the mixing chamber, to favor the release of COz from the bulk liquid
phase. Figure 6a reports the ATR-IR spectra of the [Cho][Pro]-DMSO solution during the
desorption run, in the 1800-1100 cm spectral range. Figure 6b shows the corresponding
COz2 concentration curve.

When pure N2 is bubbled inside the IL solution, a fraction of CO: is released by the bulk
liquid. The CO2 concentration trend reported in Figure 6b, shows a faster release in the
first 40 minutes, followed by a slower decrease of the CO2 concentration to reach a value
close to zero after 500 minutes.

As for [Cho][Gly], only a fraction of CO: is actually released by [Cho][Pro]. The partial
desorption is confirmed by the ATR-IR spectra evolution collected on the [Cho][Pro]-



DMSO solution during the N2 bubbling, as reported in Figure 6a. The carbamic acid
spectral features gradually disappear during the desorption run, whereas the bands of the
original IL (see for example the signal at 1590 cm™ due to the asymmetric OCO- stretching
vibration of [Cho][Pro]) increase again in intensity. These spectral modifications confirm
that prolinate anions of the IL are partially restored. On the other hand, the spectral
features related to the ammonium-carbamate species just slightly decrease during the
desorption run. This spectral behavior again suggest CO: is easily released from carbamic
acid through the direct restoring of the IL (path (iii) to (i) in Scheme 4). In contrast to the IL
containing glycine, when the proline moiety is present, the reaction of CO2 with the IL to
give carbamic acid (as well as the reverse process) does not occur via an ammonium-to-
carbamate proton transfer. The heterocyclic ring of proline could be responsible for this
different behavior, contributing to partially segregate the amine moieties, so favoring the
direct reaction of CO2 with only one amine and generating carbamic acid through a 1:1
mechanism in one step. In future works, insights from molecular modeling will represent a
valuable tool to fully confirm this peculiar mechanism.

Summarizing, in the case of [Cho][Pro] two different reaction mechanisms can be
supposed, as reported in Scheme 4: a faster and irreversible formation of ammonium-
carbamate couples ((i) to (ii) path) and a slower and reversible formation of carbamic acid
((i) to (iii) route and vice versa).

It is worth noting that, during the whole CO2 absorption/desorption experiment with
[Cho][Pro], the solution remains clear and no precipitate is observed due probably to the
higher solubility in DMSO of the z-proline formed during the reaction ((ii) in Scheme 4).
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Figure 6 Section (a): time evolution of the ATR-IR spectra, in the 1800-1100 cm* spectral
region, of [Cho][Pro]-DMSO solution during the desorption run, i.e. bubbling N2 inside the
mixing chamber. ATR-IR spectra of the [Cho][Pro]-DMSO solution before CO2 absorption
(black curve), of the [Cho][Pro]-DMSO solution after 150 minutes (blue curve) of contact
with the flue gas and after 550 minutes of contact with a N2 stream (dark cyan line).
Transition spectra (light grey curves) were acquired every 30 minutes. Dark cyan stars
label the relevant spectral features changes in the spectrum collected at the end of the
desorption process. Section (b): CO2 concentration curve collected monitoring the gas
phase during the N2 bubbling in the [Cho][Pro]-DMSO solution. The dashed line (t=0 min)
marks the beginning of the N2 bubbling and and corresponds to the blue spectrum in
section (a).

The excellent stability of [Cho][Pro] has been exploited to perform an additional absorption
run in order to confirm the actual reversibility of the carbamic acid formation via 1:1
mechanism in one step ((i) to (iii) process in Scheme 4). To this purpose, the synthetic flue
gas was fluxed again in the mixing chamber for a shorter time (~60 minutes).



Figure 7 reports the ATR-IR spectra collected on the [Cho][Pro]-DMSO solution during the
secondary absorption run: dark cyan and blue spectra have been collected at t = 0 min
and at t = 60 min respectively. The inset reports the corresponding CO2 breakthrough
curve. The carbamic acid formation can be explicitly observed after 60 minutes (see bands
at 1683, 1520 and 1380 cm™). In parallel to the formation of the carbamic acid, the main
signal of the bare IL at 1590 cm™ decreases in intensity. In addition, there is no evidence
of further formation of ammonium-carbamate couples. The CO2 breakthrough curve is
instead very different from the primary absorption run: the CO2 concentration does not
drop to zero, testifying a reduced absorption capacity of the solution. Moreover, the CO2
concentration level comes back to the initial value in less time with respect to the first run
(~40 minutes instead of ~100 minutes).

It is evident that, at the end of the first cycle, the [Cho][Pro] solution does not fully recover
its starting absorption performances and only the reversible formation of carbamic acid is
responsible for the residual absorption capacity of this IL.
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Figure 7 ATR-IR spectra, in the 1800-1100 cm? spectral region, of the [Cho][Pro]-DMSO
solution during the second absorption run. ATR-IR spectra of the [Cho][Pro]-DMSO
solution at the end of the first cycle (grey curve) and of the [Cho][Pro]-DMSO solution after
60 minutes (blue curve) of contact with the flue gas.

3.4 Study of temperature effects on the CO2 absorption/desorption processes

The operando FT-IR study has been integrated, as requested by one of the reviewers, with
some additional quantitative measurements. These supplementary analyses have been
performed through a dedicated apparatus, allowing the investigation of the temperature
effects on CO2 absorption/desorption processes. In particular, we focused on a [Cho][Pro]-
DMSO 16%wt/wt solution. [Cho][Pro] was selected to perform these experiments because
it does not irreversibly alter during the CO2 absorption process.



At first, the AC and ME of the [Cho][Pro]-DMSO solution were evaluated at different
temperature: 25°C, 30°C and 40°C. It is worth noting that the results displayed in Table 5
are consistent with the quantification reported in Section 3.2. Both the AC and the ME
decreases as temperature increases. This behavior is in agreement with the information
obtained from the operando spectroscopy experiment. Indeed, the formation of carbamic
acid, which revealed to be labile and reversible, could be partially inhibited at higher
temperature, thus leading to the decrease of the AC and ME values.

Table 5 CO2 absorption performance of [Cho][Pro]-DMSO solution 16%wt/wt at different
temperatures.

Absorption AGE MED
temperature (°C)
25 2.39+0.24 0.74 £ 0.07
30 2.27+0.22 0.71 £ 0.07
40 2.14+0.21 0.66 £ 0.07

a Absorption capacity, expressed as %wt(COz2)/wt(solution)
b Molar efficiency, expressed as mol(CO2)/mol(IL)

Beside adsorption, the CO2 desorption at temperature higher than RT was investigated
too. A CO:2 capture-release experiment was carried out on the 16%wt/wt solution of
[Cho][Pro] in DMSO: the overall evolution of the experiment is depicted in Figure 8, where
the variations of temperature (red curve), CO2 concentration (green curve) and adsorbed
CO2 (black curve) are reported. After an initial purging with N2 (40 ml/min) during a pre-
heating stage up to the desired absorption temperature (30 °C, see Fig. 8(i)), the CO2
absorption step was performed (see Fig. 8 section (ii), gas flow 40ml/min, 20%v/v of CO2
in N2), maintaining the sample exposed to the flue gas until saturation occurred. The
desorption process, entirely carried under 40 ml/min of N2, was instead divided into two
steps: in the first 10 min the sample was maintained at 30°C (see Fig.8 section (iii)) to
evaluate the extent of desorption in this condition, then the temperature was risen up to
80°C with a ramp of 5°C/min (see Fig.8 section (iv)) to study the desorption capacity of the
system at increased temperatures.

Concerning the desorption step, similarly to the case of FT-IR operando experiments, the
CO2 concentration (green curve in Fig.8) suddenly drops towards zero, but not all the CO2
absorbed is released (black curve in Fig.8). Conversely, the CO: is fully released upon
heating. Although the maximum in the COz2 concentration profile is observed at ~65-70°C,
the COz2 releasing process begins at an even lower temperature (~50°C). This experiment
clearly demonstrates that the total release of the captured CO:2 is achievable at mild
temperatures and that the ammonium-carbamate species (not reversible at RT, as proved
by the operando IR experiments) become significantly unstable at ~70°C. It is worth noting
that, with respect to the classical agueous amine solutions (requiring temperatures higher
than 100°C to achieve a complete COz2 release), these bio-inspired ILs are able to totally
desorb COz2 at definitely lower temperatures.



(i) (ii) (iii) (iv)

g0 {——== i = 30
Absorbed CO, (ml) ]
704 ; L 110
] ———CO, conc. (%V/v) 25
— 60- Temp (°C) -
£ Ta]|
] < 20 L
= >
~ 50 1 )
(o) = -80 &
o S 5
T 40- 215+ -
2 : Q 5
— Q Q
o 30- L g
7 | O 104 ©
o] O -50 @
<< 70 ] 14
_ \ .1l
10
0 T T T T T T # T 0-L20
0 25 50 75 100
Time (mins)

Figure 8 Evolution of the CO2 capture-release experiment in the presence of a [Cho][Pro]-
DMSO (16%wt/wt) solution: the the variations of temperature (red curve), CO2
concentration (green curve) and adsorbed CO:2 (black curve) are reported. The experiment
is divided into four steps: pre-heating to 30°C (section (i), gas flow 40ml/min N2),
absorption at 30°C (section (i), gas flow 40ml/min, 20%v/v CO:2 in N2), desorption at 30°C
(section (iii), gas flow 40ml/min N2) and desorption upon heating at 80°C (section (iv), gas
flow 40ml/min N2).

4. Conclusions

This work presented an innovative synthetic method for preparing choline-AAILs and
their advanced study during the CO2 absorption through operando IR spectroscopy. In
detail, we proposed a synthetic procedure exploiting a choline salt (namely choline
chloride) rather than the conventional hydroxide precursor, thus limiting the drawback
related to handling the highly basic and reactive choline hydroxide. Two different
choline-AAlLs, based on glycine and proline amino acids, were synthesized: [Cho][Gly]
and [Cho][Pro] respectively. Both ILs were spectroscopically investigated by means of
ATR-IR spectroscopy, also during the contact with a synthetic flue gas (20 %v/v of CO-
in N2). Even though elementary reactions are the same for all the investigated systems,
different overall absorption pathways were recognized depending on the amino acid
based anion. The fresh [Cho][Gly]-DMSO solution effectively absorbs CO- through the
formation of ammonium carbamate species, i.e. with a 2:1 mechanism. Only at long
contact time, ammonium carbamate is partially converted into carbamic acid through a
proton transfer from the ammonium to the carbamate. During the desorption stage,
only a fraction of the absorbed CO: is released as corroborated by the collected
breakthrough curves. The ATR-IR analysis of the [Cho][Gly]-DMSO solution during this
stage further showed as the released CO. mostly originates form the direct
decomposition of the carbamic acid to give the bare IL, i.e. without implying an



intermediate formation of ammonium carbamate species. Noteworthy, from the early
stages of the absorption process, a white precipitate (recognized as solid glycine)
forms within the solution. Such behavior, irreversibly altering the IL, can be ascribed to
the formation of z-glycine as the ammonium counterion of the carbamate species that,
due to its low solubility in DMSO, precipitates. [Cho][Pro] exhibits a partly different
absorption behavior: the formation of carbamic acid does not takes place from a proton
transfer from ammonium to carbamate species (which are however experimentally
observed in the solution) species as in [Cho][Gly], instead it forms from the direct
reaction of CO2 with a single prolinate anions with a 1:1 mechanism in one step.
Another relevant difference in the absorption step is the absence of precipitate phases,
probably ascribed to the higher solubility of z-proline in DMSO compared to z-glycine.
Concerning the desorption stage, [Cho][Pro] follows the same mechanism proposed for
[Cho][Gly], with the direct decomposition of carbamic acid to CO2 and bare IL. The
ammonium carbamate species again exhibit high stability and are only partially
degraded in absence of CO: in the gaseous stream. Since the absorption/desorption
cycle did not irreversibly alter the IL, a secondary absorption run has been performed
on [Cho][Pro]. Compared to the primary one, the secondary absorption showed a
significantly reduced absorption capacity of the IL/DMSO system. Indeed, in the
secondary absorption cycle the CO, absorption process occurs only thanks to the
direct formation of carbamic acid through a 1:1 mechanism in one step.

The insights obtained from the operando ATR-IR approach presented in this work
demonstrates the importance of this type of investigation in the understanding of
reactivity under realistic working conditions. Even though both ILs showed similar
absorption capabilities, the elementary reactions driving the process differ between
them. Thus, the selection of different AA based anions significantly affects the
performances of the resulting IL. Future work will focus on the screening of selected
AAs, in order to clearly define structure-properties relationship useful to the rational
design of improved choline-AAILs for CO capture. Moreover, the preliminary results
obtained by the absorption/desorption quantitative evaluation proved how these bio-
inspired ILs are very promising alternatives to the classical aqueous amine technology,
mainly thanks to their significantly lower CO. release temperature.
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