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Choline Lysinate, an amino acid ionic liquid, demonstrates significant potential as an environmentally friendly
solvent for post-combustion CO: capture. This study explores the physicochemical properties and COz absorption
performance of Choline Lysinate in ethylene glycol solutions at concentrations of 25 %, 33 %, and 50 % by
weight. Key findings indicate that while the 50 % solution offers the highest CO: capacity, its tendency to form
precipitates post-absorption renders it impractical for industrial use. The 33 % solution achieved optimal per-
formance with a CO:z absorption capacity of 4.45 % by weight, maintaining structural stability and thermal
resistance under aging conditions. ATR-IR and TGA analyses confirmed carbamate formation during CO:2 capture
and demonstrated the thermal stability of the solutions. The 25 % solution exhibited viscosity 1.3 times lower
than the 33 % solution and 2.5 times lower than the 50 % solution at 30 °C, resulting in significantly reduced
energy demands for solvent circulation and regeneration. Despite slightly lower COz absorption (3.83 % by
weight), the 25 % solution demonstrated superior energy efficiency, making it the ideal ionic liquid concen-
tration for scalable industrial applications. These findings underscore the potential of Choline Lysinate -based
solutions for sustainable CO: capture, offering a balance of efficiency and process stability.

1. Introduction

Carbon capture and storage (CCS) is recognized as a cornerstone of
global climate mitigation strategies, addressing the urgent need to
reduce greenhouse gas (GHG) emissions. The Intergovernmental Panel
on Climate Change (IPCC) has consistently underscored its importance,
emphasizing CCS’s critical role in achieving net-zero emissions goals.
With over 76 % of global emissions originating from major industrial-
ized nations such as the United States, China, the European Union, and
Japan, implementing innovative carbon capture technologies has
become an international priority [1-3]’ [4].

Among the various CCS methods, post-combustion CO: capture
(PCQ) stands out for its adaptability to existing industrial setups. PCC
technologies primarily rely on chemical absorption processes, tradi-
tionally employing aqueous amine solutions like monoethanolamine
(MEA), methyldiethanolamine (MDEA), and triethylamine (TEA).

* Corresponding authors.

Despite their widespread use, these solvents exhibit significant limita-
tions, including high energy demands, corrosive behavior, and suscep-
tibility to oxidative degradation. [5-12] For instance, MEA requires
approximately 3.58 GJ per ton of CO: for solvent regeneration, pre-
senting a formidable energy barrier to large-scale adoption [13].

In recent years, ionic liquids (ILs) have emerged as promising al-
ternatives to conventional amine-based solvents. As organic molten salts
with melting points typically below 100 °C, ILs possess unique proper-
ties such as negligible vapor pressure, high thermal stability, and
structural tunability. The stability of the IL is dictated by the nature of
the cation, whereas its functional properties are primarily modulated by
the selection of the anion.

In this study, we selected choline as the cation for our ILs to develop a
truly sustainable CO: capture system. Choline, a naturally occurring
quaternary ammonium compound, plays a crucial role in cellular
membranes and regulates essential physiological processes. Compared
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to conventional imidazolium- and pyridinium-based ILs, choline-based
ILs exhibit significantly lower toxicity due to their biological origin
[14] Furthermore, choline-derived ILs can be synthesized from
commercially available, renewable precursors without the use of haz-
ardous solvents, making them an environmentally preferable alternative
[15].

Our approach considers the entire supply chain, from synthesis to
end-of-life regeneration, ensuring environmental compatibility, eco-
nomic viability, and industrial applicability. The synthesis of our
choline-based ILs relies on a metathesis reaction carried out under mild
conditions, eliminating the need for energy-intensive processes (see
experimental section). This choice reflects our commitment to sustain-
ability, ensuring that our ILs are not only highly efficient in CO: capture
but also align with green chemistry principles. With their low toxicity,
biodegradability, and promising CO: absorption capacity, our ILs offer a
practical, scalable, and environmentally responsible alternative to con-
ventional post-combustion capture solvents.

Moreover, the tunability enables the customization of ILs for specific
applications, including gas separation, catalysis, and energy storage
[16,17]- [18,19]. However, despite their potential, the practical use of
ILs in PCC systems has been hindered by their high viscosity, which
impairs gas-liquid mixing and increases energy consumption [20-22].
Amino acid ionic liquids (AAILs) offer a compelling solution to these
challenges. By combining the reactivity of amino acids with the stability
of ionic liquids, AAILs facilitate efficient CO2 capture through carbamate
formation, following absorption mechanisms that vary between 1:1 and
1:2 stoichiometries depending on the specific structure of the ionic
liquid (see Fig. 1). Nevertheless, their high viscosity remains a bottle-
neck for industrial implementation. To mitigate this issue, AAILs are
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often mixed with secondary solvents to reduce viscosity and enhance
mass transfer efficiency [23,24].

While DMSO is a solvent known for its low toxicity, when subjected
to heating, it tends to decompose, releasing compounds such as sulfuric
acid and other acidic species. Over time, these byproducts can
compromise its functionality due to autocatalytic reactions, accelerating
the degradation process which also involves chemical decomposition,
which can lead to the release of sulfuric acid and other acidic com-
pounds [25]. A non-toxic compound such as Ethylene Glycol (EG) that at
the same time is compatible with ILs and CO, may be the answer for a
more sustainable process [26]. Although several studies have investi-
gated ionic liquids blended with solvents for COz capture, this study
presents the first comprehensive investigation of [Cho][Lys] in EG. The
choice of EG offers a non-toxic, biodegradable alternative with reduced
solvent loss, enhancing both sustainability and process stability.

The stability of the IL is dictated by the nature of the cation, whereas
its functional properties are primarily modulated by the selection of the
anion.

Lysine is classified as an aminate with a polar and basic side chain
that exhibits two primary amine functional groups. Since both aminates
and amino acids possess a primary amine group (-NHz), their reaction
with CO: is expected to follow a similar mechanism, with a typical 2:1
stoichiometry of amine groups reacting with CO:. Several experimental
and computational studies have been conducted to better understand
how CO:2 chemically interacts with AAILs featuring primary or second-
ary amine groups.

In the presence of CO2, the ionic liquid solution consisting of choli-
nium cation ([Chol] ") and lysinate anion ([Lys] ) in EG is expected to
undergo chemisorption, primarily driven by the reactivity of the amino-

Choline Lysinate

[Cho][Lys]
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Fig. 1. - Universal reaction of CO2 with the amine group in amino-acid ILs. The cations are hidden. [27-31].
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functionalized anion. The [Lys]™ anion, derived from lysine, contains
both primary and secondary amine groups, which serve as nucleophilic
sites capable of reacting with CO: to form either carbamate species or
carbamic acid intermediates. These reaction pathways are consistent
with mechanisms proposed for other AAILs and are further illustrated in
Figs. 1 and 2.

Although the [Chol]" cation does not participate directly in CO2
capture, it plays an important structural role by contributing in the
system’s structural stability. It can form strong O-H:--O~ hydrogen
bonds with the anion, which help maintain the integrity of the ionic
network. Computational studies by Madhu and Madhavan [32]
demonstrated that choline tends to adopt a folded conformation, which
is favorable for hydrogen bonding and promotes close contact between
the cation and anion, thereby influencing the overall physicochemical
properties of the IL.

The presence of EG as a polar aprotic co-solvent further enhances the
system’s suitability for CO2 capture. EG acts primarily by lowering the
viscosity of the pure [Cho][Lys] ionic liquid, thus facilitating greater ion
mobility and improving CO: diffusivity throughout the solution. This
results in more efficient gas-liquid contact and accelerates the absorp-
tion process. Such viscosity-lowering and performance-enhancing ef-
fects of co-solvents have also been observed in choline-based IL systems
with DMSO, as reported by Shaikh et al. [33], without altering the un-
derlying chemisorption mechanism. We expect EG to have an analogous
role, promoting favorable absorption kinetics while maintaining the
chemical specificity of the lysinate—CO: interaction.

However, the exact reaction mechanism between CO: and AAILS
remains a topic of debate. Some studies suggest that the stoichiometric
ratio could be 1:2, 1:1, or a combination of both, in accordance with the
so-called ‘two-reaction model.” Moreover, a specific stoichiometric ratio
may only be achieved under defined external conditions (e.g., pressure,
temperature). This variability can be attributed to differences in the
properties of pure amino acid solutions compared to amino acids present
in ILs as aminates.

Ethylene glycol, a non-toxic, biodegradable solvent, offers several
advantages over conventional alternatives like water or dimethyl sulf-
oxide (DMSO), including lower volatility and improved compatibility
with ILs [34-36]. In contrast, the use of DMSO as a co-solvent led to poor
phase stability and precipitation phenomena in [Cho][Lys]-based mix-
tures, as shown in previous experimental work [37]. These findings
highlight the superior compatibility of EG with the [Cho][Lys] system
for reversible CO: absorption processes. By evaluating [Cho][Lys] so-
lutions at concentrations of 25 %, 33 %, and 50 % by weight in EG, we
aim to identify the optimal balance between CO: absorption capacity,
viscosity, and thermal stability. The study provides a comprehensive
analysis of the physicochemical properties of [Cho][Lys]-EG solutions,
leveraging techniques such as attenuated total reflectance infrared
spectroscopy (ATR-IR), thermogravimetric analysis (TGA), and CO:
absorption tests.

Our findings contribute to advancing sustainable CO: capture tech-
nologies, highlighting the potential of bio-derived ionic liquids to
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address the dual challenges of climate change and energy efficiency. By
focusing on the scalability and practicality of these solutions, we lay the
groundwork for future research into amino acid-based IL systems.

2. Experimental
2.1. Materials

The amino acids 1-lysine (>97 %) and Choline Chloride (—99 %)
were purchased from Sigma-Aldrich and Biosynth Carlosynth respec-
tively. Potassium Hydroxide (KOH) (pellets) was supplied by Ensure.

The solvents Methanol (>99.8 % (GC), ACS reagent) Ethanol (>99.9
%), Acetonitrile (>99.9 %), Ethylene Glycol (EG) (>99 %), and Pro-
pylene Glycol (PG) (>99 %) were all purchased from Sigma-Aldrich. All
solvents and reagents were used as received without further
purification.

Synthesis.

The choline lisinate [Cho] [Lys] was synthesized via ionic metathesis,
following a previously reported method [24]. Initially, 29.4 g (0.2 mol)
of 1-lysine were dissolved in 50 mL of methanol with 13.44 g (0.24 mol)
of KOH under stirring until complete solubilization. After the addition of
27.9 g (0.2 mol) of choline chloride, a white precipitate of potassium
chloride is formed. The liquid mixture was then separated from the solid
particles through centrifugation (4200 rpm for 5 min). The solvent was
evaporated using a rotary evaporator and then in a vacuum oven at
80 °C until constant weight recovering the raw [Cho][Lys]. The [Cho]
[Lys] was purified from residual inorganic salts and eventually
unreacted Lysine by using an ethanol/acetonitrile 9:1 v/v solution and
separated from the solid particles formed through centrifugation (4200
rpm for 5 min). The solution was then dried again using a rotary evap-
orator and then in a vacuum oven at 80 °C until constant weight. Finally,
[Cho][Lys] was dried in a vacuum oven at 100 °C overnight, ensuring
complete removal of free water. To prepare 25 %, 33 %, and 50 % w/w
solutions, the ionic liquids were mixed with solvents (ethylene glycol or
propylene glycol) under magnetic stirring. Prior to use, ethylene glycol
(EG) was also dehydrated to eliminate residual moisture.

3. Methods

Density was determined using the pycnometer method (Eq. [1]),
where m represents the mass of the liquid filling the pycnometer.

p=" ®

The volume (V) was evaluated using distilled water as the reference
liquid at various temperatures. By employing the density values of water
at different temperatures reported in the literature [38] the volume of
the pycnometer can be derived using Eq. [2], where p,; is the density of
the reference liquid and m, is the mass of the reference liquid.

(0

OH

Fig. 2. - Proposed mechanism by Saravanamurugan et al. showing the reaction between CO: and an AAIL with two amino groups in the anion, occurring at a 2:1 M

ratio [29].
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Once the mass of the unknown liquid filling the pycnometer at
different temperatures is determined, the densities of the ionic liquid
solutions at various temperatures can be calculated using Eq. [1].

Viscosity. The kinematic viscosity (v) was determined using cali-
brated glass capillary viscometers, specifically Cannon-Fenske viscom-
eters. Measurements were taken at 30 °C, 40 °C, 50 °C, 60 °C, and 70 °C,
following the procedure outlined in the supplementary information. The
dynamic viscosity (n) of the solutions was then calculated by multiplying
the kinematic viscosity (v) by the liquid’s density (p).

N (cP) = v(cSt)*p (g/cm®) 2

Specific heat capacity at constant pressure (Cp). Two primary
methods exist for determining the Cp of various solutions: experimental
and modeling approaches. Among the experimental methods, the dif-
ferential scanning calorimeter (DSC) method is widely recognized
[39,401.

The comparative method was used with the specific heat of sapphire
Cp(st) utilizing the differential scanning calorimeter, DSC 204 F1
Phoenix Netzsch at environment pressure. The sapphire sample for the
specific heat calibration used belongs to the DSC-Set, with a diameter of
4 mm, series-no: 11323, and a thickness of 0.5 mm. Three measurements
were conducted under the same conditions, with a temperature range
from 0 to +90 °C, at heating rates of 10 °C minfl, under an N5, flow of 70
mL/min. All thermograms were processed using the NETZSCH Proteus®
Software for Thermal Analysis. The specific heat was calculated using
the following eq. [3], in accordance with the sapphire calorimetric
method. Where Wtgis the mass of the sapphire, mg, and Wt; is the mass
of the sample.

Cpls) = Gplst) D ®
Ds [J/(g:K) | = mWiampie[mJ /sec] — mWeppy [mJ/sec] 4)
Dst [J/(g-K) | = mWigphire[mJ /s€C] — MW gy [MJ /seC] 5)

This procedure follows the guidelines of ISO 11357-4:2014, which
defines the standard method for determining specific heat capacity by
DSC using a sapphire reference.

ATR-IR. The ATR-IR spectra were collected using a Bruker Tensor II
Fourier transform spectrophotometer equipped with a platinum ATR
diamond accessory. The IR spectra were recorded at a resolution of 4
cm™, covering the spectral range from 4000 to 600 cm ™. A total of 64
background scans and 32 sample scans were performed during the
analysis. The spectra were subsequently processed using OPUS 8.1®
software.

NMR. The NMR spectra (showed in the S.1.) were recorded on a JEOL
ECZ-R 600 MHz, spectrometer at 25 °C using DMSO-dg. Spectra were
reported as chemical shifts (§) in ppm relative to DMSO-dg signal as
reference and processed by MNova software.

Thermal gravimetric analyses coupled with infrared spectros-
copy (TGA-IR). The TGA-IR analysis were performed using a NETZSCH
TG209 FlLibra thermogravimetric analyzer (TGA) coupled with a
Bruker Tensor II Fourier transform spectrophotometer equipped with a
DTGS detector. Approximately 25 mg of the sample were placed in an
alumina open crucible and heated from 30 to 800 °C (10 °C min~1)
under a Ny flow (40 mL/min). IR spectra were continuously acquired
during heating in absorbance mode, with a resolution of 2 cm™! in the
range from 4000 to 600 cm . The software used to process all spectra is
OPUS 8.1®. Thermograms were processed using the NETZSCH Proteus®
Software for Thermal Analysis.

The COy absorption quantification of [Cho][Lys] and solution
with EG was tested using a gravimetric method. A customized reactor
with a volume of approximately 4.5 mL was used for the experiments.
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About 3 mL of the solution was poured into the reactor and purged with
Nj at a flow rate of 50 mL/min for 10 min to ensure an inert atmosphere.
The initial weight of the solution was then recorded.

Following the Ny purge, CO2 was bubbled into the solution at the
same flow rate of 50 mL/min until the weight of the solution ceased to
increase, indicating maximum COs absorption. Throughout the entire
procedure, the solution was kept under continuous stirring to facilitate
gas absorption.

The absorbed CO, was quantified by measuring the mass difference
of the solution before and after CO5 bubbling considering the headspace
of the vessel (HS) in eq. 9 as the difference between total volume (Vior)
and the volume of solution (Vo). The CO5 absorption (CO5 abs.) was
evaluated using eq. 10, where mco2 is the final weight, my» the initial
mass and the weight change due to Nj filling and COy, filling was eval-
uated by using the density of the gases (p) at the corresponding tem-
perature. Two physical quantities were calculated:

1. Absorption Capacity: Defined as the weight ratio between the
absorbed CO; and the liquid solution (Eq. 6).
2. Molar Efficiency: Defined as the molar ratio between the absorbed
CO; and the IL present in the solution. (Eq. 7)
Details of the reactor setup and further experimental conditions
can be found in the supplementary information file of our previous
article [41].

HS = Viot — Vol (6)

CO, abs. = [mco, — (HS*pco,) | — [mn, — (HS*py,) ] ™

CO, abs/MWCO
_ AWco,

Molar Efficiency = Ty
5 Mwsol

®

4. Results and discussion
4.1. Attenuated total reflectance (ATR)

ATR measurements were performed to confirm the composition and
identity of the different solutions. The spectra presented in Fig. 3 include
pure [Cho][Lys], a 25 %wt [Cho][Lys] solution in EG, and pure EG.
Additionally, the spectra of 33 %wt and 50 %wt [Cho][Lys] solutions
are reported in ESI Fig. S1-S2.

The formation of the ionic liquid is confirmed by characteristic fin-
gerprints of carboxylate groups, with bands appearing between 1570
and 1387 cm ™. Additionally, the spectra display features indicative of
neutral amine groups, which lists the principal peaks of [Cho][Lys] [42].
Specifically, abroad signal at around 3288 cm™!, generated by the
stretching (vnp2) of the two amine groups and the overlap of choline
stretching (voy) vibrational modes in the same spectral region along
with the absence of the NHj group’s stretching fingerprint, are present.
The peak at 1480 cm™! highlights the presence of choline since the
characteristic spectral bands of choline fall within the region between
1500 and 1450 cm ! [42].

In the spectrum of pure EG, all characteristic groups are observable.
Notable peaks include the broad O—H stretching vibration around 3300
em !, C—H stretching vibrations at 2933 and 2872 em ™}, and the C—O
stretching vibrations around 1050 cm ! [43].

For the 25 %wt [Cho][Lys] solution in EG, the spectrum shows an
overlap of both [Cho][Lys] and EG spectra. This is evidenced by the
combined presence of the broad O—H stretching band around 3300
cm ! and the distinct carboxylate and amine bands from [Cho][Lys].

The spectra of the 33 %wt and 50 %wt [Cho][Lys] solutions, as
shown in ESI Figs. S1 and S2, further demonstrate the progressive in-
crease in the intensity of the [Cho][Lys] characteristic peaks with
increasing concentration, confirming the successful preparation and
composition of these solutions.
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Fig. 3. - Comparison of ATR-IR spectra of [Cho][Lys] (red), EG (blue) and [Cho][Lys] solution at 25 % by weight in EG (black). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

4.2. Thermogravimetric analyses

Pure [Cho][Lys] and its solutions at 25-33-50 %wt in ethylene glycol
were characterized via TGA to assess their thermal stability and
compositional characteristics. The results indicate that the ionic liquids
solution exhibit an onset of thermal degradation at approximately
156 °C, with the maximum rate of degradation observed near 200 °C, see
Table 1. This behavior highlights the thermal robustness of these solu-
tions, which is crucial for industrial CO2 capture processes.

The analysis of evolved gases during IL degradation was performed
using infrared spectroscopy to gain comprehensive insights into the
sample composition. Full spectra and detailed analysis are provided in
Figs. S4-S8.

The TGA curve of pure [Cho][Lys] reveals four distinct weight loss
steps, as shown in the first derivative of the weight loss curve with
respect to temperature. The initial step occurs around 152 °C, charac-
terized by a minor weight loss that appears as a shoulder preceding the
main degradation event at 205 °C. This initial stage is attributed to the
release of dimethylaminoethanol (DMAE), derived from choline
decomposition, CO3 and pentan 1-5 diamine from lysine decarboxyl-
ation. The formation of DMAE is explained by the thermal degradation
of the choline cation, which undergoes fragmentation as the tempera-
ture rises. As demonstrated in previous studies on choline chloride-
based systems (Latini et al.) [24] thermal stress leads to the loss of a
methyl cation (CHs™) from the choline cation, producing the amine-
alcohol structure characteristic of DMAE. The produced methyl cation
can react with nucleophylic group arrounds such as aminoacids primary
amines, aminoacid anion carboxylate groups, or water, the evaporation
of DMAE shift the equilibrium. This mechanism aligns with previously
reported findings on choline-based ionic liquids and DESs [44], where
DMAE formation is linked to the thermal instability of the choline
moiety under heating conditions.

Table 1 - TGA
Analysis under N flux of ionic liquids solutions
in EG.
[Cho][Lys] T On set
(%wt) QY]
25 151.6
33 161.1
50 155.4
100 135.8

The presence of DMAE is supported by spectroscopic evidence
collected during the IR analysis of the evolved gases by peaks (Fig. 5S) in
the C—H stretching region [45], which indicate the presence of methyl-
containing molecules. Additionally, a distinctive band at 3550 cm ™" due
to -OH stretching [45] confirming the presence of DMAE, as this feature
aligns with previously reported data for dimethylethanolamine. The
bands between 3500 and 4000 cm ™! are attributed to water evaporation
and O—H stretching, while the region between 1400 and 2000 cm™!
includes bending modes typical of water O—H groups. Moreover the
characteristic bands attributable to DMAE, matching with high fidelity
the known roto-vibrational gas-phase features of DMAE. This identifi-
cation is supported by the strong correspondence between our recorded
spectra and the reference IR spectrum of DMAE in the gas phase [45],
confirming its presence as a thermal degradation product of the choline
cation, likely through a methyl group elimination pathway. The mech-
anism of formation from choline cation of DMAE is reported on sup-
porting info.

The primary weight loss at 205 °C corresponds also to the decar-
boxylation of the lysine amino acid, leading to the release of CO- rec-
ognisable from the double peak around 2350 cm~! for the C=0
stretching in Fig. S5B [46]. A second shoulder around 265 °C follows the
main degradation peak in Fig. S5C and is associated with IR bands
indicative of ester formation, such as the absorption at 1708 em ! [47].
This ester is likely produced via a thermal condensation reaction be-
tween carboxylic acid from lysine and either ethylene glycol (in excess)
or methyl fragments released during choline decomposition. In partic-
ular, the methyl group lost from the choline cation may participate in
esterification reactions, forming volatile methyl esters under heating.

At approximately 440 °C, a further weight loss is observed, see
Fig. S5D, highlighting the continued release of CO2, dimethylaminoe-
thanol, and trimethylamine. Additionally, the production of pentan 1,5-
diamine is evident from the peak around 1626 cm ™!, confirming the
decomposition of lysine [48].

4.3. Differential scanning calorimeter (DSC) — Heat capacity

The heat capacity values (Cp) are indispensable for designing and
simulating absorber columns, regenerator columns, and heat exchangers
in gas treatment processes. Therefore, the Cp values were determined
experimentally using a DSC and employing the method of comparison
with the specific heat of sapphire (see Fig. S9). As shown in Table 2, the
data exhibits a trend that is directly proportional to temperature. The
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Table 2

—Specific heat capacity (Cp) of [Cho][Lys]/EG solutions [j g’1 °C~!] determined
by DSC in the 20-60 °C range under nitrogen atmosphere. Measurements were
performed using a sapphire standard, in accordance with ISO 11357-4:2014.

Concentration ILs

Temperature (°C) 25 %wt 33 %wt 50 %wt 100 %wt
20°C 2.22 2.19 1.96 1.90
30°C 2.26 2.24 2.00 1.93
40°C 2.31 2.28 2.03 1.96
50 °C 2.35 2.33 2.07 2.00
60 °C 2.40 2.37 2.11 2.04

parameters of solutions at 25 %, 33 % and 50 % wt/wt of [Cho][Lys] in
EG were obtained. The heat capacity decreases as the ionic liquid con-
centration increases. The values for the 25 % wt and 33 % wt solutions
are very similar, while a more noticeable drop is observed for the 50 %
wt solution.

4.4. Density and viscosity measurement

The viscosities and densities of three different IL concentration so-
lutions in ethylene glycol were measured at multiple temperature
ranging from 30 °C to 70 °C. The viscosities and densities data are
showed in the Table 3.

These parameters can potentially define the ILs performance in post
combustion CO5 capture and release, as for examples a low viscosity of
the IL solution promotes the mixing between gas and liquid, enhancing
the overall ILs ability to capture and lately release CO,.

The density and viscosity values of [Cho][Lys] solutions at concen-
trations of 25 %wt, 33 %wt, and 50 %wt were analyzed across a selected
temperature range. It was observed that both density and viscosity
decrease with increasing temperature. Additionally, the solution vis-
cosity is influenced by the IL concentration. Specifically, the viscosity of
the 25 %wt [Cho][Lys] solution is 1.3 and 2.5 times lower than that of
the 33 %wt and 50 %wt solutions, respectively, at 30 °C. Similar trends
were observed at temperatures ranging from 40 to 70 °C.

4.5. CO: absorption measurements

To showcase CO: absorption, the IL solutions were thoroughly
characterized under ambient conditions using a customized instrument
that regulates different gas flows into a closed reactor within a
temperature-controlled chamber, with stirring provided by a magnetic
stir plate.

Table 3
- Density (g em ™) e viscosity (cP) of [Cho]l[Lys] EG" solution at different
temperature.

Physical Properties Temperature Concentration
25 %wt 33 %wt 50 %wt
30°C 1.127 1.131 1.138
Density 40 °C 1.122 1.125 1.134
3.0 50°C 1.116 1.119 1.129
lg/em’] 60°C 1.113 1112 1122
70 °C 1.106 1.110 1.118
30°C 38.844 51.520 98.065
Dynamic Viscosity 40 °C 24.161 33.685 62.085
lepl’ 50°C 16.433 23.063 39.745
60 °C 11.502 15.912 25.653
70 °C 8.547 11.293 19.270

2 Ethylene Glycol.

b Measurements made using the pycnometer measurement method. Error:
+0.001.

¢ Dynamic viscosity Values were calculated with following formula: Dynamic
Viscosity (cP) = Kinematic viscosity (cSt)x density (g cm~>). Kinematic viscosity
values were determined by Cannon-Fenske viscometers.
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The amount of CO; absorbed by the IL-solvent systems was assessed
using a gravimetric approach to measure the CO2/N3 molar efficiency
and gas absorption percentage (Table 4). A 1.5 mL solution was placed
in a 5 mL reactor. Several CO4 absorption tests were conducted using
various CO-, percentage fluxes, specifically 25 %, 50 %, 75 %, and 100 %
CO5/N», with a total flow rate of 20 mL/min.

The CO;, capacity was estimated by the difference in mass before and
after exposure to the gas, considering the contribution from the head-
space in the reactor. The CO; loading was defined as the percentage of
CO4, captured over the total mass of the IL solution. Molar efficiency was
defined as the molar ratio between the captured CO; and the quantity of
IL.

The mol (NHy) was calculated considering impurities. The molar
efficiency of IL solutions exhibits inversely proportional trends with ILs
concentrations. Specifically, under 100 % CO; gas flux, the molar effi-
ciency of [Cho][Lys] 25 %wt is 0.44. [Cho][Lys] 33 %wt has a molar
efficiency of 0.38, and [Cho][Lys] 50 %wt shows a molar efficiency of
0.29. Although [Cho][Lys] 50 wt% shows the highest CO2 absorption
capacity among the tested formulations (Table 5), a white precipitate
was observed in the solution after saturation. This indicates that the
absorption process is not fully reversible in this case. While a precise
identification of the solid phase was not possible due to the high vis-
cosity of the solution and the fine dispersion of the precipitate, two
hypotheses can be proposed: (i) precipitation of lysine amino acid,
potentially released from the lysinate anion upon CO: reaction, and (ii)
formation and aggregation of a neutral COz adduct, such as a carbamate
or carbonate species, with limited solubility in ethylene glycol. The
intimate mixing and strong interactions within the viscous liquid phase
prevented isolation of the solid for further analysis, but the loss of
reversibility suggests that such phase separation plays a role in the
retention of CO: in this system. Consequently, despite the 50 % by
weight solution of [Cho][Lys] in EG showing a higher absorption ca-
pacity, these tests suggest that the most promising solution is [Cho][Lys]
in ethylene glycol at 33 % by weight. The absorption capacity is 4.45,
and no precipitates form during the absorption tests.

Table 5 summarizes experimentally measured CO: solubility data for
ionic liquids with lysinate anions, as reported in the literature, facili-
tating a comparative evaluation with our study. Notably, our [Cho]
[Lys]-EG solutions achieve superior gravimetric CO2 uptake, reaching
values as high as 3.27 mol CO2/kg IL at 25 % wt concentration under
ambient conditions. This represents a significant advancement
compared to previously studied lysinate-based systems, including
aqueous formulations (e.g., 2.20 mol COz/kg IL for aqueous [Cho][Lys])
and other ethylene glycol-based ionic liquids (e.g., 1.0501 mol COz/kg
IL for [N1111][Lys] at 50 % wt).

The practical advantage of using ethylene glycol as a solvent lies in
its negligible volatility, biodegradability, and compatibility with ionic
liquids, which substantially reduces solvent loss and simplifies the
regeneration process compared to aqueous or volatile organic solvents.
Consequently, our [Cho][Lys]-EG solutions not only demonstrate higher
CO2 absorption capacities but also present enhanced sustainability and
operational efficiency, making them promising candidates for

Table 4

- Absorption capacity values of [Cho][Lys] 25, 33 and 50 % by weight in
ethylene glycol conducted at a temperature of 25 °C with a flow of 20 mL/min of
a COy/N; gas mixture at 25, 50, 75, 100 % CO2.

CO:2 absorption ? at different CO,/N, gas mixture

[Cho] [Lys] 25 % 50 % 75 % 100 % Notes

(% w/w)

25 2.89 3.21 3.28 3.83 No changes detected
33 3.01 3.36 3.64 4.45 No changes detected
50 4.39 4.90 5.45 5.12 White precipitate forms

a Expressed as %wt (wt of solution after CO, absorption test on wt of (solution
before CO, absorption test).
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Table 5
Examples of experimentally measured CO solubility in ionic liquids with lysine
as the anion reported in literature.a, d

CO,, uptake
ILs Solvent  Pressure (mol COy/ mol Reference
(bar) mol IL) COy/kg
IL
[C;; ]OE)L‘Z:] 0.81° 3.27°
EG 1 0.77 2 3.09? Our work
33 Yowt 0.58° 2.34°
50 %wt
15 %[N1111]
[Lys] + 15 % Water 1 0.69-0.74 " [49]
MDEA
[Cho][Lys] Water 1 2.20 ¢ [50]
[VBIm][Lys] - - 0.204 ¢ [30]
MDEA/
[C20Hmim] water - 0.75 ¢ [51]
[Lys]
[N1111][Lys]
20 %wt EG 1.01 - 0.5637 [52]
50 % wt - 1.0501 '

# The error was estimated by propagation, accounting for the instrument’s
sensitivity, with the balance resolution at a maximum of 0.1 mg. Additionally,
the trends in the measured values were analyzed, and the associated curves were
estimated (see SI under ‘Absorbance Trend Estimation’ section).

b p—97kPa, T =298 K. Uptake capacity (mol CO3 * molsmines — 1) IL + MDEA
solutions of 30 % total amines.

¢ Aqueous solution with 50 wt% of cholinium lysinate.

d Abs at T = 303.15 K; P = 0.978 CO,: 10 % (v/v); cIL: 0.4 mol-L ™.

¢ MDEA (0.2 mol/L) and [C;OHmim][Lys] (0.8 mol/L). Blended absorbents of
a molar ratio of 8:2 of MDEA/[C2OHmim][Lys].

f CO, Load of AAILs at 303 K expressed in mol CO,/Kg IL solution.

industrial-scale, sustainable CO: capture applications.

4.5.1. Post-absorption ATR analysis

To better understand the IL-CO5 interaction, ATR measurement was
performed also after gravimetric absorption test.

As showed in Fig. 4, the comparison of ATR-IR spectra before and
after the gravimetric absorption test reveals three distinct peaks, con-
firming the formation of carbamic acid and carbamate anion. The peak
at 2337 cm ! indicates the presence of CO:, typically appearing as a
double peak in gas physisorption solutions, though in this case, the two
peaks converge into a single peak. At 1635 cm™!, the vibrational
stretching mode of the C=0 bond in ammonium carbamate is observed.
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The peak at 1294 cm™! is attributed to the symmetric stretching of the
COO™ group in carbamate. Additional evidence of carbamic acid and
carbamate formation would have been the disappearance of the peak
corresponding to the N—H group stretching at 3200 cm™!, unfortu-
nately obscured by overlap with the broad band of the solvent’s hy-
droxyl group [53,54]. In Fig. S10, and S11 the comparison of ATR-IR
spectra before and after the gravimetric absorption test of [Cho][Lys]
33 %wt and [Cho][Lys]50 %wt in Ethylene Glycol are reported.

4.5.2. Post-absorption TGA

In Table S1 in the ESI, the values of onset temperature (T_on set) and
the temperature corresponding to the maximum degradation rate for the
IL solutions after undergoing CO: capture tests are presented. The tests
were conducted over a temperature range from 30 °C to 800 °C, with a
heating rate of 20 K/min and a constant nitrogen flow of 40 mL/min.
The data reveals a clear trend in the thermal degradation characteristics
of the IL solutions. As the concentration of [Cho][Lys] increases, both
the onset temperature and the maximum degradation rate decrease. The
25 % solution has the highest onset temperature (192 °C) and maximum
degradation rate, indicating greater thermal stability compared to the
higher concentrations. In contrast, the 33 % and 50 % solutions have
lower onset temperatures and similar degradation profiles, suggesting a
decrease in thermal stability with increasing concentration, see Fig. S12
and Fig. S13.

This information indicates that while the IL solutions demonstrate
substantial degradation, both the 25 % and 33 % concentrations main-
tain a relatively stable profile under thermal conditions compared to the
higher concentration (see Fig. 3). Thermograms of [Cho][Lys] solutions
at 25 %wt and 50 %wt in EG, obtained after the COz absorption test, are
available in Fig. S12 and S13.

4.6. Evaluation of CO- absorption stability in aged [Cho][Lys] 33 %wt
solution

Having selected the 33 %wt [Cho][Lys] solution in EG as the
candidate, due to its higher CO5 absorption (Table 5) and thermal sta-
bility (Fig. 3), it underwent an aging process before its absorption ca-
pacity was remeasured, confirming the values presented in Table 6. The
CO2 absorption test was conducted on the aged [Cho][Lys] 33 %wt so-
lution in EG. The aging process involved exposing the ionic liquid so-
lution to constant atmospheric airflow during heating at 80 °C for one
week, as illustrated in Fig. S14 of the ESL During this process, degra-
dation was primarily driven by two factors: oxidative stress induced by

— After CO, test
Before

u.)

Absorbance (a.

0,0

4000 3000

2000 1000

wavenumber (cm™)

Fig. 4. Comparison of ATR-IR spectra of [Cho][Lys] 25 % wt in ethylene glycol, before and after the gravimetric absorption test, performed by exposing the ionic

liquid solution to a 30 mL/min CO: flow.
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[Chol[Lys] 33%wt in EG
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Fig. 5. - Thermogram of the [Cho][Lys] solution at 33 %wt in Ethylene Glycol obtained after the CO2z absorption test.

Table 6 - CO,
absorptions in solutions at 33 % by weight of ILs in solvent.

ILs solution in EG" CO, capacity " Notes

100 % flux CO,

4.45
4.84

Before aging process ©
After aging process ©

No changes detected

hL; %
ChLys33%wt No changes detected

@ Ethylene Glycol.

b Expressed as %owt(wt (solution after CO, absorption test)/wt(solution before
CO,, absorption test)).

¢ The aging process involved exposing the ionic liquid solution to a constant
airflow for one week.

atmospheric oxygen and thermal effects due to sustained heating.

After a week, some of the solvent had evaporated, necessitating a
refill of solvent before proceeding with the CO: capture test. The test was
conducted according to the previously reported methodology, and the
results are summarized in Table 6. The results indicate that the CO:
absorption capacity of the aged [Cho][Lys] 33 %wt solution is compa-
rable before and after the aging process. These values suggest that the
aging process maintains the ionic liquid’s effectiveness in absorbing
CO2, potentially due to consistent structural integrity and favorable in-
teractions within the solution. The retention of absorption capacity is a
promising result for the long-term application of this ILs in CO2 capture.

To evaluate the regeneration capability and stability of the [Cho]
[Lys]/EG system upon repeated use, a multi-cycle CO2 absorption test
was carried out. As shown in Fig. S15 (Supporting Information), the
second absorption cycle proceeds with a significantly steeper decline in
CO2 concentration compared to the first one, indicating enhanced ki-
netics and faster uptake.

This qualitative improvement suggests that the system undergoes a
favorable structural or diffusional rearrangement after the initial CO:
exposure. Such behavior has also been reported for amino-acid ionic
liquids in DMSO-based systems, where conditioning after the first cycle
led to improved gas-liquid interaction efficiency [55].

These findings reinforce the potential of [Cho][Lys] in EG not only as
an effective absorbent, but also as a reusable and low-maintenance

material for cyclic CO: capture applications.

5. Conclusion

The use of EG as a solvent represents a notable improvement over
traditional volatile solvents such as DMSO. EG’s lower vapor pressure
minimizes solvent loss, while its compatibility with ionic liquids en-
hances solution stability. This improved sustainability, coupled with its
superior viscosity profile, underscores EG’s potential for scalable CO2
capture applications. By reducing solvent volatility and improving
thermal stability, EG offers an environmentally friendly alternative that
aligns with industrial requirements for long-term CO: capture processes.

In this comprehensive study, we investigated the performance of
[Cho][Lys] for CO: capture applications, with a particular focus on how
dilution of the IL can enhance efficiency. Both the 25 % wt and 33 % wt
solutions in EG demonstrated comparable CO: capture performance,
highlighting their viability for practical use. However, the 50 % wt so-
lution exhibited signs of precipitation, indicating that higher concen-
trations may not be suitable for scalable applications.

Our findings suggest that the 25 % wt solution offers the best com-
bination of efficiency, stability, and energy savings. Despite the slightly
lower CO: absorption capacity compared to the 33 % wt solution, the 25
% wt formulation demonstrated significantly lower viscosity, reducing
the energy demands associated with solvent circulation and regenera-
tion. This property makes the 25 % wt solution a more viable candidate
for large-scale industrial applications, where minimizing energy costs is
crucial.

Furthermore, an aging test confirmed that the 33 % wt solution re-
tains its CO: absorption capacity even after prolonged exposure to
oxidative and thermal conditions. This result underscores the stability
and robustness of this IL formulation, strengthening its suitability for
long-term use in demanding operational environments.

Considering the promising performance of both the 25 % wt and 33
% wt solutions, we recommend expanding future research to explore
other AAILs combined with EG to further optimize CO: capture perfor-
mance. Using the 25 % wt concentration as the baseline for these in-
vestigations will ensure an optimal balance of absorption capacity,
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viscosity control, and energy efficiency for scalable applications. By
combining environmentally friendly solvents like EG with bio-derived
ionic liquids, this study contributes to advancing sustainable and
effective CO:2 capture technologies for industrial applications.
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