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ARTICLE INFO ABSTRACT

Keywords: We investigated a low temperature transition mixture (LTTM) suitable for carbon capture through infrared
Low temperature transition mixture spectroscopy, differential scanning calorimetry, absorption of CO2 and computational studies. The system, made
LTTM

up of a homogeneous mixture of ethylene glycol, potassium hydroxide and boric acid (3:1:1), is sensitive to

Carbon capture temperature changes that affect the viscosity of the solvent and its capacity to exchange CO, at the interface.

Ethylene glycol
Boric acid

The relationship between the LTTM’s molecular structure and its ability to capture the gas were investigated in

order to optimize the properties of the absorbing material for developing viable and reusable carbon capture

systems.

The results suggest that a large number of free OH groups is available to ensure an effective COy capture
through the formation of the organic carbonate, leading to an average absorption of 22 + 1 gco, /kg,,;, at room
temperature. Boric acid acts as a catalyst for the carbonate decomposition and ensures the release of CO; at

60 °C.

ATR-FTIR measurements proved that the solvent is mostly regenerated after desorption and can thus continue
to absorb further CO; over a large number of cycles, making the system reusable.

1. Introduction

Global warming is currently recognized as the biggest and most
crucial issue humanity has to face. To meet the Paris Agreement goal to
keep the temperature increase below 1.5 °C [1], there is the need to
reduce greenhouse gases [2,3] emissions, in particular COg, by switch-
ing to low-carbon energy sources [4]. But while fossil fuels still continue
to be a substantial part of the energy portfolio, CO2 Capture and Storage
(CCS) is a promising candidate to address the problem, even though
further implementation work is still needed [5,6]. Currently the tradi-
tional method used for carrying out carbon capture is based on the ab-
sorption of COy by alkanolamine [7], the benchmark being a 20-30 %
aqueous monoethanolamine (MEA) solution. The latter provides a
reasonable capture at moderate costs [8], however it has its drawbacks,
such as high desorption costs, sorbent evaporation and degradation, or
corrosion [9,10].

To replace amine-based absorption, ionic liquids (ILs) have been
widely studied as potential candidates for CCS, and recently Deep
Eutectic Solvents (DESs) emerged as a new class of IL analogues
[11-13]. DESs form via self-association, thanks to the instauration of
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intermolecular interactions like van der Waals interactions, electrostatic
interactions and hydrogen bonding between a hydrogen bond donor
(HBD) with a hydrogen bond acceptor (HBA) [18]. For this reason DESs
are easier to prepare than ILs, while they also avoid other drawbacks
linked to the high viscosity, toxicity and degradability of ILs [14-17].

Because of the dynamic nature of the aggregates, DESs exhibit
peculiar physico-chemical properties, such as the eutectic point
depression [13], their glass forming ability [18,19] and high viscosity
[20]. Moreover, the plentiful availability of different HBDs and HBAs
make these properties highly tuneable, which is an essential feature to
develop task-specific systems for various applications [21,22].

Because of the strong intermolecular forces, DESs typically show
viscosities that are higher than those of other organic solvents. This can
lead to complications during their use in CO; capture, since high vis-
cosities hamper mass and heat transfer rates and the mobility of dis-
solved species through the solvent and lead to prohibitive costs of
pumping and the need of oversized equipment for CCS. DESs with
remarkable low viscosities can be obtained by adding water, which can
however compete with CO5 for the absorption sites [23] and decrease
the capturing ability [24]. To avoid this, a good strategy is the inclusion
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of a superacid, a base or a HBD like ethylene glycol [25-27].

In the panorama of optimized DES systems for carbon capture ap-
plications, a promising low viscosity (7 = 110 cP at 25 °C) CO sorbent
was recently developed by Ciancaleoni et al. [28] by mixing inexpen-
sive, commercially available and safe materials, such as ethylene glycol
(EG), potassium hydroxide (KOH) and boric acid (BA). The reactions
involved in the formation of the DES are shown in Fig. 1.

The system with an optimized composition of EG/KOH/BA (3:1:1)
has been preliminarily characterized as a Low Temperature Transition
Mixture (LTTM), which differs from a DES by showing a glass transition
instead of a melting point [18,29].

This LTTM also performs as a good CO2 absorber with a net capacity
of 59 gco, /kg.1,» reaching 80 gco, /kg,,;, when CO, under high pressure is
used. Previous DFT studies [30] showed that both BA and the deproto-
nated EG formed after KOH addition can participate in capturing COo,
leading to the formation of organic carbonated species in EG/KOH/BA
(8:1:1) (Fig. 2), with viable calculated energies for both absorption and
desorption mechanisms. Desorption occurs under mild conditions
(60 °C, 1 atm, 30 min) and is presumably ensured by the presence of BA,
since it has been shown that boron species can act as catalysts for the
decomposition of hydrogencarbonates [31-33].

Since the structure of a liquid strongly influences its physico-
chemical properties, it must be carefully studied when developing a
suitable system for large-scale carbon capture. In fact, a system’s vis-
cosity depends on the magnitude and nature of its intermolecular forces,
while the availability of free -OH groups and HBD-CO; interactions
significantly affect gas solubilities. These properties can be efficiently
modulated by changing the nature of the LTTM components of and
strongly influence the ability to capture COx.

For these reasons, in this study we investigated how the addition of
BA and KOH modify the very intricated hydrogen-bonding network of
EG [34-38]. To do so, Near Infrared Spectroscopy (NIR) was selected as
main technique, because of the possibility to separate the bands related
to hydrogen bonded species in the overtone region [39]. The inhibiting
effect of the strong hydrogen bonding on crystallization leading to the
LTTM’s glass-transition was also investigated though Differential Scan-
ning Calorimetry (DSC). Finally, the structure of the liquid was inves-
tigated also after the absorption/desorption of COy through NIR and
DSC experiments.

2. Materials and methods
2.1. Materials

Ethylene glycol (>99.8 %), potassium hydroxide (>85 %) were
purchased from Sigma-Aldrich, boric acid (>99.9 %) was purchased
from Alfa Aesar.

2.2. LTTM preparation

The EG/KOH (3:1) mixture was prepared by dissolving potassium
hydroxide pellets in ethylene glycol, following the procedure previously
reported by Ciancaleoni et al. [28]. To minimize water contamination,
the pellets were added without being crushed, and the entire procedure
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was performed in inert atmosphere, under a gentle nitrogen flow. Since
the reaction between potassium hydroxide (KOH) and ethylene glycol
(EG) is strongly exothermic, the mixture was placed in a water bath and
stirred until complete dissolution of the solid, which took approximately
2-4 h. The EG/KOH/BA (3:1:1) LTTM was prepared by adding the
proper amount of boric acid to the previously prepared EG/KOH mixture
until complete dissolution.

2.3. COy absorption and desorption

Carbonation of the system was achieved by connecting a 25 mL
round-bottom flask containing 4 g of EG/KOH/BA (3:1:1) to a 500 mL
flask filled with pure CO4 gas. The LTTM was kept under constant stir-
ring at 900 rpm in a temperature-controlled water bath at 20 °C. For CO»
desorption, the carbonated sample was placed in a water bath at 60 °C
and stirred for 30 min, under a constant nitrogen flow (about 65 x 107°
m®/s). To regenerate the solvent after desorption, a few drops of water
were added to replace the water lost during heating (average H»O loss =
530 mg), until the original weight of the LTTM before absorption was
restored. The amount of absorbed and desorbed gas was estimated
gravimetrically with an analytical balance (+0.1 mg).

2.4. Near-Infrared and FTIR spectroscopy

NIR spectra were acquired in the 4000-10,000 cm ™' wavenumber
range, using a Nexus 870-FTIR (Thermo-Nicolet) coupled with a Nicolet
Continuum FT-IR microscope (beam splitter: CaFy; detector: InGaAs). A
Linkham THMS600 stage was used to control the sample temperature
while cooling the system from 25° to —50 °C at a 10 °C/min rate. A
constant flux of nitrogen was also applied on the Linkham window to
avoid condensation of moisture from the surrounding atmosphere. All
NIR spectra were obtained with a 4 cm ™ resolution, averaged over 128
scans and were reprocessed using the Kubelka-Munk model. The
deconvolution of the experimental data was performed using Origin Pro
2021 using a combination of Gaussian distributions.

Attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR) spectra were acquired using a Thermo-Nicolet Nexus 870
FT-IR spectrophotometer (beam splitter: KBr; detector: MCT/A), in the
4000-500 cm ™! range. The spectra were acquired with a 4 cm™! reso-
lution and were averaged over 128 scans. The spectra before and after
absorption and desorption were recorded consecutively, using the same
experimental conditions.

2.5. Differential scanning calorimetry (DSC)

DSC measurements were carried out using a DSC-Q2000 (TA In-
struments). The curves were acquired by heating the system with a 2 °C/
min ramp from —80° to 30 °C, after a 10 min equilibration at —80 °C.
The experiments were conducted in N atmosphere, with a flow rate of
50 mL/min, using aluminum hermetic pans.

2.6. Computational details

All the calculations were performed with the Orca code [40] version

Ho O K* + H,0

HO/\/O\I?—:g:
OH

Fig. 1. Equilibria occurring in the EG/KOH/BA (3:1:1) system [28]. Scheme A shows the acid-base reaction between EG and KOH, while reaction B shows the

formation of a Lewis adduct between BA and EG.
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Fig. 2. Interconnected CO, capture mechanisms for the EG/KOH/BA (3:1:1) LTTM [30]. Adapted from Ref. 30, Copyright 2023, with permission from Elsevier.

5.0.1 [41], at the B3LYP/def2-TZVP level and def2/J auxiliary basis.
Dispersion effects were taken into account using the Grimme D3-
parametrized empirical dispersion correction, with the Becke-Johnson
(BJ) damping function [42,43] Frequency calculations were carried out
at the same level of theory, to ensure that the stationary structures had
no imaginary frequencies. The solvent effects were modelled using the
Conductor-Like Polarizable Continuum Model (CPCM) [44] with
ethylene glycol as solvent by including its specific parameters in the
calculations (dielectric constant 41.4 and refractive index 1.43).

3. Results and discussions
3.1. Molecular structure of EG/KOH (3:1)

Fig. 3 shows the spectra of EG/KOH (3:1) (in red) and pure EG (in
blue). The peak assignments are listed in Table 1, together with the peak
positions for pure EG.

The addition of KOH to EG causes a red shift in the C-H bending and
CH, bending + stretching bands [45] at 4356 and 5805 cm™?, respec-
tively. On the other hand, the band at 4785 cm™!, due to C-H bending
and O-H stretching + bending vibrations [45], remains in the same
position, albeit less intense if compared to pure EG.
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Fig. 3. NIR spectra of pure EG (blue) and EG/KOH (3:1) (red) at 25 °C,
normalized with respect to the peak at 4356 cm ™! The inset shows a magnifi-
cation of the figure to display the lower intensity peaks.

Table 1
Peak position for the main NIR peaks of EG/KOH (3:1) compared to pure EG.

Peak position in Peak position Vibration Assignment

EG/KOH in EG (em™) [35]

(em™)

6977- ~6831 6701-6547 1% overtone O-H EG-H,0-EG +

6851 stretch H,0-H,0 +
(v1 + v3) of HO EG-EG weakly
+ 2v (OH) bonded
~6985 free -OH

6238 6339-6308 1°* overtone O-H EG-EG strongly
stretch 2v (OH) bonded

5805 5839 1% overtone C-H -
stretch

5150 5164-5156 O-H bend + sym. EG-H,0-EG +
stretch of HyO (vp + H,0-H,0
v3)

4785 4786 O-H and C-H bend + -
O-H stretch

4356 4375 C-H, bend. + stretch -

However, this study focuses on the vibrations of hydrogen bonded
species. EG has diol hydroxyl groups, which can act both as HBDs and
HBAs, leading to a very intricate hydrogen-bonding network which af-
fects the solvent’s molecular structure, through the formation of EG
clusters [34-38].

Following a previous work of Chen et al. [35] on ethylene glyco-
l-water mixtures, the HBs between hydroxyl groups were investigated
by considering O-H vibrations bands. The spectrum of EG/KOH (3:1)
shows two main bands that originate from the O-H stretching vibrations
in the 6000-7100 cm ! region of the NIR spectra (Fig. 4). These bands
are related to vibrations of weakly and strongly bonded —~OH groups in
the LTTM. The addition of KOH to EG brings about a shift in the first
peak (weakly bonded —~OH groups) to 6977-6851 cm ™! and a shift of the
second peak (strongly bonded —-OH) to 6238 cm™!. The new peaks
appear then at higher and lower energies compared to the spectrum of
pure EG, respectively.

Fig. 4 shows the 6000-7100 em™! region of the spectrum of EG and
EG/KOH. The figure shows that the presence of KOH also induces a
sharpening and a separation of the two signals.

The band at 6977-6851 cm ™ in the EG/KOH sample is blue shifted
compared to the band in pure EG. This shift is due to the presence of
water in the system formed during the reaction between EG and KOH in
the formation of the liquid LTTM (Fig. 1A). The increased water content
is also confirmed by the increment of the vy + v3 band at 5150 em™?
relative to water and can partly explain the closeness of the 6977-6851
cm ™! band in EG/KOH to the position of the v; + v3 peak in bulk water
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Fig. 4. O-H stretching bands for pure EG (blue) and EG/KOH (3:1) (red) at 25 °C in the 6000-7100 em! region, normalized with respect to the peaks at 6339 em !
and 6851 cm™!, respectively.

(6887 cm’l) [35]. agreement with the literature [34,46]. The addition of a water molecule

DFT studies performed on pure EG showed that in the most stable does not alter the structure of the dimer but bridges the two moieties
structure two EG molecules establish three intermolecular H-bonds be- (structures EGy_Ho0(a)-(c), Figure S1). The analysis of trimers, tetra-
tween their ~OH groups (structure EGy(b) in Figure S1). This is in mers and hexamers of EG perturbed by water shows that in general the
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Fig. 5. Gaussian deconvolution of the 6000-7100 cm ! NIR band of EG/KOH (3:1) (black) at 25 °C into its components assigned to strong EG-EG (red),EG-H,0-EG
+ H30-H;0(green) interactions and to free OH groups (blue)., The reconstructed overall curve obtained by the combination of the deconvoluted peaks is in purple.



T. Traini et al.

geometries in which the water significantly alters the structure of the
initial aggregate are less stable (Figures S2 and S3). The main effect of
water is to slightly decrease the number of EG-EG HBs. For these reasons
the large red shift of the band from 6701-6547 cm ™' to 6850 cm ™ *
cannot be explained by considering the amount of water formed during
the reaction of EG with KOH (3:1). Indeed, the EG/H-0 ratio should be
close to 1:1 to justify such a shift at room temperature [35], but it is
clearly larger than 3:1.

On the other hand, the closeness of the EG/KOH band to the region of
the free OH groups in EG as reported in literature [35] (7000 em™ D)
suggests that the added KOH intercalates in the structure of liquid EG
and frees some of the hydroxyl groups from HB interactions. Therefore,
the increment in free OH groups shifts the 6977-6851 cm ™' band to
higher energies. To prove this, a Gaussian deconvolution [47] of the
band was also performed, and it was resolved into three components at
~ 6238, ~6831 and at ~ 6985 cm ™, respectively, as shown in Fig. 5.
The contribution at about 6831 cm ™! can be assigned to 2 v (OH) vi-
brations of weakly bonded —OH groups of EG and (v; + v3) vibrations of
H,0 engaging in EG-H;0-EG and H20-H,0 interactions [35], while the
component at ~ 6985 cm ™! can be related to the vibrations of free -OH
groups, very close to the expected 7000 em ! region as reported in the
literature [35].

The band at 6238 cm™!, ascribed to strong EG-EG intermolecular
interactions, is red shifted by about 100 cm ! compared to its position in
pure EG, suggesting the HB interactions between EG molecules become
stronger when the LTTM forms. Computed vibrational frequencies for
the O-H stretching confirmed this behaviour: when ethylene glycol
molecules form a cluster, the O-H stretch associated to groups involved
in HBs is found at 3293 cm™!. If KOH is added to the system, the fre-
quency is red shifted to 3162 cm™L.

However, when compared to its weakly bonded and free —-OH com-
ponents in Fig. 4 the strong EG-EG band has a smaller contribution in
terms of peak area and intensity to the overall 6000-7100 cm ™! region
for EG/KOH (3:1). Presumably EG-H;0-EG and H,0-H50 interactions
prevail over EG-EG interactions at room temperature when KOH is

Journal of Molecular Liquids 392 (2023) 123441

present. This behaviour is opposite to what was observed for pure EG,
where intermolecular interactions between diol molecules are predom-
inant [35] and provides further confirmation of the disruption induced
by KOH on the solvent structure.

The effect of temperature on the HB network was evaluated by
recording the spectral changes at different temperatures, from —50° to
25 °C (Figure S4). All bands show an increase in intensity and peak area
upon cooling, suggesting an overall reinforcement of the intermolecular
interactions. Interestingly, for the EG/KOH (3:1) LTTM the band at
6977-6851 cm ! shows a blue shift of 120 cm ™! (Figure S5C) when the
temperature drops from 25 °C to —5 °C, suggesting an increase in the
free ~OH contribution at lower temperatures. EG exhibits the opposite
behaviour, with a significant red shift (154 cm ™) between —10 °C and
—20 °C for the same band (Figure S6). For EG/KOH, the plot of the peak
intensity as a function of temperature (Figure S5A) exhibits a change in
the slope at approximately —25 °C, indicating a molecular rearrange-
ment of the liquid structure. The position of the peak at 6238 cm ™ re-
mains unaltered upon cooling, while the peak intensity increases to a
slightly higher extent compared to the v; + v3 band (Figure S7).

The presence of several free —-OH groups in the EG/KOH (3:1) LTTM,
as suggested by the analysis of the NIR spectra, explains the high values
of irreversible CO, absorption reported by Ciancaleoni et al. [28]. Since
these hydroxyl groups are not engaged in HB, they can easily capture the
gas through the formation of potassium hydrogencarbonate and
carbonated EG, up to 140 gco,/kg,,;, [35].

3.2. Molecular structure of EG/KOH/BA (3:1:1)

Fig. 6 shows the spectrum of EG/KOH/BA (3:1:1) compared to EG/
KOH (3:1). The assignments for the main peaks are reported in Table 2,
compared to those in EG/KOH.

The NIR spectrum of EG/KOH/BA (3:1:1) shows a very sharp and
intense peak at 4377 cm™!, that overlaps with a smaller peak at 4314
cm™L. These components are assigned to G-Hp bending + stretching vi-
brations. The peak at 4377 cm ™! is blue shifted from its position in EG/
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Fig. 6. NIR spectra of EG/KOH/BA (3:1:1) (red) and EG/KOH (3:1) (green) at 25 °C, normalized with respect to the intensity of the signal at 4377 and 4356 cm L

The inset shows lower intensity peaks.
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Table 2
Peak positions for the main NIR peaks of EG/KOH/BA (3:1:1) compared to EG/
KOH (3:1).

Peak position in  Peak position Vibration Assignment
EG/KOH/BA in EG/KOH [35]
(em™) (em™)
6790-6736 6977-6851 1% overtone O-H EG-H,0-EG +
stretch H50- Hy,O
(1 + v3)
6273-6250 6238 1% overtone O-H EG-EG strongly
stretch bonded
5814-5808 5805 1% overtone C-H -
stretch
5151-5143 5151 O-H bend + sym. EG-H,0-EG +
stretch in HyO (vy + H,0- H,0O
v3)
4784-4763 4785 O-H and C-H bend + -
O-H stretch
4314 - C-H, bend. + stretch -
4377 4356 C-H, bend. + stretch -

KOH (3:1). The broad band at 4784-4763 em!is assigned to a com-
bination of C-H bending and O-H bending -+ stretching vibrations. This
band is less intense than the corresponding peak in EG/KOH (3:1) and is
located at lower wavenumbers.

The 6000-7100 cm ™! region of the NIR spectrum, relative to the first
overtone of O-H stretching vibrations, reflects the addition of BA to EG/
KOH (3:1) and the perturbation it produces on the H-bonding. The
spectral differences of EG/KOH/BA (3:1:1) and EG/KOH (3:1) in this
region are shown in Fig. 7.

The addition of BA induces a shift of the band relative to weakly
bonded OH groups to lower energies. In EG/KOH/BA (3:1:1) this band is
located at 6790-6736 cm ™!, that corresponds to a shift of approximately
190 cm ™! from the 6977-6851 cm™! region that was found for the EG/
KOH (3:1) sample. This large shift can be ascribed to an important
decrease in the free OH component, due to the formation of a Lewis
adduct between EG and BA through the EG free hydroxyl groups
(Fig. 1B). The peak broadening and shift to lower energies also suggest a
simultaneous reinforcement of EG-H,0-EG and Hy0-H,O interactions,
which is consistent with the reduction in the free OH population.

The peak at 6273-6250 cm’l, due to strong EG-EG interactions, is
located at higher wavenumbers if compared to the same band in EG/
KOH (3:1). This behaviour is confirmed by computed vibrations: starting

o 4
o ©
1 1
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o
»

T T T T
6000 6400 6800 7200
wavenumber (cm™)

Fig. 7. EG/KOH/BA (3:1:1) (red) and EG/KOH (3:1) (green) NIR spectra in the
first overtone region of O-H stretching vibrations (6000-7100 em™Y) at 25 °C,
normalized with respect to the peaks at 6790 and 6850 cm ™.
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from the EG/KOH system, the addition of H3BOs3, induces a shift in the
O-H stretching of strongly bonded EGs from 3162 cm ™! to 3222 cm™?
(EG3_BA_OH). The intermolecular interactions between EG molecules
are weakened by BA, presumably because of the formation of the Lewis
adduct between the hydroxyl anion and boric acid. However, this peak is
still located at lower energies if compared to pure EG (6339-6308
cm™1). We argue that EG-EG interactions are still stronger in the LTTM
respect to pure EG. The predominant contribution of EG-H;0-EG and
H30-H50 components to the overall band in the 6000-7100 em! region
shown in Fig. 7 indicates that the interactions between EG and H,O
prevail over the strong EG-EG interactions at room temperature, as
previously seen for EG/KOH (3:1). In this case however, the EG-water
interactions became stronger upon addition of BA.

Fig. 8 shows the NIR bands of EG/KOH/BA (3:1:1) in the first
overtone region of OH stretching vibrations recorded between 25 °C and
—50 °C. Temperature dependencies of both bands show a shift towards
lower wavenumbers in the cooling ramp, indicating a reinforcement of
all the corresponding intermolecular forces. Passing from 25 to —50 °C
the intensity and the area under the peak of the 6273-6250 cm™! band
show a steeper increase compared to the weakly bonded OH component.
This implies that at low temperatures the EG-EG contribution becomes
predominant over EG-water interactions, which is the opposite of what
occurs at room temperature. Furthermore, an isosbestic point [48] at
around 6930 cm ™! indicates a reduction in the free OH population upon
cooling. Interestingly, the peak intensity plots as a function of temper-
ature (Figure S9A and S10A) exhibit a step-like discontinuity between
—27.5 °C and —30 °C for both bands, suggesting a structural rear-
rangement in this range.

To further investigate the effect of temperature on the molecular
structure, DSC measurements were performed (Figure S11). The ther-
mograms show a glass transition at T, = -42 °C for the EG/KOH/BA
(3:1:1) sample. This occurring confirms that the EG/KOH/BA (3:1:1)
mixture has a glass-forming behaviour and is an LTTM. This is likely due
to the strong intermolecular interactions, that hamper crystallization at
low temperatures [20]. The sudden spectral changes recorded when
dropping the temperature below —25 °C (Fig. 8), could thus be
explained by the molecular rearrangement of the solvent when the
system is approaching its glass transition temperature. DSC measure-
ments also indicate that the addition of BA has a critical effect on the
molecular structure of the system. For EG/KOH (3:1) an endothermic
peak is observed at —71 °C, while after the BA addition the endothermic
signal disappears, and a glass transition occurs, confirming that a LTTM
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Fig. 8. First overtone region for OH stretching vibrations in EG/KOH/BA

(3:1:1) NIR spectra at different temperatures, recorded between 25 °C and
—50 °C. The arrow points in the direction of decreasing temperatures.
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is formed.

3.3. Effects of the physico-chemical properties of LTTM on CO>
absorption

As anticipated in the Introduction, intermolecular interactions in
Deep Eutectic Solvents (DES) and Low Transition Temperature Mixtures
(LTTM) have a crucial impact on their physico-chemical properties, e.g.
on viscosity, melting point depression, glass forming ability and
tunability. In particular, in carbon capture processes, viscosity plays a
key role in CO; absorption, modulating the molecular exchange at the
gas-liquid interface.

As reported by Ciancaleoni et al. in a previous work, in the EG/KOH
(3:1) system the presence of EG acting as an HBD and the intrinsic water
content due to the reaction between KOH and EG, result in a relatively
low viscosity, 330 cP at room temperature [28]. This value is further
lowered upon addition of BA in the EG/KOH/BA (3:1:1) LTTM, leading
to a viscosity of 110 cP [28].

The absorption properties of EG/KOH/BA were assessed by
measuring the amount of captured gas in different conditions.

At room temperature (20 °C), The EG/KOH/BA (3:1:1) mixture ab-
sorbs 22 + 1 gco, /kg,,, after 30 mins and 31 + 2 gco, /kg,,, after 60
mins, with an apparent plateau (Fig. 9). At 0 °C the same value is
reached after 150 mins, indication that kinetics plays a significant role in
the absorption process. The temperature increase to 30 °C led to an in-
crease in absorption. In fact, the CO, uptake at 30 °Cis 20 + 1and 42 + 1
8co, /kg.on, after 0.5 and 2 h, respectively. However, further heating of
the system to 40 °C results in a decrease in the gas uptake. At higher
temperatures the absorption efficiency decreases down to 35 gco, /kg;,1,
after 2 h.

This apparently weird behaviour can be explained considering that
the observed absorption value is not the thermodynamic value
(maximum capacity), but it is likely due to the viscosity of the solvent,
which limits the gas/liquid contact and the diffusion within the liquid,
with the consequence of a severe slowing-down of the absorption pro-
cess. This implies the non-applicability of the Henry’s law. By increasing
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the temperature, the viscosity decreases, allowing both better contact
and diffusion and, therefore, the kinetics of CO, absorption increases,
leading to a higher value. At 40 °C, the absorption capacity decreases,
likely due to a lower CO3 solubility in the system. Notably, 60 °C are
reported as the desorption temperature [28].

In order to shed more light on this phenomenon, it would be inter-
esting to correlate the influence of the temperature on the absorption
capacity and kinetics to the temperature-dependent structural changes
discussed in the previous section. The increase in intensity of the
strongly bonded OH band, which prevails over to weakly bonded OH
band when decreasing the temperature from 25 °C, and the isosbestic
point at 6930 cm ™! in Fig. 8 suggests a lower availability of weakly
bonded free OH groups. This could explain the lower absorption at
cooler temperatures, since the more strongly bonded OH groups would
be less free to interact with CO, to form the carbonated species. Indeed,
it should be remembered that the absorption is mostly due to a chemical
reaction, [28,30] not to the physical dissolution of CO, in the LTTM.

From these considerations it can be confirmed that the rate-limiting
factor is the contact of the solvent with the gas. Stirring rate and flask
shape have a strong influence on the kinetics of CO, absorption because
they modify the gas-solvent interface, while the solvent viscosity affects
the diffusion of the absorbed gas in the bulk. As a matter of fact, CO,
absorption can be further improved by adding some equivalents of
water, which decreases the viscosity of the system [28].

3.4. Effect of CO, absorption on the structure

Fig. 10 shows the spectra of EG/KOH/BA (3:1:1) before and after the
absorption of CO,. The assignments for the main peaks are reported in
Table 3.

The CO; uptake is confirmed by the appearance of two new bands in
the 4200 cm ! region (4185 and 4223 cm_l), that can be ascribed to the
asymmetric stretching in carbonates [49,50]. The broad band at 5806
ecm™!, relative to C-H stretching vibrations, is not shifted upon
carbonation. Assuming the formation of the carbonated EG species
proposed in Fig. 2 after COq absorption, the observed increase in its
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Fig. 9. CO, absorption over time at 0 °C (black), 20 °C (red), 30 °C (blue) and 40 °C (green) for the pure CO, flask system.
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Fig. 10. NIR spectra of EG/KOH/BA (3:1:1) before (grey) and after (red) CO,
absorption recorded at 25 °C, normalized with respect to the peaks at 4377 and
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Table 3
Main NIR peak assignments for EG/KOH/BA (3:1:1) after and before CO,
absorption.

EG/KOH/BA EG/KOH/ Vibration Assignment
+ CO, BA [35]
(em™) (em™)
6761-6736 6790- 15t overtone O-H stretch (v; + EG-H,0-EG
6736 Vs) H,0- H;0
6283 6273- 1° overtone O-H stretch EG-EG
6250 strongly bonded
5806 5814- 1% overtone C-H stretch -
5808
5156 5151- O-H bend + sym. stretch in EG-H,0-EG
5143 H20 (v + v3) H,0- H,0
4780 4784- O-H and C-H bend + O-H -
4763 stretch
4302 4314 C-H, bend. + stretch -
4370 4377 C-H, bend. + stretch -
4223 - COj asy. Stretch. -
4185 - COj3 asy. Stretch. —
4158 4159 C-H, wag. + rock -

intensity can be related to the overlap with the second overtone of C = O
stretching vibrations. For esters, these vibrations give rise to a band in
the 5810 cm ™! region [51,52]. Since little information is available on
NIR band assignments for organic carbonates in the existing literature,
we assume that the C = O functionality in carbonated EG is similar to
that in esters.

The band at 4780 cm ™! is due to C-H bending and O-H bending and
stretching vibrations, and is located at the same wavenumber as before
carbonation. Also in this case the increase in intensity can be related to
the overlap with another overtone of C = O stretching vibrations, which
falls near 4900 cm ! in esters [52,53]. The two bands at 4314 and 4377
em™! are assigned to C-H; bending and stretching vibrations, both red
shifted compared to their position before the absorption of COs.

NIR spectra of carbonated EG/KOH/BA (3:1:1) show a band at
6761-6736 cm_l, due to EG-H20-EG interactions. The weakly bonded
OH band is located at lower wavenumbers compared to its position
before carbonation. This red shift can be explained by invoking a
decrease in the free OH component, due to the reaction between EG and
COs. Moreover, the red shift suggests a strengthening in the EG-H0-EG
interactions.

The band at 6283 cm ™!, due to EG-EG interactions, is blue shifted
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compared to its position in the LTTM before CO5 capture, suggesting
that the interactions between EG molecules are weakened by the for-
mation of the carbonate species. The OH groups of EG react with CO5 to
give carbonated EG, leading to a decrease in the available hydroxyl
groups engaged in H-bonding interactions. Indeed, also the computa-
tional analyses support this effect: when CO» is absorbed, the computed
O-H stretch of bound EGs increases from 3222 (EGs_BA_OH) to 3287
and 3301 cm ™! (EG3_CO BA).

Finally, the peak at 5156 cm’l, due to the v, + v3 vibrations of water
and to HyO-H20 and EG-H0-EG interactions, is slightly blue shifted,
due to the reduced availability of EG’s OH groups, as discussed above.

The peak area and intensity of the 6761-6736 cm ™! band depend on
temperature (Figure S12), in fact both parameters increase as temper-
ature decreases, with a change in the slope around —25 °C, as seen
before for both EG/KOH and EG/KOH/BA, and show a step-like trend
between —30° and —35 °C. An overall blue shift of 25 cm ™! upon tem-
perature decrease is observed. This behaviour is opposite to what we
observed for the EG/KOH/BA (3:1:1) sample prior to CO, addition. The
shift of the band towards higher energies indicates a weakening in the
EG-water intermolecular interactions upon cooling. On the other hand,
the positions of the 6283 cm ™! and 5156 cm ™! bands are not affected by
temperature variations, even if they exhibit the same trends as the v; +
v3 band for peak area and intensity (Figures S13 and S14).

These results suggest that carbonation has a remarkable effect on the
system’s molecular structure, affecting EG-EG and EG-H,0-EG in-
teractions. DSC measurements show that the glass transition tempera-
ture Ty is lowered by carbonation, passing from —42° to —58 °C
(Figure S11). This behaviour indicates that the molecular rearrange-
ments induced by cooling can be hampered by CO; capture. This is
consistent with the weakening of the intermolecular interactions at
lower temperature suggested by the red shift observed for the weakly
bonded OH band.

3.5. Solvent regeneration after desorption

Heating the carbonated system at 60 °C results in an average weight
loss of 13.3 % after absorption, and 13.6 % of the initial weight of the
LTTM (Figure S15). Previous TGA measurements on the same system
(see the Supplementary Information in ref. 28) showed that during the
heating up to 275 °C excess water and some EG are lost by the sample,
together with COs. This causes a significant change in the viscosity of the
liquid. The mixture reverts to its original state upon re-addition of excess
water, at least for 10 cycles.

The contribution of CO release during heating to the total weight
loss was proved by means of 13C NMR spectroscopy, which showed a
decrease in the intensity of the peaks at 160.47 and 158.39 ppm, as
reported by Ciancaleoni et al. (see Fig. 5 in Ref. 28).

Fig. 11 shows the ATR-FTIR spectra of EG/KOH/BA (3:1:1) recorded
before and after carbonation, and after the heat induced gas release.
Table S3 reports the ATR-FTIR peak assignments before and after CO2
absorption. A confirmation of effective CO2 desorption is provided by
the spectral changes in the ATR-FTIR spectrum of the system after
heating. The system exhibits the same bands as EG/KOH/BA (3:1:1)
before desorption, located at the same positions. The two spectra
recorded before and after CO4 release overlap almost perfectly, except
for some spectral differences in the 1150-1800 cm ™! region, as shown in
the inset of Fig. 11.

The almost perfect overlap of the initial spectrum with those recor-
ded for the carbonated system before and after desorption (Table S3)
suggests that CO, capture and release do not significantly perturbate the
system, as all significant spectral changes can be exclusively ascribed to
the presence of organic carbonates.

The vibrations of organic carbonates are located in the 1150-1800
em™! region: they typically show an intense band at 1205-1280 cm™*
due to O-C-O asymmetric stretching vibrations, accompanied by a sec-
ond intense band at 1740 cm ™! due to C = O stretching [53]. The band at
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Fig. 11. ATR-FTIR spectra for EG/KOH/BA (3:1:1) before (blue) and after (red)
absorption, and after desorption (green). The inset shows the magnification of
the spectra in the 1150-1700 cm ™! region. The peaks at 1301 and 1652 cm ™!
are marked with dotted lines.

1297-1301 cm ™! was not present in the LTTM before carbonation and
can be assigned to O-C-O asymmetric stretching vibrations, although
located at higher energies. The proximity of the carbonate moiety to the
borate functionality in the Lewis adduct reported in Fig. 2 explains the
reason why the band is shifted to higher energies.

Similarly, the increased peak intensity at 1652 cm ™" in the system
after absorption can be related to the presence of organic carbonated
species instead of increased H,O concentrations due to moisture ab-
sorption. The increase in force constant and stretching frequency of the
0-C-O bond in carbonated EG result in a decrease of its C = O stretching
energy [53]. Thus, the C = O stretching band can fall in the same region
as O-Hy bending vibrations, determining an increase in peak intensity at
1652 cm™! after carbon capture. These findings agree with the results
obtained by Chen et al. [54] for FTIR measurements on an EG-superbase
DES after CO; capture, which showed the appearance of a peak at 1263
cm ! and an increase in the peak at 1649 cm ™.

From the inset in Fig. 11 we argue that the O-C-O asymmetric
stretching band at 1301 cm ™' shows a decrease in both area and in-
tensity after heating at 60 °C, while it becomes less broad and slightly
shifted (4 cm™1). The peak narrowing can indicate a partial CO release
during desorption. Desorption is not complete since the peak does not
disappear after heating: its shift suggests that multiple carbonate species
contribute to the overall band, and one or more species remain in the
system at higher amounts after desorption. Anyway, this does not
hamper the possibility to perform multiple absorption/desorption cy-
cles, as already reported [28].

4. Conclusions and perspectives.

In this work, NIR measurements showed how the intricate interplay
of intermolecular interactions in the EG/KOH/BA (3:1:1) LTTM affects
the delicate equilibrium between the system physico-chemical proper-
ties and an effective CO2 absorption. The relationship between the
LTTM’s molecular structure and its ability to capture the gas were
investigated, paving the way to a better understanding of desired LTTM
properties for developing viable carbon capture systems.

We found that temperature plays a key role in gas absorption,
strongly influencing the H-bonding network of the system and therefore
its viscosity and the molecular exchange at the gas-solvent interface
during mixing, but especially the availability of weakly bonded and free
OH groups which ensured effective COy capture through organic
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carbonate formation, leading to an average absorption of 22 + 1 gco,/
kg, at room temperature. The presence of BA, acting as a catalyst for
the carbonate decomposition, ensured CO5 release at 60 °C and the
recyclability of the system over multiple absorption/desorption cycles.

Although the gas release is not 100 % complete during desorption,
ATR-FTIR measurements proved the solvent is mostly regenerated after
desorption and can thus continue to absorb further CO, over a large
number of cycles, making the system reusable.

The role of water in the formation and performance of this LTTM
system is an interesting issue that deserves more attention in future
upcoming studies. In fact, while water competes with CO; for the ab-
sorption sites and can decrease the capturing efficiency [23,24], how-
ever it also decreases the viscosity of the LTTM, which promotes the
absorption of carbon dioxide, and perturbs the set of hydrogen bonds in
the EG/KOH/BA structure.
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