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A B S T R A C T   

Choline/amino acid-based ionic liquids were synthetized via ionic metathesis and their CO2 absorption perfor
mances evaluated by employing different experimental approaches. In order to overcome any viscosity-related 
problem, dimethyl sulfoxide (DMSO) was employed as solvent. IL-DMSO solutions with different IL concentra
tions were evaluated as absorbents for CO2, also investigating their good cyclability as desirable for real in
dustrial CO2 capture technologies. 1H-NMR and in-situ ATR-IR experiments were the toolbox to study the CO2 
chemical fixation mechanism under different experimental conditions, proving the formation of distinct chemical 
species (carbamic acid and/or ammonium carbamate). In general, these ILs demonstrated molar uptakes higher 
than classical 0.5 mol CO2/mol IL and the capacity to release CO2 in extremely mild conditions. The possible 
biological adverse effects were also analyzed, for the first time, in zebrafish (Danio rerio) during the development, 
by assessing for different toxicological endpoints, proving the non-toxicity and high biocompatibility of these 
bio-inspired ILs.   

1. Introduction 

The atmospheric concentration of carbon dioxide (CO2) has 
increased due to the anthropogenic contribution overstepped 400 ppm 
in 2015 [1,2]. Fossil fuel combustion for energy production, trans
portation and industrial processes establishes the main contribution to 
human emission. Purification of post-combustion gases, storage and 
conversion/utilization of CO2 represent a straightforward measure to 
reduce anthropogenic emissions. 

Different CO2 separation techniques are available based on different 
physico-chemical phenomena: absorption or adsorption, either physical 
or chemical, membrane or cryogenic-based separation. Besides the 
working principle, energy consumption, toxicity and operating cost 
must be taken into account for the technologic implementation [3]. 
Amine scrubbing process is the most notable and widespread technol
ogy: the first process was patented in 1930 [4]. Alkylamine aqueous 
solutions chemically fix the CO2 molecule, as shown in Scheme 1. Pri
mary and secondary amines produce ammonium-carbamate species, 

whereas ammonium-carbonate species are formed from tertiary amine 
and water (see Scheme 1) [5–7]. After the capture, the amine solution is 
regenerated at 100− 120 ◦C via water evaporation and the released CO2 
is compressed to 100− 150 bar for sequestration and transportation [8]. 

The CO2 release from amine aqueous solutions requires solvent 
evaporation/condensation, an intensive energy demanding process. 
Moreover, amine scrubbing has several drawbacks related to the toxicity 
and the corrosiveness of the sorbent phase. Solving these issues would 
positively affect both the environmental and the economic impact of the 
CO2 capture procedure. Indeed, a lower energy consumption reduces the 
operational costs and carbon footprint of the entire process, as well as 
non-corrosive, non-toxic materials are more suitable from the environ
mental and plant safety point of view. 

Ionic liquids (ILs), usually defined as salts with melting temperature 
lower than 100 ◦C [9,10], are emerging as promising candidates for CO2 
capture and conversion [11–14]. ILs can solve some critical issues of 
amine-based aqueous systems, as they feature negligible vapor pressure, 
non-corrosiveness and high thermal stability [15–19]. Beyond physical 
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absorption (which becomes relevant at high pressure), the ILs affinity 
towards CO2 can be increased by chemically functionalizing the anion 
and/or the cation, i.e. by introducing an amine group or other basic 
moieties [20]. Amine-based and amino-tethered ILs capture CO2 more 
efficiently through the formation of carbamate species, with a ILs:CO2 
2:1 stoichiometry [20,21], thus also activating the molecule and open
ing the path for further reactivity [22,23]. Nonetheless, despite the ep
ithet of “green solvent” [24], ILs commonly tested for CO2 capture are 
based on imidazolium and pyridinium cations and fluorinated anions, 
that hamper their biodegradability and biocompatibility [25,26]. In a 
green perspective, the choice of non-toxic and biocompatible cati
ons/anions represents a key step to develop a sustainable CO2 capture 
process based on ILs. In this scenario, the combination of choline (Cho), 
a non-toxic, essential nutrient cation, and amino acids (AAs, proteins 
building block, in the anionic form) could drive to the synthesis of an 
environmental-friendly class of ILs. In particular, AAs are very conve
nient anions for a CO2 capture application, owing to the coexistence of 
an amine moiety (i.e. a specific interaction site for CO2) and of a car
boxylic anion (that enhances the affinity with the sorptive) [27–29], as 
practically demonstrated by some literature works. Zou et al. tested the 
capture performance of a choline prolinate - polyethylene glycol 200 
([Cho][Pro]-PEG200) system at a pressure of 1.1 bar, yielding to a 0.6 
CO2-IL molar ratio [30]. Lu and co-workers studied aqueous solution of 
choline glycinate, alaninate and prolinate up to 15 bar of CO2, obtaining 
CO2-IL molar ratios up to 2 and conversion of the carbamate to car
bonate, due to the presence of water as solvent and the high pressure 
involved [31]. More recently, our group revealed closely equimolar CO2 
absorption capacity by some AAs -based ILs (synthetized using Choline 
as cation and glycine or proline as anions) in dimethyl sulfoxide (DMSO) 
solution, also investigating the role of the IL concentration on the cap
ture performances [32]. Furthermore, materials based on Cho and AAs 
(in principle achievable from renewable feedstock) [33,34] have 
demonstrated good biocompatibility and biodegradability [35–38]. 

Despite the interesting physico-chemical [39–41] and toxicological 
[35–38] properties, the employment of these ILs have not spread yet. A 
first limitation to their employment is the use of choline hydroxide in the 
usual synthetic procedure. This precursor in expensive, dangerous (it is a 
corrosive strong base) and difficult to handle. The titration synthesis of 
neutral AAs by choline hydroxide provides high yields (>90 %) at long 
reaction times [35–38], involving the aforementioned chemical threats. 
These factors limit the scalability of this synthetic strategy. In a recent 
study, we overcome this issue by applying a synthetic approach based on 
ionic metathesis, suitable for producing higher amounts of 
choline-based AAILs with a safer procedure [32,42]. The only drawback 
is the lower purity of the final product due to the presence of halide salts 
as impurities (< 5 wt% of KCl). However, regarding the application of 
these ILs in CO2 capture, this contamination does not seem to affect their 
performances [32]. Another general drawback of ILs is their high vis
cosity, which, unfortunately, further increases upon CO2 interaction 
[43]. An excessive viscosity prevents gas diffusion into the liquid, 
negatively affecting the overall capture performances. As a solution, the 
dilution with proper solvents decreases the viscosity and, at the same 
time, can also improve the overall absorption capacity thanks to possible 
solvent-IL synergy and enhanced transport properties [13,14]. 

In the present work, six different choline-based AAILs, [Cho][AA] 
ILs, were synthetized via ionic metathesis and their CO2 absorption ca
pacity evaluated by a multi-technique approach in order to evaluate if 
the presence of different functional groups in the AA anion affects the 

CO2 capture performance. To overcome any viscosity-related issue, 
dimethyl sulfoxide (DMSO) was selected as solvent, thanks to its high 
boiling point (189 ◦C) and its polar and aprotic character. IL-DMSO 
solutions with different IL concentrations were evaluated as absor
bents for CO2 (also investigating their cyclability). The effective CO2 
chemical fixation was proved by 1H-NMR and in-situ ATR-IR experi
ments. Furthermore, potential in vivo developmental toxicity induced by 
one of the synthesized ILs has been evaluated on zebrafish (Dario rerio), 
as emerging vertebrate in vivo models for nanotoxicity screening, to 
stress the biocompatibility of this new class of ILs [44–47]. Here, the 
effects of this ionic liquid were analysed for different toxicological 
endpoints, including cardiac toxicity, behavioral and possible growth 
perturbations in zebrafish embryos/larvae. Notably, [Cho][AA] ILs were 
found to be non-toxic and IL solutions in DMSO demonstrated a molar 
uptake >0.5 mol CO2/mol IL and the capacity to release CO2 in mild 
condition, i.e. avoiding the solvent evaporation. 

2. Experimental 

2.1. Materials and syntheses 

The ILs were prepared by ionic metathesis and purified as previously 
reported and described in detail in the Supporting Information (Section 
S1 and Scheme S1) [32,42]. The employed amino acids are glycine, 
alanine, serine, proline, phenylalanine and sarcosine and the corre
sponding choline [Cho][AA] ILs are choline glycinate ([Cho][Gly]), 
choline alaninate ([Cho][Ala]), choline serinate ([Cho][Ser]), choline 
prolinate ([Cho][Pro]), choline phenylalaninate ([Cho][Phe]) and 
choline sarcosinate ([Cho][Sar]) respectively, whose structures are 
shown in Scheme 2. 

The syntheses were confirmed by means of ATR-IR (Fig. S1 and 
Table S1) and 1H-NMR (Figs. 3, S2 and Table S2) spectroscopies. The 
residual KCl content (usually lower than 3 wt%) was evaluated by TG 
analysis (Fig. S3 and Table S3). AA salts were also prepared as reference 
materials, as described in Section S1 of Supporting Information. When 
needed, [Cho][AA] ILs were dissolved in DMSO (supplied by Merck, 
purity ≥ 99 %) with different concentration. Solutions were prepared as 
follows: the IL was weighted in a glass vial, and then the DMSO was 
added, by adjusting its quantity in order to obtain the desired concen
tration. About 5 g of solution were produced for each concentration. 
Viscosities and gravimetric densities of AAILs and their DMSO solutions 
were assessed and listed in Table S4. 

3. Instrumental methods 

3.1. CO2 absorption 

The absorption properties of the DMSO-IL systems were evaluated by 
means of two different experimental setups. A gravimetric approach was 
employed to measure the CO2 capacity, whereas multiple absorption/ 
desorption cycles were studied in a custom-made batch reactor with an 
IR CO2 sensor to obtain information about the regenerability of the 
systems. 

3.1.1. Gravimetric measurements 
The CO2 absorption was quantified using a gravimetric method. 

Different IL dilution in DMSO were tested: 50, 33, 20 and 12.5 wt%. 
Approximately 3 mL of solution were poured in a batch reactor (~4.5 
mL), purged for 10 min with N2 (30 mL/min) and weighted. Then, CO2 
(30 mL/min) was bubbled until no mass increase was observed. The 
captured CO2 was calculated by mass difference before and after CO2 
contact, considering the reactor headspace contribution. Two quantities 
were calculated: CO2 loading, defined as percentage of captured CO2 
over the total mass of DMSO-IL solution, and the molar efficiency, 
defined as the molar ratio between captured CO2 and the amount of IL. 
The solvent evaporation was previously evaluated on pure DMSO and 

Scheme 1. Chemical reaction of CO2 with: (a) a primary/secondary amine; or 
(b) a tertiary amine in the presence of water. 
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estimated to be lower than the balance sensitivity. The error was esti
mated by propagation starting from instrument sensitivity. 

The adsorption capacity of pure ionic liquids has not been evaluated 
due to their high viscosity, which further increases when they react with 
CO2 (until gel and foam formation), hampering the CO2 diffusion into 
the bulk liquid phase. The first preliminary tests pointed out a negligible 
increase in weight also due to the loss of IL stripped by the gas flow. 

3.1.2. Adsorption/desorption cycles 
Multiple absorption and desorption cycles were carried out in a 

custom-made reactor provided by HEL Group (schematic is reported in 
Fig. S4). In a typical experiment, ~5 mL of DMSO-IL solution were used, 
according to the following steps: (i) purging with a N2 flow (100 mL/ 
min) for 10 min; (ii) absorption with a synthetic flue gas (20 %v CO2 in 
N2 [48] – 100 mL/min) until saturation (inlet and outlet gas stream had 
the same composition); (iii) desorption in N2 flow (100 mL/min) 
increasing the temperature to 80 ◦C at 10 ◦C/min (this temperature was 
kept until all the CO2 is released, i.e. when the CO2 is no more detected in 
the outlet gas stream); (iv) cooling in N2 flow (100 mL/min). Absorp
tion/desorption cycles lasted similarly, approximately ~90 min. The 
steps from (ii) to (iv) were repeated 10 times. 

3.1.3. NMR 
1H-NMR and 1H-COSY analyses were performed to confirm the mo

lecular structure of the [Cho][AA] ILs in 12.5 wt% solutions with DMSO- 
d6. After that, [Cho][AA] ILs solutions were also investigated upon 
exposure to a pure CO2 atmosphere (1 h until saturation) directly inside 
the NMR tube. Measurements were carried out on a JEOL 600 MHz. 

3.1.4. IR spectroscopy 
Attenuated total reflection infrared spectroscopy (ATR-IR) was 

employed to characterize pure ILs and to evaluate the interaction be
tween CO2 and DMSO-IL solutions. Measurements were carried out on a 
Bruker Invenio R Fourier transform spectrophotometer equipped with a 
mercury-cadmium-telluride (MCT) cryogenic detector. The spectra were 
acquired by accumulating the 32 scans (64 for the background spec
trum) in 4000 – 600 cm− 1 range with a resolution of 2 cm− 1. 

An in situ IR experiment was specifically designed to mimic real 
operating condition: a synthetic flue gas mixture was employed (20 %v 
CO2 in N2) was adopted, whereas pure N2 was chosen as inert gas. The 
interaction between the synthetic flue gas and DMSO-IL solutions was 
studied by using an Axiom-Hellma TNL 130H multiple reflections ATR 
cell designed for liquids analysis. The cell is equipped with an AMTIR-1 
refractive element and the thermal control was ensured by a recircu
lating thermostatic bath. The gas composition and flow rates were 
controlled by means of a modified version of the setup described in ref. 
[32] (scheme reported in Fig. S5). In a typical experiment, 3 mL of 12.5 
wt% IL-DMSO solution were injected in the cell and undergone to (i) 
purging, (ii) primary CO2 absorption, (iii) thermal desorption, (iv) 
cooling and (v) secondary CO2 absorption. In detail, the solution was: (i) 
purged with N2 (100 mL/min) for 10 min to desorb water and other 
volatile impurities; the temperature was initially set to 25 ◦C; (ii) 

exposed to the synthetic flue gas (50 mL/min) at 25 ◦C; (iii) purged with 
N2 (50 mL/min) while increasing the temperature to 80 ◦C with a 1 
◦C/min rate; (iv) cooled down to 25 ◦C under N2 flow (20 mL/min); and 
(v) re-exposed to the synthetic flue gas (50 mL/min) for a second ab
sorption step. Spectra were acquired continuously across each step. 

3.2. In vivo toxicity assessment 

3.2.1. Zebrafish maintenance 
Adult zebrafish were maintained as previously reported [49]. Briefly, 

zebrafish were kept at 14h:10 h light-dark cycle and a temperature of 28 
◦C and were fed three times a day. 

3.2.2. Developmental toxicity evaluation of ILs 
Embryos at 4 h post-fertilization (hpf) were selected and placed in 24 

well-culture plates in the medium [50]. Embryos were incubated at 26 ±
1 ◦C with four concentrations of [Cho][Ser] aqueous IL test solutions 
(10, 50, 100, and 200 ppm), and medium as a negative control. Survival 
and hatching rates were measured daily, while the frequency of move
ments and the heartbeat rate were calculated in zebrafish larvae at 72 
hpf. All the analyses were performed by using a stereomicroscope 
equipped with a CCD camera. All the experiments were done in tripli
cates. All animal experiments were performed in full compliance with 
the revised directive 2010/63/EU. 

3.2.3. Statistical analysis 
All data were presented as mean ± S.D. Differences among the 

treatments were analysed by one-way analysis of variance (ANOVA) in 
combination with Holm-Sidak post hoc. A difference between the 
treated and the control group was considered to be statistically signifi
cant at p<0.01. 

4. Results and discussion 

4.1. CO2 absorption capacity 

The CO2 absorption capacity of all [Cho][AA] ILs was assessed in 
DMSO solution at different concentration, by means of a gravimetric 
setup (described in detail in the experimental section). Tests were per
formed by bubbling pure CO2 (1 atm) directly inside the solutions until 
saturation. The results (reported in Fig. 1 and in detail in Table S5) were 
similar for all the amino acids tested as IL anions, however all the [Cho] 
[AA]-DMSO solutions exhibited absorption performances significantly 
higher compared to literature data of pure DMSO (which report values 
of about 0.5 wt% at 1 atm) [51]. It is worth noting that by decreasing the 
IL concentration in DMSO, the solution absorption capacity decreases, 
whereas the molar efficiency increases. This behavior is in line with 
previous results reported for [Cho][Gly]-DMSO and [Cho][Pro]-DMSO 
solutions [32]. Indeed, the higher distance of the ionic couples in less 
concentrated solutions affects the absorption mechanism, favoring the 
formation of carbamic acid and, at the same time, hindering the proton 
transfer involved in the ammonium-carbamate generation. 

Scheme 2. Molecular structures of the synthetized [Cho][AA] ILs and their labels.  
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In general, the various ILs exhibit not so different molar efficiencies 
(Fig. 1, part b), whereas [Cho][Gly] and [Cho][Phe] possess the highest 
and the lowest absorption capacities at any concentration, respectively 
(Fig. 1, part a). Similarly to what previously observed for [Cho][Gly] 
[32], a solid precipitate forms in [Cho][Ala] solutions during the CO2 
capture process, already in the early stages of the experiment. The 
precipitate revealed to be solid alanine as testified by the ATR-IR spectra 
collected on the solid formed during the CO2 absorption and not re
ported for the sake of brevity. Being irreversibly degraded during the 
first absorption cycle, [Gly] and [Ala] containing ILs were not tested in 
the following cyclic measurements. 

Table 1 reports the absorption capacities obtained in the present 
work (at 50 wt% of IL in DMSO), compared with results obtained with 
other ILs. Both traditional and [Cho][AA] ILs are reported for 
completeness. It is worth noting that the significant difference between 
[bmim][BF4] (AC = 0.26 and ME = 0.0133) and all the other IL-solvent 
systems is due to the simple physisorption process occurring in the 
presence of [bmim][BF4], compared to the chemisorption of function
alized ILs. Among the functionalized ILs, the absorption capacity (AC) 
spreads approximately from 4 to 15 wt%, while the molar efficiency 
(ME) from ~ 0.2 to 0.9 mol/mol. Even though the set of ILs recently 
studied by Xiong et al. shows notably high absorption capacities, our 
samples have significantly higher MEs and, at the same time, the great 

advantage of good biocompatibility. 
The 12.5 wt% concentration, exhibiting a slightly higher molar ef

ficiency in previous gravimetric analyses (Fig. 1), was selected to test the 
cyclability of all [Cho][AA] ILs aiming to assess the feasibility of cyclic 
absorption/desorption in a demonstrator unit, simulating the experi
mental conditions of an industrial CO2 capture technology. In this 
experimental setup, the adsorption capacity reflects the absorption and 
desorption rates of the IL solutions, rather than the real thermodynamic 
equilibrium, as in the gravimetric measurements. As reported in Fig. 2 
(left axis), all [Cho][AA] ILs (and especially [Cho][Phe] and [Cho][Sar]) 
possess the highest CO2 absorption capacity during the first cycle, then 

Fig. 1. CO2 absorption data of [Cho][AA] ILs at different dilutions in DMSO. 
Panel (a): CO2 uptake. Panel (b): molar efficiencies. 

Table 1 
CO2 absorption capacity (AC, g(CO2)/g(IL) wt% and g(CO2)/g(solution) wt% in 
brackets), and molar efficiency (ME, mol(CO2)/mol(IL)) for different ILs. Pres
ence of solvent, concentration (wt%), temperature (◦C) and pressure (bar) 
employed are reported in brackets, in the first column. Within each block, ILs are 
reported in order of increasing ME.  

IL AC ME Reference 

[bmim][BF4]a (none, 100, 40, 1) 0.26 (0.26) 0.0133 [52] 
[DBUH][1,2,3-triaz]a (none, 100, 40, 1) 2.8 (2.8) 0.14 

[53] [DBNH][1,2,3-triaz]a (none, 100, 40, 1) 3.4 (3.4) 0.15 
[DBUH][1,2,4-triaz]a (none, 100, 40, 1) 5.0 (5.0) 0.25 
[DBNH][1,2,4-triaz]a (none, 100, 40, 1) 6.2 (6.2) 0.27 
[E1Py][SCN]a (none, 100, 30, 15) 4.3 (4.3) 0.19 

[54] [E1Py][N(CN)2]a (none, 100, 30, 15) 8.3 (8.3) 0.38 
[E1Py][C(CN)3]a (none, 100, 30, 15) 9.2 (9.2) 0.48 
[BuNH2PrIM][BF4]b (none, 100, 25, 1) 7.4 (7.4) 0.5 [20] 
[bmin][Pro]a (none, 100, 25, 2) 5.6 (5.6) 0.32 

[27] [bmin][Gly]a (none, 100, 25, 2) 7.9 (7.9) 0.38 
[bmin][Ala]a (none, 100, 25, 2) 7.6 (7.6) 0.39 
[bmin][Arg]a (none, 100, 25, 2) 8.8 (8.8) 0.62 
[DBNH][Im]a (none, 100, 40, 1) 14.9 (14.9) 0.65 

[55] 
[DBNH][Py]a (none, 100, 40, 1) 14.9 (14.9) 0.65 
[DBUH][Im]a (none, 100, 40, 1) 13.6 (13.6) 0.68 
[DBUH][Py]a (none, 100, 40, 1) 13.4 (13.4) 0.67 
[Bmmorp][OAc]a (H2O, 40, 25, 18.8) 7.9 (19.6) 0.65 [29] 
[Cho][Lys]b (H2O, 50, 22, 1) 19.4 (38.8) 2.2 [56] 
[Cho][Pro]b (PEG200, 50, 35, 1) 6 (12) 0.61 [30] 
[Cho][Gly]b (DMSO, 50, 25, 1) 8.6 (17.2) 0.78 

This work 

[Cho][Ala]b (DMSO, 50, 25, 1) 7.6 (15.3) 0.79 
[Cho][Ser]b (DMSO, 50, 25, 1) 5.7 (11.5) 0.61 
[Cho][Pro]b (DMSO, 50, 25, 1) 7.0 (14.1) 0.84 
[Cho][Phe]b (DMSO, 50, 25, 1) 5.4 (10.8) 0.70 
[Cho][Sar]b (DMSO, 50, 25, 1) 7.2 (14.3) 0.71  

a Apparatus: CO2 atmosphere on the absorbent. 
b Apparatus: CO2 stream. 

Fig. 2. Cyclic CO2 absorption measurements over 10 absorption/desorption 
cycles. Left axis refers to the bars graphs reporting the CO2 absorption capacity 
in wt% (w(CO2)/w(solution)). Right axis refers to the relative performance (%) 
as the ratio between the absorbed CO2 in the ith cycle and the absorbed CO2 in 
the first cycle. 
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the CO2 loading gradually decreases along the other absorption/ 
desorption cycles. The CO2 uptakes are definitely lower if compared to 
the results obtained for the same IL concentration in the gravimetric 
measurements of Fig. 1a, due to the lower partial pressure of CO2 
employed in the cyclic experiments. The data of CO2 uptake highlight 
that [Cho][Phe] and [Cho][Sar] ILs are the most performing at this 
concentration and that their absorption capacities suddenly decrease, 
being soon comparable to the values computed for the [Cho][Pro] so
lution. In contrast, [Cho][Ser] solution exhibits the lowest values of CO2 
loading. Considering instead the relative performance data of Fig. 2 
(right axis) we observe that: (i) the [Cho][Phe] solution, with the 
highest absorption capacity, possesses the lowest stability along cycles, 
with an average relative performance of around 65 %; (ii) [Cho][Ser] 
and [Cho][Sar] solutions have a medium stability, exhibiting relative 
performances of 75 % during the last three absorption/desorption cy
cles; (iii) the [Cho][Pro] solution shows the highest relative perfor
mance during the last cycles (around 85 %), despite its lower CO2 
uptake, being in some way the best compromise between the capacity to 
capture CO2 and the stability along the absorption cycles. 

It is worth highlighting that the IL containing the phenyl moiety 
exhibits the best absorption performances during the first cycle, but its 
absorption capacity decreases more during the cycles. In contrast, the IL 
containing a heterocyclic moiety with a secondary amine ([Cho][Pro]) 
possesses a lower absorption capacity, but it clearly maintains its cap
ture performance during the cyclic experiments. Instead, the presence of 
a secondary amine inserted in a linear aliphatic chain does not seem 
affecting the capture performance and stability of [Cho][Sar]. 

In general, we can conclude that a direct comparison of the cyclic 
experiments with the gravimetric results is not straightforward, being 
the CO2 absorption/desorption equilibria affected by different parame
ters, among which the IL concentration, the viscosity changes, the sur
face tension and the CO2 diffusivity in the solution [57]. 

4.2. Assessment of the absorption mechanism 

The CO2 absorption process into a bulk [Cho][AA] IL is associated 
with a real chemical reactivity occurring between the CO2 molecule and 
the amine group of the amino acid anion. Therefore, beside the evalu
ation of the absorption capacities of the DMSO-IL systems, we also 
investigated their interaction mechanism with CO2 at a molecular level 
by means of 1H-NMR and in situ ATR-IR spectroscopies. 

4.3. NMR spectroscopy 

In 1H-NMR spectra collected upon interaction of the ILs/DMSO-d6 
solutions with CO2 (in similar conditions to those adopted in the 
gravimetric absorption measurements, i.e. employing a pure CO2 
stream), the formation of carbamate/carbamic acid species was depicted 
by a remarkable de-shielding of the signals of the α and β protons to the 
AA amine moiety, as reported for [Cho][Sar] IL and [Cho][Ser] IL in 

Fig. 3. These ILs feature a primary and a secondary amine moiety 
respectively, and are representative for all the other [Cho][AA] ILs. 
When the [Cho][Ser] solution (12.5 wt%) interacts with pure CO2, the α 
proton undergo a downshift from 2.91 ppm to 3.42 ppm, overlapping to 
the choline signal, while the well-defined β protons in the pending group 
at 3.33 and 3.27 ppm shifts to 3.56 ppm (Fig. 3a). [Cho][Sar] IL solution 
exhibits a similar behavior upon CO2 absorption, both the α protons 
pattern and the sarcosinate N-Methyl group signal undergo a downshift 
from 2.77 to 3.56 ppm and from 2.22 to 2.67 ppm respectively (Fig. 3b). 
The choline signals were not affected by the CO2 interaction as well as 
the equimolar [Cho][AA] ILs component ratio based on the signal 
integration for all the [Cho][AA] ILs (see Figs. 3 and S2). 

After CO2 absorption, the 1H-NMR pattern suggests the neat preva
lence of a unique chemical species with no traces of side products or 
degradation in the presence of both primary and secondary amine 
moieties. Considering the previous gravimetric results reporting the 
reaction with pure CO2 and a ILs concentration of 12.5 wt%, these re
sults are in perfect agreement with the molar efficiency values close to 1 
obtained for [Cho][Gly] and [Cho][Phe] testifying the formation of 
carbamic acid. Concerning the other ILs, ([Cho][Sar], [Cho][Ala], [Cho] 
[Pro] and [Cho][Ser]) gravimetric analyses show the concurrent for
mation in small concentrations of other species, such as carbamate or 
protonated amines. The absence of multiple signals should be substan
tiated: the identification and quantification by NMR spectroscopy of 
these species is not straightforward due to their low concentration, high 
viscosity of the media and potential overlap with peaks proper of the 
main species before and/or after the CO2 absorption. 

The protons in α to the amine in the reactive AAs are the most 
indicative to evaluate the presence and the formation of new speciesFor 
[Cho][Ser], [Cho][Pro] and [Cho][Sar] these signals end up overlapping 
to the choline pattern around 3.5 ppm (Figs. 3 and S2) upon CO2 contact, 
thus preventing a precise signal integration. Moreover, it is reasonable 
to speculate a very close chemical shift for the α protons of very similar 
species like carbamic acid or carbamate derivative of the same AA. 
Finally, the high viscosity of AAILs causes the broadening of the proton 
signals which could hamper the identification of very diluted species. 

A comprehensive list of 1H-NMR peaks is reported in Table S2 
pointing out a similar behavior for all the [Cho][AA] ILs. 

4.4. In situ IR spectroscopy 

The CO2 capture and release were monitored by means of in situ ATR- 
IR spectroscopy, under experimental conditions close to the cyclic ab
sorption measurements, in order to identify the chemical species 
generated by the CO2 reaction with [Cho][AA] ILs. Room temperature 
absorption and following desorption at 80 ◦C were monitored by in situ 
ATR-IR experiments using 12.5 wt% IL-DMSO solutions of all the syn
thetized [Cho][AA] ILs. Spectra collected before and after CO2 interac
tion and after CO2 desorption at 80 ◦C are compared in Fig. 4. For the 
sake of brevity, only the results of [Cho][Ser] and [Cho][Sar] 

Fig. 3. 1H-NMR spectra of a) [Cho][Ser] and b) [Cho][Sar] before (black) and after (red) pure CO2 absorption at atmospheric pressure. Proton signals are labelled for 
choline (orange) and amino acids (purple). 
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(containing a primary or a secondary amine moiety in the AA, respec
tively) are reported in the main text. The spectra of the remaining ILs are 
available in Fig. S6 and the detailed summary of the spectral modifi
cation generated by the absorption of CO2 in the different IL-DMSO 
solutions is reported in Table S6. All reported spectra were collected 
in different stages of the adsorption/desorption process (as reported in 
the legend of the figures) after reaching the equilibrium (i.e., when 
spectral modifications were no more observable). 

Spectra of [Cho][Ser]-DMSO 12.5 wt% solution are reported in 
Fig. 4a. Upon CO2 absorption (i.e. passing from the black to the red 
curve), different spectral modifications occur. They are related to the 
reaction paths reported in the lower part of Fig. 4, i.e. to the formation of 
ammonium carbamate (i) and carbamic acid (ii) species, whose IR bands 
are labelled in Fig. 4 by circles and squares, respectively. In particular, 
the formation of the ammonium moiety is testified by the appearance in 
the red spectrum of [Cho][Ser]-DMSO of the shoulder at 1650 cm− 1 and 
of the band at 1495 cm− 1, ascribed to the asymmetric and the symmetric 
bending modes of the NH3

+ ion. A further confirmation arises from the 
changes in the vibrational modes of carboxylate species: a +15 cm− 1 

shift of the OCO- asymmetric stretching is indeed evident, suggesting the 
formation of new carboxylate species (i.e., present in the carbamate 
moiety). The formation of carbamic acid, instead, is testified by the 
growth of an intense band at 1700 cm− 1, ascribed to the stretching mode 
of its carbonyl group. All the IL-DMSO solutions containing primary 
amines (i.e., [Cho][Gly], [Cho][Ala] and [Cho][Phe]) show the same 
spectral behavior (see Fig. S6). 

In contrast, the [Cho][Sar]-DMSO 12.5 wt% solution (see Fig. 4b) 
spectroscopically behaves in a slightly different way. Indeed, in the 
presence of [Cho][Sar], the protonation occurs on a secondary amine 
moiety, giving rise to NH2

+ species when the ammonium carbamate 
forms. The asymmetric and symmetric NH2

+ bending modes appear at 
1630 and 1490 cm− 1, respectively. The formation of ammonium 
carbamate species is further confirmed by the evolution of the OCO- 
stretching vibrations: upon CO2 interaction the asymmetric mode un
dergoes an upward shift from 1595 to 1610 cm− 1 while it decreases in 
intensity, partly overlapping to the signal of protonated amines. The 
formation of carbamic acid is instead confirmed by the appearance of a 
peak at around 1700 cm− 1, ascribed to the stretching mode of the 
carbonyl moiety. A similar behavior is observed for [Cho][Pro] (con
taining an AA with a heterocyclic secondary amine) [32]. In all the 
[Cho][AA] solutions, the spectra obtained in situ after CO2 desorption by 

heating at 80 ◦C, (see Figs. 4 and S6, blue curves) exhibit a spectral 
profile very similar to the pristine [Cho][AA] IL. Indeed, all the afore
mentioned signals disappear, testifying that, during the ATR-IR experi
ments carried out in situ, the CO2 captured in the form of carbamic acid 
and ammonium carbamate species is totally released at 80 ◦C, without 
any solvent evaporation. In situ ATR-IR measurements proved the ca
pacity of CO2 to effectively react with all the considered amine moieties. 
In particular, two possible reactions paths were detected: the 1:2 reac
tion of two amine functional groups (deriving from two distinct IL 
molecule) with one CO2 molecule, forming an ammonium carbamate 
couple (reaction path (i) in Fig. 4), and the 1:1 reaction of a single amine 
group with one CO2 molecule, producing carbamic acid (reaction path 
(ii) in Fig. 4). 

The gravimetric absorption measurements proved that the overall 
[Cho][AA] IL:CO2 stoichiometry (determined by the molar efficiency) 
varies according to the [Cho][AA] IL concentration in the DMSO solu
tion. Now, after the spectroscopic identification of two distinct reaction 
paths, we can infer the IL concentration likely determines the preferred 
absorption mechanism, occurring via the “ammonium carbamate route” 
in the more concentrated solutions or preferentially through “the car
bamic acid route” in the less concentrated ones. 

We further checked the cyclability of the absorption process on the 
[Cho][Ser]-DMSO 12.5 wt% solution by means of in situ ATR-IR spec
troscopy, by performing a secondary absorption run (always at room 
temperature), after the primary desorption step at 80 ◦C. As reported in 
Fig. S7, spectra collected in situ immediately after the first and the sec
ond absorption cycle, show negligible differences. This result again 
highlights the excellent cyclability of these IL-DMSO solutions. 

These last results seem to be in contrast with the data of the multiple 
absorption/desorption cycles collected using the custom-made reactor 
(to mimic the experimental conditions of a real CO2 capture technology) 
and reported in Fig. 2. For this reason, we decided to collect ATR-IR 
spectra of one of the IL-DMSO solution immediately after the synthesis 
(fresh) and after ten CO2 absorption/desorption cycles (used: 10 cycles) 
in the custom-made reactor, to explain the decrease of the absorption 
performances observed after several cycles employing this setup. The 
[Cho][Phe]-DMSO solution was selected due to its more pronounced 
decrease of the CO2 absorption capacity during the cyclic tests. Spectra 
are reported in the Supporting Information (Section S3.3, Fig. S8). 
Before the ATR-IR measurements, the 10th cycle has been followed by a 
final desorption step at 80 ◦C, until CO2 was no more detected in the 

Fig. 4. Upper part: in situ ATR-IR spectra in the 
1800-1100 cm− 1 spectral region of (a) [Cho] 
[Ser]-DMSO solution 12.5 wt%; and (b) [Cho] 
[Sar]-DMSO solution 12.5 wt% before CO2 ab
sorption (black curves), after CO2 absorption 
(red curves) and after desorption at 80 ◦C (blue 
curves). Dark red circles (●) and squares (◼) 
highlight relevant spectral modifications 
related to the formation of ammonium carba
mate and carbamic acid species, respectively. 
Lower part: chemical reactions between amines 
and CO2 forming (i) ammonium carbamate and 
(ii) carbamic acid. The spectrum of bare DMSO 
is reported as reference (grey dotted curve).   
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outlet gas stream. It means that, if the absorption process is totally 
reversible, the spectra collected on fresh sample (black curve) and on the 
solution after the 10th absorption/desorption cycle (red curve) should 
coincide. Fig. S8 reports the spectra of the [Cho][Phe]-DMSO solution at 
the concentration of 12.5 wt% in the 1800-1100 cm− 1 spectral range, 
where the bands generated by the reaction with CO2 are mainly located. 
The spectrum collected after 10 cycles (red) does not show any spectral 
evidence of possible degradation phenomena of the IL and exhibits only 
the bands generated by the chemical absorption of CO2. The presence of 
the signals due to the species generated by the chemical reaction of CO2 
with the IL proves that the specific conditions used in cyclic experiment 
performed in the custom-made reactor do not allow a complete regen
eration of the IL-DMSO solution upon several absorption/desorption 
cycles. Despite these results, the in situ ATR-IR measurements clearly 
highlighted the great potentiality of these bio-based ionic liquids solu
tions that can ideally release all the absorbed CO2 in mild conditions. 

4.5. In vivo toxicity assessment 

To evaluate the developmental toxicity of the [Cho][AA] ILs on 
zebrafish, we treated the embryos with various concentrations (10, 50, 
100, and 200 ppm) of [Cho][Ser] for 120 hpf, and we measured the 
different toxicological endpoints. The resulting graphs are reported in 
Fig. 5. In particular, the hatching and survival rates were monitored 
every 24 h. Following the exposure with IL from 10 ppm up to 200 ppm, 
the survival rates showed a profile time and concentration-dependent 
with no relevant decrease during the temporal window analysed 
(Fig. 5a). At the highest concentration investigated (200 ppm) and after 
120 hpf, the value of survival was up to 95 %. In addition, the ability to 
successfully hatch (hatching rates) of the treated groups showed negli
gible reduction compared to the control group (Fig. 5b). The treated 

embryos hatched in the normal temporal window (between 48 and 72 
hpf). In fact, at 72 hpf, 95 % of embryos treated with the highest con
centration of [Cho][Ser] hatched. In accordance with the OECD guide
lines [58], the profiles and trends of the hatching and survival rates of 
zebrafish treated with [Cho][Ser] indicated that the investigated IL did 
not have adverse effects on the embryogenesis of zebrafish. 

To further investigate the effects of the IL on zebrafish, we measured 
the heartbeat rates and frequency of movements of treated larvae at 72 
hpf. The heartbeat rates of larvae exposed to the [Cho][Ser] showed no 
significant decrease or increase compared to the control groups (Fig. 5c). 
Similarly, the frequency of movements of 72 hpf larvae exposed to [Cho] 
[Ser] (Fig. 5d), presented no perturbations in comparison with the 
control samples. The values of heartbeat rate and frequency of move
ments indicated that [Cho][Ser] did not influence the cardiac and 
swimming activities of treated larvae, further confirming that the IL did 
not affect the embryogenesis. 

5. Conclusions 

In this work, we presented the complete advanced characterization 
of different amino acid-based ILs ([Cho][AA] ILs), as such or during 
their reaction with CO2. The toxicity of one [Cho][AA] IL was assessed 
as well, to definitely prove the high bio-compatibility of these systems. 

The synthetic method developed was proven to be generally suitable 
for different AAs, with a minimal content of residual impurity (as such 
KCl). The interaction between the [Cho][AA] ILs and CO2 was first 
tested by means of gravimetric measurements carried out at different 
dilutions in DMSO. The dependence of the molar efficiency on the 
concentration of [Cho][AA] ILs in DMSO suggested that different 
interaction mechanisms could be involved, as already proposed in our 
previous work [32]. Except for [Cho][Gly] and [Cho][Ala] solutions, 

Fig. 5. (a) Survival rate (b) hatching rates, (c) heat beat rate and (d) frequency of movements of zebrafish treated with [Cho][Ser]. Data are calculated as means ± S. 
D., from three independent experiments, n = 80; *p ≤ 0.1 in comparison to the control. 
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undergoing AA precipitation upon CO2 exposure, subsequent cyclic 
absorption/desorption tests with a custom-made reactor demonstrated 
the effectiveness of [Cho][AA] IL-DMSO systems in the liquid phase CO2 
capture process, even for several cycles, as desirable for real applica
tions. In particular, the [Cho][Phe] solution possessed the highest CO2 
uptake during the first cycle, but its absorption capacity suddenly 
decreased in the following cycles. On the other hand, the [Cho][Pro] 
solution, containing a heterocyclic moiety with a secondary amine, 
exhibited the highest stability along the absorption cycles, loosing just 
the 15 % of its absorption performance during the first ten cycles. 
Further studies are needed to really understand the main reason of this 
peculiar behavior and to explain how the presence of different func
tionalities in the IL affects the final absorption performances. 

The CO2 capture and release mechanisms were studied in detail by 
means of 1H-NMR and in situ ATR-IR spectroscopies under different 
experimental conditions. 1H-NMR spectroscopy confirmed the neat 
prevalence of a unique species identified with carbamic acid when the 
sorbents are exposed to a pure CO2 stream until saturation. ATR-IR 
spectroscopy, performed employing a synthetic flue gas stream (i.e. in 
the presence of diluted CO2) proved the formation of both carbamic acid 
and ammonium carbamate species, justifying the CO2: AAIL stoichi
ometry in the 0.5–1 range observed in the gravimetric experiments. It is 
evident that the CO2 relative pressure in the gas stream and the different 
experimental conditions could be responsible for the preferable ab
sorption pathway giving rise to distinct species (carbamic acid and/or 
ammonium carbamate). Indeed, the high CO2 pressure employed in 
NMR experiments probably promotes the formation of a single product 
(carbamic acid). 

Another important result concerns the CO2 temperature release of 
the [Cho][AA] IL-DMSO solutions. Indeed, it is worth noting that, 
compared to the classical aqueous amine solutions (requiring tempera
tures higher than 100 ◦C to achieve a complete CO2 release), these ILs 
totally desorbs CO2 at milder conditions (the total release of CO2 occurs 
at 70− 80 ◦C, as clearly proved by in situ ATR-IR experiments). 

Finally, the present study reported, for the first time, the in vivo 
evaluation of the toxicological profile of a [Cho][AA] IL in vertebrate 
systems, demonstrating the non-toxicity and high biocompatibility of 
[Cho][Ser] in zebrafish during the development. More in general, the 
results reported in this work proved how these bio-inspired ILs are very 
promising alternatives to the classical amine aqueous solutions, mainly 
thanks to their significantly low CO2 release temperature, good regen
erability and high biocompatibility. 
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