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Abstract  

Herein we developed a new family of polyamine-based deep eutectic solvents (DESs) dedicated 

to reduce the energy consumption, avoiding the formation of hazardous molecules, aiming at 

low solvent losses and robust desorption efficiency for carbon dioxide (CO2) capture 

technology. The strategy developed for economical, thermally stable and low viscous 

absorbents for CO2 capture by functionalized neoteric media of azolide anion and secondary 

amine is presented. The prepared anion functionalized ionic liquids (ILs) and the derived DESs 

with ethylene glycol (EG) have a low viscosity which promotes high uptake of CO2 (17 -22% 

w/w) at 298.15 K and 1 atm. The absorption capacity of DESs was determined by a gravimetric 

technique. 13C NMR was used for examine the desorption efficiency (DE) of CO2. It was found 

that rapid desorption of CO2 in TEPA polyamine based DESs occurs compared to 

monoethanolamine at 80 °C. However, the desorption rate of CO2 was observed to be higher at 

higher temperatures and, as a result, under nitrogen flow complete desorption  of CO2 took 

place at 100 and 110 °C after 30 and 20 minutes, respectively. Consequently, comparative 

regeneration of CO2 was studied in the absence of nitrogen flow at different temperatures. 

Excellent reversible uptake of CO2 was observed without significant loss of absorption capacity 

under four consecutive cycles at 100 °C. The chemisorption of CO2 was verified by 13C NMR, 

2D-NMR and FT-IR spectroscopy. The solvent loss study demonstrated the low volatility of 

polyamines based DESs at 100 °C and 120 °C after 50 hrs. The proposed DESs are thermally 

stable, cheap and give rise to negligible amounts of hazardous degradation components. Further, 
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they exhibit low solvent losses, low viscosities and rapid CO2 desorption capability. Therefore 

they are promising candidates when aiming at improving amine based conventional CO2 

capture technology.  

1. INTRODUCTION     

Manifestations concerning the global warming have been warning about air pollution and 

widespread environmental pollution, coupled to rising earth as well as ocean temperatures and 

also giving rise to ever increasing number of hurricanes, heatwaves, climate disturbances and 

excess rain in some places on earth.1 The raising earth surface temperature is currently estimated 

to amount to 0.85 °C for the period 1880 to 2012. As per prediction, it will continuously increase 

up to 0.3-0.7 °C within the period 2016 to 2035. Among the greenhouses gas emissions, the 

CO2 concentration is increasing most (80%) among all other gases.2 Therefore, CO2 separation 

has become one of the essential solutions to greenhouse gas control and, at the same time, we 

have started to see it as a potentially valuable C1 building block. As one of the most abundant 

greenhouse gases, its separation and utilization as a cheap resource of carbon for chemicals, 

fuels and solvents is of considerable interest.3,4 Therefore, several methods such as absorption, 

adsorption and cryogenic way for CO2 capture have emerged.5 Among these, the most efficient, 

low cost and with favorable absorption kinetics are the aqueous amine based processes and until 

now these absorbents have been preferred in power plants.5,6 The most studied amines are 

monoethanolamine (MEA), diethanolamine (DEA), piperazine (PIPA), diglycolamine (DGA) 

as well as mixtures of amines.7 Unfortunately, the traditional aqueous amine based technologies 

have intrinsic disadvantages like that of solvent loss (evaporation), oxidative degradation 

transforming the amine degradation products to carcinogenic molecules as well as high 

corrosiveness and high energy consumption during captured CO2 release. The estimated cost of 

the solvent degradation alone is approximately 10% of the total cost in this class of CO2 capture 

processes.8 In recent years, polyamines have been immobilized on a solid support and used for 

CO2 capture, such as the cases of diethylenetriamine (DETA), triethylenetetramine (TETA), 

tetraethylenepentamine (TEPA) and pentaethylenehexamine (PEHA).9-11 Our group recently 

reported  intermolecular interaction of CO2 with DESs formed by polyamines and aqueous 

solution of PEHA for high uptake of CO2 (25% w/w).12,13 On the other hand, the toxicity of 

many common solvents also gives rise to negative impacts in terms of environmental pollution 

and release of hazardous molecules to biosphere due to their high volatility, hazardous nature 

and low thermal stability.14 Therefore, sustainable, alternative solvents are in need and by 

implementing solutions such as ionic liquids (ILs), biomass derived solvents and deep eutectic 
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solvents (DESs) might provide solutions that are in great need for a wide range of material 

formation and chemical processes.15-19  

During the last two decades, several task specific ionic liquids were designed with amine 

functionality coupled with anions such as phenoxide or azolide for CO2 capture.20-23 The 

advantages of N-heterocyclic anions are primarily their low viscosity in  the ILs used and thus, 

the resulting viscosity drop significantly contributed to the improved CO2 capture capacity.23  

Among the cation moieties, imidazolium, phosphonium, guanidinium, pyridinium and super-

bases (TMG and DBU as switchable ILs) have been implemented in the synthesis of the 

resulting ILs and also hosting the amine functionality in both cations and anions.24 The 

solubility of CO2 in the ILs containing a fluorine anion is low due to physical absorption. 

Interestingly, the cyano-group functionalized ILs selectively absorbed the CO2 in the presence 

of SO2.25 Also, chemisorption of aprotic ILs exhibited limited uptake capacities below 0.5 mol 

per mol imposed by the carbamate formation. However, with respect to mass basis, the uptake 

was less than 10-12% w/w. After that many amine functionalities have been introduced to 

enhance the CO2 uptake capacities up to 1.8 mol per mol ILs (26.7% wt.).22  Wang et al. 

demonstrated the protic ILs for CO2 uptake in the presence of proton sponge and weak proton 

donors such as imidazole, pyrrolidinone, phenol and fluorinated alcohols.26 Similarly, the 

phosphonium based ILs prepared with various types of azolide anions are capable of equimolar 

CO2 capture.20 They also studied the cooperative interaction of pyridine‐containing anion‐

functionalized ILs for high uptake of CO2 up to 1.6 mol CO2 per mol of ILs.21 Recently, 

MacFarlane et al. reported  low viscous ILs containing the azolide anion with DMEDA (N,N-

dimethylethylenediamine) and DMAPA ((3-dimethylamino)-1-propylamine) diamines  for high 

uptake of CO2 (20% w/w) by azolide anions.27 However, these synthesized ILs (azolide anions) 

have low thermal stability. Among reported ILs, several drawbacks can be identified such as 

multiple industrial steps required in the precursor synthesis and tedious synthesis procedures, 

thus leading to expensive and non-green assessment of them. To overcome the drawbacks 

coupled to ILs like tedious synthesis procedures, expensive starting materials and high 

viscosity, more recently DESs have emerged as potential candidates for CO2 capture and 

separation, owing to their special functional groups, higher CO2 solubility and selectivity as 

well as other outstanding properties, such as non-volatility, designability, low viscosity and low 

cost of starting materials. Currently, tailored DESs enable the captured CO2 to be easily released 

from the saturated solvents, resulting in a lower energy consumption and more favorable 

environmental profile in CO2 capture processes than what can be achieved with the traditional 
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amine scrubbing processes. In order to overcome the amine based issues, suitable solvents 

systems can be designed such as polyamine based DESs.  In addition, to overcome the 

economical and inherent drawbacks of ILs, the cheaper solvent systems namely DESs offer 

similar physio-chemical properties like ILs.  

For the first time, Abbott et al. prepared DESs with hydrogen bond acceptor (HBA) and 

hydrogen bond donor (HBD) of two or more components thus yielding a liquid phase with a 

low melting point.28, 29  Nowadays DESs are offering an attractive alternative to ILs as green 

solvents with easy preparation providing solutions to a wide range of material 

applications.16,17,18 Owing to their extraordinary advantages, DESs are applied in many fields 

of research, e.g., in catalysis, as a dissolution media, as an electrolyte, in various biomass 

transformation processes and in materials chemistry.16,17,30-32 Various natural DESs have been 

derived from amino acids, urea, amines, organic acids and alcohols as HBD with e.g. choline 

chloride to yield non-toxic solvents.33,34 Many natural DESs have also been demonstrated in 

CO2 capture. However, the so far prepared natural DESs have low CO2 absorption capacity at 

ambient conditions, albeit by applying some pressure the solubility of CO2 improved. 

Nevertheless, this improvement in the CO2 capture capacity is still insufficient for industrial 

flue gas capture under ideal conditions. Consequently, amine based DESs presented a much 

higher CO2 absorption capacity up to 17-30% w/w, at atmospheric pressure. The [MEA]Cl-

ethylenediamine (EDA, 1:4 molar ratio) based DESs have been reported to have a high uptake 

(30 wt.%) of CO2, at 30 °C and 1 atm.35 However, we cannot ignore the high volatility and 

degradation of EDA during regeneration of CO2. Therefore, low volatile polyamine based DESs 

of [TETAH][Cl] mixed with ethylene glycol were synthesized for CO2 capture (17.5 wt.%), 

operating at 40 °C and 1 atm.36 Nowadays, the stringent regulations imposed upon the industry 

by the environmental authorities aim to reduced hazardous waste and to the use of non-toxic, 

biodegradable, safe chemicals and solvents (Cl and Br free solvents).15  Therefore, industrially 

feasible, non-chlorinated ILs and DESs derived thereof are searched for as absorbents for CO2 

capture and other applications.  

Herein, we introduce a new family of DES that are economical, thermally stable, low viscous, 

reduce the energy consumption upon regeneration cycle, give rise to negligible hazardous 

component formation and exhibit a low solvent loss upon reversible CO2 capture up to 20-22% 

w/w at 25 °C and 1 atm. The proposed DESs have shown good absorption kinetics even at 

ambient conditions. We observed the rapid desorption of CO2 from these DESs at low 
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temperatures under constant nitrogen flow as a stripper. Also, the desorption efficiency was 

compared in the absence of nitrogen flow. Four reversible absorption/desorption cycles of CO2 

were performed without significant loss of absorption capacity for our polyamine based DESs.  

EXPERIMENTAL SECTION 

Materials  

Monoethanolamine (MEA, >99%), diethylenetriamine (DETA, >97%), tetraethylenepentamine 

(TEPA, 85% technical grade) and imidazole (Im, 99%) were procured by Sigma-Aldrich. CO2 

gas was purchased from AGA AB (Linde Group, >99%). Ethylene glycol (EG, 99.5%) was 

purchased from Fisher Scientific. All chemicals were used as received.   

Methods 

Characterization 

The synthesized ILs were characterized by means of 1H & 13C NMR spectroscopy with Bruker 

Avance 600 MHz NMR instruments. All the NMR spectra were assigned using Bruker’s 

Topspin (3.5 pl7) processing software. Molecular ions of ILs were confirmed by Electrospray 

Mass spectroscopy (ESI-MS). The Attenuated Total Reflectance -Fourier transform infrared 

spectroscopy (ATR-FTIR) technique was used for the functional group analysis before and after 

CO2 capture by Bruker Vertex 80v FT-IR spectrometer (vacuum bench) with DTGS detector. 

The viscosity of ILs and prepared DESs with different molar ratio were measured using a 

Brookfield RVDV1 viscometer at 25±0.5 °C. The viscosities of CO2 captured DESs were 

measured at three different temperatures. The temperature was maintained by using a heating 

immersion circulator (Julabo). The moisture contained in the ILs/DESs were analyzed by Karl 

Fisher titration using KF-coulometer (Metrohm). The thermal stability of ILs/DESs were 

analyzed by Thermogravimetric Analysis (TGA) from 25 to 600 °C with a heating rate of 5 °C 

min-1 under Ar-flow.    

 

Synthesis of ILs and DESs  

In a typical ILs synthesis procedure, TEPA (10 g, 52.82 mmol) and two molar equivalents of 

imidazole (7.19 g, 105.62 mmol)  were added and stirred at 80 °C for 2 hours. Similarly, DETA 

(10 g, 96.93 mmol) and imidazole (13.20 g, 193.85 mmol) were mixed, while MEA (10 g, 

163.71) and an equimolar amount of imidazole (11.14 g, 163.71) were stirred at 80 °C for 2 
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hours. No peaks of unreacted materials were observed in the 1H NMR spectra. The purities of 

synthesized ILs were in the range of 96-98%. The synthesized ILs were stored in sealed vials 

to avoid the moisture at room temperature (RT). No precipitation was observed after storing the 

samples for a longer period. The transparent ILs were characterized by proton NMR and ESI-

MS. The moisture contained in ILs/DESs were analyzed with a standard calibration solution. 

The viscosies of the ILs/DESs were also analyzed. The molecular structures and abbreviations 

are given in Fig. 1. The DESs of corresponding ILs were prepared by adding different molar 

ratios (n = 1 to 4) of ethylene glycol stirred at 25 °C, the ILs and EG appeared transparent and 

homogeneous liquid within 10 minutes. The transparent and homogeneous ILs/DESs were used 

for CO2 capture. The systematic route of preparation of TEPA based DES and reversible CO2 

capture is given in Scheme 1. 

 
Figure 1 The chemical structures of synthesized ILs and DESs   
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Scheme 1 The systematic route to prepare TEPA, DETA, MEA based DESs with ethylene 

glycol as the hydrogen bond donor (HBD) and reversible CO2 capture via the carbamate 

mechanism.  

 

CO2 absorption and desorption studies 

In the typical sorption experiments, three grams of absorbents (ILs/DESs) were placed in a glass 

vial (65 mm in length, 16 mm in inner diameter) each time. Thereafter the vial was immersed 

in a water bath maintained at a constant temperature (25 ± 1 °C). CO2 gas with a flow rate of 

50 mL/min was bubbled in the medium with constant mechanical stirring (100 rpm) under 

atmospheric pressure. The absorption capacity of ILs/DESs were determined by a gravimetric 

method. The weight difference of the original medium and the CO2 saturated medium was 

measured with an uncertainty of ± 0.1mg by an analytical balance. Desorption/stripping of CO2 

was performed in the same glass vial under nitrogen flow (150 mL/min) or in the absence of 

nitrogen flow. The CO2 desorption efficiency (DE) was determined by 13C NMR spectroscopy. 

Desorption efficiency was calculated by using following equation 1 as represented in previous 

reports.37,36  

                                  𝐷𝐷𝐷𝐷 =  𝑛𝑛𝑛𝑛−𝑛𝑛𝑛𝑛
𝑛𝑛𝑛𝑛

×100%                       eq.  (1) 

Where na is the molar ratio of CO2 to DESs after CO2 absorption and nd is the molar ratio of 

CO2 to DESs after desorption.   
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Thermal stability and volatility study  

The thermal stabilities of ILs/DESs were analyzed by thermogravimetric analysis. In addition, 

the solvent loss was also analyzed by gravimetric analysis at 100 °C and 120 °C for 50 h. In 

this analysis, 5 gm of sample was placed in a vial and immersed in a preheated oil bath. At 

predefined time intervals the sample weight was recorded to evaluate the volatility of pure 

amines, 30 wt.% amines-EG solution, ILs and DESs.   

2. RESULT AND DISCUSSION   

The ILs were synthesized according to a previous literature report with slight modifications.27 

The molecular structure of the as synthesized ILs (Fig. 1) were characterized by 1H NMR and 

ESI-MS analysis techniques. The pure TEPA and the synthesized ILs/DESs spectra were 

recorded by proton NMR spectroscopy using a D2O filled capillary as the external reference. 

The peak related to the proton on primary amine of TEPA appeared at 1.70 ppm which vanished 

after quarterization of the primary amine and a new peak was observed at 4.82 ppm in  

[TEPA]2[Im] and at 5.60 ppm in the case of [TEPA]2[Im]:EG-4. The –CH2- proton of the 

polyamine was also shifted approx. 0.25 ppm from the original position as shown in ESI, † Fig. 

S1. The appearance of the new peaks was the evidence of the protonation of the primary amine 

after adding imidazole (Im) during the ionic liquid synthesis. A polar aprotic solvent, DMSO, 

was used to record the primary amine, Im and designed ILs peaks. Consequently, a similar 

observation was found in case of DMSO whereupon a small shift occurred due to solvent 

interactions. The proton (N-H) peak of Im originally appeared at 12.86 ppm and dissapeared 

after IL formation. In case of the –CH- proton, it got shielded at lower ppm (∼0.1 ppm) as 

shown in the ESI, † Fig. S2. The quaternized ammonium peak in amines appeared at 4.51, 4.96 

and 5.13 ppm, respectively, in DMSO of [TEPA]2[Im], [DETA]2[Im] and [MEA][Im]. The 

mass spectroscopy unraveled the peak of azolide anions at m/z = 67.25. TEPA cationic ion 

appeared as M+2 and M+1 molecular ion and imidazolide anion shown in ESI, † Fig. S3a. 

Similarly, the DETA cation and anion molecular peaks were observed in ESI, † Fig. S3b. As a 

control experiment for molecular Im in methanol, the peak appeared at m/z = 99 as an adduct 

with methanol.  However, in the case of MEA based IL, a small peak of monoethanolammonium 

cation was observed due to in-situ more stable imidazolium ion formation in methanol during 

electron spray ionization ESI, † Fig. S3b. The moisture analysis results showed that water was 

present in the range of 0.46 to 0.77 wt.% in all ILs/DESs (Table 1). 
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 Table 1 The Molecular composition of ILs/DESs, a CO2 absorption in 3 h, b Viscosity at 25 ± 

0.5 °C, c Solvent loss at 100 °C for 50 h, Td denote the onset of degradation temperature. 

Viscosity is an important parameter for time dependent CO2 capture in a non-aqueous solvent. 

Therefore, the viscosity of synthesized ILs/DESs was measured at 25 ± 0.5 °C (given in Fig. 2) 

and the optimized ILs/DESs viscosities are summarized in Table 1. The virgin ILs have low 

viscosities due to lower degree of hydrogen bonding with a heterocyclic anion (imidazolide) as 

reported previously.27,38 The [DETA]2[Im] have lowest viscosity (16 mPa.s) while the more 

nitrogen rich polyamine (TEPA) based IL exhibited a higher viscosity (87 mPa.s) due to more 

extensive intra-molecular hydrogen bonding interactions. Moreover, the prepared polyamine 

based DESs [TEPA]2[Im]:EG-n (n = 1 to 4 mol) exhibited a dramatically increased viscosity 

after addition of equimolar amounts of EG could be due to strong hydrogen bonding of –OH 

with nitrogen (figure 1). Further, upon addition of EG, the viscosity at first increases and then 

decreases depending on the nature of the amine (Fig. 2). [MEA][Im] (21 mPa.s) and the 

corresponding DESs exhibited almost similar viscosities (25 to 27 mPa.s). 
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Figure 2. Viscosity of ILs and DESs with different molar ratios of EG-n (n = 1 to 4 mol). 

The CO2 absorption capacity was expressed in (% w/w) at 25± 1 °C and at atmospheric pressure. 

Even though the viscosities of the polyamine based DESs were ∼2 times higher compared to 

the corresponding ILs, at the initial sorption fast kinetics was observed (Figs.3a, b). In the DESs 

systems, [DETA]2[Im]:EG-2 and [TEPA]2[Im]:EG-4 exhibited 12.72%w/w and 8.28% w/w 

CO2 capture capacity, respectively, after 10 min. and got saturated after 3 hours.  Meanwhile, 

initially similar kinetics was observed for [MEA][Im]:EG-1 and the system got saturated within 

90 min. However, faster kinetics was observed for the MEA based IL compare to the 

corresponding DESs system and reached in maximum absorption capacity within 90 min. (Fig. 

3c). When investigating the time dependent CO2 uptake, the polyamine based ILs possess lower 

absorption capacity in fact, the ILs immediately turn into highly viscous liquids after small 

amount of CO2 uptake. Viscous liquids interfere with the ionic mobility and restricted further 

CO2 capture. Therefore, we prepared DESs with EG (Scheme 1) to achieve the highest CO2 

absorption capacity coupled to fast desorption kinetics. Firstly, the CO2 uptake by [TEPA]2[Im] 

based DESs (Fig.3a), [TEPA]2[Im]:EG-4, give rise to high absorption capacity (15.56% w/w 

after 90 min and saturated solutions, 17.36% w/w, formed  after 3 hours at 25 °C). Higher 

temperatures (40 °C) resulted in no improvement in the absorption capacity. Also, after adding 

5 moles of EG, the absorption capacity (15.36% w/w, 90 min.) decreased.   
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Figure 3. Time dependent CO2 absorption capacity of (a) [TEPA]2[Im], (b) [DETA]2[Im], (c) 
[MEA][Im] and their DESs with different mol ratio of EG-n (n = 1to 4 mol). 

Similarly, the highest CO2 uptake was measured in [DETA]2[Im]:EG-2 (22.35% w/w in 3 

hours) and 20.90% w/w in 90 minutes as shown in Fig. 3b. [MEA][Im] have higher absorption 

capacity (19.71% w/w) than the corresponding DESs (Fig.3c). The most important 

characteristics of the prepared DESs are coupled to the rapid desorption of CO2 and negligible 

solvent loss. Desorption of CO2 was performed with and without nitrogen stripping flow, at 

different temperatures and molar ratios of CO2 calculated by 13C NMR analysis. The best CO2 

sorbing species, [DETA]2[Im]:EG-2 and [TEPA]2[Im]:EG-4, were selected for further 

desorption experiments and characterizations. The 13C NMR spectra was recorded during 

desorption at 20 and 30 min. (ESI, † Fig. S4).The degree of desorption of CO2 from 

[TEPA]2[Im]:EG-4 was 92% in 20 min and 99% within 30 min (first cycle, 40 min), at 100 °C, 

under nitrogen flow of 150 mL/min (Fig. 4a). However, as shown in Fig. 4a, the complete 

desorption was accomplished after 20 min at higher temperatures (110 °C). In case of 

[TEPA]2[Im]:EG-4, desorption was comparatively slow at lower temperatures (after 2.5 hours 

up to 96% at 70 °C and 98% at 80 °C, respectively). For comparison, the common solution in 

industry, 30 wt.% MEA aqueous solution was tested. This system gives rise to fast absorption 

kinetics and gets saturated within 2.5 minutes having 10.24% w/w (approx. 0.5 mole) CO2 

absorption capacity. However, the CO2 desorption kinetics is slow and takes longer time 

reaching up to 79% desorption only after 3 hours at 100 °C under nitrogen flow (150 ml/min) 

(Fig. 4a).   
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Figure 4. Time dependent desorption of CO2 from [TEPA]2[Im]:EG-4 at different temperatures 

(a) under stripping nitrogen flow (150 ml/min), (b) in the absence of nitrogen flow. 

The CO2 desorption rate from DESs was slow without stripping nitrogen flow at same 

temperature (Fig. 4b). However, the desorption at higher temperature (110 °C, compared to 80 

°C) without nitrogen was faster and it reached up to 99% after 2.5 hours. A desorption study in 

the absence of nitrogen flow is essential for the concentrated CO2 gas storage, separation and 

the potential use of CO2 as a C1 building block. The influence of nitrogen flow rate was 

examined at three different flow rates and it was demonstrating a fast desorption of CO2 at 100 
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°C. As a result, slow desorption rate of CO2 was observed from [TEPA]2[Im]:EG-4, at 50 

ml/min nitrogen flow  (ESI, † Fig. S5a).  It takes approx. double time after lowering the nitrogen 

flow to 50 ml/min (1/3 of the original flow rate) to reach 98% desorption level. In case of 

[DETA]2[Im]:EG-2, lower desorption rate was observed compared to [TEPA]2[Im]:EG-4 

under identical conditions. Nevertheless, at high temperatures (100 °C) the desorption takes 

longer time.  (ESI, † Fig. S5b). In comparison, the initial desorption rate of CO2 from 

[TEPA]2[Im]:EG-4 and [MEA][Im]:EG-0.5 was almost similar while a lower desorption rate 

was found in case of [DETA]2[Im]:EG-2 in nitrogen flow at 80 °C due to variations in viscosity 

after CO2 uptake and the inherent nature of DESs (ESI, † Fig. S6). The viscosity after CO2 

capture was measured at three different temperatures (ESI, † Table S1). The viscosity of DESs 

after CO2 capture was increased compared to neat DESs at 25 °C. The viscosity of 

[DETA]2[Im]:EG-2 after CO2 capture at 80 °C is higher than [TEPA]2[Im]:EG-4 (ESI, † Table 

S1). Meanwhile, the viscosity of [TEPA]2[Im]:EG-4 was found to be higher than that of 

[MEA][Im]:EG-0.5 at 80 °C, but the desorption rate was faster than in the case of 

[MEA][Im]:EG-0.5  (ESI, † Fig. S6). The regenerated DESs were further used in CO2 capture 

in consecutive cycles whereupon only 1% w/w lower absorption capacity was observed. The 

fast reversible CO2 uptake was performed as 4 consecutive cycles at 100 °C [TEPA]2[Im]:EG-

4 (Fig.5).  

  

Figure 5   Fast reversible CO2 absorption/desorption of [TEPA]2[Im]:EG-4 at 100 °C. 
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At lower temperatures (70 °C), three consecutive, reversible CO2 capture cycles were also 

performed. However, desorption required a longer time and the absorption capacity decreased 

(2.3 %w/w) due to incomplete desorption (ESI, † Fig. S7). At low temperatures, desorption 

from DESs provides advantages in terms of practical use as a solvent and utilization of 

industrial low-value heat for more economical operations. In case of [DETA]2[Im]:EG-2, the 

reversible absorption of CO2 with good uptake (20% w/w) was carried out in 4 cycles at 100 

°C (ESI, † Fig. S 8a). This is the highest reversible CO2 uptake value ever reported for DESs. 

The 1H NMR study of the recycled DESs reveals that a quaternary ammonium ion likely 

responsible for the good performance as proposed in the mechanism in Scheme 1. Evidently 

the primary amine exists in the form of ionic species in DESs media (ESI, † Fig. S 8b). The 

quaternary ion demonstrated after CO2 desorption (the complete CO2 desorption was confirmed 

from 13C NMR) in the form of ionic species even more intense peaks. The 1H NMR of 

[TEPA]2[Im]:EG-with CO2 captured exhibited broad peaks in the range of 2.56 to 2.97 ppm 

(ESI, † Fig. S 8b).  

Characterization of captured CO2 in ILs/DESs 

The absorption of CO2 in ILs/DESs were investigated by FTIR and 13C NMR. The FTIR spectra 

of the neat ILs and after CO2 capture are indicating carbamate formation (ESI, † Fig. S9). 

Similar peaks were found in the CO2-saturated DESs ([DETA]2[Im]:EG-2) and  [DETA]2[Im] 

ionic liquids (Fig.6). Two strong peaks appear at 1384 cm-1 and 1650 cm-1, respectively, that 

are associated with the symmetric and asymmetric stretching frequencies of carbamate -

NHCOO-. The characteristic carbonyl peak of carbamate appeared at 1650 cm-1 after CO2 

capture. Another new peak appeared at 1292 cm -1 corresponding to C-N stretching (Fig.6).  
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Figure 6 FTIR spectra of neat [DETA]2[Im] and after CO2 captured in ILs and their DESs. 

It is demonstrated that the CO2 was captured in the form of carbamate in the DESs. In order to 

gain a deeper insight of CO2 uptake in ILs and DESs, the 13C NMR were recorded using 

tetramethylsilane (TMS ) as a reference and D2O filled in a capillary as a lock. The physically 

absorbed CO2 has been in the literature reported to reside the range of 123 to 130 ppm and, in 

case of chemisorption, in the range of 160 to 165 ppm.13,38  In 13C NMR spectra after CO2 

absorption, no peaks in the range of 123 to 130 ppm region can be found and the chemisorption 

of CO2 related to carbamate/bicarbonate is in the range of 160 to 165 ppm. Therefore, the 

absorbed CO2 peaks correspond to chemisorption in amines. Chemisorption of CO2 was 

evidenced by 13C NMR analysis, as can be seen from broadened signals in between the 164-

165 ppm due to primary and secondary amine and the different chemical environment after CO2 

uptake. The polyamine reacted with CO2 to form mainly carbamate species (∼ 92.59%) in 

[TEPA]2[Im]:EG-4 (ESI, † Fig. S10). The peak appeared at 160 ppm corresponding to 

bicarbonate (5.55%) (ESI, † Fig. S10). We also observed a small peak (at 163 ppm ∼1.85 %) 

which could be related to the carboxylate specie formed after the interaction between 

imidazolide ions and CO238. As a result, the imidazolide anion abstracts proton from the 

quarterized amine during CO2 absorption. Similar observation has been previously reported 

since the competition of cation and anions for CO2 capture was observed in phosphonium 

azolide ILs.39,40 The phenomenon was observed in the presence of a proton source in the 

reaction media.40 The ILs reacting with CO2 exhibit similar carbamate peaks and only a less 

intense peak at 162.1 ppm which may suggest interaction with imidazole as a carboxylate ion. 
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The NMR spectra of CO2 captured in the TEPA-EG solution gave rise to no peaks in the range 

of 162 to 163 ppm and carbamate signals were observed in the range of 159 to 165 ppm (ESI, 

† Fig. S10). Similar carbamate signals were reported for aqueous PEHA in our previous study.13 

In addition, no peak shift of EG from the original position could be seen and, therefore, there is 

no possibility of covalent bonding of CO2 from EG and Im (ESI, † Fig. S10 a to c). In the 

advanced analysis by HMBC study, no significant peak related to EG or Im reaction with CO2 

could be seen (ESI, † Fig. S11) 38, 40. The obtained contour corresponds to amines and no 

contour was overserved in the imidazole and EG regions. Thus, this confirms carbamate 

formation with amines in DESs media. 

Volatility and thermal stability study 

The volatility of ILs/DESs can be directly correlated to the thermal stability which is one of the 

most important parameters of a post-combustion CO2 capture process. MEA losses are still 

about 225 tons/year due to evaporation and cause environmental damage.5 On the other hand, 

degradation of amines increases the cost of flue gas amine scrubbing processes. Also, the 

degraded products were found to be highly toxic in nature are carcinogenic compounds. 

However, the volatility and degradation of amines with poor thermal stability cannot be ignored 

during regeneration of CO2. Therefore, we selected less volatile polyamines for ILs formation 

instead of short chain amines and also the prepared DESs are having a low volatility (Fig. 7). 

The solvent loss of [MEA][Im]:EG-1 was approx. double (6.02 wt.%) compared to polyamine 

DESs, 3.30 wt% and 3.71 wt% for [TEPA][Im]:EG-4 and [DETA][Im]:EG-2, respectively, at 

100 °C in 50 hours (Fig. 7b). Furthermore, upon increasing molar ratio of EG from 1:2 to 1:4 

([TEPA]2[Im]:EG-2 vs. [TEPA]2[Im]:EG-4), the solvent loss increased only by 0.2 wt% and 

1.7 wt% in 50 hours at 100 °C and 120 °C, respectively (Fig. 7). At higher temperature (120 °C 

in 50 hours), the solvent loss was 11.24, 9.97 and 7.63 wt% observed for [MEA][Im]:EG-1, 

[TEPA][Im]:EG-4 and [DETA][Im]:EG-2, respectively (Fig. 7a). Interestingly, a very high (21-

24 wt.%) solvent loss was observed in case of 30 wt.% amine-EG solution ( approx. similar 

quantity of amines were taken, 28 to 32 wt.% amines reside in the DESs system) at 120 °C in 

50 hours (ESI, † Fig. S12). Low solvent loss was observedin ionic media over non-ionic amines 

(amines –EG solution). TGA analysis clearly revealed that ILs based on larger chain polyamines 

have higher thermal stability. (TGA spectra of ILs and DESs are given in ESI, † Fig. S13). The 

percentage weight loss of all ILs/DESs were found to be approx. 1% below 100 °C.  
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Figure 7 Solvent loss study of pure amines, ILs and their DESs at two different temperatures.   

The onset temperature (Td) of [MEA][Im], [DETA]2[Im] and [TEPA]2[Im] were found to be 

160, 145 and 220 °C, respectively. [TEPA]2[Im] and [DETA]2[Im] were found to be more 

thermally stable than the MEA based IL. Similarly, the DES of polyamines, [DETA]2[Im]:EG-

2 and [TEPA]2[Im]:EG-4 are more thermally stable than the [MEA][Im]:EG-1 based DES. The 

onset temperature of DESs were 115, 152 and 146 °C for [MEA][Im]:EG-1, [DETA]2[Im]:EG-

2 and [TEPA]2[Im]:EG-4, respectively. The lower Td of DESs compared to ILs arises from the 

fact that polyhydric alcohols can increase the basicity of protic ILs and enhance the CO2 

absorption capacity.41 Low thermal stability of DESs/ILs which are prepared from amines and 

imidazolide anion has been previously reported.27,35 This increased basicity and proton source 

in the form of EG may be responsible for the low thermal stability of DESs compare to ILs. 

However, the proposed DESs of polyamines have comparatively higher thermal stability 

(approx. 40 °C) as report previously.27  

Degradation analysis  

As depicted in Fig. 8, the MEA based ILs and corresponding DESs turned into blackish color 

with time. Also, the short chain amine DETA based IL obtained a darkish color due to the 

degradation of amines. Meanwhile the prepared DESs of polyamines turned into pale brownish. 

This is an indication that no significant degradation of amines occurred in this case. Many 

groups have studied the degraded products of MEA or amines.42,43 Based on the NMR analysis, 

there are many unwanted peaks directly indicating the degradation of MEA based DESs (ESI, 

† Fig. S14). However, NMR spectra of TEPA based DESs were identical to fresh ones after 

heating at 120 °C for 50 hours (ESI, † Fig. S14). The major advantage of polyamine based 

DESs is their low volatility and negligible degradation.  
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Figure 8. Thermal degradation and absorbent loss after heating at 120 °C for 50 hours (A) 1) 

MEA, 2) [MEA][Im], 3) [MEA][Im]:EG-1, (B) 4) DETA, 5) [DETA]2[Im], 6) 

[DETA]2[Im]:EG-2, (C) 7) TEPA, 8) [TEPA]2[Im], 9) [TEPA]2[Im]:EG-2, 10) 

[TEPA]2[Im]:EG-4.   

For more confirmation concerning the degradation products, we try to analyzed by ESI-MS. As 

a result, in case of MEA based DESs, lot of degraded ions were found (ESI, † Fig. S15) in fresh 

MEA based DES (ESI, † Fig. S3b). However, in case of TEPA based DESs, similar molecular 

ions (ESI, † Fig. S16) as in case of fresh TEPA DESs were found with very much lower level 

of impurities (ESI, † Fig. S3a). The identification of degraded products requires more studies 

with advanced instrumental techniques.  

3. CONCLUSIONS  

In summary, we successfully synthesized polyamine based ILs and prepared DESs for 

reversible chemisorption of CO2 under ambient conditions. The mechanistic CO2 absorption 

was established via a carbamate salt formation which turned out to be beneficial in the presence 

of EG in DESs media, resulting in a decrease in the viscosity, enhanced CO2 diffusion as well 

as improved absorption capacity. The high uptake of CO2 and robust desorption in DESs media, 

at low temperatures and atmospheric pressure renders the media as a suitable absorbent. 

Particularly, the rapid desorption of CO2 from [TEPA][Im]:EG-4 (99%, 30 min. at 100 °C) with 

an excellent desorption rate was demonstrated. The low temperature (70 and 80 °C) desorption 

of CO2 is also feasible and enables the utilization of low value heat from industrial outputs. The 

excellent reversible CO2 capture performance was demonstrated in 4 consecutive cycles for 

[TEPA][Im]:EG-4 at 100 °C with only ∼1% lower absorption capacity after consecutive cycles. 

The proposed DESs media exhibit a high thermal stability, low solvent loss, high CO2 uptake 

and robust desorption efficiency in comparison to MEA based DESs or conventional amine 

based scrubbing processes. Moreover, the thermal stability test shows that, at lower 

Commented [JM1]: Write in parenthesis the full name of 
the analysis technique 
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temperatures (100 °C), the polyamine based DESs have negligible solvent loss compared to 

MEA based DESs. Also, the polyamine based DESs exhibit no significant degradation. So, the 

several advantages of polyamine based DESs like their easy synthesis with 100% atom 

economy, relative low energy consumption, reduced hazardous substance formation and 

negligible volatility are characteristic features from the viewpoint of green chemistry. This 

study clearly conveys that the polyamine based DESs are more suitable candidates for CO2 

capture than conventional amines for saving the environment and giving rise to significant 

energy saving potential. 
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