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Abstract. The carbon capture, use, and sequestration (CCUS) techniques are proven to be efficient 
at lowering the atmospheric concentration of carbon dioxide.  Notwithstanding the advances in 
this area, there are still significant restrictions in carbon dioxide (CO2) capture techniques in 
industry such as high capital costs, solvent evaporation losses, and low absorption and desorption 
rates. Ionic liquids (ILs) have received much interest as green solvent due to the benefits of their 
distinctive properties such as low vapor pressure and their capacity to capture CO2 making them a 
suitable replacement for present solvents, such as amines. Amino acid based ILs having close 
similarity with the alkanolamines may potentially have high affinity for CO2 absorption. 
Nevertheless, available database on these ILs is still limited and only focus on the common types 
of amino acids.  Therefore, this paper aims to predict the CO2 absorption of different amino acid-
based ionic liquids as cation/anion using quantum chemical calculation tools namely Conductor 
like Screening Model for Real Solvents (COSMO-RS) and TURBOMOLE. We evaluated 84 
different ILs of different cations and anions based on their CO2 capacity, activity coefficient at 
infinite dilution (γ∞), and Henry’s constant (H). The results showed that amino acid as anions 
significantly enhanced the CO2 solubility compared to amino acid as cations. However, glycinium 
tetrafluoroborate [Gly+][BF4] showed high affinity for CO2 absorption compared to other amino 
acid-cations based with activity coefficient at infinite dilution (γ∞) = 0.117 and (H) = 8.07. We 
showed that the selection of anions/cations can significantly change the CO2 capacity in ILs.  
Introduction 
The concentration of CO2 in the atmosphere increases over time because of carbon emissions from 
the burning of fossil fuels [1]. One successful strategy to reduce CO2 emissions in the atmosphere 
is by carbon dioxide capture, utilization, and storage (CCUS) [2]. Many industries currently use 
the amine scrubbing technique as their primary CO2 capture technology [3, 4]. This process 
however, have numerous weaknesses such as equipment corrosion, high energy need for 
regeneration, solvent loss, and oxidative  degradation [5]. Ionic liquids (ILs) are promising for CO2 
capture because of their strong affinity for acid gases [6], high physical and chemical stability [7], 
low vapor pressure [8], and strong polarity [9]. Moreover, the structures of ILs (cation and/or 
anion) can be finely tuned to enhance their physical and chemical characteristics. 
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CO2 absorption in non-functionalized ILs mainly takes place by physical absorption through 
weak Lewis acid–base interactions [10]. Subsequently, the amine-functionalization of the cation 
and/or anion of the ILs have been investigated since amine solvents showed strong reactivity with 
CO2 molecules [11, 12]. Similarly, amino acid can also be utilized as cation or anion to enhance 
the efficiency of CO2 absorption in ILs [13]. Amino acids contain a primary amine (–NH2) and 
carboxyl group (–COOH), thus, the reactivity of CO2 with amino acids is expected to be similar 
as that of alkanolamines [14, 15]. However, there is still a conflict on the actual mechanism of the 
CO2 reaction with amino acids [16]. 

Shahrom et al. [13] studied eight ionic liquids that consist of amino acids-based anions namely 
lysine [Lys],  proline [Pro],  histidine [His], serine [Ser], taurine [Tau], alanine [Ala], arginine 
[Arg], and glycine [Gly]) with  vinylbenzyltrimethylammonium [VBTMA] as cation. They 
reported that [Arg] and [Lys] showed the highest CO2 sorption values followed by [Hist], [Ser], 
[Tau], [Pro], [Gly], and [Ala]. Another study by Sistla and Khanna [10] evaluated different amino 
acid based ILs and observed that aminate-anion ILs perform better than amino-cation and non-
functionalized ILs.  In their study, 1-butyl-3-methylimidazolium [BMIM] was used as the cation 
and found that the order of CO2 capacity in the ILs starting from the highest is [Arg]>[Lys]>[His]> 
Methionine [Met]> Leucine [Leu] >[Gly]> Valine [Val]>[Ala]>[Pro]. They explained it by the 
availability of more accessible amine (N) groups. Noorani and Mehrdad [1] also studied  the CO2 
solubility in  1-butyl-3-methylimidazolium glycine [BMIM][Gly], [BMIM][Ala], and 
[BMIM][Val],  where they reported that the order of CO2 capacity starting from the highest is 
[BMIM][Gly]>[BMIM][Ala]>[BMIM][Val]. 

The solubility of CO2 in amino acid-based ILs are therefore a subject of interest for further 
investigation. However, the current database on these ILs is still limited, mainly experimental 
based, and only focused on the common types of amino acids.  This aim of this study is to predict 
the CO2 solubility of different amino acid-based ionic liquids as cation/anion and to provide better 
understanding of their respective roles using Conductor like Screening Model for Real Solvents 
(COSMO-RS). COSMO-RS is a quantum chemical calculation tool  to estimate the chemical 
potential differences of molecules inside liquids designed by Klamt [17, 18]. The software has 
been used in various application for prediction of thermodynamic properties and behavior of ionic 
liquids [19]. The screening of ILs via COSMO-RS will aid in the design for the desired ILs for 
CO2 capture and avoid uncertain trails. 
Methods  
Initially, to generate COSMO files, the molecular structures of ILs (cations/anions) were built 
based on density functional theory using Turbomole software (TmoleX). For TmoleX settings, BP 
functional with triple-zeta valence polarized set (BP_TZVP_C30_1301) was used as 
parameterization for COSMO-RS calculations. The sigma (σ) profile and sigma (σ) surface were 
generated.  The σ-profile of any molecule is calculated based on the weighted sum of the profiles 
of all segments [17] as per Equation (1); 

𝑝𝑝𝑖𝑖(𝜎𝜎) = ∑ 𝑥𝑥𝑖𝑖 × 𝑝𝑝𝑖𝑖𝑁𝑁
𝑖𝑖                                                                (1)              

where 𝑥𝑥𝑖𝑖 is the mole fraction of component (i) in the mixture and 𝑝𝑝𝑖𝑖  is the σ profile of any molecule 
X. The Henry constant (H) is a significant indication of gas solubility, which is directly 
proportional to the activity coefficient. A low value of H is an indication of good CO2 solubility. 
The Henry’s constant values for selected ILs were calculated using Equation (2); 

 
𝐻𝐻𝑠𝑠𝑖𝑖 = 𝛾𝛾𝑠𝑠

𝑆𝑆,∞ × 𝑃𝑃𝑠𝑠𝑖𝑖                                                              (2) 
where, 𝛾𝛾𝑠𝑠

𝑆𝑆,∞ is the activity coefficient at infinite dilution and 𝑃𝑃𝑠𝑠𝑖𝑖 is the vapor pressure. 
To evaluate the effect of anions and cations functionalization, the activity coefficient at infinite 

dilution (γ∞), CO2 capacity (mole CO2/mole of ILs), and Henry’s constant (H) of 84 ILs were 
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estimated using COSMO-RS for the solubility prediction. For this study, the ILs structures of the 
cations are: 1-butyl-3-methylimidazolium (BMIM), tetrabutylammonium (N4444), 
dibutylpyrrolidinium (BBPyrro), glycinium (Gly+), L-lysinium(+1) (Lys+), and  (MGlyB)  as 
depicted in Figure 1. The ILs structures of the anions are: tetrafluoroborate (BF4), bromide (Br), 
bis(trifluoromethane)sulfonimide (TFSI), nitrate (NO3), Gly, Ala,  Val, Leu, isoleucine (Ile), 
phenylalanine (Phe), Pro, serine (Ser), threonine (Thr), tyrosine (Tyr), cysteine (Cys), Met,  Lys, 
Arg, His, tryptophan (Trp), aspartic acid (Asp), glutamic acid (Glu), asparagine (Asn), and 
glutamine (Gln) as shown in Figure 2. 

 
Fig. 1. Different cations structures of the ILs used in this study. 
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Fig. 2. Different anions structures of the ILs used in this study. 

 
Results and Discussions  
To study the effect of amine functional group (–NH2) and carboxyl group (–COOH) on the 
capacity of CO2 in ILs, different aminate-anion ILs, non-functionalized ILs and, amino-cation ILs 
were evaluated. First, 20 aminate-anion ILs with different combination of cations namely BMIM, 
BBPyrro, and N4444 were evaluated to study the effect of amino acid based-anion ILs on CO2 
capacity. 

For BMIM-cation based ILs, the values of CO2 capacity are shown in Figure 3.  It can be 
observed that the order of CO2 capacity starting from the highest is 
[Arg]>[Lys]>[Met]>[Phe]>[His]>[Trp]>[Leu]>[Val]>[Asn]>[Gly]>[Ala]>[Pro]>[Ile]>[Cys]> 
[Ser>[Gln]>[Tyr]>[Thr]>[Asp]>[Glu]. Figure 4 shows the Henry’s constant (H) and activity 
coefficient at infinite dilution. It can be noted that the order of Henry’s constant (H) values starting 
from the lowest is [Arg]<[Lys]<[Met]<Phe]<[His]<[Trp]<[Leu]<[Val]<[Asn]<[Gly]<[Ala]<[Pro] 
<[Ile]<[Cys]<[Ser]<[Gln]<[Tyr]<[Thr]<[Asp]<[Glu]. The trend observed is also generally 
consistent with the order obtained for γ∞ as shown in Figure 4. By comparing CO2 capacity 
prediction with the experimental results obtained by Sistla and Khanna [10], almost similar trend 
with a slight difference was observed where [Arg] and [Lys] showed the highest CO2 capacity 
values while [Ala] and [Pro] showed the lowest values. The results of the overall 60 ILs screening, 
showed that [Arg] and [Lys] have the highest CO2 capacity, while [Thr], [Asp], and [Glu] showed 
the lowest affinity for CO2 absorption. 
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Fig. 3. CO2 capacity values for different ILs, the red color represents the highest value followed 

by orange, yellow, green, and blue. 
 

  
Fig. 4.  Henry’s constant (H) values (left) and activity coefficient values (γ∞) (right) for different 

ILs. 
 

The σ-profile and σ-surface for CO2, [BMIM], [Arg], [Lys], [Thr], [Asp], and [Glu] are 
presented in Figure 5 to understand the effect of molecular structures on the activity performance. 
The σ-profile represents the charge density profiles for the structures, and it can be divided into 
three major parts: hydrogen bond donor for σ < −0.01 𝑒𝑒/Å2, hydrogen bond acceptor for σ > +0.01 
𝑒𝑒/Å2, and nonpolar for −0.01 𝑒𝑒/Å2< σ < +0.01 𝑒𝑒/Å2. Furthermore, σ-surface is used to estimate 
the charge distribution of the structure using color coded representation. The neutral characteristic 
is represented by green color, yellow color represents a partial negative charge while the strong 
electronegativity is represented by red color, and the blue color represents a strong positive charge. 
From Figure 5 it can be observed that [Arg] and [Lys] anions are highly nonpolar compared to 
[Thr], [Asp] and [Glu] anions, which increase the London dispersion interaction with the nonpolar 
CO2. Moreover, it can be noted that [Arg] and [Lys] anions have high hydrogen bond acceptance 
properties which increase the interaction with BMIM that has hydrogen bond donation property. 
On the other hand [Thr], [Asp], and [Glu] anions, have hydrogen bond donation properties 
compared to [Arg] and [Lys] anions, which reduce their attraction forces with BMIM as well as 
the attraction forces with CO2 since CO2 is relatively considered as acid.  
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Fig.5   Sigma profile (left) and sigma surface (right) for CO2, [BMIM], [Arg], [Lys], [Thr], 

[Asp], and [Glu]. 
 
To understand the effect of different cations on CO2 capacity, [N4444], and [BBPyrro] cations 

with the same 20 anions were further evaluated. The values of CO2 capacity for N4444-based ILs 
and BBPyrro-based ILs are shown in Figure 3. For N4444-based ILs, the order of CO2 capacity 
starting from the highest is [Lys]>[Arg]>[Met]>[His]>[Phe]>[Val]>[Ala]> 
[Cys]>[Gly]>[Leu]>[Pro]>[Trp]>[Ile]>[Asn]>[Ser]>[Gln]>[Tyr]>[Thr]>[Glu]>[Asp].  

The result is consistent for the Henry’s constant (H) values for N4444 as shown in Figure 4, 
from the lowest is [Lys]<[Arg]<[Met]<[His]<[Phe]<[Val]<[Ala] 
<[Cys]<[Gly]<[Leu]<[Pro]<[Trp]<[Ile]<[Asn]<[Ser]<[Gln]<[Tyr]<[Thr]<[Glu]<[Asp]. The 
same sequence was found for γ∞ values as shown in Figure 4.  By comparing the predicted CO2 
capacity with the experimental results obtained by Recker et al. [20], a similar trend was observed 
where [Val] showed higher CO2 capacity than [Leu], followed by [Ile]. For BBpyrro-based ILs, 
the predicted CO2 capacity sequence starting from the highest is 
[Arg]>[Lys]>[Met]>[His]>[Phe]>[Val]>[Ala]>[Gly]>[Cys]>[Trp]>[Asn]>[Leu]>[Pro]>[Ile]>[S
er]> [Gln]>[Tyr]>[Thr]>[Glu]>[Asp]. While for the order of H values starting from the lowest is 
[Arg]<[Lys]<[Met]<[His]<[Phe]<[Val]<[Ala]<[Gly]<[Cys]<[Trp]<[Asn]<[Leu]<[Pro]<[Ile]<[A
sn]< [Ser]<[Gln]<[Tyr]<[Thr]<[Glu]<[Asp]. Similar trend was then observed for the for γ∞ values 
as shown in Figure 4.  

It can be clearly seen that the order of CO2 capacity slightly varies by changing the cations. It 
can be noted that when comparing the three cations, ammonium [N4444]-based ILs recorded an 
overall higher CO2 capacity than [BBPyrro] and [BMIM]. To investigate the cause of variation of 
CO2 capacity order with different cations, the σ-profile for CO2, [BMIM], [N4444], and [BBpyrro] 
were generated as shown in Figure 6. From Figure 6, it can be observed that [N4444] is strongly 
nonpolar, followed by [BBPyrro] then [BMIM] which explains the high CO2 affinity of [N4444] 
compared to [BBPyrro] and [BMIM]. 
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Fig. 6.  Sigma profile for CO2, BBpyrro, N4444, and BMIM 

 
To understand the effect of aminate anions on the cations it is important to look at the nature of 

the amino acids. Amino acids (AAs) can be classified into five major groups based on the 
properties of the "R" group in each amino acid.  First is AAs with polar uncharged side chain such 
as ([Ser], [Thr], [Asp], [Glu]), second is AAs with hydrophobic side like ([Ala],[Val], [Ile], [Leu], 
[Met], [Phe], [Tyr], [Trp]), third is AAs with basic side like ([His], [Arg], [Lys]), forth is AA with 
acidic side like ([Glu], [Asp]), and fifth is AA with special cases ([Cys], [Gly], [Pro]). 
For BBPyrro, N4444, and BMIM -based cations, the nonpolar anions with high hydrogen bond 
acceptance properties and less hydrogen bond donation properties (with base side chain) like [Arg] 
and [Lys] shows higher CO2 capacity, while the anion with acidic properties like [Glu] and [Asp] 
showed the lowest values. This is because CO2 is considered as nonpolar and relatively acid.  For 
nonpolar cation [N4444], the nonpolar amino acid-based anion like [Lys] showed high affinity for 
CO2 compared to the relatively polar [Arg]. On the other hand, the relatively polar cation like 
[BMIM] showed higher CO2 capacity with the relatively polar [Arg] compared to the highly 
nonpolar anion [Lys].  

To study the effect of cation-based amino acids on CO2 capacity, glycinium [Gly+], L-
lysinium(+1) [Lys+], and [MGlyB] cations were evaluated along with tetrabutylammonium 
[N4444], [BMIM] and  [BBPyrro] with different anions. From Figure 7, it can be observed that 
for bromide based ILs, the CO2 capacity order starting from the highest is 
[N4444]>[BBPyrro]>[BMIM]>[MGlyB]>[Lys+]>[Gly+]. From Figure 8, similar trend was 
observed for γ∞ and H values starting from the lowest 
[N4444]<[BBPyrro]<[BMIM]<[MGlyB]<[Lys+]<[Gly+]. It can be noted that the cation-based 
amino acids generally have low CO2 solubility. For further validation of the results, other common 
anions namely TFSI, BF4 and NO3 anion-based were evaluated with the same combinations of 
cations. From Figure 7 and Figure 8, it can be observed that TFSI and NO3 anion-based showed 
the same trend as Br-based ILs. Interestingly, for BF4 the order of CO2 capacity starting from the 
highest is [N4444]>[BBPyrro]>[Gly+]>[BMIM]>[MGlyB]>[Lys+]. One striking trend is observed 
for the case of [Gly+] cations. According to the combination of anion, the CO2 absorption vary 
significantly. It can be observed that [Gly+] cations showed highest affinity for CO2 absorption 
when coupled with BF4.  
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Fig. 7.  CO2 capacity values for different ILs, the red color represent the highest value followed 
by orange, yellow, and green. 

  
Fig. 8. Henry’s constant (H) values and infinite dilution activity coefficient (γ∞) values for 

different ILs 
 
To investigate the activity of [Gly+] cation with different anions, sigma profiles and sigma potential 
for [Gly+], [N4444], [BBPyrro], [BMIM], [MGlyB], [Lys+], [TFSI], [Br], [BF4] and [NO3] were 
generated as shown in Figure 9. From the sigma profile and sigma potential, it can be observed 
that [Gly+]has strong hydrogen bond donation property while BF4 has strong hydrogen bond 
acceptance property which increases the molecular interaction between the molecules. It can also 
be noted that although Br anion is highly electronegative, [BF4] showed higher CO2 capacity and 
this is due to branched chain of B-F in [BF4] that  provides higher interaction surface especially 
with [Gly+] since glycine is classified among the special group because it contains a hydrogen at 
its side chain N+H3 (rather than carbon as in all other amino acid), which makes the glycine the 
most flexible amino acid. It can be observed that the interaction between the CO2 and big structures 
like [Lys+] and other cations is mainly by London dispersion interaction (nonpolar-nonpolar) 
interaction due to the distance from the charged atoms unlike [Gly+]. It can be therefore deduced 
that the cations/anions combination play important roles on CO2 capacity in ILs through the 
molecular interaction. 
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Fig. 9. Sigma profile (left) and sigma potential (right) for different anions and cations 

 
Conclusion 
The effect of amine functional group (–NH2) and carboxyl group (–COOH) on CO2 absorption of 
84 different amino acid based ILs and non-functionalized ILs were elucidated using COSMO-RS 
and TurboMole by predicting the values of CO2 capacity, activity coefficient and Henry’s constant. 
The results showed that amino acid-based ionic liquids as anions significantly enhanced the CO2 
solubility in ILs compared to amino acid-based ionic liquids as cations. However, [Gly+][BF4] 
showed interesting CO2 capacity compared to other amino acid cations-based due to increase 
molecular interaction. The results showed that the selection of cations/anions combination can 
significantly vary the CO2 affinity of CO2 in ILs. The affinity can be governed by acid/base 
interaction, hydrogen bond strength, and the nonpolar-nonpolar interaction. 
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