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Abstract

:

The present study provides a solvent-free organic synthesis of quaternary ammonium salts: bis(2-hydroxyethyl)dimethylammonium taurate ([BHEDMA][Tau]) and bis(2-hydroxyethyl)dimethylammonium acetate ([BHEDMA][OAc]). These ionic compounds are promising materials for carbon dioxide capture processes, as mono sorbents, supplemental components in the conventional process of chemical absorption, and in the combined membrane approach for improving sorption efficiency. The synthesized compounds were characterized by 1H NMR and FT-IR spectroscopies and elemental analysis. Afterward, the sorption properties of the compounds were evaluated using the inverse gas chromatography (IGC) method, and their thermodynamic parameters were calculated in the temperature range of 303.15–333.15 K. The enthalpy change (∆sH) was less than 80 kJ·mol−1, indicated by the physical nature of sorption and also proved by FT-IR. Henry’s law constant in regard to carbon dioxide at 303.15 K was equal to 4.76 MPa for [BHEDMA][Tau], being almost 2.5 lower than for [BHEDMA][OAc] (11.55 MPa). The calculated carbon dioxide sorption capacity for [BHEDMA][Tau] and [BHEDMA][OAc] amounted to 0.58 and 0.30 mmol·g−1, respectively. The obtained parameters are comparable with the known solid sorbents and ionic liquids used for CO2 capture. However, the synthesized compounds, combining the advantages of both alkanolamines and ionic liquids, contain no fluorine in their structure and thus match the principles of environmental care.
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1. Introduction


Nowadays, with the growing energy demands and ecological concerns, natural gas is considered an environmentally friendly source of energy while, at the same time, finding application as a raw chemical material. As a consequence, its annual consumption is growing rapidly worldwide. The strict necessity to purify natural gas from acidic impurities (sweetening process) is due to the carbon dioxide’s assistance in the formation process of gas hydrates, thus rendering the raw material incompatible for utilization in fuel cells and shortening the service life of the equipment [1,2].



The current industry-accepted CO2 removal technology is chemical absorption using aqueous solutions of alkanolamines such as monoethanolamine (MEA), diethanolamine (DEA), triethanolamine (TEA), diisopropanolamine (DIPA), diglycolamine (DGA), and methyldiethanolamine (MDEA). Although a widely used method, it has a number of disadvantages, for instance, loss of the sorbent caused by thermal degradation and potential release of dangerous substances. In addition, this method is energy intensive due to the absorbent regeneration procedure requiring quite high capital costs, owing to the complicated design of the equipment and thus the large square of the plants [3,4,5]. Hence, the enhancement of the CO2 removal process should be achieved by the development of new sorbents with high sorption capacity in relation to CO2 and/or development and improvement in separation techniques.



As aforementioned, sorption systems based on alkanolamines are the most commonly used media in the field of chemical sorption of acid gases, due to their ability to form weakly bound complexes with CO2 [6,7]. On the other hand, ionic liquids (ILs) have some unique properties: low vapor pressure, thermal stability, high sorption capacity with respect to acid gases, and the ability to customize their physicochemical properties by combining various cations and anions or introducing functional groups. This class of materials found an application in many fields: extraction [8], nanotechnology [9], electrochemistry [10], electrolysis [11], catalysis [12], gas separation [13,14], and absorption [15]. However, the majority of ILs with high CO2 sorption capacity contain fluorine anion (e.g., [BF4], [Tf2N], [PF6]). Therefore, in terms of designing the new sorbents for carbon dioxide capture, the development of novel quaternary ammonium compounds with fluorine-free anions acquires great significance. This type of compound combining properties of ionic liquids based, and alkanolamines are promising sorbents of carbon dioxide due to them possessing the advantages of both classes.



Along with the development of new materials, novel approaches providing the rejection of high energy-consuming chemical absorption techniques are of great high interest. Membrane-based processes [16,17], as reaction-free approaches, are promising methods to reduce energy consumption and increase the economic efficiency of natural gas treatment. A novel and unique hybrid method—membrane-assisted gas absorption (MAGA)—provides the separation without a phase transition in the single-volume mass-exchange apparatus and does not require heat supply or removal [18,19]. The application of liquid sorbents in that process increases the selectivity; meanwhile, the gas separation membrane provides regeneration of the sorbent in a continuous steady-state mode [20,21].



The present research focuses on the quaternary ammonium compounds based on alkanolamines with “natural” anions: bis(2-hydroxyethyl)dimethylammonium taurate and bis(2-hydroxyethyl)dimethylammonium acetate. The novelty of the study is the preparation and investigation of simply designed but effective fluorine-free sorbents for carbon dioxide capture. These compounds were obtained via a solvent-free procedure and characterized by conventional methods (1H NMR, IR spectroscopies, and elemental analysis). Sorption properties such as thermodynamic parameters of the sorption process and sorption capacities for CH4, N2, and CO2 were investigated using inverse gas chromatography (IGC) in the temperature range of 303.15–333.15 K. A comparison of the sorption properties of the synthesized ionic compounds with the literature data revealed the potential application of the novel compounds as effective carbon dioxide capture materials.




2. Materials and Methods


2.1. Chemicals and Materials


For this study, 2-chloroethanol (99 wt%), 2-aminoethanesulfonic acid (≥99%), and anion-exchange resin Amberlyst® A21 free base were purchased from Sigma-Aldrich (Darmstadt, Germany). Hydrochloric acid and acetic acid were purchased from CJSC Chimreaktiv (Nizhny Novgorod, Russia), while sodium hydroxide and diethyl ether (>99.5 vol.%) were purchased from JSC Vekos (Nizhny Novgorod, Russia). Diethyl ether was dried using standard procedure and stored over activated molecular sieves (4 Å) for at least 48 h. In addition, 2-dimethylaminoethanol (≥98 wt%) was provided by «Oka-Sintez» Ltd. (Dzerzhinsk, Russia) and used without any additional purification. Single pure gases were purchased from Monitoring LLC (St. Petersburg, Russia): methane (≥99.9 vol.%), carbon dioxide (≥99.99 vol.%), hydrogen sulfide (≥99.5 vol.%), and nitrogen (≥99.999 vol.%), helium (≥99.9999 vol.%). Millipore Direct-Q3 deionized water (DI) was used.




2.2. NMR Spectroscopy


1H NMR spectra were recorded on a DD2 400 MHz spectrometer (Agilent, Santa Clara, CA, USA) using D2O or DMSO-d6 as solvents. The residual solvent peak was used as an internal standard. The chemical shifts (δ) are reported in parts per million (ppm); J values are given in hertz (Hz).




2.3. IR Spectroscopy


FT-IR spectra were obtained at ambient temperature under an inert atmosphere of argon (99.9995%) by means of the IRAfinity-1 instrument (Shimadzu, Kyoto, Japan) additionally equipped with the HATR PIKE cell with a ZnSe glass. The solid compound was placed onto the glass and pressed by the sampler, then the spectrum was registered. For the operando in situ experiments, the solid compound sample was placed into a HATR cell equipped with a purge gas (CO2) system. The adsorption spectra of carbon dioxide on the samples were recorded after flushing with CO2 for 2 h with a flow rate of 10 mL min−1 at a pressure of 0.1 MPa. A minimum of 30 scans was signal-averaged with a resolution of 4 cm−1 within the 4000–700 cm−1 range.




2.4. Elemental Analysis


Elemental composition was obtained by means of the Vario EL cube elemental analyzer (Elementar, Langenselbold, Germany) with a supplier-stated precision of <0.1%.




2.5. Melting Point Determination


The determination of the melting point of the synthesized compounds was checked by the capillary method, which consists of determining the temperature at which a crystal of a substance passes into a molten state in a capillary. To determine the melting point, the finely powdered substance was dried in vacuo and over anhydrous silica gel for 24 h. Then, the substance was placed into a capillary, degassed, sealed from the second end, fixed in a glass vessel with silicone oil, and placed on a magnetic stirrer. The temperature was gradually increased by 10 K starting from 333.15 K to 373.15 K every 10 min. Then, the rate of heating was adjusted to about 1 K·min−1. The temperature at which the last particle passed into the liquid phase was defined as the melting point.




2.6. Moisture Content Determination


Moisture content was determined by Karl Fischer titration on an 831 KF Coulometer (Metrohm AG, Herisau, Switzerland) by the standard procedure. The moisture content did not exceed 0.2 wt%.




2.7. Sorption Properties Determination


The sorption properties of the obtained ionic compounds were evaluated using the inverse gas chromatography (IGC) method. The ionic compound, dissolved in ethanol in a ratio of 1:2 by weight, was added to the Silochrome-80 carrier sorbent. The solution was stirred at room temperature for 2 h, and then the solvent was removed under vacuum for 10 h while gradually increasing the temperature to 333.15 K. After that, the sorbent was loaded into a stainless-steel gas chromatographic column using a vacuum pump connected to the opposite side until the column was filled. The prepared column was placed into a Chromos GC-1000 gas chromatography system. Helium was used as a carrier gas. The column was vented under helium with a flow rate of 7.5 cm3 min−1 at 373.15 K for 8 h. The details of the analysis are given in Table 1. The measurements of N2, CH4, and CO2 sorption were performed at temperatures: 303.15, 313.15, 323.15, 333.15 K, and pressure of 0.132 and 0.142 MPa for bis(2-hydroxyethyl)dimethylammonium acetate and bis(2-hydroxyethyl)dimethylammonium taurate, respectively. In order to obtain the precise data and guarantee that reproducibility, each experiment included 10 runs, where the regeneration of ionic compound occurred spontaneously from run to run under the experimental conditions.



Theoretical basis: The main objective of any sorption method, including IGC, is to determine the partition constant K of the solute between the vapor and polymer phases. In addition, constant K can be derived from data on the static sorption under equilibrium conditions [22] as follows:


  K =    c  1 , L      c  1 , G      



(1)




where    c  1 , L     and    c  1 , G     are the solute concentrations in the polymer and vapor phases, respectively.



In chromatography, the concentration ratio is replaced with the ratio of time for which a sorbate molecule stays in the carrier-gas flow (   t  1 , G    ) to the time for which a sorbate molecule stays in the sorbed state (   t  1 , L    ). In this case, the partition constant takes the form


  K =    t  1 , L      t  1 , G      



(2)







To determine parameters    t  1 , G     and    t  1 , L     in an IGC experiment, it is necessary to measure the retention times of sorbed and nonsorbed components,    t r    and    t a   , respectively. In fact, the value of    t a    corresponds to the retention time of an “almost nonsorbed” or “poorly sorbed” component and is used to estimate the “dead volume” of the chromatograph. The “dead volume” is the volume of the eluent required to fill the pores of the sorbent and the space between its particles in the column.


   t a  =    V a   F   



(3)




where    V a    is the “dead volume”, cm3;  F —is the volumetric flow rate of the carrier gas, cm3 min−1.



On the basis of these times, we can calculate corrected retention volume [22].


   V r 0  =  (   t r  −  t a   )  ∆  F  p , T    



(4)




where    t R    and    t a    are the elution times of the retained and non-retained components, respectively, s;    F  p , T     is the volumetric flow rate of the carrier gas at the average pressure in the column and temperature  T , cm3 min−1.


   F  p , T   = F ·  j 3 2  ·  T   T a      ,  



(5)




where  T  and    T a    are column temperature and room temperature, respectively, K;    j n m    is defined by James–Martin correction factor [23] as follows:


   j n m  =   n (    (   p 1  /  p 0   )   m  − 1 )   m (    (   p 1  /  p 0   )   n  − 1 )   ,  



(6)




where n and m are integers (1, 2, 3, …), and    p 1    and    p 0    are the pressure at the inlet and outlet of the column, respectively, atm.



The normalization of the corrected retention volume to mass    m L    of the mass of the ionic compound in the chromatographic column yields specific retention volume    V g    as follows:


  K =    V r 0     m L    =  V g  ·  ρ L   



(7)




where    ρ L    is the density of the ionic compound, g cm−3;    m L    is the mass of the ionic compound in the column, g.



Specific retention volume    V g    is one of the main experimental parameters used to calculate all the thermodynamic parameters on the basis of a simple relationship.


  K =    (   t r  −  t a   )  ·  F  p , T      m L    ·  ρ L   



(8)







The dimensionless Henry’s law constant is then converted into the dimensional Henry’s law constant (KC) in units of mmol g−1 atm−1 [24].


   K C  =  K  R T  ρ L    =    (   t r  −  t a   )  ·  F  p , T     R T  m L     



(9)




where 𝑅 is the gas law constant.



The dimensional Henry’s law constant (   K C   ) in units of mmol g−1 atm−1 can be converted into the dimensional Henry’s law constant (   K H   ) in units of atm as follows:


   K H  =  1   K C   M L     



(10)




where    M L    is the molar mass of the ionic compound, g mol−1.




2.8. Synthesis Procedure


Halide salt. The rational strategy for the high-yield solvent-free synthesis of alkylammonium halides is described elsewhere [25]. To prepare bis(2-hydroxyethyl)dimethylammonium chloride [BHEDMA][Cl] halide salt, an equimolar amount of 2-chloroethanol (50 mmol) was added to 2-dimethylaminoethanol (50 mmol) and placed in a round bottom flask. The reaction mixture was heated up to 343.15 K under reflux for 3 days (Scheme 1). The reaction was carried out under an inert gas (nitrogen) atmosphere. The resulting white solid was washed three times with diethyl ether to remove the rest of the unreacted compounds. Then, the solvent was decanted, and the final product was dried under vacuum at 333.15 K for 24 h. The product was obtained as white solid (yield 92%).



Anion-exchange reaction. For the synthesis of the taurate or acetate ammonium salts, anion-exchange reactions using an activated free base anion exchange resin (Amberlyst® A21) were carried out. The resin’s activation proceeded as follows [21]: a weighed portion of Amberlyst A21 resin (10 g) was washed with a 10% mass of an aqueous solution of hydrochloric acid (50 g) 5 times using an ion exchanger with a porous filter. Afterward, the resin was washed with distilled water until pH = 7. Then, using the same ion exchanger, the resin was treated with 10% of the mass of an aqueous NaOH solution (50 g) 5 times and then was washed with distilled water until pH = 7 to obtain a hydroxyl anionic resin. Before use, it was dried to constant weight at room temperature and pressure in an inert gas stream (Scheme 2).



To obtain bis(2-hydroxyethyl)dimethylammonium hydroxide 30% of the mass, an aqueous solution of bis(2-hydroxyethyl)dimethylammonium chloride was passed through a column with an OH− ion-exchange resin. Then, equimolar amounts of taurine or acetic acid were added to the resulting solution to obtain bis(2-hydroxyethyl)dimethylammonium taurate or acetate, respectively. The reaction mixture was stirred at room temperature for 4 h, after which the solution was decanted, and water was removed by an evaporator. The resulting product was dried under reduced pressure at room temperature for 24 h and continued drying with increasing the temperature gradually up to 343.15 K until the water content became less than 0.2 wt%.



[(CH3)2N(CH2CH2OH)2]+ [Cl]− (1). White solid, yield 92%. 1H NMR (400 MHz, DMSO-d6) δ 5.56–5.49 (m, 2H; OH), 3.85–3.75 (m, 4H; CH2-CH2OH), 3.49–3.44 (m, 4H; CH2-CH2OH), 3.13 (s, 6H; NCH3). FT-IR (KBr), ν (cm−1): 3280 (O-H), 3020, 2962, 2887 (C-H), 1471, 887 (N+–C), 1076, 1053, 956, 933 (C-O(H)). Elemental analysis: calc.: C, 42.48; H, 9.51; N, 8.26. Found: C, 42.4; H, 9.5; N 8.3.



[(CH3)2N(CH2CH2OH)2]+ [C2H6NSO3]− (2). White solid, yield 95%. 1H NMR (400 MHz, D2O) δ 4.11–4.06 (m, 4H; CH2-CH2OH), 3.63–3.59 (m, 4H; CH2-CH2OH), 3.43 (t, J = 6.6 Hz, 2H; S-CH2-CH2-NH2), 3.27 (t, J = 6.6 Hz, 2H; S-CH2-CH2-NH2), 3.24 (s, 6H; NCH3). FT-IR (KBr), ν (cm−1): 3387 (O-H), 3047, 2926, 2866 (C-H), 1473, 889 (N+–C), 1087, 1053, 954 (C-O(H)), 1637 (N–H), 1211 (S=O). Elemental analysis: calc.: C, 37.20; H, 8.58; N, 10.84. Found: C, 37.1; H, 8.5; N, 10.8. M.p.433.15 K.



[(CH3)2N(CH2CH2OH)2]+ [CH3C(O)O]− (3). Pale yellow solid, yield 95%. 1H NMR (400 MHz, D2O) δ 4.12–4.05 (m, 4H; CH2-CH2OH), 3.63–3.59 (m, 4H; CH2-CH2OH), 3.25 (s, 6H; NCH3), 2.09 (s, 1H; CH3). FT-IR (KBr), ν (cm−1): 3350 (O-H), 3028, 2958, (C-H), 1473, 887 (N+–C), 1080, 952 (C-O(H)), 1730 (C=O). Elemental analysis: calc.: C, 49.72; H, 9.91; N, 7.25. Found: C, 49.7; H, 9.9; N, 7.3. M.p. 418.15 K.





3. Results and Discussion


3.1. Spectral Characterization


The FT-IR spectra of all synthesized compounds are shown in Figure 1. As expected, and clearly seen in Figure 1, for all ionic compounds, a set of similar bands were observed. These include a broad absorption band of stretching vibrations of hydroxyl groups centered at around 3300 cm−1 and C–H stretching modes in hydroxyalkyl radicals located around 2800–3050 cm−1 [26,27,28]. Several characteristic vibrations for alcohol fragments could also be found in the spectra. For example, single or twin peaks at 1150–1050 cm−1 and peaks at 950–930 cm−1 assigned to C–O stretching vibrations [29] also appeared in the spectra.



In addition, some new peaks corresponded to the taurate and acetate anion and appeared in the spectra of compounds 2 and 3. Thus, the absorption bands at 1637 cm−1 (asym. N–H), 1211 cm−1 (stretching S=O) [30] (red spectrum), and band at 1730 cm−1 dedicated to C=O vibration [31] (green spectrum) could be seen in the spectra of compound 2 and 3, respectively.



The 1H NMR spectrum of compound 1 (Figure 2) contained a multiplet corresponding to hydroxyl protons in the range of 5.49–5.56 ppm. These peaks were not observed in the spectra of compounds 2 and 3 since these spectra were recorded in deuterated water. All spectra contained the singlets of methyl protons: at 3.13 ppm for 1, at 3.24 ppm for 2, and at 3.25 ppm for 3. The multiplets of methylene protons emerged at 3.85–3.75 and 3.49–3.44 ppm (compound 1), at 4.06–4.11 and 3.63–3.59 ppm (compound 2), and 4.12–4.05 and 3.63–3.59 (compound 3). Beyond that, 1H NMR spectra of compounds 2 and 3 contained signals that correspond to the protons of anions. Thus, the methylene protons of the taurate anion emerged as triplets at 3.27 and 3.43 ppm (Figure 3). However, the protons of the amino group (taurate anion) were invisible in the spectrum. This observation could be explained by deuterium exchange with protons of deuterated solvent [32]. Three methyl protons of acetate anion appeared as a singlet at 2.09 ppm (Figure 4).




3.2. Sorption Characteristics


To investigate the sorption properties of the obtained ionic compounds, the IGC analysis at temperatures of 303.15, 313.15, 323.15, 333.15 K, and pressures close to atmospheric was carried out.



Figure 5a,b show the obtained Henry’s law constants as the function of temperature. Henry’s law constant values of [BHEDMA][Tau] with respect to nitrogen fall in the range 10.02–11.59 MPa, and with respect to methane, they were 11.07–13.50 MPa. In the case of [BHEDMA][OAc], the values were even higher, 30.36–97.00 MPa for nitrogen and 28.14–92.00 MPa for methane, indicating that the amount of captured gases was quite low. Meanwhile, Henry’s law constant values of [BHEDMA][Tau] with respect to carbon dioxide were in the range of 4.76–7.80 MPa, and in the case of [BHEDMA][OAc], they were 11.55–27.38 MPa. As seen, [BHEDMA][Tau] had a lower value of Henry’s law constants in comparison with [BHEDMA][OAc], thus providing higher carbon dioxide sorption capacity. Taking into account the same cation for both compounds, one can conclude that the anion structure (composition and configuration) affects the sorption properties vastly, although further investigation did not find out any interaction between sorbent and sorbate resulting from a chemical reaction.



The thermodynamic parameters of CO2 sorption by [BHEDMA][Tau] and [BHEDMA][OAc] were derived from the correlation of Henry’s law constant, applying the known thermodynamic relations [33]. The Gibbs energy is given by Equation (11) as follows:


   ∆ s  G = R T ln  (     K h     P 0     )    ,  



(11)




where    P 0    is the standard-state pressure, MPa; R is the universal gas constant, J·mol−1·K−1. The dependence of the constant of Henry’s law on pressure can be neglected since in this experiment the pressure range is narrow [33].


   ∆  s   H = R    (    ∂    (  ln  (     K h     P 0     )     )    ∂  (  1 / T  )     )   p   



(12)






   ∆ s  S =    ∆ s  H −  ∆ s  G  T   



(13)







Using this approximation and Equations (11)–(13), the thermodynamic parameters of the sorption of carbon dioxide by an ionic compound were estimated. The values of the Gibbs energy, enthalpy, and entropy of sorption are given in Table 2.



The dependence of   ln  (     K H     P 0     )     values show a linear correlation with 1/T (Figure 6), which means that within the studied temperature range, the sorption enthalpy is independent of temperature. Additionally, in Figure 6, it is indicated that carbon dioxide is more than three times soluble in [BHEDMA][Tau] than in [BHEDMA][OAc].



As is seen from Table 2, the values of    ∆ s  G   are positive and increase with increasing temperature in the same manner for both ionic compounds making the sorption process is exothermic. As known, the    ∆ s  H   value less than 80 kJ·mol−1 corresponds to the physisorption, while within the range of 80–200 kJ·mol−1, it corresponds to chemisorption [34]. Hence, the values of    ∆ s  H   in the present study indicate the adsorption processes of CO2 on [BHEDMA][Tau] and [BHEDMA][OAc] are physisorption processes. The negative values of    ∆ s  S   suggest a decrease in disorderliness during the adsorption process of CO2 because the molecules are adsorbed on the active centers, depressing the degree of freedom and leading to the tendency of the system to be ordered [35].



The physical nature of the absorption process was proven also by FTIR spectroscopy. For this, the operando in situ experiment was carried out. As clearly seen in Figure 7, no shifts of main peaks of compounds, as well as of C=O band, in carbon dioxide occurred, thus indicating no chemical interaction occurred between ionic compounds and gas.



The comparison of Henry’s law constant’s values of carbon dioxide for synthesized compounds and of some known ionic liquids are presented in Table 3. As seen, for [BHEDMA][OAc], the values of Henry’s law constants are higher, and for [BHEDMA][Tau], it is comparable to all the values shown. As seen from the literature, the ILs containing fluorine have a high absorption capacity [36,37,38,39,40,41,42]. This can be explained by the influence of the anion fluorine groups on the solubility of CO2. It was shown in [43,44] that an increase in the number of fluorine atoms increases the carbon dioxide sorption capacity of the ionic liquid. However, due to environmental reasons, ILs with no fluorine are preferable for application [44].



As seen in Table 4, the sorption capacity of [BHEDMA][Tau] was 0.58 mmol·g−1, almost twice higher than of [BHEDMA][OAc] (0.30 mmol·g−1). Compared with some known solid CO2 sorbents, the sorption capacity of [BHEDMA] [Tau] was about two times higher than of solid silica sorbents. Compared with carbon-containing, organometallic solid sorbents and zeolites, the compound synthesized in this work with the taurate anion showed comparable or slightly lower values of the sorption capacity for carbon dioxide. This means that [BHEDMA][Tau], which functions as a standalone sorbent, will most likely be able to compete with the currently known solid CO2 sorbents after the modification of its sorption qualities.



Nowadays, the scientific community aims at the search and development of “green” materials and technologies and the development of effective and environmentally friendly fluorine-free sorbents with high sorption capacity, which are quite preferable for further investigation and use. Thus, the synthesized [BHEDMA][Tau] and [BHEDMA][OAc] investigated in this study are promising adsorbents for CO2.





4. Conclusions


In the present study, the solvent-free synthesis of two quaternary ammonium ionic compounds—bis(2-hydroxyethyl)dimethylammonium taurate and bis(2-hydroxyethyl)dimethylammonium acetate—was performed and described in detail. The obtained compounds were characterized by spectroscopic methods (FTIR, 1H NMR), elemental analysis, and the inverse gas chromatography (IGC) method. It was shown that Henry’s law constant value determined for [BHEDMA][Tau] with respect to carbon dioxide ranged from 4.76 to 7.80 MPa, which was much lower than for nitrogen (10.02–11.59 MPa), and for methane (11.07–13.50 MPa) in the temperature range 303.15–333.15 K. In the case of [BHEDMA][OAc], the same parameter equaled 11.55 to 27.38 MPa regarding carbon dioxide, 30.36–97.00 MPa for nitrogen, and 28.14–92.00 MPa for methane within the same temperatures. The calculated carbon dioxide sorption capacity for [BHEDMA] [Tau] and [BHEDMA][OAc] amounted to 0.58 and 0.30 mmol·g−1, respectively. For both compounds, the sorption process was found to have a physical nature (   ∆ s  H    <  80 kJ·mol−1). Taking into account the same cation of both compounds, one can suggest the structure of anion making the most significant contribution to the sorption properties. Thus, the presence of an amino group and extra-oxygen in the taurate structure increased the sorption efficiency while avoiding chemical interaction, which was proven by FT-IR. In addition to some known solid adsorbents, the sorption capacities for CO2 of the synthesized compounds were of the same order. Meanwhile, the Henry’s law constants for [BHEDMA][Tau] had comparable values regarding the known ionic liquids but the absence of the fluorine atoms in its structure provides an advantage, making [BHEDMA][Tau] a good sorbent even as a mono material. Additionally, the synthesized compounds can be used as an additional component in the conventional process of chemical absorption by alkanolamines as well as in the combined membrane approach for improving sorption efficiency. Further studies will focus on this approach and its direct application in membrane-assisted gas absorption and natural gas sweetening.
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Scheme 1. Synthesis of ionic compound bis(2-hydroxyethyl)dimethylammonium chloride [BHEDMA][Cl] (1). 
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Scheme 2. Synthesis of ionic compounds bis(2-hydroxyethyl)dimethylammonium with taurate [BHEDMA][Tau] (2) and acetate [BHEDMA][OAc] (3) anions. 
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Figure 1. The FT-IR spectra of [BHEDMA][Cl] (1, blue), [BHEDMA][Tau] (2, red, +56% transmittance from baseline), and [BHEDMA][OAc] (3, green 87% transmittance from baseline). 
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Figure 2. The 1H NMR spectra of [BHEDMA][Cl] (1). 
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Figure 3. The 1H NMR spectra of [BHEDMA][Tau] (2). 
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Figure 4. The 1H NMR spectra of [BHEDMA][OAc] (3). 
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Figure 5. Henry’s law constants for synthesized compounds: (a) [BHEDMA][Tau]; (b) [BHEDMA][OAc]. 
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Figure 6. Dependence of    ln   (   K H  /  p 0   )    from a reverse temperature,   1 / T  , for the sorption of CO2 by ionic compounds. The dots represent the experimentally obtained values, and the dashed lines are the trend lines. 
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Figure 7. The FT-IR spectra of carbon dioxide (blue), [BHEDMA][Tau]+CO2 (red, 67% transmittance from baseline), and [BHEDMA][OAc]+CO2 (3, green, 97% transmittance from baseline). 
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Table 1. The operating conditions of the GC system.
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	Component of the GC
	Characteristic





	Detector
	TCD, 393.15 K



	Chromatographic column
	1 m × 3 mm i.d. stainless steel tube



	Sample loop
	0.5 mL, 303.15–333.15 K



	Carrier gas
	He 99.9999 vol%, 15 cm3 min−1
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Table 2. Thermodynamic properties of [BHEDMA][Tau] and [BHEDMA][OAc].
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T, K

	
KH, MPa

	
     ∆ s  G ,   kJ ·  mol  − 1      

	
     ∆ s  H ,   kJ ·  mol  − 1      

	
    ∆ s  S ,     J·mol·K−1






	
[BHEDMA][Tau]




	
303.15

	
4.76 ± 0.24

	
9.73 ± 0.49

	
−13.8 ± 0.69

	
−77.8 ± 3.89




	
313.15

	
5.69 ± 0.29

	
10.52 ± 0.53

	
−77.8 ± 3.89




	
323.15

	
6.70 ± 0.33

	
11.29 ± 0.56

	
−77.8 ± 3.89




	
333.15

	
7.80 ± 0.39

	
12.07 ± 0.60

	
−77.8 ± 3.89




	
[BHEDMA][OAc]




	
303.15

	
11.55 ± 0.77

	
11.97 ± 0.60

	
−24.2 ± 1.21

	
−119.4 ± 5.97




	
313.15

	
15.61 ± 0.79

	
13.15 ± 0.66

	
−119.4 ± 5.97




	
323.15

	
20.97 ± 1.06

	
14.36 ± 0.72

	
−119.4 ± 5.97




	
333.15

	
27.38 ± 1.37

	
15.55 ± 0.78

	
−119.4 ± 5.97
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Table 3. Henry’s law constant CO2 for ionic compound at 303.15 K.
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Compounds

	
KH, bar

	
Ref.






	
[BHEDMA][Tau]

	
47

	
This work




	
[BHEDMA][OAc]

	
115




	
[C4py][TfAc]

	
57

	
[39]




	
[C4py][Dca]

	
64




	
[Bmim][Tf2N]

	
42

	
[40]




	
[Bmim][BF4]

	
63




	
[Bmpip][Tf2N]

	
40

	
[41]




	
[Tes][Tf2N]

	
40




	
[Bmim][PF6]

	
59

	
[42]




	
[Emim][TF2N]

	
39
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Table 4. CO2 uptake by solid sorbents.
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Sorbent

	
Temperature, K

	
Pressure CO2, atm

	
Adsorption Capacity, mmol·g−1

	
Ref.






	
[BHEDMA][Tau]

	
303.15

	
1.42

	
0.58

	
This work




	
[BHEDMA][OAc]

	
303.15

	
1.32

	
0.30




	
silica solid sorbents




	
Silica gel

	
295

	
1

	
0.41

	
[45]




	
MCM-41 1

	
348

	
1

	
0.195

	
[46]




	
carbonaceous solid sorbents




	
Graphene

	
195

	
1

	
0.80

	
[47]




	
AC 2

	
298

	
0.1

	
0.57

	
[48]




	
MOFs




	
Al(OH)(2-amino-BDC) 3

	
298

	
0.15

	
0.70

	
[49]




	
USO-2-Ni 4

	
298

	
0.15

	
0.27




	
zeolites




	
MEA-modified 13X 5

	
303

	
0.15

	
0.63

	
[50]




	
Na-ZSM-5 6

	
303

	
0.15

	
0.75

	
[51]








1 Mesoporous molecular sieve; 2 granular-activated carbon; 3 Al(OH) (1,4-benzenedicarboxylic acid); 4 (Ni2(1,4-benzenedicarboxylic acid); 5 monoethanolamine-modified of zeolite 13X; 6 ion-exchanger NaZSM-5 zeolites.
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