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Introduction: The effect of the functional group of the cation on SO2 acidic gas absorption by some designed amino acid ionic liquids (AAILs) was studied.
Methods: An isolated pair of glycinate anion and pristine imidazolium-based cation, as well as decorated cation functionalized by hydroxyl (OH), amine (NH2), carboxylic acid (COOH), methoxy (OCH3), and acetate (CH3COO) groups, were structurally optimized by density functional theory (DFT) using split-valence triple-zeta Pople basis set.
Results and Discussion: The binding and Gibbs free energy (ΔGint) values of SO2 absorption show the AAIL functionalized by the COOH group is the most thermodynamically favorable green solvent and this functional group experiences the closest distance between anion and captured SO2 and vice versa in the case of cation … SO2 which may be the main reason for being the best absorbent; in addition, the highest net charge-transfer amount of SO2 is observed. Comparing the non-covalent interaction of the systems demonstrates that the strongest hydrogen bond between captured gas and anion, as well as π-hole, and van der Waals (vdW) interaction play critical roles in gas absorption; besides, the COOH functional group decreases the steric effect while the CH3COO functional group significantly increases steric effect after absorption that declines the hydrogen bond.
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INTRODUCTION
Looking at the environmental effects caused by sulfur dioxide (SO2) gas, effective technology for flue gas desulfurization (FDG) is of great practical importance. SO2, as an acidic gas, is released from the combustion of fossil fuels containing sulfur in power plants, incinerators, and boilers; the roasting of sulfide ore in metallurgy and sulfuric acid industry are the major sources of this atmospheric pollution as well as the main component of acid rain and fog. The high toxicity of this gas leads to many problems for human health and due to the presence of moisture in the atmosphere, the oxides in the air react with SO2 and produce sulfuric acid, which is the main precursor for acid rain (Cui et al., 2021a; Zhu et al., 2021; Mohammadi et al., 2022; Zhang et al., 2022). The emission of SO2 leads to the formation of acid rain, photochemical smog (Li et al., 2021a), and has adverse effects on the quality of the ecosystem. From the other side of view, SO2 is a stronger acid than carbon dioxide gas, and the presence of sulfur dioxide in small amounts in the flue gas has adverse effects on the removal of CO2 gas. Moreover, SO2 has an impact on the post-combustion CO2 capture applications and reduces the CO2 absorption capacity and lifetime of the absorbent as well as increasing the operating costs (Zhang et al., 2020). As a result, SO2 capturing is of great practical importance.
Conventional desulfurization methods, such as ammonia/amine scrubbing, wet washing, and limestone scrubbing, lead to the production of low-value by-products, solid gypsum waste, wastewater, highly polluted water, and volatile organic compounds (VOCs) caused by solvent evaporation (Jiang et al., 2020; Sheng et al., 2021). In other words, they create secondary pollution and have limited application due to low reversibility. A prerequisite for a successful gas capturing technology is low price and low energy consumption. SO2 gas reacts with amines and creates irreversible salts, accordingly it reduces the lifetime of the absorber and increases the operating cost. Therefore, effective, clean, and green technology should be explored.
Attributable to the properties of thermal stability, low vapor pressure, physical and chemical stability, adjustability, non-volatility, tuneability, and great tendency to capture SO2, ionic liquids (ILs) are a hot research topic in the field of gas absorption as green and clean solvents (Mondal and Balasubramanian, 2016; Yang et al., 2017; Cui et al., 2021b; Rashid, 2021; Liu et al., 2022a). In addition, functional ILs have shown efficient SO2 absorption (Ren et al., 2018; Wang et al., 2020; Geng et al., 2022). Doblinger et al. (2021) have experimentally measured polar gas SO2 solubility in non-functionalized IL, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, and the functionalized alkyl side-chain of cation by hydroxyl, cyanide, and methyl benzyl. SO2 was physically dissolved in target ILs. To answer why functionalized ILs are applied for absorption one should state that typical ILs have physical absorption and therefore limited absorption capacity; adding functional groups such as hydroxyl, amine, and ether leads to more absorption of SO2 based on physical and chemical absorption (Liu et al., 2022b). ILs based on imidazolium (Li et al., 2021a; Doblinger et al., 2021), guanidinium (Wang et al., 2007; Geng et al., 2022), and pyridinium (Zeng et al., 2014; Yan et al., 2019) can physically dissolve the gas. In addition to experimental efforts (Huang et al., 2014; Cui et al., 2020; Wang et al., 2021a; Cui et al., 2021b; Geng et al., 2021; Liu et al., 2022b; Hou et al., 2022) and theoretical and computational studies (Wang et al., 2007; Wang et al., 2022a; Mohammadi et al., 2022) to investigate the solubility of gases in ILs, ab initio and first principle investigations have also been conducted to inspect the structure and mechanism of the complex of IL and SO2 gas (Gu et al., 2013; Herrera et al., 2017; Cui et al., 2020; Wang et al., 2020; Li et al., 2021a; Li et al., 2021b; Yin et al., 2021; Zhu et al., 2021; Liu et al., 2022b). For example, Wang et al. (2007) simulated the solubility of CO2 and SO2 in guanidium-based IL and Zhang et al. (2020) investigated the stability effect of ILs during the CO2 absorption process in the presence of SO2. Due to the ability of chemical removal of SO2 by ILs, the chemical reaction of SO2 gas has been taken into consideration through ab initio quantum computations (Piacentini et al., 2022).
ILs also face toxicity, high viscosity, and high cost of production that limit their application in FGD technology. However, to enhance their efficiency, task-specific ILs, i.e., amino acid ionic liquids (AAILs) were proposed which are environmentally friendly, easily available, biodegradable, non-toxic, and due to having two amino and carboxylic groups, they are suitable for the desulfurization process (Wang et al., 2020; Piacentini et al., 2022). An experimental investigation has shown that single-amino amino acids, especially glycine, have good absorption performance and gas saturation uptake increases to 0.461 g/g (Wang et al., 2022b). Herrera et al. (2017) confirmed by DFT computation that glycinate anion in the case of [EMIM][GLY] has a stronger interaction with captured SO2 (Eint = −126.8 kJ mol−1 between anion and SO2 in comparison to −37.0 kJ mol−1 between [EMIM]+ and gas). Yin et al. (2021) have shown that the interaction energy is directly related to the bond length and bond angle of SO2 and this gas capturing by silica-based porous IL is performed due to the charge transformation. Gu et al. (2013) have demonstrated that combination energy of SO2 and [BMIM][MeSO4] IL is equal to 10.86 kcal/mol and the absorption occurs due to the reducing aromaticity of the imidazolium ring and electrophilicity of SO2. Li et al. (2021b) have stated that carboxylic groups in the structure of IL increase absorption performance; moreover, absorption energy close to or equal to −123 kJ mol−1 leads to an easy release of the SO2 in desorption conditions.
Due to the significant potential of ILs and AAILs for SO2 capturing application as well as the ability to utilize computational methods to reliably simulate the molecular properties of these green and safe solvents, the important objective of the current research is to examine the physical absorption of SO2 in tunable imidazolium-based AAILs. The foundation for such simulations is providing a molecular understanding of the process of SO2 physical absorption by some imidazolium/amino acid ILs to evaluate the effect of the functional group of imidazolium cation alkyl chain on the absorption of SO2. Though many researchers have studied the absorption of acid gases both experimentally and theoretically, as mentioned above, the gas absorption by the AAILs is still obscure. Consequently, various structural factors affecting the absorption of SO2 are discussed based on the present results.
COMPUTATIONAL DETAILS
Density functional theory (DFT) simulations using Gaussian09 reversion A.01 (Frisch et al., 2009) were conducted to further understand the effect of the cation functional group on SO2 capturing by AAILs based on imidazolium cation. As DFT is one of the most efficient methods for characterizing molecular structures, conformational properties, and hydrogen bond (HB) interaction for this class of compounds, here, all computations were performed by DFT (Cao et al., 2016; Ebrahimi and Moosavi, 2018; Haddad et al., 2020). Carrying out the DFT computation leads to a precise quantification of short-range interactions (Herrera et al., 2017) between AAIL and SO2 gas; as a result, binding energy and favorable interaction sites will be discovered. In this line, screening and the most suitable design of ions will be performed.
All the calculations were performed using the Becke-three-parameter (B3) for the exchange part and the Lee-Yang-Parr (LYP) gradient-corrected functional with split-valence triple-zeta Pople basis set beside the polarization and dispersion functions, 6-311++G(d,p) basis set, in vacuum for the ground state optimization. Harmonic vibrational frequencies were computed at the same level to confirm that all studied geometries do not have imaginary frequency, i.e., they are corresponding to the local minima on the potential energy surfaces. Optimized structures were applied to find the binding and Gibbs Free energies, and Gaussian NBO version 3.1 (Fogarty et al., 2018) has been utilized to calculate partial atomic charges, atomic orbital occupancies, and its contribution to bonding interaction and delocalization of electron density within the SO2 and AAIL complexes. Determination of the atomic charges was performed at the same level of theory that was used for the geometry optimization without any symmetry constraint. Afterward, the binding energy was calculated at the same level of theory. The binding energy (BE) of AAIL-gas complexes was obtained with the following relation:
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where [image: image] represents the total energy of the optimized AAIL-gas complexes and [image: image] and [image: image] are the total energy of the optimized isolated AAIL and gas molecule, respectively. The optimized configuration which had the lowest binding energy was selected for further investigation and discussion.
The net charge-transfer amount (NCTA) of SO2 absorbed by each AAIL was analyzed by the NBO population and calculated with the following relation:
[image: image]
among them, [image: image] is the charge of the gas absorbed by each AAIL and [image: image] illustrates the charge of the optimized gas molecule which is zero since it is a neutral molecule in the isolated state (free gas).
Six different initial configurations or binding sites for gas in geometry optimized AAILs were constructed, wherein the SO2 molecule was kept near the cation, close to the anion (both carboxylic and amine groups, separately), between the AAIL ion pairs, on the cation chain, and near hydrogen atoms of imidazolium ring sites and all these configurations were optimized. Each optimized minimum on the potential energy surface was confirmed via frequency analysis. Toward this end and to better understand the cation functional group effect on the interactions between the AAIL and SO2 from the atomic point of view, DFT computations were conducted at the same procedure to determine the BEs and NCTAs. The structures under investigation are 1-propyl-3-methylimidazolium glycinate, [C3MIM][GLY] besides to the cation propyl chain functionalized by five different functional groups including hydroxyl (−OH), amine (−NH2), carboxylic acid (−COOH), methoxy (−OCH3), and acetate (−CH3COO), represented as [C3OHMIM][GLY], [C3NH2MIM][GLY], [C3COOHMIM][GLY], [C3OCH3MIM][GLY], and [C3OOCCH3MIM][GLY], respectively; to have accessibility to task-specific AAIL for gas absorption and explore the role of cation functional group on gas absorption capacity and perform a micro-mechanism analysis. After carrying out all computations, non-covalent interaction reduced density gradient (NCI-RDG) (Johnson et al., 2010; Otero-De-La-Roza et al., 2012) by Multiwfn (Lu and Chen, 2012) as well as VMD (Humphrey et al., 1996) software and electrostatic surface potential (ESP) were computed and also applied for some visual analyses.
RESULTS AND DISCUSSION
To examine the effect of the AAIL compound besides its structure on the SO2 capturing, which is critically important in separation performance, quantum chemistry calculations were carried out. To select the most stable structure, first of all, the cation alkyl chain length was changed from methyl to hexyl, [C1MIM][GLY] to [C6MIM][GLY], and it was found that [C3MIM][GLY] has the strongest interaction with SO2 gas. As a result, this AAIL was selected as the base of the current study. After that, six different configurations of SO2 concerning ion pairs, as mentioned in the previous section were optimized. To shed light on this point, the most stable configuration of captured gas with respect to AAIL was deeply studied and all the most stable structures are shown in Figure 1.
[image: Figure 1]FIGURE 1 | The most stable geometry for studied AAIL…SO2 complexes. The white, gray, blue, red, and yellow denote H, C, N, O, and S atoms, respectively. The closest distance (Å) between cation…SO2 and anion…SO2 is represented in each case. (A) [C3MIM][GLY], (B) [C3COOHMIM][GLY], (C) [C3NH2MIM][GLY], (D) [C3OCH3MIM][GLY], (E) [C3OHMIM][GLY], (F) [C3CH3COOMIM][GLY].
According to Figure 1, in all cases, the distance between trapped gas and anion is less than SO2 and cation. As the distance between the S atom of SO2 and O atom of the anion, S…O distance, is smaller than O…H distance, the distance between the O atom of anion and H atom of the methyl group in cation, it is understood that anion has the main role in capturing SO2 gas. However, in both cases, the distance is smaller than the sum of van der Waals (vdW) radii of S (1.80 Å), O (1.52 Å), and H (1.20 Å) atoms reported by Gu et al. (2013) for S…O and O…H that verifies both electrostatic and HB interactions are observed in this binding, i.e., the gas capturing is occurred due to the stronger physical interaction between anion and SO2 gas. In all cases, except AAIL functionalized by the acetate functional group (Figure 1F), the imidazolium ring of cation interacts with the trapped gas from its methyl side chain. In addition, the closer distance between anion and absorbed gas in comparison to cation illustrates that the SO2 molecule interacts more strongly with the anion; in other words, the moderate interaction causes a closer distance to the carboxylic acid group of [GLY]−. In a similar way to the anion, SO2 is an acceptor molecule here. Anion has extra electrons or negative charge; then, it plays the role of a donor species. Accordingly, SO2 tends to be near the anion instead of the cation and is an electrophile compound.
Distance between anion and cation before and after the absorption process is reported in Table 1. It is observable that cation-anion distance increases through gas absorption except that it does not change by absorption in [C3COOHMIM][GLY] AAIL. While the aforementioned distance in other systems is affected by absorption of SO2, the cation-anion distance of [C3COOHMIM][GLY] AAIL is unchanged and [C3CH3OOMIM][GLY] AAIL experiences the greatest increase which agrees well with the result of NCTA of absorbed SO2. There is a specific charge transfer interaction between SO2 and the anionic species of AAILs. The higher the anion basicity, the greater the interaction with SO2 and the greater the AAILs capacity for gas absorption (Mohammadi et al., 2022), which follows the same trend as cation-anion distance. It is more pronounced that Egap = ELUMO-EHOMO is the lowest one if HB interaction is formed between trapped gas and AAIL. Based on Figure 1 and Table 1, the absorbed SO2 gas distance is close to the cation of [C3CH3COOMIM][GLY] AAIL while it is at the uttermost distance from the anion in comparison with the other AAILs and the smallest SO2 absorbed NCTA has occurred; moreover, its position is different from the other target AAILs.
TABLE 1 | Distance (Å) between anion and cation (rcation-anion) before and after absorption as well as SO2 adsorbed NCTA (e) and Egap (eV).
[image: Table 1]In general, COOH functional group increases the distance between cation and SO2 which may be the main reason for being the best absorbent in this study. In addition, the NCTA of SO2 in that system is the highest; the CH3COO functional group decreases SO2…cation distance which leads to the lower interaction energy; as can be seen, the amount of charge transfer is also the lowest value. SO2…anion distance is also the highest for this functional group which is the main reason for lower absorption energy; it will be discussed in the following paragraphs.
The atomic charge of the center of the atom or the atomic charge is the simplest and most intuitive concept to describe the charge distribution in a chemical system. This characteristic has important claims, such as helping to determine the state of atoms in different chemical environments, checking molecular properties, site of reaction predictions, etc. Because the atomic charge affects the dipole moment, polarizability, electronic structure, acid-base behavior, and many other molecular properties of the system, charge calculation plays an important role in the application of quantum chemical computations. Natural population analysis (NPA) is widely used for AAILs. If the charge variation in gas from the pure state to the absorbed one is small, it means that no significant charge transfer occurs. In the case of AAIL functionalized by acetate, the lowest NCTA value of SO2 adsorbed shows the weakest AAIL and SO2 interaction which leads to the lowest Wiberg bond index that enjoys strong correlations with each other (Ge et al., 2019).
Interestingly, the BE and the interaction Gibbs Free energy (ΔGint) of all systems demonstrate quantitatively the AAIL capacity in gas absorption; see Figure 2 for more details.
[image: Figure 2]FIGURE 2 | SO2 BE and ΔGint values of absorption for the studied AAIL systems.
As can be seen, by changing the functional group, three different regimes are observed for the studied systems: 1) COOH functional group increases the BE and ΔGint of SO2 in AAIL, 2) CH3COO functional group dramatically decreases these values, and 3) inserting the functional groups of NH2, OCH3, and OH into the AAIL structure does not make an observable change in BE and ΔGint. Apart from the BE, the thermodynamic parameter ΔGint is a negative value indicating that the absorption process is a spontaneous process. The results of ΔGint also exhibit that COOH functional group intensifies the absorption while CH3COO decreases ΔGint significantly which implies the carboxylic functional group thermodynamically improves the absorption capacity of SO2 by [C3COOHMIM][GLY] AAIL. In addition, the NH2, OCH3, and OH functional groups do not cause a substantial change in the SO2 capturing. Additionally, according to the BE and ΔGint variations through gas absorption, it is proved that [C3COOHMIM][GLY] AAIL enjoys the highest stability which is in agreement with Wang et al. (2021a) results that the carboxyl group is responsible for this high amount of energy. Yin et al. (2021) have computed the interaction energy between porous ILs (PILs) and SO2; inspired by this work, the interaction energy is less than the values obtained in the current study. In other words, the largest interaction energy reported by Yin et al. (2021) is less than the current results showing that AAILs have more capacity in SO2 capturing in comparison to PILs.
The related values of BE present quantitively the magnitudes of interaction between AAIL and SO2. It is noticeable that the BE values are in the range of −67.90 to −90.34 kJ mol−1 demonstrating a weak interaction between the absorbent and the SO2 gas molecule. In the case of amine, ether, and hydroxyl functional groups, the BE values are to some extent equal and the S atom of SO2 has also equal NCTA. AAIL with the carboxylic acid functional group is the most stable structure; it may be that SO2 breaks the HB between anion and cation through charge transfer of SO2⋅⋅⋅anion elucidating that the complex has a good ability to absorb SO2 gas. To evaluate charge transfer in these complexes, atomic site charges were obtained by using the NBO method in the gas phase. The charge of the SO2 gas after absorption is negative confirming the charge transfer from the AAIL to the gas. Based on Figure 3, there is a direct relationship between BE and [image: image]; as a consequence, gas dissolution in the AAIL has enthalpic nature (Mondal and Balasubramanian, 2016).
[image: Figure 3]FIGURE 3 | SO2 BE values dependency on NCTA of absorbed SO2 with the variation of cation functional group.
The current BE values between AAIL and SO2 are stronger than the values obtained at the same basis set in the case of pyridinium-based ILs (Zeng et al., 2014) elucidating the higher absorption capacity of imidazolium-based AAILs functionalized the cation by ether, amine, hydroxyl, carboxylic acid, and carboxylate functional groups. The rate of change in BE due to the addition of a functional group is 33% and the overall change of the system is related to this energy, the more negative the NCTA of absorbed SO2, the greater the interaction between trapped SO2 gas and AAIL.
The structural properties of SO2 both in the pure state and the optimized structure of each target AAIL… SO2 complex are described in Table 2 which contains both S=O bond lengths (shown by rS=O1 and rS=O2 bond lengths to discriminate these changes) besides the O=S=O bond angle.
TABLE 2 | Structure parameters (S=O bond lengths and the O=S=O bond angle) for SO2 absorption.
[image: Table 2]According to the table, if the variation in S=O bond length and O=S=O bond angle due to the absorption is significant, it shows that the interaction between SO2 and AAIL is considerable. Interestingly, intramolecular parameters in gas SO2 are in excellent agreement with Yin et al. reported value (Yin et al., 2021). As Table 2 shows, [C3CH3COOMIM][GLY] experiences the lowest interaction between the captured gas and AAIL functionalized by the acetate functional group because of the slightest variation in SO2 bond parameters. In all cases, the bond length change is less than 0.5 Å which confirms a reversible physical absorption. The highest BE is related to the [C3COOHMIM][GLY] AAIL and the weakest one occurs in the case of [C3CH3COOMIM][GLY] AAIL; nonetheless, in both cases, the value of BE is greater than the interaction energy between SO2 and aqueous glycine (−47.82 kJ mol−1) (Wang et al., 2021b) and [C4MIM][MeSO4] (−45.438 kJ mol−1) (Gu et al., 2013), respectively. Considering these facts, if the BE value of AAIL…SO2 under environmental conditions is appreciated, the AAIL can capture the gas in harsh conditions. In addition, the target AAILs can release the captured gas with physical variations such as temperature or pressure change. As the characteristics of [C3NH2MIM][GLY], [C3OCH3MIM][GLY], and [C3OHMIM][GLY] AAILs are similar to each other, in the next paragraphs, it is only concentrated on [C3MIM][GLY], [C3COOHMIM][GLY], [C3CH3COOMIM][GLY] AAILs complexed with SO2.
NCI-RDG analyses were performed for each AAIL…SO2 complex to take into consideration the nature of non-covalent interactions. Furthermore, the goal of NCI evaluation is to find the weak HB, vdW, and steric effect interaction domains from wave-function calculations. This analysis represents a three-dimensional (3D) scheme of interactions in 3D space. Figures 4A–C display the color-filled isosurfaces of the interactions of pristine AAIL, [C3MIM][GLY], and ones functionalized by carboxylic acid and acetate, i.e., [C3COOHMIM][GLY] and [C3CH3COOMIM][GLY] AAILs, with trapped SO2. If the colored-filled isosurface is between AAIL and SO2, gas capture has occurred. Whenever this domain is green, there is a vdW interaction, blue domain shows an HB interaction which is present in [C3MIM][GLY] and [C3COOHMIM][GLY] AAILs; in general, the red shows repulsive interactions. According to the figures, blue isosurfaces in the region between the S atom of SO2 and the O atom of the anion point to considerable electrostatic interactions. Captured SO2 gas is near to the methyl group of the cation if there is a vdW interaction between gas and cation that is in agreement with Li et al. (2021a) results. It is observable that the interaction between anion and SO2 for the AAIL functionalized by COOH is the strongest in comparison with two other AAILs ([C3MIM][GLY] and [C3COOHMIM][GLY]). In addition, the S atom of SO2 orients towards the anion, and the two O atoms of SO2 rotate toward the cation in [C3MIM][GLY] and [C3COOHMIM][GLY] AAILs (Figures 4A, B). While only one of the O atoms of SO2 gas rotates towards the cation, the other orients toward the anion (Figure 4C). This orientation may cause weaker interaction between SO2 and absorbent. As can be seen, COOH functional group improves SO2/AAIL interaction because of the strong interaction of the S atom with the anion and the O atoms with the cation. Consequently, these observations confirm the considerable sensitivity of AAIL factionalized by COOH to SO2 gas in comparison to the other target AAILs.
[image: Figure 4]FIGURE 4 | NCI-RDG analyses of AAIL complexed with SO2 (A) [C3MIM][GLY], (B) [C3COOHMIM][GLY], and (C) [C3OOCCH3MIM][GLY].
Figure 5 exhibits the localized orbital locator (LOL) and ESP analysis of the interaction between each AAIL and SO2 studied in the gas phase at B3LYP/6-311++G(d,p) level of theory. Normally, a great value of the LOL points to the covalent bond and a small value indicates the electrostatic interactions (Nkungli and Ghogomu, 2017).
[image: Figure 5]FIGURE 5 | LOL and ESP analyses of the interaction between the AAILs and SO2: (A) LOL of anion and cation in [C3MIM][GLY]…SO2 complex, (B) LOL of SO2 and anion of [C3MIM][GLY]…SO2 complex, (C) ESP of [C3MIM][GLY]…SO2 complex, (D) LOL of anion and cation of [C3COOHMIM][GLY]…SO2 complex, (E) LOL of SO2 and anion of [C3COOHMIM][GLY]…SO2 complex, (F) ESP of [C3COOHMIM][GLY]…SO2 complex, (G) LOL of anion and cation of [C3OOCCH3MIM][GLY]…SO2 complex, (H) LOL of SO2 and anion of [C3OOCCH3MIM][GLY]…SO2 complex, (I) ESP of [C3OOCCH3MIM][GLY]…SO2 complex.
According to Figure 5, LOL values are insignificant confirming an electrostatic interaction between the AAILs and the SO2. In addition, ESP analysis is a representation of the most stable configuration and a guide for molecular structure optimization. It can be applied to detect the reactive sites of a molecule in the systems (Politzer and Murray, 2002). The values of the ESP on the 3D map surface follow the trend of red < orange < yellow < green < blue. The blue regions depict electron deficiency (nucleophilic reactivity) and the red regions point to the relative abundance of electrons (electrophilic reactivity). Consistent with Figure 5C, SO2 is a reactive nucleophilic center for coordination with [C3MIM][GLY] AAIL and ESP around SO2 in the [C3COOHMIM][GLY] AAIL (Figure 5F) is green color meaning that the electron density is balanced. However, in the case of AAIL functionalized by CH3COO, the electron density is somewhat out of equilibrium (Figure 5I). Studying the non-covalent interactions including vdW, HB, and electrostatic is of great importance and can be also carried out by ESP analysis which is suitable for a qualify interaction analysis. HB is the main factor in gas absorption by AAIL. The results demonstrate that the positive charge on the S atom (around 1.60 e) of SO2 and the negative charge of the O atom from glycinate anion (about −0.76 e) lead to interaction between AAIL and SO2. When SO2 interacts with AAIL, in agreement with Yin et al. (2021) study, SO2 interaction with cation from O atom by HB occurs and its interaction with the anion from S atom belongs to electrostatic interaction. As a result, it seems that increasing the number of carboxylate groups in AAIL structure is an efficient parameter for SO2 absorption by AAIL.
The non-covalent interaction (NCI) analysis can be used to determine the interactions based on electron density and the sign of the second derivative in the perpendicular direction of the bond (λ2) (Geng et al., 2022). This analysis provides a clear description of the attractive and repulsive interactions between AAILs and SO2. A large positive value of sign (λ2 ρ) points to steric repulsion (Figure 6), a large negative value of sign (λ2 ρ) refers to the HB (Figure 6), and the value near to zero (λ2 ≤ 0) denotes the vdW interactions (Figure 6). By comparing the NCI of these three systems, it sheds light on the interaction types and the spatial positions between AAIL and SO2 at the atomic and molecular levels; it is observable that the COOH functional group decreases the steric effect after absorption of SO2 while the CH3COO functional group significantly increases the steric effect after absorption. COOH functional group does not change HB and vdW interactions whereas the CH3COO functional group shrinkages this interaction. It is worth mentioning that before absorption of SO2 the steric effects of all systems are similar and absorption of SO2 significantly decreases the steric effect; in all systems, the vdW and HB experience a slight decrease after absorption. The absorption mechanism systematically investigated from the quantum chemical point of view shows that RDG analysis is a clear visualization method for weak interaction sites. It is crystal clear that vdW interaction between [C3CH3COOMIM][GLY] AAIL and SO2 is not absent and the weakest is present while the strongest vdW interaction is seen in [C3COOHMIM][GLY]…SO2 complex system; therefore, [C3COOHMIM][GLY] AAIL has the ability to inhibit the interaction of SO2 with other gases and improve its absorption rate.
[image: Figure 6]FIGURE 6 | The non-covalent interaction (NCI) analyses for studied AAILs and AAIL…SO2 complexes. (A) [C3MIM][GLY] AAIL, (B) [C3MIM][GLY]…SO2, (C) [C3COOHMIM][GLY], (D) [C3COOHMIM][GLY]…SO2, (E) [C3CH3COOMIM][GLY], and (F) [C3CH3COOMIM][GLY]…SO2.
The above facts designate that weak interaction magnitude is related to BE but the interaction can not be observed graphically and tangible. Therefore, Johnson et al. (2010) have suggested RDG analysis method that can display the non-covalent interaction graphically, Figure 6. According to these figures, a spike near zero and the right side is a non-covalent bond. A λ2 > 0 is a sign of non-bonding interaction and λ2 < 0 shows a bonding interaction, where λ2 is the eigenvalue of the electron density (Hessian) second derivative matrix. The multiplication of electron density and λ2 has a value with a sign that shows the interaction type and its intensity. A value of [image: image] means a strong interaction (HB, halogen bond, etc.), if [image: image], it shows a vdW non-covalent interaction, and [image: image] is a mutual exclusion such as potential resistance effect in a ring and cage, i.e., strong non-bonding overlap.
To get a better insight into the absorption of SO2, the Frontier Molecular Orbital (FMO) analysis was also performed and is plotted in Figure 7. HOMO is a bond orbital or lone pair while LUMO is an anti-bond orbital. Based on Fukui’s FMO theorem, whenever HOMO or other filled orbitals are near LUMO or other unoccupied orbitals, electron exchange from HOMO to LUMO of the other molecule is easier and the attraction is strong. For a pure AAIL (which is shown by AAIL in Figure 7) HOMO of [C3MIM][GLY] and [C3COOHMIM][GLY] AAILs is composed of a balanced distribution of the orbitals on the anion and ring of the cation. Whereas, HOMO of [C3CH3COOMIM][GLY] is distributed on the anion. After adding the SO2 (which is shown by AAIL/SO2 in Figure 7), the orbitals are concentrated on anion in all systems. Meanwhile, the orbital of SO2 shows a slightly bigger overlap with the AAIL functionalized by the COOH group. While it shows the lowest overlap with AAIL functionalized by the acetate group. 2p atomic orbitals of C, O, and N formed the highest occupied molecular orbital (HOMO) of the AAILs which is delocalized over the SO2 gas. Furthermore, the LUMO of the system involving [C3COOHMIM][GLY] AAIL and SO2 shows an overlap between the cation, anion, and SO2 while the other system shows anion and SO2 overlap. All these observations point out the favorability of the COOH functional group for the absorption of SO2. Therefore, RDG besides ESP designate that HB and electrostatic interactions of O…H and S…O, respectively, play the role in the absorption gas process. The electron transform from HOMO of anion to LUMO of SO2 arises throughout the gas capturing. As a result, S…O interaction is a π-hole interaction since the V-shaped SO2 molecule with a π delocalized bond has an interaction with lone pair electrons of the O atom in the carboxylic group of the anion. This interaction appropriately matches with π-hole bonding interaction (Zhu et al., 2021).
[image: Figure 7]FIGURE 7 | Frontier molecular orbitals for pure AAILs and AAIL…SO2 complexes.
The isosurface of electron densities is the regions with increasing and decreasing electron density after SO2 accommodation in AAIL with an isovalue of (−0.15 and 0.15 a.u.). These regions with an increase in density are shown in red and a decrease in electron density, electron density difference (EDD), is shown in blue in Figure 8.
[image: Figure 8]FIGURE 8 | EDD for the complex of AAIL…SO2.
As the figure illustrates, SO2 experiences an enhancement in electron density. Wherever the distance is minimum, the EDD is the maximum, and SO2 absorbed NCTA is also confirmed. Additionally, the anion charge depletion is greater than the cation which verifies the anion’s critical role in gas absorption. In summary, the solubility of SO2 in AAILs with different functionalities demonstrates that electron-withdrawing groups such as carboxylic acid reduce the chemical absorption enthalpy as well the reconstruction of electricity consumption will be disrated.
CONCLUSION
Conventional ILs face economic issues, toxicity, and poor biodegradability; consequently, it is pivotal to replace them with task-specific ion pairs and make them more suitable for acidic gas capturing. The synergistic effect of cation functionalized by electron-donating groups for SO2 absorption in AAILs based on imidazolium cation was under consideration. For this purpose, the glycine amino acid played role as AAIL anion and effect of the functional groups on cation with propyl alkyl chain length functionalized by hydroxyl (OH), amine (NH2), carboxyl (COOH), methoxy (OCH3), and acetate (CH3COO) was under evaluation. In order to intuitively understand the magnitude of the force more, the binding energy (BE), the captured gas distance concerning the cation and anion, and SO2 structure change were calculated. It was made clear that the carboxylic acid functional group has a great contribution in the absorption of SO2 by AAIL while CH3COO dramatically decreases, and adding the functional group of NH2, OCH3, and OH does not affect the absorption energy of SO2 in the target AAILs. The Gibbs free energy of SO2 absorption shows that the AAIL functionalized by the carboxylic acid group (COOH) is a thermodynamically favorable solvent. COOH functional group decreases the distance between anion and SO2 which may be the main reason for being the best absorbent. In addition, the number of charge transfers of SO2 in that system was the highest. Non-covalent interaction analysis investigates the nature of interactions. Comparing the NCI demonstrates that the COOH functional group decreases the steric effect. However, the CH3COO functional group significantly increases the steric effect after absorption. To distinguish the weak interaction between AAIL and captured gas, the RDG map was used; the acetate functional group make diminutions in HB interaction followed by reduction in NCI-RDG, LOL, ESP, EDD, and HOMO-LUMO results.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
HS: data curation, analysis, and/or interpretation of data, writing- original draft preparation MR: conceptualization, methodology, software, revising the draft and editing FM: visualization, investigation, supervision, writing- reviewing and editing.
FUNDING
This research project was financially supported by Ferdowsi University of Mashhad, Iran (Grant No. 3/57434).
ACKNOWLEDGMENTS
The computations were partly carried out in the High-Performance Computing (HPC) Center at Ferdowsi University of Mashhad. The authors would like to appreciate the HPC cooperation.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Cao, B., Du, J., Du, D., Sun, H., Zhu, X., and Fu, H. (2016). Cellobiose as a model system to reveal cellulose dissolution mechanism in acetate-based ionic liquids: Density functional theory study substantiated by NMR spectra. Carbohydr. Polym. 149, 348–356. doi:10.1016/j.carbpol.2016.04.128
 Cui, G., Lyu, S., Wang, H., Li, Z., Zhang, R., and Wang, J. (2021b). Tuning the structure of pyridinolate-based functional ionic liquids for highly efficient SO2 absorption. Fuel 303, 121311. doi:10.1016/j.fuel.2021.121311
 Cui, G., Lyu, S., Zhang, F., Wang, H., Li, Z., Li, Y., et al. (2020). Tuning ionic liquids with functional anions for SO2 capture through Simultaneous cooperation of N and O chemical Active sites with SO2. Industrial Eng. Chem. Res. 59, 21522–21529. doi:10.1021/acs.iecr.0c05190
 Cui, G., Yang, D., and Qi, H. (2021a). Efficient SO2 absorption by anion-functionalized deep eutectic solvents. Industrial Eng. Chem. Res. 60, 4536–4541. doi:10.1021/acs.iecr.0c04981
 Doblinger, S., Silvester, D. S., and Costa Gomes, M. (2021). Functionalized imidazolium bis(trifluoromethylsulfonyl)imide ionic liquids for gas Sensors: Solubility of H2, O2 and SO2. Fluid Phase Equilibria 549, 113211. doi:10.1016/j.fluid.2021.113211
 Ebrahimi, M., and Moosavi, F. (2018). The effects of temperature, alkyl chain length, and anion type on thermophysical properties of the imidazolium based amino acid ionic liquids. J. Mol. Liq. 250, 121–130. doi:10.1016/j.molliq.2017.11.122
 Fogarty, R. M., Rowe, R., Matthews, R. P., Clough, M. T., Ashworth, C. R., Brandt, A., et al. (2018). Atomic charges of sulfur in ionic liquids: Experiments and calculations. Faraday Discuss. 206, 183–201. doi:10.1039/c7fd00155j
 Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R., et al. (2009). Gaussian 09, Revision A.01. 
 Ge, Y., Le, A., Marquino, G. J., Nguyen, P. Q., Trujillo, K., Schimelfenig, M., et al. (2019). Tools for Prescreening the most Active sites on Ir and Rh Clusters toward C–H bond Cleavage of Ethane: NBO charges and Wiberg bond Indexes. ACS Omega 4, 18809–18819. doi:10.1021/acsomega.9b02813
 Geng, Z., Ma, S., Li, Y., Peng, C., Jiang, B., Liu, P., et al. (2022). Guanidinium-based ionic liquids for high-performance SO2 capture and efficient Conversion for Cyclic sulfite Esters. Industrial Eng. Chem. Res. 61, 4493–4503. doi:10.1021/acs.iecr.1c03859
 Geng, Z., Xie, Q., Fan, Z., Sun, W., Zhao, W., Zhang, J., et al. (2021). Investigation of tertiary amine-based PILs for ideal efficient SO2 capture from CO2. J. Environ. Chem. Eng. 9, 105824. doi:10.1016/j.jece.2021.105824
 Gu, P., Lü, R., Wang, S., Lu, Y., and Liu, D. (2013). The comparative study on interactions between ionic liquid and CO2/SO2 by a hybrid density functional approach in the gas phase. Comput. Theor. Chem. 1020, 22–31. doi:10.1016/j.comptc.2013.06.038
 Haddad, B., Brandán, S. A., Assenine, M. A., Paolone, A., Villemin, D., and Bresson, S. (2020). Bidentate cation-anion coordination in the ionic liquid 1-ethyl-3-methylimidazolium hexafluorophosphate supported by vibrational spectra and NBO, AIM and SQMFF calculations. J. Mol. Struct. 1212, 128104. doi:10.1016/j.molstruc.2020.128104
 Herrera, C., De Carvalho Costa, G., Atilhan, M., Costa, L. T., and Aparicio, S. (2017). A theoretical study on aminoacid-based ionic liquids with acid gases and water. J. Mol. Liq. 225, 347–356. doi:10.1016/j.molliq.2016.11.086
 Hou, Y., Zhang, Q., Gao, M., Ren, S., and Wu, W. (2022). Absorption and Conversion of SO2 in functional ionic liquids: Effect of water on the Claus reaction. ACS Omega 7, 10413–10419. doi:10.1021/acsomega.1c07139
 Huang, K., Zhang, X.-M., Li, Y.-X., Wu, Y.-T., and Hu, X.-B. (2014). Facilitated separation of CO2 and SO2 through supported liquid membranes using carboxylate-based ionic liquids. J. Membr. Sci. 471, 227–236. doi:10.1016/j.memsci.2014.08.022
 Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: Visual molecular dynamics. J. Mol. Graph. 14, 33–38. doi:10.1016/0263-7855(96)00018-5
 Jiang, B., Hou, S., Zhang, L., Yang, N., Zhang, N., Xiao, X., et al. (2020). Ether-linked Diamine carboxylate ionic liquid aqueous solution for efficient absorption of SO2. Industrial Eng. Chem. Res. 59, 16786–16794. doi:10.1021/acs.iecr.0c02877
 Johnson, E. R., Keinan, S., Mori-Sánchez, P., Contreras-García, J., Cohen, A. J., and Yang, W. (2010). Revealing noncovalent interactions. J. Am. Chem. Soc. 132, 6498–6506. doi:10.1021/ja100936w
 Li, G., Lu, D., and Wu, C. (2021b). A theoretical study on screening ionic liquids for SO2 capture under low SO2 partial pressure and high temperature. J. Industrial Eng. Chem. 98, 161–167. doi:10.1016/j.jiec.2021.04.006
 Li, G., Gui, C., Dai, C., Yu, G., and Lei, Z. (2021a). Molecular insights into SO2 absorption by [EMIM] [Cl]-Based deep eutectic solvents. ACS Sustain. Chem. Eng. 9, 13831–13841. doi:10.1021/acssuschemeng.1c04639
 Liu, P., Cai, K., Zhang, X., Wang, X., Xu, M., Liu, F., et al. (2022a). Rich ether-based Protic ionic liquids with low viscosity for selective absorption of SO2 through Multisite interaction. Industrial Eng. Chem. Res. 61, 5971–5983. doi:10.1021/acs.iecr.1c04874
 Liu, P., Cai, K., Zhang, X., and Zhao, T. (2022b). Effective absorption of SO2 by imidazole-based protic ionic liquids with multiple active sites: Thermodynamic and mechanical studies. AIChE J. 68, e17596. doi:10.1002/aic.17596
 Lu, T., and Chen, F. (2012). Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 33, 580–592. doi:10.1002/jcc.22885
 Mohammadi, M.-R., Hadavimoghaddam, F., Atashrouz, S., Abedi, A., Hemmati-Sarapardeh, A., and Mohaddespour, A. (2022). Toward predicting SO2 solubility in ionic liquids utilizing soft computing approaches and equations of state. J. Taiwan Inst. Chem. Eng. 133, 104220. doi:10.1016/j.jtice.2022.104220
 Mondal, A., and Balasubramanian, S. (2016). Understanding SO2 capture by ionic liquids. J. Phys. Chem. B 120, 4457–4466. doi:10.1021/acs.jpcb.6b02553
 Nkungli, N. K., and Ghogomu, J. N. (2017). Theoretical analysis of the binding of iron(III) protoporphyrin IX to 4-methoxyacetophenone thiosemicarbazone via DFT-D3, MEP, QTAIM, NCI, ELF, and LOL studies. J. Mol. Model. 23, 200. doi:10.1007/s00894-017-3370-4
 Otero-De-La-Roza, A., Johnson, E. R., and Contreras-García, J. (2012). Revealing non-covalent interactions in solids: NCI plots revisited. Phys. Chem. Chem. Phys. 14, 12165–12172. doi:10.1039/c2cp41395g
 Piacentini, V., Le Donne, A., Russo, S., and Bodo, E. (2022). A computational analysis of the reaction of SO2 with amino acid anions: Implications for its Chemisorption in Biobased ionic liquids. Molecules 27, 3604. doi:10.3390/molecules27113604
 Politzer, P., and Murray, J. S. (2002). The fundamental nature and role of the electrostatic potential in atoms and molecules. Theor. Chem. Accounts 108, 134–142. doi:10.1007/s00214-002-0363-9
 Rashid, T. U. (2021). Ionic liquids: Innovative fluids for sustainable gas separation from industrial waste stream. J. Mol. Liq. 321, 114916. doi:10.1016/j.molliq.2020.114916
 Ren, S., Hou, Y., Zhang, K., and Wu, W. (2018). Ionic liquids: Functionalization and absorption of SO2. Green Energy & Environ. 3, 179–190. doi:10.1016/j.gee.2017.11.003
 Sheng, K., Li, D., and Kang, Y. (2021). Unexpectedly promoted SO2 capture in novel ionic liquid-based eutectic solvents: The synergistic interactions. J. Mol. Liq. 337, 116432. doi:10.1016/j.molliq.2021.116432
 Wang, B., Lin, L., Ren, S., and Wu, W. (2021a). Specific Heat capacity of non-functional and functional ionic liquids during the absorption of SO2. Industrial Eng. Chem. Res. 60, 13740–13747. doi:10.1021/acs.iecr.1c02327
 Wang, B., Bi, Q., Huo, Y., Zhang, Z., Tao, D., Shen, Y., et al. (2021b). Investigation of amine-based ternary deep eutectic solvents for efficient, Rapid, and reversible SO2 absorption. Energy & Fuels 35, 20406–20410. doi:10.1021/acs.energyfuels.1c03807
 Wang, K., Wu, P., Li, C., Zhang, J., and Deng, R. (2022b). Reversible and efficient absorption of SO2 with natural amino acid aqueous solutions: Performance and mechanism. ACS Sustain. Chem. Eng. 10, 4451–4461. doi:10.1021/acssuschemeng.1c08186
 Wang, K., Xu, W., Wang, Q., Zhao, C., Huang, Z., Yang, C., et al. (2022a). Rational design and screening of ionic liquid absorbents for Simultaneous and Stepwise separations of SO2 and CO2 from flue gas. Industrial Eng. Chem. Res. 61, 2548–2561. doi:10.1021/acs.iecr.1c04240
 Wang, L., Zhang, Y., Liu, Y., Xie, H., Xu, Y., and Wei, J. (2020). SO2 absorption in pure ionic liquids: Solubility and functionalization. J. Hazard. Mater. 392, 122504. doi:10.1016/j.jhazmat.2020.122504
 Wang, Y., Pan, H., Li, H., and Wang, C. (2007). Force field of the TMGL ionic liquid and the solubility of SO2 and CO2 in the TMGL from molecular dynamics simulation. J. Phys. Chem. B 111, 10461–10467. doi:10.1021/jp073161z
 Yan, S., Han, F., Hou, Q., Zhang, S., and Ai, S. (2019). Recent Advances in ionic liquid-Mediated SO2 capture. Industrial Eng. Chem. Res. 58, 13804–13818. doi:10.1021/acs.iecr.9b01959
 Yang, J., Yu, X., An, L., Tu, S.-T., and Yan, J. (2017). CO2 capture with the absorbent of a mixed ionic liquid and amine solution considering the effects of SO2 and O2. Appl. Energy 194, 9–18. doi:10.1016/j.apenergy.2017.02.071
 Yin, J., Zhang, J., Fu, W., Jiang, D., Lv, N., Liu, H., et al. (2021). Theoretical prediction of the SO2 absorption by hollow silica based porous ionic liquids. J. Mol. Graph. Model. 103, 107788. doi:10.1016/j.jmgm.2020.107788
 Zeng, S., Gao, H., Zhang, X., Dong, H., Zhang, X., and Zhang, S. (2014). Efficient and reversible capture of SO2 by pyridinium-based ionic liquids. Chem. Eng. J. 251, 248–256. doi:10.1016/j.cej.2014.04.040
 Zhang, P., Xu, G., Shi, M., Wang, Z., Tu, Z., Hu, X., et al. (2022). Unexpectedly efficient absorption of low-concentration SO2 with phase-transition mechanism using deep eutectic solvent consisting of tetraethylammonium chloride and imidazole. Sep. Purif. Technol. 286, 120489. doi:10.1016/j.seppur.2022.120489
 Zhang, W., Li, Y., Li, Y., Gao, E., Cao, G., Bernards, M. T., et al. (2020). Enhanced SO2 resistance of Tetraethylenepentammonium Nitrate Protic ionic liquid-functionalized SBA-15 during CO2 capture from flue gas. Energy & Fuels 34, 8628–8634. doi:10.1021/acs.energyfuels.0c01074
 Zhu, Q., Wang, C., Yin, J., Li, H., Jiang, W., Liu, J., et al. (2021). Efficient and remarkable SO2 capture: A discovery of imidazole-based ternary deep eutectic solvents. J. Mol. Liq. 330, 115595. doi:10.1016/j.molliq.2021.115595
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Siami, Razmkhah and Moosavi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_2.gif
Eaarnn





OPS/xhtml/nav.xhtml
Contents

		Cover

		Cation functional group effect on SO2 absorption in amino acid ionic liquids		Introduction

		Computational details

		Results and discussion

		Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/inline_10.gif
psign(A,) >0.01





OPS/images/inline_4.gif
C AAIL.SO,





OPS/images/inline_3.gif
E gas





OPS/images/inline_1.gif
EAAIL. SO,





OPS/images/fchem-11-1113394-t002.jpg
02 bond angle ()

Pure SO,
[CaMIM][GLY]+S0,
[C;COOHMIM][GLY]+SO,
[C:NH,MIM][GLY]+50,
[C:OCH;MIM](GLY}+S0,
[C:OHMIM][GLY]+50,

[C;CH,COOMIM](GLY]+50,

145835

148382

148229

148379

148369

148350

146948

145834

148380

148322

148325

148326

148316

147817

118.69911

11270670

113.01389

11277130

112.69202

11271120

11511366










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





OPS/images/fchem-11-1113394-g005.gif





OPS/images/fchem-11-1113394-g006.gif





OPS/images/fchem-11-1113394-g003.gif





OPS/images/fchem-11-1113394-g004.gif





OPS/images/fchem-11-1113394-t001.jpg
AAIL Teation-anion (A) before absorption Feation-anion (A) after absorption Egap (V)

COOH [C;COOHMIM][GLY] 183 1.83 467 -0.23
NH, [C:NH,MIM](GLY] 177 1.90 474 -021
OCH, [C;OCH, MIMJ[GLY] 183 189 474 -021
[C;OHMIM][GLY] 021





OPS/images/fchem-11-1113394-g007.gif





OPS/images/fchem-11-1113394-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Earth Science






OPS/images/fchem-11-1113394-g001.gif





OPS/images/math_1.gif
BE

SAAIL.30; —~ Eaan — Egas





OPS/images/fchem-11-1113394-g002.gif





OPS/images/math_2.gif
NCT Ag, = Canir_so, = Caas (2)





OPS/images/inline_7.gif





OPS/images/inline_5.gif





OPS/images/inline_9.gif
-0.01 < psign(A;) < +0.01





OPS/images/inline_8.gif
psign:

(Az) < = 0.02





