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Abstract: As valuable chemical materials, the heterocyclic nitrogen compounds are widely found 

in nature, and they are in common use. In this paper, the multiscale interaction mechanisms 

between 1-ethyl-3-methylimidazolium nitrate ([emim][NO3]) and representative heterocyclic 

nitrogen compounds (pyrrole and indole) during the extraction process are investigated. By 

combining theoretical and experimental research, first, the ionic liquid and its corresponding 

composite systems are studied with a multiscale microscopic method. With the help of quantum 

chemical calculation and molecular dynamics simulation, the polarity and the difference of the 

interactions of [emim][NO3] and nitrogen compounds as well as the mechanism of the separation 

process are explored. Additionally, the mechanism of the separation process and its effects are 

evaluated through phase equilibrium measurement and extraction experiment. The results reveal 

the highly selective separation of neutral pyrrole and indole and lay a solid foundation for the 

development of a new extraction process for complex systems containing neutral heterocyclic 

nitrogen compounds.

Keywords: Heterocyclic Nitrogen Compounds, Ionic Liquids, Extraction, Molecular dynamics, 

Quantum Chemistry, Liquid-Liquid Equilibrium 
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Introduction

The organic nitrogen-containing compounds (N-compounds) are widely spread over the world 

and are important compounds. Many N-compounds, such as alkaloids, have biological activity and 

some, such as amino acids and many drugs, are indispensable for life. Dyes are also composed of 

N-compounds, and some N-compounds are commonly used chemical materials, such as pyrrole, 

indole, pyridine, quinoline, nitrile and their derivatives. The above materials are derived mainly 

from coal-based products or in industrial petroleum refining. The N-compounds in coal-based 

products and petroleum refining are present mainly as heterocyclic aromatic N-compounds. 1 

Those heterocyclic N-compounds can be classified as basic (such as pyridine, acridine and 

quinoline) and nonbasic (such as pyrrole, indole, carbazole and derivatives thereof). In view of the 

nature and application, considerable economic value can be created by using appropriate methods 

to separate those N-compounds. Simultaneously, some N-compounds present in fuel oils are 

discharged into the atmosphere as NOx as the oil is burned, causing air pollution and acid rain. 2-3 

With the increasing pressure on environmental protection, more stringent requirements are 

imposed on the cleaner fuel production. Or exist in nature, giving rise to pollute water. 4-7 Therefore, 

it is important to increase the efficiency of separating or removing N-compounds.

Similarly, great progress has been made in the study of separating or removing the N-compounds 

from different sources. High content of heterocyclic nitrides is confirmed to be one of the more 

than 500 compounds identified in coal tar, which is one of its main sources. 8-9 In view of the vast 

coal tar output in countries utilizing coal as the main energy source, it is urgent to make reasonable 

and effective use of the coal tar. 10 Moreover, similar types of extraction studies for removing both 
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4

basic and non-basic N-compounds from fuels has attracted considerable attention. Hence, 

techniques such as acid washing, 6 alkali fusion, 11 ion-exchange resin separation, 12 and solvent 

extraction (such as by volatile organics, 13-14 ionic liquids 15 or deep eutectic solvents 16-18) are 

employed. Noncatalytic techniques were developed for separating or removing N-compounds 

from different sources in some special processes. However, in view of the excellent properties and 

some similar applications, ionic liquids (ILs) have been adopted to separate N-compounds from 

different sources with a high selectivity in the last decade or so. 8, 19-24 Moreover, large numbers of 

similar studies have reported the denitrification process using different kinds of ILs. 25-28 All the 

above studies demonstrated that the ILs are commonly recognized in the separation field, and the 

relevant comparison was reviewed in the literature 8, 24, 29. After reviewing those studies, less 

interest was focused on expounding separation theory and its phase equilibrium, and of course, its 

multiscale mechanisms are unclear.

The process of separating N-compounds was viewed as liquid-liquid extraction, and most of the 

reported extraction processes using ILs show relatively high extraction effects and selectivity. 

Several conceivable mechanisms such as the formation of clathrates between the ILs and solvents, 

indicate that the ordered and extended stacking structure repeating units have been suggested as 

ways to achieve good separation, 30-31 the π−π interaction existing in IL extractants and aromatic 

compounds was responsible for the efficient extraction, 32-33 or the acidity or alkalinity. 34 of the 

adopted ILs. In addition, the hydrogen bond formed between the polar groups in ILs and the target 

components 9, 35-36 was another acceptable illustration of the separation process. All the above 

results were confirmed experimentally, but only a very few investigations were devoted to visual 
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elaboration of the mechanism of the separation process. To explore the extraction mechanism at a 

molecular level, quantum chemical (QC) calculation or molecular dynamics (MD) simulation have 

been employed by fewer researchers. Some basic molecular insights for the interactions between 

the molecules studied can be revealed for the investigated systems containing N-compounds. 

Moreover, the multiscale investigations can also contribute to the understanding of the extraction 

mechanism from different perspectives. 37-39 Ramalingam 40 studied the fundamental nature of the 

interaction between pyrrole/ pyridine with [emim][EtSO4] using DFT theory and sigma profile 

analysis via the COSMO-RS approach. Bhoi et al. 41 investigated the interaction of ILs with 

different commercial cations using the HOMO-LUMO energies, quantum descriptors and IDAC 

with the COSMO-RS model, and two ILs were recommended for the dissolution of bituminous 

and anthracite coal. Verdía et al. 42 provided different cation substituent pyridinium dicyanamide 

ILs, and the QC calculations indicated that the hydrogen bond donor character of the cation was 

successfully tuned by an adequate substitution during the extraction of N‑compounds from fuels. 

This result was also observed in a COSMO-RS study. Naik et al. 43 measured the phase equilibrium 

data and compared these data with the MD simulation data for the separation of quinoline from 

heptane using a low-cost DES. Then, the interaction energies of the corresponding molecules, the 

structural properties such as RDF, SDF, and average number of hydrogen bonds were computed. 

Consequently, after clarifying the extraction mechanism not only through experiments but also 

from multiscale perspectives, it would be very helpful for us to identify increasingly reliable ILs 

that can be applied to extract N-compounds from different sources.
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6

After consulting the literature for separation of N-compounds from different sources 8 and 

referring to our previous studies in IL screening and extraction exploration, 19, 24 there is no doubt 

that ILs with certain functional groups can act as potential extractants. Moreover, this research is 

driven by popular areas of research and by practical needs in industry. As Welton 44 summarized 

the ways in which solvents may make chemical processes more sustainable from a series of 

industrial examples, the solvents in the separation process should lead to higher quality products 

or improve product separation etc. So, it is extremely important to achieve a higher selectivity and 

efficiency for the separation process. In view of the advantages of ILs, the easily prepared 

functional ILs 1-ethyl-3-methylimidazolium nitrate ([emim][NO3]) are considered to extract the 

basic and abundance pyrrole and indole based on the polarity analysis by the COSMO-SAC model. 

19 Meanwhile, combining QC calculation and MD simulation with the experimental study, the 

relationship between [emim][NO3] itself and its complex systems with the representative N-

compounds was researched on the multiscale. The multiscale mechanisms for the extraction 

process were explored, which can clearly explain the high selectivity of the extraction process and 

provide a guide for the further application. In addition, the liquid-liquid equilibrium data from 

ternary systems (methylbenzene + pyrrole/indole + [emim][NO3]) at T = 298.15 K and 101.3 kPa 

were measured to confirm the effect from the perspective of phase equilibrium. Further, two 

random feed points were simulated and compared with the experimental tie-line data to understand 

their phase behavior. The commonly used NRTL activity coefficient model was applied to regress 

the measured tie-lines and obtain the binary interaction parameters. Finally, necessary extraction 

experiments were systematically optimized by considering the mass ratio of [emim][NO3] to 
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model oil, extraction temperature and time. The investigated [emim][NO3] is thus identified as a 

practical IL extractant with improved separation capacity and selectivity for pyrrole and indole.

Computational Section

Molecular Dynamics Simulation Details

The microscopic interactions between [emim][NO3] and N-compounds was studied by MD 

simulation, which explored the simulation results of the actual systems at the molecular level. All 

simulation results in this work were accomplished using the GROMACS package 45 at 298.15 K. 

The required force field parameters were generated based on the Generalized Amber Force Field 

(GAFF) 46 in the ANTERCHAMBER 47 module of those compounds. To block the bonds 

containing hydrogen atoms, the LINCS 48 algorithm was used at one atmosphere with a V-rescale 

thermostat 49 and a Parrinello-Rahman barostat. 50 The accepted PME method was used and set the 

cutoff radius of 12 Å for intermolecular long-range electrostatic interaction, while the time step 

was set at 1 fs, and the periodic boundary condition (PBC) was used in all simulation systems. 

Further, the neighbor scheme was treated by the Verlet algorithm. Then, those settings were 

acknowledged by proving the MD simulated density of [emim][NO3] (1.26 g/cm3) at 293.15 K 

under atmospheric pressure with the reported density value (1.28 g/cm3), and the simulated density 

values agreed with the experimental data. As mentioned above, the original structures of 

[emim][NO3], N-compound and methylbenzene obtained from the QC optimization were then used 

directly to construct the simulated systems by PACKMOL 51 according to a certain number of 
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8

proportions. Additionally, [emim][NO3] and methylbenzene were distributed in two separated 

boxes, named the IL and organic phase, and N-compound was dispersed into those two phases.

To restore the real extraction environment as much as possible, the number of molecules were 

determined in light of the original feed composition. During the MD simulation, 50000 steps of 

minimization were adopted. Then, the system was heated to 298.15 K for 0.5 ns, in a stepwise 

fashion. When the desired temperature was achieved, the 5 ns isothermal-isobaric NPT ensemble 

was equilibrated. Subsequently, the 50 ns NVT ensemble was running to achieve clear phase 

separation data. As time extended, N-compound was no longer moved from the methylbenzene 

phase to the ILs phase. The trajectory data were saved for structural and transport analysis at every 

500 ps by the Visual Molecular Dynamics (VMD) package. 52

Quantum Chemical Calculation Details and the COSMO-SAC Model

The intermolecular interactions for the above system were also studied by QC calculation. In 

chemistry and materials science, the density functional theory (DFT) is pyramidally adopted to 

investigate, predict complex behaviors or interactions at the molecular level. For the convenience 

of computation, the Dmol3 module in the Accelrys Material Studio was adopted from the 

commonly used software or a program such as Turbomole and Gaussian. The computational 

settings are described in detail and expressed in Part 1 in the Supporting Information. Then, bond 

length, interaction energy, and deformation charge density maps were calculated.

For the purpose of obtaining the polarity information for each component, the σ-profile analysis 

was done by using the COSMO-SAC model. The detailed explanation of the open source COSMO-

SAC model and its calculations were introduced in our previous study and are not discussed here. 
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53-54 After the final optimized geometries were obtained, the COSMO information for 

[emim][NO3], pyrrole, indole, and methylbenzene were generated. Then, the σ-profile data, which 

are presented in Table S3, was generated. The detailed settings and parameters are also listed in 

Part 1 in the Supporting Information.

Experimental Section

Chemicals and LLE Measurements

The reagents used in this study were all obtained commercially, and the purities were all supplied 

by the suppliers. Basic information such as the chemical formula structure, molecular weights, 

purity, CAS number, and density are listed in Table 1. The LLE tie-line data for the systems of 

methylbenzene + pyrrole/indole + [emim][NO3] were determined at T = 298.15 K and 101.3 kPa 

to verify the computational results. The multiple-use LLE device was adopted for the LLE 

experiments both in our previous study and in the work of other researchers. 24, 29, 55-61 The LLE 

measurements procedure and analysis are presented in detail in Part 2 in the Supporting 

Information. Furthermore, the NRTL model was used to regress the tie-line data that were 

determined, and the recognized Graphical User Interface (GUI-MATLAB) raised by Reyes-

Labarta 62-65 was adopted to evaluate the experimental tie-line data.

Table 1. Detailed information of the reagents used.

Structure Abbreviation CAS No. M/g·mol-1 Density 
/g·cm-3

Water 
content /ppm

Halogen 
content /ppm

Purity 
(w%)

1-ethyl-3-methyl 
imidazolium nitrate

[emim][NO3]
143314-

14-1 173.08 1.28 ＜1000 ＜1000 ≥99%
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10

Pyrrole

C4H5N 109-97-7 67.09 0.97 ≤50 - 99 %

Indole

C8H7N 120-72-9 117.15 1.22 - - 99 %

Methylbenzene

C7H8 108-88-3 92.14 0.87 - - 99.5%

Extraction Experiments

The apparatus and procedure for the liquid-liquid extraction experiments were adopted and are 

described extensively in previous studies. 8-9, 19 The commercially obtained [emim][NO3] was 

mixed with the model oil using a customized jacketed glass vessel at the set temperature for 30 

min, then enough time was allowed to let the mixtures settle. Before the phase equilibrium state 

was reached, all the possible disturbances must be prevented. Then, the GC was used to 

quantitatively analyze the content. The detailed procedures and analytical methods are also 

presented in Part 2 in the Supporting Information.

Results and Discussion

There has been substantial utilization of ILs in the extraction process. Several possible 

mechanisms have been proposed by scholars, as mentioned in the introductory section, that can 

explain the good separation ability and selectivity of ILs. According to the strong polarity 

characteristics of ILs, the generation of the intermolecular interactions with the targeted 

compounds provide most function for the ILs. These interactions are reversible and would be 

restored via the back-extraction process or by simply being heated. Thus, it is worthwhile to extract 
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11

typical pyrrole, indole and its derivatives from coal tar or diesel fuels using easily prepared ILs by 

the formation of at least one hydrogen bond during the extraction process.

The approved COSMO-SAC model was adopted to evaluate the polarity of the selected 

[emim][NO3], N-compounds and methylbenzene in this work. The calculated results of the σ-

profile analysis are presented in Figure 1, from which the strong polar nitrate anion is shown to 

have the possibility of acting as a hydrogen bond accepter. The screening charge distribution of 

[emim][NO3] is [-0.015, +0.019] e/ Å2. The studied N-compounds have the opposite polarity and 

can be used as a hydrogen bond donor during the extraction process. However, methylbenzene 

does not exhibit any strong polarity and could not form any interactions with the previously listed 

components. Therefore, the extraction of N-compounds by [emim][NO3] can be confirmed to a 

certain degree. In addition, the electrostatic potential obtained based on the optimized structures is 

also presented in Figure 1. As shown in the figure, red and blue indicate the negative and the 

positive regions, respectively. The darker the color, the larger the electrostatic potential values. A 

strong negative potential of nitrate anion and a strong positive potential of the N-compounds can 

be seen, forming the interactions with each other. Moreover, the interaction strength can directly 

relate to the electrostatic potential.

Page 11 of 35

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

Figure 1. The σ-profile comparison of pyrrole, indole, methylbenzene and [emim][NO3].

Liquid−Liquid Equilibrium Tie-Line Data and the Comparison of the Two MD Simulated 

Results

Considering the σ-profile analysis results, a liquid-liquid equilibrium experiment was adopted 

to further study the possibilities of the selected extractant at room temperature. Consequently, the 

ternary system tie-line data (methylbenzene + pyrrole/indole + [emim][NO3]) were measured at 

298.15 K under 101.3 kPa. In the meantime, the experimental distribution coefficient (D) and 

selectivity (S) of the above two systems were calculated, reflecting the extraction performance of 

[emim][NO3], and expressed in the following:

(1)𝐷 =
𝑥Ⅱ

2

𝑥Ⅰ
2

(2)𝑆 =
𝑥Ⅱ

2 𝑥Ⅰ
1

𝑥Ⅰ
2 𝑥Ⅱ

1

where x refers to the mole fraction. Superscripts I and II are used to express the organic phase 

and IL phase, respectively, and subscripts 1, 2, and 3 represent methylbenzene, N-compounds, and 
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13

[emim][NO3], respectively. The measured LLE data with the calculated D and S values are 

presented in Table 2.

Table 2. Experimental LLE data (mole fraction), distribution coefficients (D) and selectivity (S) 

for methylbenzene (1) + pyrrole/indole (2) + [emim][NO3] (3) at T = 298.15 K under 101.3 kPa.

Organic phase IL phase
𝑥Ⅰ

1 𝑥Ⅰ
2 𝑥Ⅱ

1 𝑥Ⅱ
2

D2 S

Methylbenzene (1) + Pyrrole (2) + [emim][NO3] (3)
0.9764 0.0236 0.2366 0.2360 9.99 41.20 
0.9648 0.0352 0.2367 0.3237 9.19 37.46 
0.9541 0.0459 0.2379 0.4087 8.90 35.71 
0.9434 0.0566 0.2411 0.4717 8.34 32.62 
0.9272 0.0727 0.2425 0.5027 6.91 26.43 
0.9139 0.0861 0.2691 0.5096 5.92 20.10 
0.8772 0.1224 0.2976 0.5052 4.13 12.17 
0.8599 0.1392 0.3283 0.4915 3.53 9.24 

Methylbenzene (1) + Indole (2) + [emim][NO3] (3)
0.9837 0.0162 0.0752 0.5033 30.98 405.08 
0.9680 0.0320 0.1230 0.5293 16.55 130.23 
0.9654 0.0344 0.1332 0.5400 15.70 113.85 
0.9472 0.0526 0.1556 0.5576 10.60 64.52 
0.9367 0.0630 0.1853 0.5700 9.04 45.69 
0.9061 0.0936 0.2125 0.5789 6.19 26.38 
0.8788 0.1202 0.2354 0.5857 4.87 18.18 
0.8428 0.1548 0.2515 0.5904 3.81 12.78 

a Standard uncertainties u are u(T) = 0.05 K, u(P) = 1 kPa, u(x)= 0.006.

As shown in Table 2, the IL extractant content in the organic phase of the above two systems 

was very low. However, the selectivity was high, and this high selectivity can be used to evaluate 

the extracting ability from the mixtures. In addition, the corresponding triangular diagrams, 

belonging to Treybal’s type 1, are plotted with the feed composition and tie-line. The 

corresponding phase diagrams are shown in Figure S1 and S2 in the Supporting Information. The 

D and S values for the studied systems are all greater than unity, which means that [emim][NO3] 

have the ability to severed as good extractant for the extraction of pyrrole and indole. By 
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14

comparing the D values, both pyrrole and indole can distribute in the equilibrium phase well, and 

the difference is relatively small. But for S values, indole is larger than pyrrole especially when 

 is small. This means that it is feasible to extract pyrrole and indole by [emim][NO3], but better 𝑥𝐼
2

extraction ability was shown for indole. This result was in accordance with the QC computational 

results listed in Table 4 in the following part.

Meanwhile, the widely recognized nonrandom two-liquid (NRTL) activity coefficient model 

was used to correlate the experimental tie-line data. Binary interaction parameters were obtained 

by fixing the nonrandomness parameter (αij=0.2) with the help of a MATLAB program, and the 

detailed description was illuminated in our previous work. 24, 66 The regressed results are listed in 

Table S4 in the Supporting Information. The GUI-MATLAB raised by Reyes-Labarta 62-65 was 

adopted to assure that the parameters obtained are coherent with the experimental results. The 

verified results for the NRTL model are also expressed in Part 3 in the Supporting Information.

Based on the experimental tie-line data, the MD simulated tie-line data were simulated referring 

to the experimental feed composition. Considering the restrictions, only two feed compositions 

were adopted to simulate the tie-lines and compared with the experimental extract and the raffinate 

phase for the pyrrole/indole-containing system, respectively. Moreover, a total of 1400 molecules 

were adopted for the MD simulation, the details number of molecules along with its mole fraction 

for the MD simulation are listed in Table 3. The comparison between the experimental results and 

the simulated results are also presented in Figure 2, and its corresponding data are listed in Table 

S5. The two simulated and regressed sets of tie-line data are distributed on both sides of the 
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experimental value with small differences, which indicates that both the simulated and regressed 

tie-line data are receivable.

Table 3. Mole fractions and number of molecules in MD simulation for the two systems.

Mole fraction (Feed) Number of moleculesNo. x1 x2 x3 total n1 n2 n3 total
Methylbenzene + Pyrrole + [emim][NO3]

4 0.758 0.174 0.068 1 1061 244 95 1400
3 0.799 0.131 0.070 1 1119 183 98 1400

Methylbenzene + Indole + [emim][NO3]
5 0.715 0.218 0.067 1 1000 306 94 1400
4 0.760 0.173 0.067 1 1064 242 94 1400

Figure 2 Experimental, NRTL correlated and MD simulated tie-line data for the system of 

methylbenzene + pyrrole (a)/indole (b) + [emim][NO3]. (●, —, black), experimental data, (△, ---, 

blue) regressed by NRTL, (◊, -··-··-), MD simulated data, (☆, red), feed composition.

Molecular Dynamics Simulation Analysis

By comparing the LLE tie-line data and the MD simulated data, the potential of the [emim][NO3] 

for extracting N-compounds is confirmed, and the reliability of the MD simulation results is also 

confirmed. Therefore, to clarify the intermolecular interactions between [emim][NO3] and N-
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compounds, the radial distribution function and spatial distribution function etc. were adopted to 

investigate the microstructure and molecular movement of the extraction process.

Radial Distribution Function

The radial distribution function (RDF) is an important function used to characterize the local 

microstructure of a fluid. Therefore, the RDF can be used not only to study the structural packing 

but also to describe the interactions between different molecules. Referenced to the σ-profile 

analysis based on the COSMO-SAC, a hydrogen bond can form between indole and the strongly 

polar [emim][NO3]. Therefore, the oxygen atoms (ON, ON1, and ON2) of the nitrate anion, the 

hydrogen atom (HI6) of indole and (HM6) of methylbenzene, hydrogen atom (HE2) and carbon 

atoms (CE2, CE3, CE4, and CE5) of the emim cation and the nitrogen atom (NI) of indole were 

adopted to generate the RDF plots. The detailed atom notations of different molecules are shown 

in Figure 3, and the atom-atom RDF plots between the above atoms are presented in Figure 4.

Figure 3. Structures with atom notations of different molecular species.

The detailed RDF results between indole and [emim][NO3] are expressed in Figure 4 (a-b) from 

which a well-defined strong first solvation peak was shown, revealing the stronger interactions 
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between [emim][NO3] and indole than with the solvent methylbenzene. In Figure 4 (a), for the 

purpose of qualitatively expounding the hydrogen bond between [emim][NO3] and indole, three 

oxygen atoms in the nitrate anion were adopted to generate the RDF plot with hydrogen atoms in 

the indole and methylbenzene, respectively. The RDF peak between the oxygens of the nitrate 

(ON, ON1, and ON2) and the hydrogen of indole (HI6) reached a distance of 1.84 Å, 2.12 Å, and 

2.10 Å respectively, which are significantly different from the hydrogen values of methylbenzene 

(HM6). While the interactions between indole and nitrate are strong, there were no interactions 

observed between methylbenzene and nitrate. Moreover, the RDF peak height, g(r), of HI6-ON is 

obviously higher than the RDF peak height, g(r) of the other two oxygen atoms, indicating a 

stronger interaction. The degree of interaction for the three oxygens in nitrate is ON > ON1 ≈ ON2.

Figure 4. Atom-atom RDF plots between the different molecules in the methylbenzene + indole + 

[emim][NO3] ternary system.
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And this can also be analyzed by the average hydrogen bonding. The average number of indole-

nitrate hydrogen bonding was presented in Figure 5, of which 50 ns were adopted. A higher number 

of hydrogen bonding of indole with nitrate anion were established. As expected, there are no 

hydrogen bonding interactions between methylbenzene and nitrate were noticed. Meanwhile, as 

shown in Figure 4 (b), the HI6-ON presented a higher g(r) peak than the HE2-ON, and the distance 

of HE2-ON is 2.36 Å, which is larger than 1.84 Å, thus reflecting that a significant distribution of 

nitrate anion occurs around indole. The same phenomenon was observed by the spatial distribution 

function, as discussed below.

Figure 5. Average number of indole-nitrate per indole molecule as a function of simulation time.

Similarly, the RDF plots for different sites of the IL extractant, [emim][NO3], are also presented, 

which gives a preliminary analysis of the IL structure and provides a reliable guide for the 

subsequent calculations. In Figure 4 (c), for the purpose of exploring the sites of the nitrate anion 

in [emim][NO3], the oxygen atoms (ON) in the nitrate anion were adopted to generate the RDF 

plot with carbon atoms, CE2, CE3, CE4, and CE5 in the emim cation. The RDF peak between ON 
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and CE2, CE3, CE4, and CE5 was reached at a distance of 3.62 Å, 3.90 Å, 4.26 Å, and 3.74 Å, 

respectively, indicating that the nitrate anion is distributed on the methyl side. Considering the 

differences of the oxygen atoms in the nitrate anion, the RDF plots between those three oxygen 

atoms and CE2 are expressed in Figure 4 (d). The RDF peak between CE2 and ON, ON1, and 

ON2 reached at a distance of 3.16 Å, 3.24 Å, and 3.26 Å, respectively, indicating that the ON atom 

of the nitrate anion is close to CE2. Therefore, the relative positions of the cation and anion of 

[emim][NO3] can be preliminary confirmed.

Spatial Distribution Function

Compared with the RDF, the spatial distribution function (SDF) was adopted to describe the 

density distribution characteristics of the environment of molecules around the target center 

molecule in three-dimensional space. For the system investigated in this work, the SDF plots were 

produced using the TRAVIS 67 software package, and they are shown in Figure 6.

As seen in Figure 6 (a), the acting nitrate anion was used to generate the SDF plot surrounded 

by indole and methylbenzene. The active O atom of the anion molecule was surrounded by the 

indole molecule, but no interactions with methylbenzene can be seen. Therefore, in accordance 

with the RDF plot analysis, a hydrogen bond was confirmed between the nitrate and the indole. 

Meanwhile, combined with the RDF plot in Figure 4 (b), a significant distribution of nitrate anion 

was surrounded by the indole rather than the emim cation. This phenomenon can also be explained 

by the SDF plot in Figure 6 (b), where the nitrate anion was more highly distributed around the 

center indole molecule than the emim cation, indicating that the intermolecular interaction between 
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the nitrate anion and the indole was larger than the intermolecular interaction between the emim 

cation and the indole. For pyrrole system, similar results can be seen from Figure 6 (c) and (d).

Figure 6. SDF plots of methylbenzene + indole/pyrrole + [emim][NO3] ternary system. (a) 

indole/(c) pyrrole (green) around nitrate anion at an isovalue of 1.15/1.57 particle nm-3, nitrate 

anion (red) and emim cation (blue) around the (b) indole/(d) pyrrole at isovalues of 2 and 1.85/2.55 

and 2.25 particle nm-3, respectively.

Quantum Chemical Calculation Analysis

Weak molecular interactions may exist between [emim][NO3] and N-compounds based on the 

simulation results and the tie-line data measurement. To clarify the interactions, the intermolecular 

forces between the [emim][NO3] and N-compounds were further verified at the molecular level, 

which can provide some basic analysis to support the MD simulation results. Therefore, the charge 

density analysis combined with the bond length and energy were adopted to illuminate the 
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extraction process from this perspective. Moreover, through the analysis of the above data, the 

hydrogen bond donor and acceptor relationship could be shown. The relevant molecules connected 

to the heteroatoms in N-compounds probably formed a hydrogen bond with the [emim][NO3]. 

Then, the interactions that were formed were examined to verify the hypothesis.

Bond Length and Energy

Based on the confirmation of the preliminary relative position for the cation and anion of 

[emim][NO3], the geometry for the N-compounds, [emim][NO3] and their optimized complexes 

and two optimal complexes are presented in Figure 7. Furthermore, the BSSE-corrected interaction 

energies for these two complexes are calculated and listed in Table 4.

Figure 7. Bond length for [emim][NO3] with pyrrole (a) and indole (b).

As the configuration of these two complexes shows, the interaction distances between 

pyrrole/indole and nitrate are 1.975 Å and 1.934 Å, which is less than the sum of the Van der 

Waal’s radii of H, 1.30 Å, and O, 1.72 Å, respectively, reflecting that distinct intermolecular 

interactions exist between pyrrole/indole and the nitrate anion. Moreover, to quantitatively 

describe the interaction between the complexes, the interaction energies of [emim][NO3] with 

pyrrole and indole were calculated. The interaction energies are -35.069557 kJ/mol and -
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36.117233 kJ/mol, and they belong to a stronger hydrogen bond. Consequently, the N-H···O 

hydrogen bonds can be confirmed by combining the bond length and energy results.

Table 4. The revised BSSE interaction energy of compounds and complexes that have been 

studied.

System E(hartree a) EBSSE(hartree a) ΔE(kJ·mol-1)
Pyrrole -210.239711 - -
Indole -363.930970 - -
Methylbenzene -271.641264 - -
[emim][NO3] -625.285250 - -
[emim][NO3] + Pyrrole -835.538317 0.000390 -35.069557
[emim][NO3] + Indole -989.229975 0.000390 -36.117233
[emim][NO3] + Methylbenzene -896.927704 0.000108 -3.124646

a 1Hartree = 27.211eV = 627.509 kcal·mol-1 = 2625.753 kJ·mol-1.

Electron Densities Analysis

Consistent with the above results, deformation electron density has also been applied to analyze 

the existing interaction by calculating the electron density distribution. Then, the visualized 

interactions between those molecules can be obtained and are expressed in Figure 8. A certain 

degree of H···O bonding interaction is in evidence, as seen from the slice of the density map, in 

which the density of the receiving electron area encircled the O atom (shown in red), while the 

betatopic area encircling the H atom is shown in blue. A certain bonding effect exists between 

pyrrole/indole and the O atom in the nitrate anion.
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Figure 8. Deformation charge density maps for [emim][NO3] + pyrrole (a)/indole (b).

Through intermolecular interaction analysis, the conclusion for the extraction process can be 

ascribed to the existing hydrogen bond between the nitrate anion and the hydrogen atom connected 

to the heteroatoms presenting the mechanism at the molecular level. The strength of the 

intermolecular interactions is consistent with the MD simulation results. Also, in accordance with 

experimental distribution coefficient and selectivity.

Extraction Experimental Validation

Based on the above results, the multiscale exploration for the extraction process by the adopted 

[emim][NO3] were investigated. Those results provide a reference for designing the separation 

process that could help us to illustrate its mechanism. To validate the calculated and simulated 

results, necessary extraction experiments were performed. Thus, the main factors, such as the mass 

ratio, extraction temperature, and time were optimized to support the calculation and simulation 

results.

The influence of the mass ratio of extractants to model oil, extraction temperature, and time was 

adopted to study by the single-factor experiments. The experimental conditions were optimized, 

the extraction results are presented in Figure 9, which can confirm the calculated and simulated 

analysis. The economy of the separation operation was attributed to the dosage of the extractant. 

Therefore, this factor was studied at room temperature (25 ) for 30 min with the mass ratio of ℃

[emim][NO3] to oil of 1:10, 1:5, 1:2, and 1:1, which was experimentally determined to be a 

reasonable extractant dosage. As shown in Figure 9 (a), the extraction efficiencies for pyrrole and 
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indole were all greater than 90% at the mass ratio of 1:1, and its values were all increased with the 

increase of the [emim][NO3] dosage. However, the amount of increase hardly changed with the 

shift in mass ratio from 1:5 to 1:1. Moreover, the pyrrole was slightly larger than the extraction 

capacity for indole under such conditions. Therefore, 1:5 was adopted to guarantee the economics 

of the extraction process.

As shown in Figure 9 (b), the extraction temperature was investigated to explain how the 

temperatures influenced the extraction process. The extraction efficiency was generally exhibiting 

a decreasing trend when the temperature increased, but the decrease was limited. There was no 

phase transition during the extraction process that was caused by the properties of [emim][NO3]. 

The solubility of pyrrole/indole was increased as the temperature increased, which made the 

extraction efficiency lower. Like the extractant dosage, the extraction efficiency for pyrrole was 

still slightly larger than the extraction efficiency for indole due to the larger steric hindrance for 

indole rather than pyrrole. Thus, room temperature can be used as a reasonable temperature.

Finally, the extraction times were investigated from 5 to 60 min (10, 20, 30, and 60 min). The 

optimized mass ratio and temperature were adopted to perform the further study. The organic-

phase compounds, pyrrole and indole, were rapidly moved to the IL phase, especially in the first 

10 min. Then, the extraction efficiency curves flattened as the time increased to 60 min. The results 

are shown in Figure 9 (c). Based on the above analysis, it takes at least 10 min to reach the 

extraction equilibrium in this work.
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Figure 9. Extraction efficiency of mass ratio, extraction temperature, and time for pyrrole (red, ■) 

and indole (blue, ●).

The optimized factors were achieved by studying the mass ratio, extraction temperature, and 

time. Excellent results were obtained by the interactions formed between functional groups of 

[emim][NO3] and pyrrole/indole. Since it was a complicated mixture of the studied systems in this 

work, the selectivity for the target pyrrole and indole were of particular importance. Therefore, 

taking as many typical components as possible from some fractions of coal tar as an example, the 

alkaline (pyridine, quinoline), aromatic (methylbenzene, naphthalene), aliphatic (n-heptane), and 

neutral compounds (pyrrole, indole, acenaphthene, dibenzofuran, and thiophene) were considered 

to verify the selectivity of [emim][NO3]. Thus, the above mentioned components were adopted to 

prepare the complicated mixture, and methylbenzene/n-heptane were used as the solvent to make 

the solution. All those components were referred to the actual compositions to prepare the solution. 
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Therefore, the optimized extraction factors, 25℃ with mass ratio of 1:1 for 10 min, were adopted 

to test and compare the selectivity for the neutral N-compounds, and the results are shown in Figure 

10 and listed in Table S6 in the Supporting Information. The studied [emim][NO3] shows increased 

selectivity and capacity for the investigated neutral pyrrole and indole, but it has a poor capacity 

for basic N-compounds pyridine and quinoline. Furthermore, the simulated neutral compounds 

(naphthalene, acenaphthene, dibenzofuran, and thiophene) showed much less extraction efficiency 

during the separation process, which can eliminate low extraction efficiency caused by the 

complexity of the compositions of the complicated mixtures.

Figure 10. Extraction efficiency for different kinds of components in the mixtures.

Conclusion

The discovery of extractants for the separation of various value-added compounds with 

relatively high content is imperative. As a result of obtaining an efficient extractant, [emim][NO3] 

was confirmed in a multiscale way to separate neutral N-compounds, pyrrole and indole, in this 
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work. Therefore, the classical MD simulation and QC calculation were adopted to reveal the 

extraction mechanism in combination with the LLE tie-line data measurement and extraction 

validation. First, the D and S values for the two ternary systems were determined, which 

experimentally confirmed the feasibility in the phase equilibrium perspective. Then, the MD 

simulation study was adopted to explore the phase equilibrium of the above systems. A good 

agreement can be shown between the experimental and simulated tie-line data. In addition, the 

RDF and SDF plots were achieved and explained the microstructure and molecular movement of 

the investigated systems. Further, to clarify the intermolecular forces between the [emim][NO3] 

and N-compounds, the charge density analysis combined with the bond length and energy were 

further verified at the molecular level based on the QC calculation. Through the above analysis, 

the hydrogen atom was found to be connected to heteroatoms in pyrrole and indole, which formed 

a hydrogen bond with the nitrate anion in [emim][NO3]. Finally, by combining theoretical and 

experimental research, the effect of the separation process was evaluated through the extraction 

experiment, and highly selective separation of neutral pyrrole and indole was discovered. 

Additionally, the adopted extractant was identified to be the feasible extractant, which can provide 

a reference for the development of a new extraction process and lay a solid foundation for the 

extraction of neutral heterocyclic nitrogen compounds from complex systems.

Associated content

The Supporting Information is available free of charge on the ACS Publications website at 

******
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The detailed procedures of QC calculation, σ-profile information, experimental details, and 

validation for the NRTL model parameters are listed in the Supporting Information.
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