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22Requirement to produce Ultra Low Sulphur Diesel is becomingmore stringent with the target of zero emission. The
23presence of nitrogen compound in crude oil is undesirable because it inhibits the efficiency of desulphurisation
24process besides being environmentally hazardous when found in transportation fuels. Extractive denitrification
25with ionic liquids (ILs) as solvents has been found to be applicable for denitrification butmore insights are required
26to explain the interaction between ILs and nitrogen compounds. In this study, the interaction between pyrrole as
27model nitrogen compound with 18 ILs built from 6 cations and 3 anions is investigated by means of quantum
28chemical calculation. Geometry optimisation was done for individual molecules of pyrrole, cations and anions, as
29well as complexes of ILs, pyrrole–cation, pyrrole–anion, pyrrole–IL at Hartree–Fock level and 6-31G* basis set.
30NBOanalysiswas performed from the optimised geometry for eachmolecule and complex. The interaction between
31pyrrole and ILs is investigated via HOMO and LUMO energy values and gaps, global scalar properties, interaction
32energies and partial charges. It was found that [EPY][EtSO4] is the most favourable IL for the removal of pyrrole.
33© 2014 Published by Elsevier B.V.
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38 1. Introduction

39 With the growing concern towards reducing emission from
40 transportation fuels to the environment, the requirement to produce
41 low-sulphur fuels is becoming more stringent. The current limit for
42 sulphur content in diesel fuel is less than 10 ppm for the production
43 of Ultra Low-Sulphur Diesel (ULSD) with the target of zero emission in
44 the future. However, the presence of nitrogen compounds even at low
45 concentration hinders the efficiency of sulphur removal from diesel
46 fuels. Laredo et al. [1,2] reported that the presence of nitrogen compounds
47 as low as b30 ppm inhibits the efficiency of hydrodesulphurisation
48 process through competitive adsorption, making it more difficult to
49 meet the low-sulphur requirement. Besides the inhibition effect, the
50 presence of nitrogen compounds in diesel is also non-desirable, because
51 it can cause coke formation and lead to catalyst deactivation. Also, the
52 presence of nitrogen compoundsmay possibly affect the stability of diesel
53 during storage. Therefore, in order to achieve high sulphur removal,
54 knowledge on the removal of nitrogen compounds is essential [3].
55 The common practice in industry for removal of nitrogen is
56 hydrodenitrification (HDN) and for removal of sulphur is hydro-
57 desulphurisation (HDS). These processes are energy intensive and are
58 costly due to the high operating temperature (300–400 °C) and elevat-
59 ed pressure (20–100 atm of H2). This drives the research community to

60search for alternative processes for the removal of sulphur and nitrogen
61compounds. Solvent extraction process such as extractive desul-
62phurisation and extractive denitrification is seen as a potentially prom-
63ising candidate to replace HDS and HDN, since it is a much simpler
64process, it can be operated at ambient temperature and pressure
65without much modification on the equipment, thus lowering the
66operating cost and energy consumption. The efficiency of extraction
67process however depends upon the performance of the solvent. Solvent
68selection is therefore crucial in order to achieve high nitrogen removal
69from liquid fuels.
70Ionic liquids have emerged as a potentially versatile solvent for
71various applications including for liquid extraction process. Properties
72of ionic liquids include high thermal stability, high electrochemical
73stability, wide liquid range, and high ionic conductivity [4]. Ionic liquid
74is also known as “designer solvent” as it can be designed to suit a
75preferred separation process by predetermining its composition
76through altering the anion–cation combination and its substituents.
77The tunability of ionic liquids is also the main reason why it is explored
78for various applications. In recent years, several authors have reported
79the use of ionic liquids as solvents to remove nitrogen compounds
80from gasoline and diesel. Kedra-Krolik et al. [5,6], Zhang et al. [7] and
81Alonso et al. [8] reported the use of imidazolium-based ionic liquids
82with various anions to remove aromatic sulphur and nitrogen
83compounds frommodel diesel oils and concluded that these ILs demon-
84strated good capacity for desulphurisation as well as denitrification.
85Chloride-based ILs [9,10] and dicyanamide-based ILs [11,12] have also
86been used for selective extraction of nitrogen compounds; with
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87 competitive selectivity and capacity towards nitrogen compounds.
88 Thus, it is evident that ionic liquids have great potential to be further
89 utilised as solvent for denitrification of liquid fuels.
90 However, although the number of publications reporting on the use
91 of various ionic liquids for denitrification purposes is increasing, it is still
92 considered lowwhen compared to the infinite number of possible ionic
93 liquids which could be synthesised. Furthermore, these works only
94 report the suitable ILs for the purpose of denitrification process based
95 on phase equilibria data, selectivity and capacity of the systems with
96 ILs without giving much insights on the interactions between the
97 species involved. In order to design an IL for denitrification, a systematic
98 approachmust be taken and knowledge on the reactivity and stability of
99 interacting system is essential. Ab initio method such as quantum
100 chemical calculation provides an alternative to achieve this objective
101 with the advantage of not requiring a huge base of experimental data.
102 Instead, only the structure of the species involved is required as an
103 input to the calculation.
104 In recent times, the number of literature related to ab initio calcula-
105 tions describing the interactions between organic solute and ionic
106 liquids for separation processes including desulphurisation and denitri-
107 fication has increased. Zhang et al. [13] investigated the interactions be-
108 tween thiophene and the ionic liquids 1-butyl-3-methylimidazolium
109 tetrafluoroborate ([BMIM][BF4]) and 1-butyl-3-methylimidazolium
110 hexafluorophosphate ([BMIM][PF6]) by performing geometry optimisa-
111 tion on five clusters of thiophene–cation, thiophene–anions and thio-
112 phene–ILs. It was discovered that the interaction of thiophene with ILs
113 is mainly via Coulombian attraction and that stronger electron donation
114 to the fluorine atoms and compactness of the ILs influences the

115interactionwith thiophene. Anantharaj et al. reportedHOMO/LUMOen-
116ergy values and gapwith global scalar properties to investigate simulta-
117neous interaction for the systems of ILwith thiophene andpyridine [14],
118where geometry optimisation calculations were done for themolecules
119thiophene, pyridine, the cations 1-butyl-3-methylpyrrolidinium
120([BMPYRO]), 1-butyl-3-methylpyridinium ([BMPY]) and benzy-
121limidazolium ([BeMIM]), and the anions tetrafluoroborate ([BF4])
122and hexafluorophosphate ([PF6]), as well as the complexes of
123thiophene–pyridine–IL, thiophene–IL and pyridine–IL. The same
124group later performed quantum chemical studies consisting of determi-
125nation of partial charges, interaction energies and sigma profile genera-
126tion (based on COSMO-RS theory) to study simultaneous interactions
127thiophene and pyridine with the ILs [BMPYRO][BF4], [BMPYRO][PF6],
128[BMPY][BF4], [BMPY][PF6] and [BeMIM][BF4] [15]. The result based on
129each approach agreeswellwith each other and confirms the description
130of the interactions in each system which demonstrates the dominance
131of CH–π interaction. More recently, geometry optimisation based on
132DFT calculations for the interactions between the ILs [BMIM][PF6] and
133[BMIM][BF4] with pyridine/hexane was performed and it was conclud-
134ed that the interactions between the studied ILswith pyridine are stron-
135ger than that of between ILs and hexane [16].
136In this work, the interactions of a 5-membered non-basic nitrogen
137compound, pyrrole, with 18 ionic liquids built from the combination
138of 6 cations and 3 anions are investigated based on quantum chemical
139calculations by determining the HOMO/LUMO energy values and
140energy gap, scalar properties, interaction energies and atomic charges
141of the species and its complexes. The structure of pyrrole, cations and
142anions is presented in Table 1.

Table 1t1:1

t1:2 Structure of the species involved in this work.

t1:3 Compound Name Structure Abbreviation Chemical formula MW

t1:4 Nitrogen compound Pyrrole PYR C4H5N 67

t1:5 Cations 1-Ethyl-3-methylimidazolium [EMIM] C6H11N2 111

t1:6 1-Ethylpyridinium [EPY] C7H10N 108

t1:7 1-Ethyl-1-methylpyrrolidinium [EMPYRO] C7H16N 114

t1:8 1-Ethyl-1-methylpiperidinium [EMPIPE] C8H18N 128

t1:9 4-Ethyl-4-methylmorpholinium [EMMOR] C7H16O 116

t1:10 1,2,4-Trimethylpyrazolium [TMPYRA] C6H11N2 111

t1:11 Anions Acetate [Ac] CH3COO 59

t1:12 Methylsulphonate [MeSO3] CH3SO3 95

t1:13 Ethyl sulphate [EtSO4] C2H5SO4 125
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