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Graphical abstract 

 

 

Highlights 

 Brønsted acid functionalized 2-Phenylimidazoline based ILs were synthesized. 

 Cellulose into biofuel precursors was conducted using IL catalyst. 

 Activity of the ILs was compared using both the experimental and DFT results. 
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 The HOMO and LUMO energies are dominated over the anion and cation of the ILs. 

 DFT theory has been used to calculate second order stabilization energy. 

 Most energetic interactions between the anions and cations was investigated. 

 

Abstract 

In this study, an efficient catalytic system has been developed for the single step conversion of 

microcrystalline cellulose into 5-hydroxymethyl furfural and levulinic acid using Brønsted acidic 

ionic liquid (IL) catalysts which have large conjugated structure. The IL catalysts used in this study 

comprising of different anions ([CF3SO3] ̅, [HSO4] ̅, [CF3COO] ̅, and [Cl] ̅) with a common cation 

1-butyl sulfonic acid-2-phenylimidazolinium ([2-PhIm-SO3H]+), were synthesized in laboratory 

and characterized. The MCC conversion was carried out in a biphasic reaction medium and  yields 

of 70% for 5-HMF and 23% for LA were achieved at 150 °C and 5 h reaction time. Furthermore, 

density functional theory (DFT) was performed to identify the key interactions in the stable 

configurations of the ion-pairs of ILs. The electronic properties and chemical reactivity of the 

individual ions and ion-pairs of ILs were investigated by performing natural bond orbital (NBO) 

and second order perturbation theory analyses.   

Keywords: Biomass, Ionic liquid, Catalyst, DFT, 5-HMF, Levulinic acid  

 

1. Introduction  

The increasing concern about the world’s environment and exhaustion of fossil fuel 

resources [1] has prompted researchers to investigate alternate and clean synthetic routes for the 

production of fuel and fine chemicals using renewable non-fossil carbon resources [2–4]. 2nd 

generation biomass is a promising carbon rich sustainable feedstock with wide availability and has 

been considered as an ideal substitute for fossil feedstock and has enormous potential for 

production of fuel precursors, fuel additives and other valuable chemicals without threatening the 

food security [5–7]. Among the promising biomass-derived chemicals, 5-hydroxymethyl furfural 

(5-HMF) and levulinic acid (LA) have been identified as the most promising chemicals [8,9]. U.S. 

Department of energy has listed 5-HMF and LA as promising value-added chemicals [10] which 

can be transformed into a wide range of commodity chemicals, such as 5-hydroxymethylfuroic 
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acid, furfuryl alcohol, HMF-levulinate [11], 5-furandicarboxlic acid (FDCA), and ethyl levulinate 

[12,13]. Some of these chemicals can be upgraded into 2, 5-dimethylfuran which can serve as a 

biofuel component of gasoline, 2,5-furandicarboxylic acid, dihydroxymethylfuran, and 2, 5-

diformylfuran [14]. LA can also be catalytically valorized into 2-methyltetrahydrofuran and 

levulinic acid-esters [15] and the derived esters can be widely used in the pharmaceutical and fuel 

industries [16]. All these promising uses of 5-HMF and LA have led to an increasing research 

interest in recent years [17]. 

The fuel precursors 5-HMF and LA are derived from the dehydration of carbohydrates 

(monosaccharaides) and are further valorized into fuel, polymers, and also base chemicals [6,18–

20]. 5-HMF is also synthesized from the fructose [21,22]. However, high cost of the fructose and 

its difficult availability prohibits its extensive use for 5-HMF production [20].  Also, the cost of 

monosaccharaides and ethical issues of using biomass from food crops has decelerated the 

production of 5-HMF and LA [23,24], which can now be addressed in this route from waste 

biomass comprising of agricultural residues, forest wastes and also municipal wastes. However, 

the production of 5-HMF and LA from non-edible and most abundant renewable waste biomass is 

of great interest. Biomass is composed of three major constituents called cellulose, hemicellulose, 

and lignin [25,26]. Cellulose, is the more abundant and cheaper biomass constituent which has 

glucose as a repeating unit linked by β (1→4) glycosidic bond [27] with high crystallinity [28].  

             Synthesis of the 5-HMF using cellulose includes three steps: (i) formation of glucose from 

acid hydrolysis of cellulose, (ii) isomerization of the glucose into fructose, (iii) fructose 

dehydration into 5-HMF and other byproducts [29,30]. Schematic representation of the cellulose 

conversion into 5-HMF and LA are represented in Scheme 1. Different type of the catalyst 

including mineral acids [31,32] solid acid [33], enzymatic hydrolysis [34], as well as hydrolysis in 

supercritical water [35] have been used for the conversion of the cellulose into 5-HMF and other 

value-added chemicals. However, some of the literature reported catalysts gave favorable yields of 

the desired products on the contrary creates several issues such as high cost of enzymes and their 

lower thermal stability with low activity [36], reactor corrosion [37], generation of the waste acid 

sludge, and harsh reaction conditions limiting their scale-up in industry [30,38]. This has raised 

the need to develop a green, efficient, and environmental benign catalyst–solvent system for the 

conversion of cellulose into 5-HMF and LA. 
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Scheme 1. Schematic representation of acid catalyzed cellulose conversion into 5-HMF and 

subsequent rehydration into LA. 

 

In this context, ionic liquids (ILs) have received significant attention not only as promising green 

solvents [39–41], but also as potential catalysts for the dissolution and conversion of the cellulose 

[42,43]. For instance, R. P. Swatloski et al. reported cellulose conversion using 1-butyl-3-

methylimidazolium chloride [BMIM][Cl] ILs [44]. Zhang et al. reported cellulose conversion 

using ILs [Emim][OAc] and [Amim][Cl] which have lower melting points [45]. Heinze et al. 

reported cellulose conversion and the obtained results from this study concluded that the 

pyridinium based [Bpy][Cl] ILs showed better activity for cellulose conversion [46]. Similarly, 

Sixta et al. claimed that the acid–base conjugated ILs which was prepared by combining the several 

super-bases (TMG, DBU) with organic acids showed better activity in cellulose conversion [47]. 

Methylimidazole, 1-vinylimidazole, and triethylamine based ILs was used by Liu and co-workers 

for cellulose conversion and concluded that the triethylamine based ILs showed impressive results 

[48]. However, the obtained results from this study indicate that the structure of the ILs have 

significant effect on the cellulose conversion.  

Similarly, the use of the Brønsted acidic ILs for the selective conversion of cellulose into 

5-HMF and LA have received extensive interest because of their unique and peculiar properties, 

such as negligible vapor pressure, adjustable Brønsted acidity [49], low melting temperature [50], 

high thermal stability, and task specificity [51]. Z. Zhang et al. reported 45-60% yield of 5-HMF 
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using [BMIM][Cl] IL catalyst with CrCl3 [52]. Su et al.  obtained 55% yield of 5-HMF from 

cellulose using pairs of the metal chlorides (CuCl2 with CrCl2) with [EMIM][Cl] IL [53]. A good 

yield of 5-HMF (89%) was achieved in presence of the [EMIM][Cl] with HCl, H2SO4 by the 

addition of the CrCl2. However, the use of the chromium salts are environmentally harmful and 

are to be avoided and the use of mineral acids produces a lot of waste sludge rendering the overall 

process environmentally harmful. In presence of the AlCl3, Shaohua et al. reported 55% yield of 

the 5-HMF in the mixed ([BMIM][Cl] with DMSO) solvent [54]. Equipment corrosion is very 

rampant with the use of AlCl3. On the other hand, the used both the solvent and catalyst in the 

earlier studies are not hydrophobic in nature which facilitate the 5-HMF formation and selectively 

required as a reaction medium for the selective conversion of cellulose into5-HMF. 

Besides an effective catalyst for 5-HMF synthesis, the solvent also plays a decisive role in 

high cellulose conversion and high yield of 5-HMF product. Different types of orgainic aprotic 

solvents such as dimethylformamide (DMF), dimethylacetamide (DMA), dimethyl sulfoxide 

(DMSO),  tetrahydrofuran (THF) and ethyl acetate have been  used for 5-HMF and LA synthesis 

[19].  Protic solvent, water is also used due to its ubiquity and environment-friendliness but the 5-

HMF product gets easily rehydrated in aqueous media to LA, formic acid and humins [55,56]. 

Hence, the use of the high volume ratio of organic phase (hydrophobic solvent) to aqueous phase 

(hydrophilic solvent) is followed by some researchers in 5-HMF synthesis [57–60]. To our 

knowledge so far, imidazoline-based ILs which have a hydrophobic benzene ring have not been 

reported for cellulose conversion to 5-HMF and LA. Hence, the present study is focused on 

synthesis of 5-HMF and LA from microcrystalline cellulose (MCC) by a single step process using 

these environmentally benign ILs. The present work choses IL catalyst which has the hydrophobic 

benzene ring in them and also a hydrophobic solvent to maximize the yield of the 5-HMF from 

the cellulose conversion. 

A series of 2-phenylimidazolinium based Brønsted acidic IL catalyst, having a large 

conjugation within the five and six membered cyclic rings of its cationic residue [2-PhIm-SO3H]+ 

(1-butyl sulfonic acid-2-phenylimidazolinium), were synthesized in in-house laboratory by 

choosing task-specific anions for the catalytic conversion of MCC. These IL catalysts are [2-PhIm-

SO3H][CF3SO3], [2-PhIm-SO3H][HSO4], [2-PhIm-SO3H][Cl], and [2-PhIm-SO3H][CF3COO] as 

shown in Fig. 1. The catalytic activity of the synthesized Brønsted acidic IL catalyst were evaluated 

for the direct one-step conversion of MCC into 5-HMF. The localization/delocalization of the 
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electron density on the individual ions and ion-pairs of the IL catalysts generated by calculating 

the electrostatic surface potential (ESP) was assessed. The HOMO-LUMO energies of the orbitals 

of the IL catalyst, bond dissociation energy, and second order stabilization energy (E(2)) of the 

synthesized catalyst were calculated using DFT. The novelty of this work lies in explaining the 

use of Brønsted acidic IL catalyst, in an one-pot conversion of MCC to 5-HMF and LA and further 

explain the catalyst behavior by theoretical DFT calculations. Further, this study also explores the 

characteristic structural and electronic properties of the ions and ion-pair complexes pertaining to 

the IL catalysts by preforming quantum chemical calculations using density functional theory 

(DFT).        

 

Fig. 1. Structures of (a) [2-PhIm-SO3H][CF3SO3], (b) [2-PhIm-SO3H][HSO4], (c) [2-PhIm-

SO3H][Cl], and (d) [2-PhIm-SO3H][CF3COO] IL catalysts. 

2 Experimental section 

2.1 Materials and Methods 

Glucose, fructose (99%), 5-HMF (98%), formic acid (FA) (99%), and LA (99%) were purchased 

from Fisher Scientific, India. 1,6-Anhydro-β-D-glucose (99%), 2-phenylimidazoline, and H2SO4 

(98%) were purchased from TCI chemicals. 1, 4-butanesultone (99%) were purchased from Alfa 
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Aesar, China. CF3COOH and CF3SO3H were purchased from Spectrochem India. Diethyl ether, 

ethyl acetate, and HCl were purchased from Merck, India. 

2.2 Synthesis of the Brønsted acidic IL catalysts with different anions 

Synthesis of the Brønsted acidic IL catalysts was done following a typical procedure reported in 

literature [61]. Typically, equimolar amount of 2-phenylimidazoline (1.462 g, 0.01 mol) and 1,4 

butane sultone (1.362 g, 0.01 mol) were dissolved in chloroform and this mixture was stirred at 40 

°C for 72 h. After the completion of the reaction, the solvent was evaporated under reduced 

pressure and the zwitterion, thus formed, was washed three times with dichloromethane (DCM) to 

remove the unreacted materials and dried in vacuum at 50 °C for 24 h to get a yellowish coloured 

solid. The Brønsted acidic IL catalyst was synthesized by neutralization of the zwitterion by adding 

a stoichiometric amount of CF3SO3H, H2SO4, CF3COOH, and HCl acid to get the corresponding 

anionic IL after stirring at room temperature for 24 h. The resultant Brønsted acidic IL catalyst 

was washed with diethyl ether repeatedly and characterized using NMR, mass, and FT-IR 

spectroscopic techniques as represented in the ESI (Fig. S1-S9).  

2.3 Computational details 

All the quantum chemistry calculations were performed using density functional theory with 

B3LYP exchange-correlation functional [62,63]. The optimization of the all the laboratory 

synthesized Brønsted acidic IL catalysts was performed in gas phase using 6-311++G (d, p) basis 

set [64] with Gaussian 09 program. The optimized minimum energy configuration of each ion or 

ion-pair complex was confirmed by frequency calculation in which no imaginary frequency was 

observed. From the DFT optimized structures, the values of interaction and bond dissociation 

energies of the Brønsted acidic IL catalysts were calculated and the acidity of the ILs were 

validated against the experimental data. From the DFT optimized structures, the electrostatic 

potential (ESP) surfaces on the individual ions and ion-pairs were generated using GaussView 5.0 

program [65]. From the DFT optimized structures, the natural bond orbital (NBO) analysis[66] 

were performed in order to study the intermolecular and intramolecular interactions within the ILs 

[67]. From the NBO analysis, the interaction of the cation and anion in IL ion-pairs was 

characterized in terms to identify the most favorable electronic transitions within the ion-pairs of 

IL catalyst by calculated the second order stabilization energy (E(2)) value [68]. The interaction 

energy (𝐸𝑖𝑛𝑡) of the ion-pair of an IL catalyst was calculated using the equation, 

 𝐸𝑖𝑛𝑡 = 𝐸𝐼𝐿 − (𝐸𝑐𝑎𝑡𝑖𝑜𝑛 + 𝐸𝑎𝑛𝑖𝑜𝑛)                (1) 
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where Ecation ,  Eanion  and 𝐸𝐼𝐿  are the energies of the isolated cation, anion and ion-pair complex 

of the IL, respectively. The bond dissociation energy (Ediss) for an IL was calculated using the 

equation, 

𝐸𝑑𝑖𝑠𝑠 = 𝐸𝐼𝐿 − (𝐸𝐶𝐵 + 𝐸𝐻+),                         (2) 

where ECB and 𝐸𝐻+  are the energies of the conjugate base and H+ ion, respectively. 

2.4 Acidity measurement of the synthesized IL catalysts 

The acidity of the synthesized Brønsted acidic IL catalysts having different anions were 

determined by previously reported method by calculating the Hammett function [69,70]. 25 mM 

concentration of the IL catalysts and required molar amount of the 4-nitroaniline were dissolved 

in water and magnetically stirred for required time. After the mixing of the IL with 4-nitroaniline, 

spectral scanning was processed from 300 nm to 550 nm by UV–Vis, using double beam Dynamica 

Spectrophotometer (Model: Halo DB-20) and the absorption was compared to the maximum 

absorption wavelength (at 380-381 nm) as shown in the Fig. 2(a). The acidity of the synthesized 

catalysts was calculated by following the Hammett equation: 

 𝐻0 = 𝑝𝐾 (𝐼)𝑎𝑞 + log (
[𝐼]

[𝐼𝐻+]
),   (3) 

where [I] represents the molar concentration of unprotonated 4-nitroaniline and [IH+] is molar 

concentration of protonated forms of the 4-nitroaniline in water, and pK(I)aq is the pKa value of 

the 4-nitroaniline. The values of Hammett acidity function (𝐻0) for the IL catalysts investigated 

are provided in Table 1. 

2.5 Characterization of the synthesized Brønsted acidic IL catalysts using experimental and 

theoretical FT-IR spectroscopy 

Experimental FT-IR measurements of the laboratory synthesized ILs were performed using 

Nicolet-6700 spectrometer in the range of 400-4000 cm-1. The theoretical FT-IR spectra of the ILs 

were generated by performing the DFT calculation and compared with the experimentally obtained 

FT-IR spectra as shown in the Fig. 2(b).    

2.6 Typical procedure used for the hydrolysis of biomass into 5-HMF and LA using an IL 

acid catalyst 

Cellulose has β (1→4) glycosidic bond within the cellulose structure, which provides rigidity and 

crystallinity to cellulose, and is insoluble in conventional solvents such as water. Typically, this 

microcrystalline cellulose (MCC) was initially dried for 24 h at 100 °C to remove moisture, after 

which,  it is catalytically converted in a 25 mL autoclave with 4-methyl-2-pentanone (MIBK) and 
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water as biphasic solvent using lab synthesized IL catalyst at the desired reaction temperature using 

a  silicon oil bath whose temperature is set and monitored at ± 2 °C under autogenous pressure and 

continuous stirring using Tarson Magnetic stirrer until reaction reached completion. After the 

completion of the reaction, heating was terminated by immediately quenching the batch reactor in 

a cold ice bath. After the reaction, three layers organic, aqueous, and solid were clearly identified 

and the solid residue from the reaction mixture was separated by centrifugation and dried at 50-

100 °C for 8-10 h. The conversion of cellulose was then calculated following earlier reported 

procedure [29,71]. Further, MIBK from the reaction mixture was evaporated using rotary vacuum 

evaporator and diluted with water and the product from the aqueous phase was extracted using 

ethyl acetate which was again evaporated using rotary vacuum evaporator and analyzed to assess 

the quantitative yields of the products.  

2.7 Product yield determination using HPLC  

Quantitative analysis of the products yield was done using Agilent high pressure liquid 

chromatography (HPLC, Agilent Technologies) and HPX-87H column (300∗7.7 MM) with 0.5 

mM H2SO4 as a mobile phase. During the sample analysis, the flow rate and column temperature 

were kept constant as 0.5 mL/min and 65 °C, respectively, by maintaining the RID detector 

(refractive index detector) temperature 35 °C.  The injection volume of the sample was 10 µL and 

detected with RID detector. The samples were filtered using 0.22 µm syringe filter prior to the 

HPLC analysis.  Yield of the products was calculated based on the standard curve obtained using 

external standard of the products.  

3. Results and discussion 

3.1 Characterization of the synthesized Brønsted acidic IL catalysts  

3.1.1 Experimental and theoretical FT-IR spectra of the synthesized IL catalysts  

A comparison of the experimentally measured FT-IR spectra of the four IL catalysts is shown in 

Fig. S9 of ESI. Characterization of the lab synthesized IL catalyst ([2-PhIm-SO3H][CF3SO3]) was 

carried out using experimentally measured and theoretically calculated FT-IR spectra and are 

compared as shown in Fig. 2(b). Theoretical FT-IR spectrum of the IL catalyst is found to be 

correlated with the experiment by the factor of 0.94 [72]. The experimental FT-IR spectrum of the 

catalyst displayed a broad peak at 3300-3600 cm-1 which represents the O-H stretching of the 

SO3H functional group. In the experimental and theoretical FT-IR spectra, the peaks in the range 

of 2810-3020 cm-1 may be attributed to the C-H stretching vibrations of the aliphatic butyl chain 
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which is attached with the 2-phenylimidazoline. Appearance of a strong peak in the range of 1528-

1690 cm-1 attributed to the carbon-carbon stretching in the five membered ring and have good 

agreement between theoretical and experimental data [73]. A sharp peak at 1115-1180 cm-1 is 

associated with the C-N bond which is present within the five membered ring and found similar in 

both experimental and theoretical results. Peak in the range 1030-1037 cm-1 is associated with the 

S=O bond in SO3H [74]. Thus, the obtained experimental and theoretical FT-IR spectra are in good 

agreement for the laboratory synthesized IL catalysts.  

 

Fig. 2. (a) UV-Vis absorption spectra of 25 mM 4-nitroaniline in [2-PhIm-SO3H][CF3SO3], [2-

PhIm-SO3H][HSO4], [2-PhIm-SO3H][Cl], and [2-PhIm-SO3H][CF3COO] IL catalysts. (b) 

Experimentally measured and theoretically calculated FT-IR spectra of the [2-PhIm-

SO3H][CF3SO3] IL catalyst. 

3.1.2 Thermal stability characterization 

The thermal stability of the synthesized IL [2-PhIm-SO3H][CF3SO3] catalyst was studied using 

thermogravimetric analysis (TGA) under the nitrogen atmosphere and the results are shown in Fig. 

3 (a). From the Fig. 3 (a), it can be seen that the synthesized catalyst shows high thermal stability 

up to 210 °C and the weight loss starts at and above 210 °C is evident from the change of the slope 

of TGA and shows complete degradation at above 425 °C. From the TGA study, it can be 

concluded that the catalysts have good thermal stability in the range of our reaction temperatures.  
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Fig. 3. (a) TGA analysis and (b) Isothermal TGA curves of the synthesized IL [2-PhIm-

SO3H][CF3SO3]  catalyst. 

The long term thermal stability of the synthesized IL catalyst [2-PhIm-SO3H][CF3SO3]  was also 

investigated by performing an isothermal TGA under nitrogen atmosphere for 3 h at 200°C and 

250 °C temperature range. The nature of TGA curves for the IL catalyst [2-PhIm-SO3H][CF3SO3]  

are depicted in the Fig. 3 (b)  and it can be seen that slopes of the curves at both the temperatures 

(200°C and 250 °C) are almost constant up to 3 h,  with 8% weight loss at 200°C, and 9% weight 

loss at 250 °C.  

3.1.3 Elemental and mass analysis 

The data of the electrospray ionization mass spectrometry (ESI-MS) for the IL [2-PhIm-

SO3H][CF3SO3] is given in the ESI (Fig. S8). The characterization evidence for the IL formation 

was provided by the analysis of ESI-MS in the positive ion mode and reported for the IL [2-PhIm-

SO3H][CF3SO3] (molecular formula C14H19F3N2O6S2) as follows: m/z calculated for 

C14H19F3N2O6S2 (M+H+)=433.43, found at 282.8042 (positive ion mode) for the ionic liquid 

zwitterion molecular formula (C13H18N2O3S) m/z= 282.36 which is matched with the low 

resolution mass spectrometry (LRMS) value of the zwitterion. A sharp peak is observed at 

418.7415 m/z. This peak is attributed to the decomposed zwitterion into 2-phenyl imidazoline and 

1,4 butane sultone and 1,4-butanesultone association in gas phase with the zwitterion (zwitterion-

1,4 butane sultone, m/z=282.10+136.02=418.12). Another peak appears at 146.8839 m/z 

corresponding to the 2-phenyl imidazoline (molecular formula C9H10N2) which is formed in the 

decomposition of the zwitterion into 2-phenyl imidazoline.  

The synthesized catalyst was dried under vacuum before its further use. The elemental 

analysis (C, H, N) was performed on a CHN elemental analyzer (PerkinElmer model 2400). Anal. 
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Calcd for [2-PhIm-SO3H][CF3SO3] or (C14H19F3N2O6S2): C, 38.88; H, 4.43; N, 6.48 and found: 

%C = 38.95%, %H = 4.48% and %N = 6.42%. For IL [2-PhIm-SO3H][HSO4] or (C13H20N2O7S2): 

C, 41.04; H, 5.30; N, 7.36 and found: %C = 41.14%, %H = 5.25%, and %N = 7.38%. For [2-PhIm-

SO3H][Cl] or (C13H19ClN2O3S): C, 48.97; H, 6.01; Cl, 11.12; N, 8.79 and found %C = 49.12%, 

%H = 6.11%, and %N = 8.72%. And for the IL [2-PhIm-SO3H][CF3COO] or (C15H19F3N2O5S): 

C, 45.45; H, 4.83; F, 14.38; N, 7.07 and found: %C = 45.50%, %H = 4.85%, and %N = 7.03% 

3.1.4 Hammett acidity values of the Brønsted acidic IL catalysts  

The acidity of the Brønsted acidic IL catalysts was determined using UV-Vis spectroscopy. The 

values of the Hammett function for the IL catalysts were calculated using Eqn. 3 and reported in 

Table 1. From Table 1, it is evident that the Brønsted acidic IL catalyst [2-PhIm-SO3H][CF3SO3] 

has lowest 𝐻0 value (0.76), while  IL [2-PhIm-SO3H][CF3COO] has the highest 𝐻0 value (2.33). 

Lower 𝐻0 value signifies the high acidic strength of the catalyst [75]. The overall acidity trend of 

the Brønsted acidic ILs was found in the following order: [2-PhIm-SO3H][CF3SO3] > [2-PhIm-

SO3H][HSO4] > [2-PhIm-SO3H][Cl] > [2-PhIm-SO3H][CF3COO].  

Table 1. The values of Hammett acidity function (𝑯𝟎) for all Brønsted acidic IL catalysts. 

ILs  Amax    [I](%)   [IH+]% Ho 

None 1 100 0 - 

[2-PhIm-SO3H][CF3SO3] 0.52 64.09 35.90 0.76 

[2-PhIm-SO3H][HSO4] 0.64 79.75 20.24 1.23 

[2-PhIm-SO3H][Cl] 0.77 96.14 03.85 2.17 

[2-PhIm-SO3H][CF3COO] 0.78 97.26 02.73 2.33 

 

3.2 Catalysts screening 

The activity of [2-PhIm-SO3H][CF3SO3], [2-PhIm-SO3H][HSO4], [2-PhIm-SO3H][Cl], and [2-

PhIm-SO3H][CF3COO] catalyst was tested under autogenous pressure at 150 °C for 5 h in biphasic 

reaction medium and the results are represented in Fig. 4. From Fig. 4, it can be seen that, that the 

Brønsted acidity of the IL catalyst has a large effect on 5-HMF product yield. It is reported that 

the nature of the anion of IL catalyst influences the acidity of which in-turn affects its catalytic 

activity [76]. Brønsted acidic IL catalyst [2-PhIm-SO3H][CF3SO3] exhibits the highest 5-HMF 

yield (70%) after 5 h reaction time at 150 °C with an LA yield of 23%. In case of IL catalyst [2-

PhIm-SO3H][HSO4], 65% yield of the 5-HMF was achieved with 19% LA yield at 150 °C and 5 

Jo
ur

na
l P

re
-p

ro
of



13 

 

h reaction time. Brønsted acidic IL catalyst [2-PhIm-SO3H][Cl] and [2-PhIm-SO3H][CF3COO] 

gave 57% and 48% 5-HMF yield at 5 h and 150 °C, respectively. The LA yields were 16% and 

10% using [2-PhIm-SO3H][Cl] and [2-PhIm-SO3H][CF3COO] catalysts respectively. Among the 

tested Brønsted acidic IL catalysts, catalyst [2-PhIm-SO3H][CF3COO] exhibited a low (48%) 5-

HMF yield, while, catalyst [2-PhIm-SO3H][CF3SO3]  showed better catalytic performance with 

70% 5-HMF yield due to its high Brønsted acidity. The IL catalysts with [HSO4] ̅, [Cl] ̅  and 

[CF3COO] ̅  anions showed remarkably low 5-HMF yield as compared to [2-PhIm-

SO3H][CF3SO3] catalyst because of their weak Brønsted acidity as obtained by Hammett acidity 

values in Table 1 and also theoretical DFT calculations (Table 3). The overall catalytic activity 

trends for the cellulose conversion into 5-HMF followed the order: [2-PhIm-SO3H][CF3SO3] > [2-

PhIm-SO3H][HSO4] > [2-PhIm-SO3H][Cl] > [2-PhIm-SO3H][CF3COO].   

 

Fig. 4. Dependence of 5-HMF and LA yields on the four IL catalysts. Reaction conditions:  0.1 g 

cellulose; 0.3 g IL catalyst, Water: MIBK (1:10), t=5h, T= 150 °C, and 400 rpm. 

3.3 Effect of temperature and time on the product yield   

In order to obtain the maximum 5-HMF yield, the yield of the product was monitored as a function 

of time and temperature using Brønsted acidic IL [2-PhIm-SO3H][CF3SO3] catalyst. MCC 

conversion was carried out in the temperature range of 110 °C -170 °C 5 h and the product analysis 
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results after 5h reaction time are shown in Fig. 5. From Fig. 5 it is clear that, as the reaction 

temperature increased from 110 °C to 150 °C, the yield of 5-HMF increased significantly and a 

maximum 70% yield of the 5-HMF was achieved at 150 °C and 5 h reaction time.  When the 

reaction temperature was increased from 150 °C to 170 °C, the maximum 5-HMF yield decreased 

slightly to 55% due to rehydration reaction yielding more LA. At this temperature 34% yield of 

the LA was achieved which is slightly higher than 23% at 150 °C. It was also observed that 

formation of humin and other side products (LA and FA) become significant at 170 °C. Hence, the 

optimum reaction temperature for selective high 5-HMF yield is 150 °C.  

 

 

Fig. 5. Dependence of 5-HMF and LA yields on (a) reaction temperature with reaction condition:  

0.1 g MCC; 0.3 g [2-PhIm-SO3H][CF3SO3] IL catalyst, MIBK : water (10:1), 400 rpm, and (b) 

reaction time with reaction condition:  0.1 g MCC; 0.3 g [2-PhIm-SO3H][CF3SO3] IL catalyst, 

MIBK: water (10:1), T= 150 °C, 400 rpm. 

3.4 Effect of the solvent on the conversion of cellulose and 5-HMF yield  

Different types of reaction media such as aqueous, organic, and biphasic (aqueous-organic) were 

investigated as solvents for the conversion of MCC and the results from this study are summarized 

in Table 2. In the presence of only aqueous medium (H2O), only 47% yield of 5-HMF was achieved 

at 73% MCC conversion while the 5-HMF yield was very low (not more than 37%) at a low MCC 

conversion (49%) MIBK in only organic solvent.  This low yield and low conversion of MCC is 

attributed to the robust and crystalline structure of MCC, which is less soluble in pure organic 

solvents. In case of only aqueous solvents, some amount of the black insoluble byproduct called 
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humin was observed. These results indicate that, humin formation becomes dominant in aqueous 

medium via inter or intramolecular polymerization of 5-HMF or glucose (due to the high reactivity 

of 5-HMF in a Brønsted acidic catalyst medium). In the biphasic solvent, MCC conversion and 

selective yield of the 5-HMF increases significantly since 5-HMF continuously gets extracted from 

the water to the organic phase (MIBK) due to the high partition coefficient of this phase modifier 

which suppresses the formation of undesired side products [77–79].  The effect of the amount of 

the water addition on 5-HMF yield was investigated and it was found that 1:10 volume ratio of 

water: MIBK gives a maximum of 70% 5-HMF yield at a 96% MCC conversion. In the biphasic 

system, the 5-HMF product gets extracted from the aqueous phase into the MIBK phase as soon 

as it is formed, preventing further conversion of 5-HMF into undesired side products. As the 

volume ratio of the water to MIBK is increased, the conversion of MCC as well as 5-HMF yield 

decreased due to the decreased accessibility of the acidic sites due to the dilution factor. On the 

other hand, increased concentration of water with MIBK limits the rate of the rehydration of the 

5-HMF. Hence, an optimum ratio of MIBK to water (5:0.5) is needed to achieve high MCC 

conversion (96%) and high yield of the 5-HMF (70%). 

Table 2. Effect of the organic and aqueous solvents on the cellulose conversion and 5-HMF yield.* 

S. No. Solvent (mL) 
Cellulose 

Conversion (%) 
HMF Yield (%) 

1 H2O (5.5) 73 47 

2 MIBK (5.5) 49 37 

3 MIBK (5.0)/ H2O (0.5) 96 70 

4 MIBK (4.5)/ H2O (l.0) 90 63 

5 MIBK (4.0)/ H2O (l.5) 86 60 

6 MIBK (3.5)/ H2O (2.0) 81 52 

*Reaction conditions:  0.1 g cellulose; 0.3 g IL catalyst, T= 150 °C, t=5h, and 400 rpm. 

 

3.5 Effect of catalyst loading on 5-HMF yield 

The effect of the catalyst [2-PhIm-SO3H][CF3SO3] loading was varied in the range of 0.1-0.7 g to 

carried out the conversion of MCC at 150 °C for 5 h reaction time and shown in Fig. 6. When the 

amount of [2-PhIm-SO3H][CF3SO3] catalyst was 0.1 g, the obtained 5-HMF yield was 38%. 

Further increase in the amount of catalyst to 0.3 g, increases 5-HMF to 70%. With increase in 

amount of catalyst loading beyond 0.3 g, the acidity of the reaction system is increased  above 
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optimum and the 5-HMF yield falls due to the rehydration reaction giving LA, formic acid and 

polymerization byproducts of 5-HMF. At 0.7 g catalyst loading, the yield of 5-HMF become 36%. 

It is also reported in the earlier literature that the high Brønsted acidic reaction medium favors the 

LA formation. Hence, 0.3 g of IL was used in the reaction system for further investigations. 

 

Fig. 6. Dependence of 5-HMF yield on the [2-PhIm-SO3H][CF3SO3] catalyst loading. Reaction 

conditions: 0.1 g MCC; Water: MIBK (1:10), T= 150 °C, t= 5h, and 400 rpm. 

3.6 Interaction and bond dissociation energies of the IL catalysts from DFT  

The DFT optimized geometries of the individual anions ([CF3SO3] ̅, [HSO4] ,̅ [CF3COO] )̅, 

isolated cation ([2-PhIm-SO3H]+) and its zwitterionic form ([2-PhIm-SO3]) are shown in Fig. S10 

of ESI. The minimum energy configurations of [2-PhIm-SO3H][CF3SO3], [2-PhIm-SO3H][HSO4], 

[2-PhIm-SO3H][Cl], and [2-PhIm-SO3H][CF3COO] ion-pairs are shown in Fig. 7(a-d). The 

Brønsted acidity behavior of the IL catalysts were elucidated by considering the interaction and 

bond dissociation energies obtained from the energies of the optimized geometries using Eqns. 1 

and 2. The tendency to donate the [H+] ion with the formation of a conjugated base is called 

Brønsted acidity of the IL catalyst. The calculated interaction and O-H bond dissociation energies 

of the all the four ILs are given in Table 3. From the Table 3, it is evident that the interaction 
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energy between the cation and anion is maximum for [2-PhIm-SO3H][Cl] and minimum for [2-

PhIm-SO3H][CF3SO3]. In [2-PhIm-SO3H][Cl], the whole negative charge is localized over the 

chloride anion, whereas in case of the [2-PhIm-SO3H][CF3SO3], [2-PhIm-SO3H][HSO4], and [2-

PhIm-SO3H][CF3COO] ILs, the negative charge is spread over all the atoms of the anions. 

Moreover, as compared to the chloride anion, [CF3SO3] ̅, [HSO4] ̅ and [CF3COO] ̅   are large in 

size. 

 

Fig. 7. Optimized structures of the ion-pairs of (a) [2-PhIm-SO3H][CF3SO3], (b) [2-PhIm-

SO3H][HSO4], (c) [2-PhIm-SO3H][Cl], and (d) [2-PhIm-SO3H][CF3COO] ILs. 

 

Hence, the maximum negative interaction energy of [2-PhIm-SO3H][Cl] indicates its most stable 

and least reactive nature. On the other hand, [2-PhIm-SO3H][CF3SO3] is least stable and highly 
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reactive in nature. The minimum stabilization of the IL catalyst [2-PhIm-SO3H][CF3SO3]  can also 

be explained by the O-H bond dissociation energies as given in Table 3. On the basis of the bond 

dissociation energies, the order of the stability of the ILs was found to be, [2-PhIm-

SO3H][CF3COO] > [2-PhIm-SO3H][Cl] > [2-PhIm-SO3H][HSO4] > [2-PhImSO3H][CF3SO3]. 

Lower the bond dissociation energy, lower the stability of the IL and higher the acidity of the 

catalyst. Hence, the acidity trend of the catalysts can be placed in the following order: [2-PhIm-

SO3H][CF3SO3] > [2-PhIm-SO3H][HSO4] > [2-PhIm-SO3H][Cl] > [2-PhIm-SO3H][CF3COO], 

which also corroborates well with the experimentally determined Hammett acidity order of the IL 

catalysts (Table 1).  

In the optimized structures of the ion-pairs, we also observe that the orientation of the cationic tails 

depends on the anion type. The orientational preference of the anions around cationic moieties are 

depicted in the Fig. 8. The electrostatic potential surface (ESP) of the cation, anions and 

corresponding ion-pairs of the IL catalysts were obtained from the optimized geometries. In ESP 

structures shown in Fig. S11, the red color indicates the higher electron density region (high 

electrostatic potential reason) while the blue color indicates the lower electron density region 

(positive electrostatic potential). The green and yellow ESP surfaces represent neutral level. We 

observe that in the isolated form, all the anions’ ESP surfaces are red in color and carrying the high 

negative charges (electron density). Also, in isolated form the cation ESP surface presented in blue 

color which indicates that the cations have low electron density and carrying low negative charge 

as compare to anion. In cation, oxygen atom represented in the red color indicates that they are 

holding some electron density. In the zwitterion form, the ESP surface shows maximum electron 

density on all the three oxygen atoms which are attached with the sulfur. After the combination 

with the protons, zwitterions makes the IL and generate a corresponding conjugate anion. The 

proton affinity of the zwitterion describes the ability of the molecules to combine with proton and 

get neutralized via generation of the conjugate anion.  In IL catalyst as represented in Fig. S11, it 

is observed that all atoms on the 2-PhIm+ ring, especially N atoms, carry most of the positive 

charge. 

Table 3. Calculated interaction and bond dissociation energies of the Brønsted acidic IL catalysts. 

IL    𝑬𝒊𝒏𝒕 (kJ mol-1)         𝑬𝒅𝒊𝒔𝒔 (kJ mol-1) 

[2-PhIm-SO3H][CF3SO3] -339.85 1297.23 

[2-PhIm-SO3H][HSO4] -369.10 1298.06 
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[2-PhIm-SO3H][Cl] -428.85 1317.84 

[2-PhIm-SO3H][CF3COO]                    -414.79 1326.92 

 

    

 

Fig. 8. Possible interactions (dashed lines) of the anions with acidic hydrogen associated with [2-

PhIm-SO3H]+ cation in the ion-pairs of (a) [2-PhIm-SO3H][CF3SO3], (b) [2-PhIm-SO3H][HSO4], 

(c) [2-PhIm-SO3H][Cl], and (d) [2-PhIm-SO3H][CF3COO] ILs. 

 

3.7 Frontier molecular orbital (FMO) analysis  
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The calculated HOMO and LUMO orbitals and their energies calculated from the optimized 

structures of the IL catalysts are represented in the Fig. 9. Similarly, the structures of the calculated 

HOMO and LUMO from the DFT optimized structure the individual cation and anions of the 

catalyst are represented in the ESI (Fig. S10). From Fig. 9, we observe that the HOMOs of all the 

four IL catalysts are distributed over 2-PhIm+ ring of the cation. Whereas, the LUMOs are 

distributed over anions for [2-PhIm-SO3H][CF3SO3], [2-PhIm-SO3H][Cl], and [2-PhIm-

SO3H][CF3COO] IL catalysts. For [2-PhIm-SO3H][HSO4] IL catalyst, the LUMO is localized on 

the phenyl ring, but away from the imidazolinium ring,  as shown in Fig. 9.  

 

Fig. 9. Molecular highest occupied and lowest unoccupied orbital energy level diagram of the ion-

pairs of IL catalysts. The HOMOs and LUMOs of the corresponding IL catalyst are also shown. 

 

3.8 NBO and second order perturbation theory analyses of the Brønsted acidic IL catalysts 
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Using the DFT optimized structures of the IL catalysts, NBO analysis was carried out to obtain 

the population and extent of overlapping of the orbitals. The intramolecular orbital interactions in 

the IL ions and the intermolecular hyper-conjugative interactions in the ion-pairs of the ILs can be 

understood using the NBO analysis [80]. The interaction between the different species occurring 

due to the donation or acceptance of the electron(s) from the localized NBOs of the idealized Lewis 

structure to the vacant non-Lewis orbitals. This phenomenon is called electron delocalization 

corrections to the zeroth-order natural Lewis structures. In order to identify the donor-acceptor 

interactions within the IL ion-pairs, second-order perturbation energy correction in the 

stabilization energy, E(2), was calculated and the main donor-acceptor orbitals of the ions-pairs of 

the four ILs are reported in Fig. 10. On the basis of the second-order perturbation energy correction 

in stabilization energy, we selected the seven most strong donor-acceptor interactions between the 

molecular orbitals of the ion-pairs of each IL catalyst. Higher values of energy E(2) means strong 

interaction between the orbitals [81,82]. For each IL, the strongest donor-acceptor interaction 

between the molecular orbitals within the IL ion-pair and the value of E(2) are shown in Fig. 10. 

Other donor-acceptor orbitals having significant interactions are also represented in Fig. S12-S15 

and given in Table S1 of the ESI.  

 

Fig. 10. Most energetic donor-acceptor hyper-conjugative interactions in the ion-pairs of (a) [2-

PhIm-SO3H][CF3SO3], (b) [2-PhIm-SO3H][HSO4], (c) [2-PhIm-SO3H][Cl], and (d) [2-PhIm-

SO3H][CF3COO] ILs. 

 

As shown in the Fig. 10, IL catalyst [2-PhIm-SO3H][CF3SO3] shows stronger interaction between 

non-bonding orbital of N39 → π*N1-C2 with 68.62 kcal mol-1. In case of IL catalyst [2-PhIm-

SO3H][HSO4], strongest interaction between non-bonding orbital of N1 → π*C2-N37 is seen with   
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85.76 kcal mol-1. A strong interaction between non-bonding orbital of O10 → n*H19 with the 

interaction energy of 348.86 kcal mol-1 is observed in IL catalyst [2-PhIm-SO3H][Cl]. A similar 

interaction is observed between O10 → n*H19 in case of [2-PhIm-SO3H][CF3COO] with 298.63 

kcal mol-1. It is interesting to note that, all the highest energy donor-acceptor transitions of the ILs 

is found within the cation orbitals only. As shown in Table S1 (and Fig. 10 and Fig. S12), in case 

of the catalyst [2-PhIm-SO3H][CF3SO3], there is no donor-acceptor interaction between the 

orbitals of the anion (([CF3SO3] )̅ and orbital of acidic hydrogen (H19). This results indicates that 

the acidic hydrogen in the O-H is free from the anion interaction in this IL catalyst. In case of the 

catalyst [2-PhIm-SO3H][CF3SO3], the least or almost negligible interaction of the anion 

(([CF3SO3] )̅ with the acidic hydrogen in O-H group is also confirmed with the low interaction 

energy formation as previously discussed through Table 3. Here, the presence of the minimum 

interaction between the anion and acidic hydrogen of cationic O-H group indicates that the cation 

and anion are loosely bonded to each other, leading to facile liberation of acidic proton of the IL 

catalyst. Similar observation is found for [2-PhIm-SO3H][HSO4] IL catalyst. In case of [2-PhIm-

SO3H][Cl] and [2-PhIm-SO3H][CF3COO], a transition of n Cl39 → n* H19 and n O25 → n* H19, 

respectively, shows that the acidic hydrogen has an interaction with the corresponding anion. From 

the Fig. 10 and Table 3, ILs [2-PhIm-SO3H][CF3SO3] and [2-PhIm-SO3H][HSO4] do not show 

any interaction or transition between the acidic hydrogen and the anion. This shows that [CF3SO3] ̅  

and [HSO4] ̅  anions do not have any effect on the acidic proton of the -SO3H group of the IL. 

Therefore, the proton is easily available, confirming the higher acidity of these two IL catalysts. 

In case of [2-PhIm-SO3H][Cl] and [2-PhIm-SO3H][CF3COO], [Cl]  ̅and [CF3COO] ̅ anions have 

appreciable interaction with acidic hydrogen and, therefore, causes the lower acidity of the 

catalyst. These results are in accordance with those observed through experimental Hammett 

acidity functions as well as with other DFT calculations discussed previously.   

3.9 Comparison of results with reported literature 

A comparison of the results of the present study already reported catalytic conversion of the 

cellulose to 5-HMF have been summarized in Table 4. The activity of the IL catalyst, [2-PhIm-

SO3H][CF3SO3], in this reaction was found be higher than most catalysts and comparable to all at 

their optimal process conditions. Z.D. Ding and co-workers reported 69% yield of the 5-HMF 

using [Emim][Ac] solvent and [C4SO3Hmim][CH3SO3] catalyst at 160 °C and 3.5 h reaction time. 

This study had to use high amount of the solvent and catalyst loading [83]. W. H. Hsu and 
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coworkers reported only 21% yield of 5-HMF from cellulose conversion [85]. Fang et al. could 

achieve 39% yield of the 5-HMF from cellulose conversion at 130 °C after a long reaction time (8 

h) [84]. L. Zhou and co-workers reported 53% yield of the 5-HMF in a two-step reaction from 

cellulose conversion using bifunctional catalysts within 5 h reaction time and 120 °C [85]. Chou's 

group reported the conversion of cellulose into 5-HMF using catalytic amounts of FeCl2 in ILs. 

Their study reported 34% yield of the 5-HMF under the optimized conditions [86]. Binder and co-

workers reported 54% yield of the 5-HMF from cellulose conversion in the presence of ILs and 

metal chlorides as co-catalyst at 140 °C and 2 h reaction time. Binder and co-workers used metal 

chlorides (CrCl2) with mineral acids as their catalyst system and a mixture of N,N-

dimethylacetamide (DMAc) containing lithium chloride (LiCl), DMAc-LiCl and [EMIM]Cl as 

solvent and additive. In our study higher MCC conversion and product yields were obtained using 

single, benign, noncorrosive, IL catalyst in one step at low temperature and time. 

Table 4. Summary of the results of cellulose conversion to 5-HMF from literature compared with 

present study. 

Substrate Catalyst Solvent 
Time 

(h) 

Temperatur

e (°C) 

Yield 

of 5-

HMF 

(%) 

Ref. 

Cellulose 

[C4SO3Hmim][C

H3SO3] (1.5 mL) 

with CuCl2 

[Emim][Ac] (10 

mL) + H2O (0.2 

mL) 

3.5 160 69 [83] 

Cellulose 
[EMIM][Cl] (0.17 

g) 

H2O/Cellulose=

10 
3 120 21 [87] Jo
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Cellulose [Hnmp]Zn2Cl5 

[BMIM][Cl] (10 

g) + DMSO (60 

g) 

8 130 39 [84] 

Cellulose 
Cr([PSMIM]HSO

4])3 

[BMIM][Cl] (2 

g) + DMSO (60 

g) 

5 120 53 [85] 

Cellulose 

1-(4-sulfonic 

acid) butyl-3-

methylimida- 

zolium hydrogen 

sulfate + FeCl2 

MIBK (8 mL), 

P=1 bar 
5 150 34 [86] 

Cellulose 
CrCl2 (25 mol%) 

+ HCl (5 mol%) 

DMA + LiCl 

(10%) + 

[EMIM][Cl] (60 

wt%) 

2 140 54 [88] 

Cellulose 
[2-PhIm-

SO3H][CF3SO3] 

MIBK (5 mL) + 

H2O (0.5 mL) 
5 150 70 

This 

study 

 

3.10 Recyclability of the catalysts  

Finally, the recyclability of the IL catalyst was studied for the cellulose conversion at 150 °C and 

5 h reaction time. At the end of the reaction, the insolubles which include residual MCC and humin 

were first removed by centrifugation, followed by extraction of 5-HMF from the aqueous phase 

with ethyl acetate. Finally, the resultant aqueous phase contains IL which was heated in a vacuum 
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drier to remove residual ethyl acetate. Further, the recycled catalyst was reused following the 

addition of fresh cellulose and MIBK for the following consecutive cycles. The recyclability 

results for one of the IL catalysts [2-PhIm-SO3H][CF3SO3] are presented in Fig. 11. It is clear from 

the figure that the recyclability of this catalyst is indeed encouraging as there is slight decline in 

the yield of 5-HMF from 70% in the fresh run to 63% at the end of the fourth cycle. The observation 

of this small decline in the yield is attributed to the slight weight loss of the catalyst during the 

extraction procedure. The incomplete extraction of the byproducts formed during the cellulose 

conversion in ethyl acetate at lab scale shows this slight decrease which can be overcome during 

scale-up of the process in a well-designed extraction equipment.  

 

Fig. 11. Recyclability of the Brønsted acidic IL catalyst [2-PhIm-SO3H][CF3SO3]. Reaction 

conditions: 0.1 g MCC; Water: MIBK (1:10), T= 150 °C, t= 5h, and 400 rpm. 

4. Conclusions 

A series of the Brønsted acidic IL catalysts were synthesized by varying the anions and tested in 

the one-step conversion of MCC into 5-HMF and LA in a biphasic solvent system. These 

laboratory synthesized Brønsted acidic IL catalysts were characterized using 1H, 13C NMR, FT-

IR, TGA, and UV-Vis spectroscopy and supplemented with theoretical calculations. A highest 

yield of 70% 5-HMF with 23% yield of LA was achieved from MCC conversion using [2-PhIm-

SO3H][CF3SO3] catalyst at 150 °C and 5 h reaction time with a MIBK to water ratio of 5:0.5. The 
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catalytic activity trend of the Brønsted acid IL catalysts follows the order: [2-PhIm-

SO3H][CF3SO3] > [2-PhIm-SO3H][HSO4] > [2-PhIm-SO3H][Cl] > [2-PhIm-SO3H][CF3COO] 

which is similar to the acidity trends of the ILs. A remarkable correlation was established between 

the experimentally obtained Brønsted acidity of the ILs catalyst and DFT calculations. The 

calculated high HOMO energy was dominant on the anion while low LUMO energy was dominant 

on the cation of the IL catalyst. From the DFT optimized structures of the IL catalysts, ESPs were 

generated which clearly show the distribution of the electron density over the whole IL, cation and 

corresponding anions. The calculated main second order perturbation stabilization energy 

interactions between the donor-acceptor in the Brønsted acidic ILs revealed the most stable and 

high energy interactions of the IL catalyst [2-PhIm-SO3H][CF3SO3], [2-PhIm-SO3H][HSO4], [2-

PhIm-SO3H][Cl], and [2-PhIm-SO3H][CF3COO. From the second order perturbation analysis, 

cation-anion interaction indicated that the weakest interaction of the anion with acidic hydrogen is 

ascribed to the [2-PhIm-SO3H][CF3SO3] and [2-PhIm-SO3H][HSO4] catalysts, while the strongest 

interaction of the anion with acidic hydrogen is ascribed to the  [2-PhIm-SO3H][Cl] and [2-PhIm-

SO3H][CF3COO] IL catalysts. The activities of these IL catalysts in the MCC conversion to 5-

HMF and LA reaction were observed to be well and correlated with their structures. This structure-

activity relationships have helped us in developing a promising environmentally benign catalyst 

and reaction system for MCC conversion into the important 5-HMF and LA platform chemicals.  
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