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Abstract: Levulinic acid (LA) is an industrially important product that can be catalytically val-
orized into important value-added chemicals. In this study, hydrothermal conversion of glucose
into levulinic acid was attempted using Brønsted acidic ionic liquid catalyst synthesized using 2-
phenyl-2-imidazoline, and 2-phenyl-2-imidazoline-based ionic liquid catalyst used in this study was
synthesized in the laboratory using different anions (NO3, H2PO4, and Cl) and characterized using
1H NMR, TGA, and FT-IR spectroscopic techniques. The activity trend of the Brønsted acidic ionic
liquid catalysts synthesized in the laboratory was found in the following order: [C4SO3HPhim][Cl] >
[C4SO3HPhim][NO3] > [C4SO3HPhim][H2PO4]. A maximum 63% yield of the levulinic acid was
obtained with 98% glucose conversion at 180 ◦C and 3 h reaction time using [C4SO3HPhim][Cl]
ionic liquid catalyst. The effect of different reaction conditions such as reaction time, temperature,
ionic liquid catalyst structures, catalyst amount, and solvents on the LA yield were investigated.
Reusability of [C4SO3HPhim][Cl] catalyst up to four cycles was observed. This study demonstrates
the potential of the 2-phenyl-2-imidazoline-based ionic liquid for the conversion of glucose into the
important platform chemical levulinic acid.

Keywords: hydrothermal conversion; ionic liquid catalyst; biomass; levulinic acid

1. Introduction

Fossil fuel resources such as crude-oil, coal, and natural gas are currently used for
liquid fuels and fulfill the demand for energy for the majority of the world population [1,2].
Growing transportation and industrial needs of both the developed and developing na-
tions has created challenges of greenhouse gases emissions and depletion of fossil fuel
resources [3]. Hence, there is a need to explore clean and renewable energy alternative
resources that can substitute these fossil fuels [4,5]. Lignocellulosic biomass and its deriva-
tives have the potential to become the best alternative liquid transportation fuel due to their
energy densities and hydrocarbon fuel compatibility with internal combustion engines [6,7].
Lignocellulosic biomass derived from non-food crops and agricultural waste is a renewable
and clean alternative energy source that can also be catalytic converted into different types
of commodity chemicals that can be used as fossil-fuel alternatives [8,9].

Catalytic conversion of lignocellulosic biomass to value-added products such as 5-
hydroxymethyl furfural (5-HMF) [10], levulinic acid (LA) [11], acetic acid (AA), formic acid
(FA), and lactic acid [12] is an appealing way to produce plastics, paper, pharmaceuticals,
and transportation fuels [13,14]. Among all these, researchers have identified biomass-
derived LA and 5-HMF as highly valuable molecules, since they can be employed as inter-
mediate chemicals in the production of a broad range of industrially important chemicals
and liquid transportation fuels components such as 2,5-dimethylfuran (DMF) [15], 2,5-
bis(hydroxymethyl)-furan (BHMF), HMF-acetal [16,17], and 2-hydroxymethyl-5-methylfuran
(HMMF). Similarly, the valorization of LA can generate clean liquid fuel precursors such as
γ-valerolactone and its ether and ester products [18,19]. Hence, the conversion of lignocellu-
losic biomass and its derivatives into LA is more desirable and has attracted great attention
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in recent years. Significant efforts have been made to convert lignocellulosic biomass and
its derivatives, such as glucose and fructose, into LA using acid catalysis [20,21]. Many
researchers have investigated the synthesis of LA in homogeneous phases using mineral
acid catalysts, such as H2SO4, H3PO4 [22], HCl [23], and organic acids; and heterogeneous
solid acid catalysts, such as mesoporous SBA-15 and polymeric nanotubes [2,24,25]. In the
case of homogeneous acid catalysts, moderate to high yields of LA have been achieved
via the catalytic conversion of biomass and its derived feedstock. However, the use of the
mineral acid catalyst in the production of LA poses some challenges such as separation,
purification of LA, handling of the homogeneous acid catalyst and their high toxicity, and
the generation of the acidic waste [25–27].

The above addressed issues can be avoided by using a solid acid catalyst in the catalytic
synthesis of LA, but many of these heterogeneous catalysts give low selective yield of the
desired products and require higher catalyst/substrate ratios, high reaction temperatures,
and long reaction times [28,29]. For instance, Haonan Qu and co-workers used a solid acid
catalyst (metal–organic framework) containing Brønsted and Lewis acidity and reported
a 57.9% yield of LA at 150 ◦C within a 9 h reaction time [24]. Similarly, Vijay Bhooshan
Kumar and co-workers used Ga salt of molybdophosphoric acid (GaHPMo) for glucose
conversion to LA and reported a 56% yield at 150 ◦C and 10 h reaction time [30]. Wei Zeng
and co-workers used MFI-Type Zeolite (ZRP) zeolite for LA production and reported a 35%
yield from glucose conversion at 180 ◦C and an 8 h reaction time [31]. Therefore, alternate
promising new catalytic systems are needed. In this context, ionic liquids (ILs) are a good
choice that can be used as catalysts and solvents for biomass conversion into value-added
products and intermediates like LA [32].

Acidic ILs have received considerable attention in many fields, due to their unique
characteristics, and have a high potential to replace the conventional mineral and solid acid
acidic catalysts. Brønsted acidic ILs are recognized as recyclable, tunable acid catalysts [33]
that can be used as solvents and catalysts [34]. Their low vapor pressure at room tempera-
ture makes them highly attractive for use in low temperature reactions [35]. Different types
of IL catalysts have been reported for biomass conversion into total reducing sugars [36],
5-HMF [37], LA [28], and other compounds [38,39]. Our group has also synthesized and
employed multifunctional IL catalysts that have –SO3H, COOH, and OH functional groups
in the direct conversion of glucose to LA under hydrothermal conditions [21].

This work aims at exploring the catalytic activity of the 2-phenyl-2-imidazoline-based
IL in the glucose conversion to LA. Synthesis of this catalyst is followed by characterization
using 1H, 13C NMR, TGA, and FT-IR spectroscopic techniques. The catalytic activity of the
synthesized catalyst was evaluated in the glucose conversion to LA in a batch autoclave.
Kinetic investigations in the batch reactor led to optimization of reaction conditions, time
and temperature, catalyst amount, and solvent effect based on catalytic performance.

2. Results and Discussion
2.1. Characterization of the Synthesized Brønsted Acidic Ionic Liquid Acid Catalyst

2.1.1. Characterization of the Catalyst by 1H NMR

The laboratory-synthesized Brønsted acidic ionic liquid catalyst was characterized us-
ing the 1H NMR spectrum as follows: (1-butyl sulfonic acid-2-phenylimidazoline chloride)
[C4SO3HPhim][Cl] 1H NMR: (400 MHz, D2O): δ (ppm) 1.48 (m, 2H), 1.58 (m, 2H), 2.60
(t, 2H), 3.15 (t, 2H), 3.96 (d, 4H), 7.60 (m, 5H). (1-butyl sulfonic acid-2-phenylimidazoline
nitrate) [C4SO3HPhim][NO3] 1H NMR: (400 MHz, D2O): δ (ppm) 1.40 (m, 2H), 1.50
(m, 2H), 2.53 (t, 2H), 3.10 (t, 2H), 3.90 (d, 4H), 7.50 (m, 5H). (1-butyl sulfonic acid-2-
phenylimidazoline hydrogen phosphate) [C4SO3HPhim][H2PO4] 1H NMR: (400 MHz,
D2O): δ (ppm) 1.2 (m, 2H), 1.35 (m, 2H), 2.50 (t, 2H), 3.10 (t, 2H), 3.80 (d, 4H), 7.40 (m, 5H).

2.1.2. Characterization of the Catalyst by FT-IR

The characterization of the laboratory-synthesized [C4SO3HPhim][Cl], [C4SO3HPhim]
[NO3], and [C4SO3HPhim][H2PO4] IL catalysts was done using FT-IR, and the spectra
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are shown in Figure 1a–c. The [C4SO3HPhim][Cl] FT-IR spectrum displayed a broad
peak at 3300–3600 cm−1, which represents O–H stretching of the sulfonic acid (–SO3H)
functional group in the catalyst. A peak appeared in the range of 2810–3020 cm−1 which
may be attributed to the C–H stretching vibrations of the aliphatic butyl chain attached
to the imidazoline ring [40]. Appearance of a strong peak in the range of 1580–1606 cm−1

was attributed to the C=C stretching of the benzene ring, which was associated with a
five membered ring [41]. In the case of the [C4SO3HPhim][NO3] ionic liquid catalyst, a
sharp peak appeared at 1335 cm−1 attributed to the (N-O) symmetric stretching [42]. In
the case of the IL [C4SO3HPhim][H2PO4], a broad band that appeared at 2550–2700 cm−1

confirmed the existence of the P–O–H bond within the IL [43]. A sharp peak in the
range of 1115–1166 cm−1 was associated with the C–N bond which was present in the five
membered ring of the IL acid catalyst [44]. A peak at 1030–1037 cm−1 was associated with
the S=O bond in SO3H [45].
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Figure 1. FT-IR spectrum of the synthesized ILs (a–c).

2.1.3. Thermal Stability of the IL Catalyst ([C4SO3HPhim][Cl])

Thermal stability of the laboratory-synthesized Brønsted acidic IL [C4SO3HPhim][Cl]
catalyst was studied by the thermogravimetric analysis (TGA) method under a nitrogen
atmosphere over a temperature range from 30 to 550 ◦C, and the obtained results are
shown in Figure 2. From Figure 2, it can be observed that the 1st onset of weight loss in the
ionic liquid catalyst [C4SO3HPhim][Cl] was observed at around 175 ◦C, and overall, 5%
weight loss was observed. From the TGA analysis it is clear that the synthesized IL catalyst
showed good thermal stability up to 200 ◦C, and weight loss above 200 ◦C was evident
from the change of the slope of TGA and showed high weight loss around 398–400 ◦C. The
TGA confirmed that the laboratory-synthesized catalyst had high thermal stability in the
range of our catalytic reaction temperatures.
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Figure 2. TGA of the synthesized ionic liquid catalyst ([C4SO3HPhim][Cl]).

2.1.4. Hammett Acidity of the Synthesized Ionic Liquids

Brønsted acidic strength of the laboratory-synthesized IL catalysts was determined
using UV–vis spectroscopy. The Hammett function values were calculated using Equa-
tion (1) and are reported in Table 1. The results represented in Table 1 show that the
Brønsted acidic IL catalyst [C4SO3HPhim][Cl] had the lowest H0 value (2.17), whereas
the catalyst [C4SO3HPhim][H2PO4] had the highest H0 value (3.00). Lower H0 values
of [C4SO3HPhim][Cl] signified high acidic strength of this IL catalyst. On the basis
of H0 values, the order of the acidity of the IL catalysts was found to be as follows:
[C4SO3HPhim][Cl] > [C4SO3HPhim][NO3] > [C4SO3HPhim][H2PO4].

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

ILs Amax [I](%) [IH+]% H0

None 1 100 0 -
[C4SO3HPhim][NO3] 0.79 98.13 01.86 2.51
[C4SO3HPhim][Cl] 0.77 96.14 03.85 2.17
[C4SO3HPhim][H2PO4] 0.80 99.37 0.62 3.00

2.2. Catalyst Activity Testing
2.2.1. Screening of the Ionic Liquid Catalyst

Figure 3 shows the activity of the IL catalysts that have three different anions (Cl, NO3,
and H2PO4) in the glucose conversion to LA at 180 ◦C for 3 h. It is clear from Figure 3 that
the Brønsted acid functionalized ILs with the Cl anion showed higher catalytic activity
and gave a high LA yield compared to the ILs that have the NO3 and H2PO4 anions. The
IL catalyst [C4SO3HPhim][Cl] showed 98% glucose conversion at 180 ◦C and 3 h reaction
time with 63% yield of LA, while the catalyst [C4SO3HPhim][NO3] showed 91% glucose
conversion with 56% LA yield. IL catalyst [C4SO3HPhim][ H2PO4] gave a maximum of 49%
yield of the LA with 84% glucose conversion at 180 ◦C and 3 h reaction time. These catalyst
activity trends of the IL catalysts confirmed that that the high acid strength is responsible for
their high catalytic activity. The catalytic activities of the laboratory-synthesized Brønsted
acidic ILs in LA synthesis from glucose can be arranged in the order of Cl− > NO3

− >
H2PO4

− which was found to be similar in their Hammett acidity order. However, the
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acidities of the Brønsted acidic ILs depend on the anions and affect the glucose conversion
and yield of the LA.
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Figure 3. Effect of the Brønsted acidic ionic liquids on the conversion of glucose to LA. Reaction
conditions: ionic liquid = 500 mg, 100 mg glucose, 2.0 mL water, temp = 180 ◦C, t = 3 h.

2.2.2. Effect of Reaction Temperature and Time on the LA Yield

Reaction temperature and time had significant effects on the LA yield. To optimize
the reaction temperature for maximum product yield, the reactions were carried out at
the temperature range of 140–200 ◦C. The effect of the reaction temperature on the LA
yield from glucose conversion using Brønsted acidic IL as catalyst is shown in Figure 4a.
From Figure 4a, it is clear that as the reaction temperature increased from 140 ◦C to
180 ◦C, the yield of LA increased significantly. At 180 ◦C, the highest yield of 63% LA was
obtained from glucose. Upon further increases of the reaction temperature above 180 ◦C,
no significant increase in the yield of LA was observed. At this temperature, the glucose
conversion was almost 100%, and hence the yield of the LA was also at its maximum. At
the higher reaction temperatures beyond 180 ◦C, glucose and intermediate products such
as fructose and 5-HMF yielded a black insoluble humin side product catalyzed by the
acidic reaction medium reducing the yield to the desired product LA. Therefore, 180 ◦C
was selected as the optimum reaction temperature for glucose conversion. Similar to the
temperature effect, the yield of the LA varied with the reaction time. The effect of the
reaction time on the LA yield is shown in Figure 4b. At the initial stage of the reaction, the
yield of LA is very low; at 1 h reaction time the yield of the LA was only 37% and reached
49% within 2 h of reaction time. As the reaction time increased up to 3 h, a maximum of
63 ± 2.0% yield of the LA was observed. Upon further increases in the reaction time up to
3.5 h, there was no significant change on the LA yield observed. Hence, 3 h is the optimum
reaction time for glucose conversion to LA.
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Figure 4. (a) Effect of the reaction temperature on the product yield. (b) Effect of the reaction time on LA yield. Reaction
conditions: 500 mg [C4SO3HPhim][Cl], 100 mg glucose, 2.0 mL of water.

2.2.3. Effect of the Ionic Liquid Amount

The effect of the amount of IL catalyst on the LA yield was investigated, and the
results are shown in Figure 5a. From the Figure 5a it is clear that, when the reaction was
performed in the absence of the catalyst there was less than 8% yield of LA observed, which
confirmed that the glucose conversion into LA was a kinetically controlled catalytic reaction.
To optimize the amount of the IL acid catalyst for high LA yields, the concentration of
catalyst was varied from 0.25 g to 1.0 g by keeping the other parameters constant (100 mg
glucose, 180 ◦C temperature, and 3 h reaction time). The results demonstrated that the
yield of LA gradually increased from 48% to 63% with an increase of the amount of IL from
0.25 g to 0.50 g. Further increases in the amount of catalyst from 0.5 g to 1.0 g showed no
significant increase in the LA yield, which may have been attributed to the presence of a
high amount of the catalyst loading, and the formation of the side products called humin
became dominant. Humin formation might be responsible for the condensation reaction of
glucose, fructose, and 5-HMF. The amount of 0.50 g of the IL catalyst amount was found to
be optimum to obtain the maximum yield of LA.
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Figure 5. (a) Effect of the ionic liquid loading on the product yield; reaction conditions: 100 mg glucose, 2.0 mL of water,
temp = 180 ◦C. (b) Effect of the solvents on the glucose conversion and LA yield; reaction conditions: 100 mg glucose,
2.0 mL solvent, t = 3 h, temp = 180 ◦C, catalyst [C4SO3HPhim][Cl] = 500 mg.
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2.3. Effect of Solvents on LA Yield

The effect of different solvent media, 1-butyl-3-methylimidazolium chloride [BMIM]
[Cl], water, and THF were investigated with the [C4SO3HPhim][Cl] catalyst in order to
explore their effect on the glucose conversion. The results are represented in Figure 6b.
From the Figure 5b, it can be seen that the catalytic activity of IL catalyst was best in water
compared to that in [BMIM][Cl] and THF reaction medium. In pure water, the conversion
of glucose was almost 100%, and the yield of the LA was 63%, whereas in the case of the
[BMIM][Cl] and THF, a maximum of 79% and 65% of the glucose was achieved with 17%
and 40% yield of the LA, respectively. These results may have been due to the mass transfer
resistances in the high viscosity [BMIM][Cl] IL and the low solubility of THF in glucose
leading to the reduced glucose conversion in both these solvents. On the other hand, water,
which is least viscous among the three, plays a crucial role in enhancing the reaction rate
and also the rehydration of the intermediate product 5-HMF into LA. Thus, the order of
solvents for improved LA yield in this reaction is water > THF > [BMIM][Cl].
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2.4. Recycling of the Ionic Liquid Catalyst

The recyclability of the IL catalyst was done following the previous reported meth-
ods [21,46]. In the first run, the reaction mixture consisting of glucose, an optimum amount
of the IL acid catalyst, and deionized water was taken in a 25 mL autoclave at 180 ◦C for 3 h
reaction time. After the completion of the reaction, the insoluble material from the reaction
mixture was filtered out from aqueous solution containing products and IL. The products
were then extracted using ethyl acetate (organic phase) four times, and the IL remained
in the aqueous phase. The UV–vis spectra of standard LA and the IL is represented in
Figure 6. As shown in Figure 6, standard LA had strong absorption in the UV–vis range
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with a characteristic absorption at a wavelength of 266 nm, whereas for the ionic liquid,
a characteristic broad band appeared at 244 nm, which can be attributed to the presence
of a benzene ring within the ionic liquid. The UV spectrum of the purified LA matched
with the standard LA spectrum, which confirmed that LA can be purified from the reaction
mixture, which was also confirmed by the 13C and 1H NMR spectrum of the purified LA
(supporting information Figures S1 and S2). The next reaction cycle was then conducted by
adding a fresh glucose feed in the aqueous phase and so on up to four cycles. The results
obtained from the reusability study of the catalyst is shown in the Figure 6c, and the figure
shows that the PIL catalyst showed good catalytic activity with 59% product yield, even
after the 4th cycle.

2.5. Comparison with Previous Study

The catalytic activity of the laboratory-synthesized 2-phenyl-2-imidazoline-based ionic
liquid catalyst was compared for the glucose conversion to LA with the earlier reported
studies. N.A.S. Ramli and co-workers synthesized LA using functionalized ionic liquid
catalyst that had Bronsted and Lewis acidity and reported an 18% yield of the LA with
a high amount (10 g) of catalyst loading [47], whereas W. Wei and co-workers used a
combined mineral (H3PO4) and Lewis acid (CrCl3) catalyst for the glucose conversion
to LA. This study reported a 54% yield of the LA at 170 ◦C and 4 h reaction time [48].
Fan Yang and co-workers used mixed-acid catalyst systems for glucose conversion to LA,
which contained four Lewis acids (FeCl3, CrCl3, ZnCl2, and CuCl2) with three Brønsted
acids (H2SO4, HCl, and H3PO4). The results obtained from this study confirmed that
H3PO4 with CrCL3 showed better results and reported a 50% yield of the LA at 170 ◦C
and 4.5 h reaction time [49]. However, the use of the mineral acid catalyst with metal
chloride created some serious issues, such as reactor corrosion, and its waste neutralization
created hazardous effluents [50]. In place of a mineral acid catalyst, the use of a solid acid
catalyst for LA production can be a good idea. Using a solid acid catalyst, H. Qu and
co-workers used a metal–organic framework containing a Brønsted and Lewis acid catalyst
for glucose conversion to LA and reported a 58% yield of the LA at 150 ◦C and 9 h reaction
time [24]. Aharon Gedanken’s research group developed a Ga salt of molybdophosphoric
acid (GaHPMo) for LA production from glucose conversion and reported a 56% yield of
the desired LA at 150 ◦C and 10 h reaction time [30]. However, the use of the solid acid
catalyst for LA production required a long reaction time. In this study, the activity of
the ionic liquid [C4SO3HPhim][Cl] catalyst for the glucose conversion to LA yield was
found equal to or higher than most catalysts under the optimal reaction condition. Using
[C4SO3HPhim][Cl] catalyst, a good (63%) yield of the LA was obtained at 180 ◦C and 3 h
reaction time. In addition, the use of the IL catalyst was more environmentally friendly
compared to the use of mineral acid catalyst.

3. Experimental Section
3.1. Materials and Methods

Glucose, fructose (99%), formic acid (FA) (99%), 5-HMF (98%), and LA (99%) were
purchased from Fisher Scientific, Mumbai, India; 1,6-anhydro-β-D-glucose (99%) and
2-phenyl-2-imidazoline were purchased from TCI chemicals, Hydrabad, India; and 1,4-
butanesultone (99%) was purchased from Alfa Aesar, Sanghai, China. Diethyl ether, ethyl
acetate, tetrahydrofuran (THF), and HCl were purchased from Merck, Mumbai, India.

3.2. Synthesis of the Brønsted Acidic Ionic Liquid Catalyst

Synthesis of the Brønsted acidic IL catalyst was achieved following the reported
literature with the slight modification [51,52]; the structure of the synthesized IL catalyst is
represented in Figure 7. Typically, equimolar amounts of 2-phenyl-2-imidazoline (1.462 g,
0.01 mol) and 1,4 butanesultone (1.362 g, 0.01 mol) were dissolved in chloroform into a
100 mL round bottom flask. The desired reactant mixture was stirred at 40 ◦C for the
required reaction time until completion of the reaction. After completion of the reaction,
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solvent was removed under reduced pressure to obtain the desired zwitterion. Finally,
the zwitterion was washed with dichloromethane (DCM) or chloroform (3 × 5) to remove
impurities and unreacted materials and dried for 24 h under vacuum at room temperature.
The required Brønsted acidic IL catalyst was synthesized by the neutralization of the
zwitterion using equimolar amounts of the corresponding acids under continuous stirring
at room temperature. The synthesized Brønsted acidic IL catalyst was washed with diethyl
ether repeatedly and dried under vacuum before use.
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3.3. Characterization of the Synthesized Brønsted Acidic Ionic Liquid Catalyst

The laboratory-synthesized IL catalyst was characterized using the 1H NMR, FT-IR,
and thermal gravimetric analysis (TGA). The 1H NMR of the compounds was characterized
using a Broker Spectrospin 400 MHZ instrument (Bruker Spectrospin, New Delhi, India).
The ATR-FTIR transmission spectra of the laboratory-synthesized IL catalyst were recorded
using a Nicolet 6700 FT-IR spectrometer equipped with a DTGS detector (Thermo Fisher
Scientific, New Delhi, India). The FT-IR spectra of the catalyst was collected at room
temperature (30 ◦C) in the wavenumber range of 400–4000 cm−1.

Thermogravimetric analysis (TGA) was performed to analyze the stability of the
catalyst at higher temperatures using a TGA-Q 500 instrument (Perkin Elmer, New Delhi,
India) with a nitrogen flow rate of 40 mL/min from 30 ◦C to 550 ◦C at a heating rate of
10 ◦C/min.

3.4. Measurement of the Brønsted Acidic Strength of the Ionic Liquids

The acidic strength of the laboratory-synthesized IL catalysts having different anions
was determined using a previously reported method [53]. The required molar amount
of 4-nitroaniline and 25 mM of the IL catalysts were dissolved in water and magnetically
stirred for the required time. After the IL completely mixed with 4-nitroaniline, spectral
scanning was processed from 300 nm to 550 nm by UV–Vis using a double beam Dynamica
spectrophotometer (Model: Halo DB-20, Dynamica Scientific Ltd., New Delhi, India).
The absorption spectrum was compared to the maximum absorption wavelength of 4-
nitroaniline (at 380–381 nm). Finally, the acidity of the synthesized catalysts was calculated
using the Hammett equation.

H0 = pK (I)aq + log (
[I][

IH+
] ) (1)

where [I] represents the molar concentration of unprotonated 4-nitroaniline, [IH+] is the
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 the Hammett acidity function (H0) of the IL
catalysts are shown in Table 1.
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3.5. General Procedure for Experimental Catalytic Conversion of Glucose to Levulinic Acid

All of the experiments involved in the glucose conversion to LA were performed in
a 25 mL batch autoclave. The reactor was loaded with the required amount of deionized
water and 100 mg of glucose along with the required amount of catalyst. The reactor was
then sealed and placed in a silicone oil bath that was preheated to the required reaction
temperature on a Tarson hot plate magnetic stirrer. The desired reaction mixture was
stirred with controlled stirring speed over fixed time intervals. After the completion of the
reaction, the reactor was quenched in cold water to stop undesired reactions. The sample
was collected from the autoclave and filtered using a syringe filter. The liquid samples
were analyzed using high pressure liquid chromatography (HPLC). Quantitative analysis
of the reaction products was calculated following a standard calibration curve drawn from
commercially available standard samples.

3.6. Product Analysis

The liquid products were quantified by high pressure liquid chromatography (HPLC)
equipped with HPX-87H column. The samples were filtered using a 0.22 µm syringe filter
prior to analysis. During this process, 5 mM sulphuric acid was used as the mobile phase
with a constant flow rate of 0.5 mL/min equipped with an RID detector. The column and
detector temperatures were kept constant at 65 ◦C and 35 ◦C, respectively. Quantification of
the product was done based on the standard curve obtained by using an external standard.

Reactant conversion (%) =
Initial no. of moles of the glucose − remaining no. of the moles of glucose

Initial no. of moles of glucsoe
× 100 (2)

Product yield (%) =
Moles of LA obtained from the reaction

Initial moles of the glucose
× 100 (3)

3.7. Reusability of the Ionic Liquid Catalyst

The reaction mixture after the catalytic reaction was passed through the 0.22 µm
syringe filter to remove any insoluble solid product. Ethyl acetate was selected as an
extracting organic solvent that can easily extract LA from the aqueous phase, since the IL is
insoluble in ethyl acetate. Through facile phase separation, the aqueous and organic layer
were separated. From the organic phase, the LA was collected by separating the organic
phase using a rotary evaporator under reduced pressure. The pure isolated product was
then characterized by 1H and 13C NMR. Fresh glucose reactant was then added to the
aqueous layer to study the reusability of the catalyst for the next four consecutive reactions.

4. Conclusions

In this study, Brønsted acid functionalized 2-phenyl-2-imidazoline-based IL catalysts
with different anions, namely [C4SO3HPhim][Cl], [C4SO3HPhim][NO3], and [C4SO3HPhim]
[H2PO4] were successfully synthesized in the laboratory and characterized using 1H NMR,
FT-IR, and TGA spectroscopic techniques. The spectroscopic characterization of the catalyst
confirmed the successful synthesis of the catalyst. From the TGA characterization, it was
seen that the catalysts have good thermal stability up to 200 ◦C, which means they are
very stable at the optimum reaction temperature of the glucose conversion to LA, which
is below 200 ◦C. The Brønsted acidity trend of these laboratory-synthesized IL catalysts
was experimentally examined using UV–vis spectroscopy and found to follow the order
[C4SO3HPhim][Cl] > [C4SO3HPhim][NO3] > [C4SO3HPhim][H2PO4], which is also the
activity trend of the catalyst in LA synthesis from glucose. The catalytic activity of the
synthesized catalyst was tested in the glucose conversion to LA in a batch autoclave with
an optimum amount of catalyst (0.5 g) using water as a solvent, and a maximum yield of
63% LA was achieved with 99% glucose conversion at 180 ◦C reaction temperature and 3 h
reaction time. The IL catalyst [C4SO3HPhim][Cl] was found to be reusable up to four times
with no significant loss of LA yield. To conclude, this research promises a benign ionic
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liquid catalyst and solvent media for maximum glucose conversion of the very versatile
and important lignocellulosic biomass-derived platform chemical levulinic acid.

Supplementary Materials: The following are available online, Figure S1: 13C NMR Spectrum of the
purified LA. Figure S2: 1H NMR spectrum of purified LA.

Author Contributions: Conceptualization, K.K.; methodology, K.K.; validation, K.K., M.K.; formal
analysis, K.K.; investigation, K.K.; data curation, M.K.; writing—original draft preparation, K.K.;
writing—review and editing, S.U.; visualization, S.U.; supervision, S.U.; project administration, S.U.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this work are available on request from the
corresponding author.

Acknowledgments: Komal Kumar thanks the University Grants Commission (UGC), India, for a
research fellowship. Sreedevi Upadhyayula is thankful to the Ministry of Human Resource Devel-
opment (MHRD), Government of India for financial grant No. SPARC/P1318. The authors are also
thankful to NRF (Nanoscale Research Facility) for providing high pressure liquid chromatography
(HPLC) for the detection of 5-HMF conversion at IIT Delhi.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Sudarsanam, P.; Zhong, R.; Van Den Bosch, S.; Coman, S.M.; Parvulescu, V.I.; Sels, B.F. Functionalised heterogeneous catalysts for

sustainable biomass valorisation. Chem. Soc. Rev. 2018, 47, 8349–8402. [CrossRef]
2. Badgujar, K.C.; Badgujar, V.C.; Bhanage, B.M. A review on catalytic synthesis of energy rich fuel additive levulinate compounds

from biomass derived levulinic acid. Fuel Process. Technol. 2020, 197, 106213. [CrossRef]
3. Liu, J.; Li, H.; Liu, Y.C.; Lu, Y.M.; He, J.; Liu, X.F.; Wu, Z.B.; Yang, S. Catalytic conversion of glucose to 5-hydroxymethylfurfural

over nano-sized mesoporous Al2O3-B2O3 solid acids. Catal. Commun. 2015, 62, 19–23. [CrossRef]
4. Reddy, P.S.; Sudarsanam, P.; Raju, G.; Reddy, B.M. Synthesis of bio-additives: Acetylation of glycerol over zirconia-based solid

acid catalysts. Catal. Commun. 2010, 11, 1224–1228. [CrossRef]
5. Bhanja, P.; Modak, A.; Chatterjee, S.; Bhaumik, A. Bifunctionalized Mesoporous SBA-15: A New Heterogeneous Catalyst for the

Facile Synthesis of 5-Hydroxymethylfurfural. ACS Sustain. Chem. Eng. 2017, 5, 2763–2773. [CrossRef]
6. Kwon, E.; Yi, H.; Jeon, Y.J. Synergetic sustainability enhancement via current biofuel infrastructure: Waste-to-energy concept for

biodiesel production. Environ. Sci. Technol. 2013, 47, 2817–2822. [CrossRef]
7. Pathak, S.; Saxena, P.; Ray, A.K.; Großmann, H.; Kleinert, R. Irradiation based clean and energy efficient thermochemical

conversion of biowaste into paper. J. Clean. Prod. 2019, 233, 893–902. [CrossRef]
8. Kuo, I.J.; Suzuki, N.; Yamauchi, Y.; Wu, K.C.W. Cellulose-to-HMF conversion using crystalline mesoporous titania and zirconia

nanocatalysts in ionic liquid systems. RSC Adv. 2013, 3, 2028–2034. [CrossRef]
9. Meng, X.; Yang, J.; Xu, X.; Zhang, L.; Nie, Q.; Xian, M. Biodiesel production from oleaginous microorganisms. Renew. Energy 2009,

34, 1–5. [CrossRef]
10. Zakrzewska, M.E.; Bogel-Lukasik, E.; Bogel-Lukasik, R. Ionic Liquid-Mediated Formation of 5-HydroxymethylfurfuralsA

Promising Biomass-Derived Building Block. Chem. Rev. 2011, 111, 397–417. [CrossRef]
11. Van De Vyver, S.; Thomas, J.; Geboers, J.; Keyzer, S.; Smet, M.; Dehaen, W.; Jacobs, P.A.; Sels, B.F. Catalytic production of levulinic

acid from cellulose and other biomass-derived carbohydrates with sulfonated hyperbranched poly(arylene oxindole)s. Energy
Environ. Sci. 2011, 4, 3601–3610. [CrossRef]

12. Gao, C.; Ma, C.; Xu, P. Biotechnological routes based on lactic acid production from biomass. Biotechnol. Adv. 2011, 29, 930–939.
[CrossRef] [PubMed]

13. Mäki-Arvela, P.; Simakova, I.L.; Salmi, T.; Murzin, D.Y. Production of lactic acid/lactates from biomass and their catalytic
transformations to commodities. Chem. Rev. 2014, 114, 1909–1971. [CrossRef] [PubMed]

14. Choudhary, V.; Mushrif, S.H.; Ho, C.; Anderko, A.; Nikolakis, V.; Marinkovic, N.S.; Frenkel, A.I.; Sandler, S.I.; Vlachos, D.G.
Insights into the interplay of lewis and Brønsted acid catalysts in glucose and fructose conversion to 5-(hydroxymethyl)furfural
and levulinic acid in aqueous media. J. Am. Chem. Soc. 2013, 135, 3997–4006. [CrossRef] [PubMed]

15. Hu, L.; Tang, X.; Xu, J.; Wu, Z.; Lin, L.; Liu, S. Selective transformation of 5-hydroxymethylfurfural into the liquid fuel
2,5-dimethylfuran over carbon-supported ruthenium. Ind. Eng. Chem. Res. 2014, 53, 3056–3064. [CrossRef]

16. Kumar, K.; Khatri, V.; Parveen, F.; Kashyap, H.K.; Upadhyayula, S. Synthesis of an oxygenated fuel additive from a waste biomass
derived aldehyde using a green catalyst: An experimental and DFT study†. Sustain. Energy Fuels 2020, 4, 2924–2936. [CrossRef]

http://doi.org/10.1039/C8CS00410B
http://doi.org/10.1016/j.fuproc.2019.106213
http://doi.org/10.1016/j.catcom.2015.01.008
http://doi.org/10.1016/j.catcom.2010.07.006
http://doi.org/10.1021/acssuschemeng.6b03100
http://doi.org/10.1021/es304001y
http://doi.org/10.1016/j.jclepro.2019.06.042
http://doi.org/10.1039/C2RA21805D
http://doi.org/10.1016/j.renene.2008.04.014
http://doi.org/10.1021/cr100171a
http://doi.org/10.1039/c1ee01418h
http://doi.org/10.1016/j.biotechadv.2011.07.022
http://www.ncbi.nlm.nih.gov/pubmed/21846500
http://doi.org/10.1021/cr400203v
http://www.ncbi.nlm.nih.gov/pubmed/24344682
http://doi.org/10.1021/ja3122763
http://www.ncbi.nlm.nih.gov/pubmed/23432136
http://doi.org/10.1021/ie404441a
http://doi.org/10.1039/D0SE00100G


Molecules 2021, 26, 348 12 of 13

17. Kumar, K.; Pathak, S.; Upadhyayula, S. Acetalization of 5-hydroxymethyl furfural into biofuel additive cyclic acetal using protic
ionic liquid catalyst- A thermodynamic and kinetic analysis. Renew. Energy 2020. [CrossRef]

18. Singh, H.; Iyengar, N.; Yadav, R.; Rai, A.; Sinha, A.K. Facile conversion of levulinic acid to γ-valerolactone using a high surface
area magnetically separable Ni/NiO catalyst. Sustain. Energy Fuels 2018, 2, 1699–1706. [CrossRef]

19. Kochepka, D.M.; Dill, L.P.; Fockink, D.H.; Łukasik, R.M. Contribution to the production and use of biomass-derived solvents a
review. Acta Innov. 2020, 35, 29–56. [CrossRef]

20. Kumar, K.; Dahiya, A.; Patra, T.; Upadhyayula, S. Upgrading of HMF and Biomass-Derived Acids into HMF Esters Using
Bifunctional Ionic Liquid Catalysts under Solvent Free Conditions. ChemistrySelect 2018, 3, 6242–6248. [CrossRef]

21. Kumar, K.; Parveen, F.; Patra, T.; Upadhyayula, S. Hydrothermal conversion of glucose to levulinic acid using multifunctional
ionic liquids: Effects of metal ion co-catalysts on the product yield. New J. Chem. 2018, 42, 228–236. [CrossRef]

22. Muranaka, Y.; Suzuki, T.; Sawanishi, H.; Hasegawa, I.; Mae, K. Effective production of levulinic acid from biomass through
pretreatment using phosphoric acid, hydrochloric acid, or ionic liquid. Ind. Eng. Chem. Res. 2014, 53, 11611–11621. [CrossRef]

23. Kumar, V.B.; Pulidindi, I.N.; Gedanken, A. Synergistic catalytic effect of the ZnBr 2 -HCl system for levulinic acid production
using microwave irradiation. RSC Adv. 2015, 5, 11043–11048. [CrossRef]

24. Qu, H.; Liu, B.; Gao, G.; Ma, Y.; Zhou, Y.; Zhou, H.; Li, L.; Li, Y.; Liu, S. Metal-organic framework containing BrØnsted acidity and
Lewis acidity for efficient conversion glucose to levulinic acid. Fuel Process. Technol. 2019, 193, 1–6. [CrossRef]

25. Weingarten, R.; Conner, W.C.; Huber, G.W. Production of levulinic acid from cellulose by hydrothermal decomposition combined
with aqueous phase dehydration with a solid acid catalyst. Energy Environ. Sci. 2012, 5, 7559–7574. [CrossRef]

26. Guzmán, I.; Heras, A.; Güemez, M.B.; Iriondo, A.; Cambra, J.F.; Requies, J. Levulinic Acid Production Using Solid-Acid Catalysis.
Ind. Eng. Chem. Res. 2016, 55, 5139–5144. [CrossRef]

27. Sun, Z.; Cheng, M.; Li, H.; Shi, T.; Yuan, M.; Wang, X.; Jiang, Z. One-pot depolymerization of cellulose into glucose and levulinic
acid by heteropolyacid ionic liquid catalysis. RSC Adv. 2012, 2, 9058–9065. [CrossRef]

28. Shen, Y.; Sun, J.; Yi, Y.; Wang, B.; Xu, F.; Sun, R. One-pot synthesis of levulinic acid from cellulose in ionic liquids. Bioresour.
Technol. 2015, 192, 812–816. [CrossRef]

29. Kang, S.; Fu, J.; Zhang, G. From lignocellulosic biomass to levulinic acid: A review on acid-catalyzed hydrolysis. Renew. Sustain.
Energy Rev. 2018, 94, 340–362. [CrossRef]

30. Kumar, V.B.; Pulidindi, I.N.; Mishra, R.K.; Gedanken, A. Development of Ga Salt of Molybdophosphoric Acid for Biomass
Conversion to Levulinic Acid. Energy Fuels 2016, 30, 10583–10591. [CrossRef]

31. Zeng, W.; Cheng, D.G.; Zhang, H.; Chen, F.; Zhan, X. Dehydration of glucose to levulinic acid over MFI-type zeolite in subcritical
water at moderate conditions. React. Kinet. Mech. Catal. 2010, 100, 377–384. [CrossRef]

32. Zhang, X.; Zhang, D.; Sun, Z.; Xue, L.; Wang, X.; Jiang, Z. Highly efficient preparation of HMF from cellulose using temperature-
responsive heteropolyacid catalysts in cascade reaction. Appl. Catal. B Environ. 2016, 196, 50–56. [CrossRef]

33. Amarasekara, A.S. Acidic Ionic Liquids. Chem. Rev. 2016, 116, 6133–6183. [CrossRef] [PubMed]
34. Khan, A.S.; Man, Z.; Bustam, M.A.; Kait, C.F.; Nasrullah, A.; Ullah, Z.; Sarwono, A.; Ahamd, P.; Muhammad, N. Dicationic ionic

liquids as sustainable approach for direct conversion of cellulose to levulinic acid. J. Clean. Prod. 2018, 170, 591–600. [CrossRef]
35. Zunita, M.; Wahyuningrum, D.; Buchari; Bundjali, B.; Gede Wenten, I.; Boopathy, R. The performance of 1,3-dipropyl-2-(2-

propoxyphenyl)-4,5-diphenylimidazolium iodide based ionic liquid for biomass conversion into levulinic acid and formic acid.
Bioresour. Technol. 2020, 315, 123864. [CrossRef] [PubMed]

36. Liu, Y.; Xiao, W.; Xia, S.; Ma, P. SO3H-functionalized acidic ionic liquids as catalysts for the hydrolysis of cellulose. Carbohydr.
Polym. 2013, 92, 218–222. [CrossRef]

37. Wang, P.; Yu, H.; Zhan, S.; Wang, S. Catalytic hydrolysis of lignocellulosic biomass into 5-hydroxymethylfurfural in ionic liquid.
Bioresour. Technol. 2011, 102, 4179–4183. [CrossRef]

38. Xu, F.; Sun, J.; Konda, N.V.S.N.M.; Shi, J.; Dutta, T.; Scown, C.D.; Simmons, B.A.; Singh, S. Transforming biomass conversion
with ionic liquids: Process intensification and the development of a high-gravity, one-pot process for the production of cellulosic
ethanol. Energy Environ. Sci. 2016, 9, 1042–1049. [CrossRef]

39. Zhang, Z.; Song, J.; Han, B. Catalytic Transformation of Lignocellulose into Chemicals and Fuel Products in Ionic Liquids. Chem.
Rev. 2017, 117, 6834–6880. [CrossRef]

40. Zanchet, L.; da Trindade, L.G.; Lima, D.W.; Bariviera, W.; Trombetta, F.; de Souza, M.O.; Martini, E.M.A. Cation influence of new
imidazolium-based ionic liquids on hydrogen production from water electrolysis. Ionics 2019, 25, 1167–1176. [CrossRef]

41. Xing, D.; Lu, B.; Wang, H.; Zhao, J.; Cai, Q. An organic polymer-grafted ionic liquid as a catalyst for the cycloaddition of CO2 to
epoxides. New J. Chem. 2016, 41, 387–392. [CrossRef]

42. Depuydt, D.; Van Den Bossche, A.; Dehaen, W.; Binnemans, K. Halogen-free synthesis of symmetrical 1,3-dialkylimidazolium
ionic liquids using non-enolisable starting materials. RSC Adv. 2016, 6, 8848–8859. [CrossRef]

43. Daasch, L.W.; Smith, D.C. Infrared Spectra of Phosphorus Compounds. Anal. Chem. 1951, 23, 853–868. [CrossRef]
44. Liu, F.; Wang, L.; Sun, Q.; Zhu, L.; Meng, X.; Xiao, F.S. Transesterification catalyzed by ionic liquids on superhydrophobic

mesoporous polymers: Heterogeneous catalysts that are faster than homogeneous catalysts. J. Am. Chem. Soc. 2012, 134,
16948–16950. [CrossRef]

45. Zhang, L.; Xi, G.; Zhang, J.; Yu, H.; Wang, X. Efficient catalytic system for the direct transformation of lignocellulosic biomass to
furfural and 5-hydroxymethylfurfural. Bioresour. Technol. 2017, 224, 656–661. [CrossRef]

http://doi.org/10.1016/j.renene.2020.11.084
http://doi.org/10.1039/C8SE00274F
http://doi.org/10.32933/ActaInnovations.35.3
http://doi.org/10.1002/slct.201800903
http://doi.org/10.1039/C7NJ03146G
http://doi.org/10.1021/ie501811x
http://doi.org/10.1039/C4RA15083J
http://doi.org/10.1016/j.fuproc.2019.04.035
http://doi.org/10.1039/c2ee21593d
http://doi.org/10.1021/acs.iecr.5b04190
http://doi.org/10.1039/c2ra01328b
http://doi.org/10.1016/j.biortech.2015.05.080
http://doi.org/10.1016/j.rser.2018.06.016
http://doi.org/10.1021/acs.energyfuels.6b02403
http://doi.org/10.1007/s11144-010-0187-x
http://doi.org/10.1016/j.apcatb.2016.05.019
http://doi.org/10.1021/acs.chemrev.5b00763
http://www.ncbi.nlm.nih.gov/pubmed/27175515
http://doi.org/10.1016/j.jclepro.2017.09.103
http://doi.org/10.1016/j.biortech.2020.123864
http://www.ncbi.nlm.nih.gov/pubmed/32711338
http://doi.org/10.1016/j.carbpol.2012.08.095
http://doi.org/10.1016/j.biortech.2010.12.073
http://doi.org/10.1039/C5EE02940F
http://doi.org/10.1021/acs.chemrev.6b00457
http://doi.org/10.1007/s11581-018-2803-0
http://doi.org/10.1039/C6NJ02691E
http://doi.org/10.1039/C5RA22798D
http://doi.org/10.1021/ac60054a008
http://doi.org/10.1021/ja307455w
http://doi.org/10.1016/j.biortech.2016.11.097


Molecules 2021, 26, 348 13 of 13

46. Lu, X.; Fu, J.; Xu, X.; Lu, X. Hydrothermal Decomposition of Carbohydrates to Levulinic Acid with Catalysis by Ionic Liquids.
Ind. Eng. Chem. Res. 2016, 55, 11044–11051.

47. Ramli, N.A.S.; Amin, N.A.S. A new functionalized ionic liquid for efficient glucose conversion to 5-hydroxymethyl furfural and
levulinic acid. J. Mol. Catal. A Chem. 2015, 407, 113–121. [CrossRef]

48. Wei, W.; Wu, S. Experimental and kinetic study of glucose conversion to levulinic acid catalyzed by synergy of Lewis and
Brønsted acids. Chem. Eng. J. 2017, 307, 389–398. [CrossRef]

49. Yang, F.; Fu, J.; Mo, J.; Lu, X. Synergy of Lewis and Brønsted acids on catalytic hydrothermal decomposition of hexose to levulinic
acid. Energy Fuels 2013, 27, 6973–6978. [CrossRef]

50. Akpinar, O.; Erdogan, K.; Bostanci, S. Production of xylooligosaccharides by controlled acid hydrolysis of lignocellulosic materials.
Carbohydr. Res. 2009, 344, 660–666. [CrossRef]

51. Zhuo, K.; Du, Q.; Bai, G.; Wang, C.; Chen, Y.; Wang, J. Hydrolysis of cellulose catalyzed by novel acidic ionic liquids. Carbohydr.
Polym. 2015, 115, 49–53. [CrossRef] [PubMed]

52. Kumar, K.; Khatri, V.; Upadhyayula, S.; Kashyap, H.K. Cellulose conversion to biofuel precursors using conjugated ionic liquid
catalyst: An experimental and DFT study†. Appl. Catal. A Gen. 2021, 610, 117951. [CrossRef]

53. Zakaria, S.M.; Idris, A.; Chandrasekaram, K.; Alias, Y. Efficiency of bronsted acidic ionic liquids in the dissolution and depoly-
merization of lignin from rice husk into high value-added products. Ind. Crops Prod. 2020, 157. [CrossRef]

http://doi.org/10.1016/j.molcata.2015.06.030
http://doi.org/10.1016/j.cej.2016.08.099
http://doi.org/10.1021/ef401560v
http://doi.org/10.1016/j.carres.2009.01.015
http://doi.org/10.1016/j.carbpol.2014.08.078
http://www.ncbi.nlm.nih.gov/pubmed/25439867
http://doi.org/10.1016/j.apcata.2020.117951
http://doi.org/10.1016/j.indcrop.2020.112885

	Introduction 
	Results and Discussion 
	Characterization of the Synthesized Brønsted Acidic Ionic Liquid Acid Catalyst 
	Characterization of the Catalyst by 1H NMR 
	Characterization of the Catalyst by FT-IR 
	Thermal Stability of the IL Catalyst ([C4SO3HPhim][Cl]) 
	Hammett Acidity of the Synthesized Ionic Liquids 

	Catalyst Activity Testing 
	Screening of the Ionic Liquid Catalyst 
	Effect of Reaction Temperature and Time on the LA Yield 
	Effect of the Ionic Liquid Amount 

	Effect of Solvents on LA Yield 
	Recycling of the Ionic Liquid Catalyst 
	Comparison with Previous Study 

	Experimental Section 
	Materials and Methods 
	Synthesis of the Brønsted Acidic Ionic Liquid Catalyst 
	Characterization of the Synthesized Brønsted Acidic Ionic Liquid Catalyst 
	Measurement of the Brønsted Acidic Strength of the Ionic Liquids 
	General Procedure for Experimental Catalytic Conversion of Glucose to Levulinic Acid 
	Product Analysis 
	Reusability of the Ionic Liquid Catalyst 

	Conclusions 
	References

