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catalysts for cellulose degradation in ionic liquids

Flavia C. Sonaglio, Wellington D. G. Gongalves,
Cecilia A. Silveira™ and Jackson D. Scholten

Virginia S. Souza,
*

Nitro-functionalized imidazolium salts were applied as acidic catalysts for the degradation of cellulose into
5-hydroxymethylfurfural (HMF). The catalytic systems based on [NO,HMIm][X] (X = TsO, Cl, NTf,, CF3CO,),
dissolved in [BMIm][CL], were capable of producing HMF, glucose, fructose, formic acid, and levulinic acid as
products of cellulose degradation at 130 °C. In particular, HMF was obtained in up to 17% yield using
10.8 mol% of [NO,HMIm][TsO], representing one of the most active protic imidazolium salts reported in
the literature for the transformation of cellulose under relatively mild conditions. Indeed, this work
presents cost-effective and easily synthesized nitro-functionalized imidazolium salts as efficient catalysts
for biomass conversion, offering a sustainable alternative to conventional SOszH-based imidazolium ILs.
Therefore, the strategy of modifying the acidity of a protic imidazolium salt by incorporating a nitro
group in the imidazolium ring was successfully achieved, as observed in the degradation of cellulose,
and can be extended to other acid-catalyzed reactions of biomass-derived compounds.

Currently, the demand for renewable energy sources to replace fossil fuels has significantly increased. In this context, the use of inexpensive and abundant raw

materials for the synthesis of compounds with potential applications in energy systems has attracted the attention of many researches. Thus, the conversion of
biomass-derived compounds (cellulose, carbohydrates, sugars) into higher value-added products is of great interest from the perspective of a sustainable system

for industrial applications. In this work, efficient catalytic systems based on nitro-imidazolium acidic salts dissolved in an ionic liquid were developed for the
degradation of cellulose into 5-hydroxymethylfurfural (HMF). The strategy of attaching a nitro group to the imidazolium cation resulted in an acidic salt capable

of catalyzing the production of up to 17% yield of HMF from cellulose degradation at 130 °C. Therefore, this study presents a simple, robust, and sustainable

catalytic system for cellulose degradation, which can be further extended to the conversion of other substrates through acid catalysis.

1 Introduction

Ionic liquids (ILs) are widely recognized as environmentally
friendly solvents, particularly in catalysis.’”> Beyond their role as
green solvents, ILs possess remarkable solvation abilities,
enabling them to dissolve a broad spectrum of compounds.®™°
Among their most intriguing applications is the dissolution of
biopolymers such as lignin and cellulose,""” making them
valuable tools for biomass conversion into high-value chem-
icals. One of the key target products in this context is 5-
hydroxymethylfurfural (HMF), a versatile compound with
applications as a fuel, solvent, and precursor for various
chemicals.'*?>°

Cellulose degradation to HMF typically relies on acid cata-
lysts, including acidic ILs, which can function as both solvents
and catalysts. However, a major challenge in using ILs as cata-
lysts lies in their acidity profiles. While Brensted acid ILs exhibit
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high Bronsted acidity, they generally possess moderate to low
Lewis acidity, characterized by their electrophilicity. Conse-
quently, traditional inorganic metal-based Lewis acids have
often been used alongside ILs, with both species proposed to
play a role in the rate-limiting steps of the degradation reaction,
particularly in the isomerization of glucose to fructose, which is
primarily governed by the Lewis acidity of the catalyst.*** A
more ideal system for the conversion of cellulose to HMF would
eliminate the need for metals, thereby simplifying the process.
In fact, the use of metal-free catalytic systems for cellulose
degradation offers advantages such as lower cost, reduced
environmental impact, and improved sustainability, making
the process more attractive for producing high-value-added
products. The use of sulfonated ILs as acidic catalysts for the
degradation of biomass-derived compounds is extensively re-
ported in the literature.”*** As an alternative to these traditional
SO;H-based imidazolium ILs, our group demonstrated the
feasibility of attaching a nitro group to the imidazolium ring,
yielding simple and cost-effective protic nitro-functionalized
imidazolium salts with high Brensted and Lewis acidities.”
Generally, the advantages of using protic imidazolium salts may

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4su00645c&domain=pdf&date_stamp=2025-08-26
http://orcid.org/0000-0003-0160-8547
http://orcid.org/0000-0003-2750-5706
http://orcid.org/0009-0008-9714-9288
http://orcid.org/0000-0002-7433-392X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00645c
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003009

Open Access Article. Published on 06 August 2025. Downloaded on 4/13/2026 1:20:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
i i HO. OH
g 0 o 0 o
o HO ¥ Catalyst H
Ho. o J o M OH —
el L el OH
OH Glucose O
Fructose
Cellulose 7
NO,
. x®
Catalyst: /N@N‘H
X =TsO, Cl,
[NOHMIm][X] NTf,, CF4CO,
HO (e}

o
oW ~Or
ci® HMF

[BMIm][CI]

Scheme 1 Degradation of cellulose to HMF catalyzed by acidic nitro-
functionalized imidazolium salts in an IL.

be attributed to their higher biodegradability in water
compared to aprotic counterparts.”® Moreover, protic ILs with
shorter alkyl side chains, particularly those in which the alkyl
group at the 1-position of the imidazolium ring is replaced with
hydrogen,* tend to be less toxic than those with longer chains.?®
It was also observed that incorporating a methyl group into the
imidazolium ring enhances its antimicrobial activity.” There-
fore, the nitro-imidazolium salts developed by our group
represent sustainable alternatives that align with current envi-
ronmental demands. In addition, these compounds have
previously demonstrated promising catalytic activity in the
acetylation of glycerol to triacetin,* suggesting their potential
for broader applications in acid-catalyzed reactions, such as
cellulose degradation.

In this study, we evaluated [NO,HMIm][X] (X = TsO, Cl, NTf,,
CF;CO,) salts as acidic catalysts for cellulose degradation in
[BMIm][CI] (Scheme 1), a widely used and efficient solvent for
cellulose dissolution.'?*** Our preliminary results showed that
using 10.8 mol% of [NO,HMIm][TsO] at 130 °C yielded up to
17% HMF, demonstrating the potential of these nitro-
functionalized imidazolium salts as effective catalysts for
biomass valorization.

2 Experimental
2.1 Materials and methods

Microcrystalline cellulose powder (particle size approximately
20 um) and 5-hydroxymethyl-2-furaldehyde (98% purity), used
as a standard for producing the GC-FID calibration curve, were
purchased from Sigma-Aldrich/Merck and used as received
without purification. Acetone (UV/HPLC grade) and methanol
(99.8%) were purchased from Vetec and used as received
without purification. Nitric acid (70%), hydrochloric acid (37%),
trifluoroacetic acid (99%), and sulfuric acid (98%) were used as
received.

'H and >C NMR spectra were acquired using a Bruker
Ascend 400 (400 MHz and 101 MHz, respectively). '"H NMR
spectra were acquired with 32 scans and a relaxation delay of 1 s
for compound characterization and for the control experiment
without cellulose, whereas a longer relaxation delay of 30 s was
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employed for the analysis of mixtures from cellulose degrada-
tion reactions. ">C NMR spectra were recorded using 512 scans
and a relaxation delay of 2 s for the characterization of imida-
zolium salts, while 12 400 scans with the same relaxation delay
were used for analyzing the reaction mixtures. FTIR spectra
were acquired using a Bruker Alpha Fourier-T spectrometer with
a Platinum ATR module, applying 50 scans at a resolution of
4 ecm~'. Gas chromatography with a flame ionization detector
(GC-FID) was performed using an Agilent 7890A system coupled
with an Agilent Autosampler 7693 and a DB-WAX column (30 m,
0.25 mm, 0.25 pm). UV-vis analysis was performed with a Shi-
madzu UV-vis 2450 spectrophotometer. TGA of the imidazolium
salts was performed in a SDT Q600 TA Instruments equipment
using nitrogen gas with a flow rate of 100 mL min~", heating
rate of 10 °C min~"', and a maximum temperature of 700 °C.

2.2 Synthesis of the compounds

2.2.1 1-Butyl-3-methylimidazolium chloride. [BMIm][Cl]
was synthesized using a similar route reported in the litera-
ture.®® The FTIR, '"H NMR, and *C NMR spectra are shown in
Fig. S1, S7, and S8, respectively.

'H NMR (400 MHz, DMSO-d;) 6 = 9.52 (t, / = 1.7 Hz, 1H), 7.88
(t,J = 1.8 Hz, 1H), 7.80 (t,J = 1.7 Hz, 1H), 4.20 (t, ] = 7.1 Hz, 2H),
3.87 (s, 3H), 1.81-1.70 (m, 2H), 1.23 (m, 2H), 0.88 (t, J = 7.4 Hz,
3H). '*C NMR (101 MHz, DMSO-dg) 6 = 136.7, 123.6, 122.3, 48.4,
35.7,31.4, 18.8, 13.3.

2.2.2 1-Methyl-3-H-4-nitroimidazolium tosylate. The nitro-
functionalized imidazolium salt [NO,HMIm][TsO] was synthe-
sized according to our previously described procedure in the
literature.”® The synthetic route begins with the preparation of
4(5)-nitroimidazole (Section 2.2.3), followed by the synthesis of
1-methyl-4-nitroimidazole (Section 2.2.4). Finally, 1-methyl-3-H-
4-nitroimidazolium tosylate was obtained, with experimental
details provided in Section 2.2.5.

2.2.3 Synthesis of 4(5)-nitroimidazole. Initially, 4(5)-nitro-
imidazole was prepared by adding nitric acid (0.93 mol) to
imidazole (0.15 mol) under an ice bath with magnetic stirring.
Subsequently, sulfuric acid (0.41 mol) was added, and the
reaction mixture was kept under reflux overnight (approxi-
mately 15 h). After completion, the system was cooled in
a freezer, and the white precipitate was filtered, washed with
distilled water, and dried under vacuum at 60 °C.

2.2.4 Synthesis of 1-methyl-4-nitroimidazole. 4(5)-Nitro-
imidazole (88.4 mmol) and K,COj; (0.13 mol) were dispersed in
acetonitrile (150 mL). A solution of iodomethane (6.6 mL in
50 mL of acetonitrile, 106 mmol) was added dropwise to the
mixture while stirring under an ice bath. The solution was
stirred at 65 °C overnight (approximately 15 h) and then filtered.
The product was extracted from the solid phase by using a di-
chloromethane and methanol mixture (95 : 5 v/v). The solvents
were removed under vacuum, and the remaining solid was
recrystallized using 2-propanol.

2.2.5 Synthesis of 1-methyl-3-H-4-nitroimidazolium tosy-
late. 1-Methyl-4-nitroimidazole (7.9 mmol) dispersed in acetoni-
trile (4 mL) was added to an equimolar amount of p-
toluenesulfonic acid monohydrate in acetonitrile (7 mL) under an
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ice bath and stirred for 30 minutes. The solution was heated to
60 °C and stirred overnight (approximately 15 h). Afterward, the
solvent was removed under vacuum at 60 °C. The salt was washed
four times with diethyl ether and dried under vacuum at 60 °C,
yielding a white solid (yield: 88%, melting point: 119.6-120.4 °C).

'H NMR (400 MHz, DMSO-dg) 6 = 8.36 (d, J = 1.4 Hz, 1H),
7.80 (d, J = 1.5 Hz, 1H), 7.49 (d, J = 8.1 Hz, 2H), 7.13 (d, J =
7.9 Hz, 2H), 3.74 (s, 3H), 2.29 (s, 3H). "*C NMR (101 MHz,
DMSO-dg) 6 = 146.9, 144.8, 138.5, 138.2, 128.4, 125.6, 122.7,
34.3, 20.9.

2.2.6 1-Methyl-3-H-4-nitroimidazolium  chloride. = The
[NO,HMIm][CI] salt was synthesized following our published
procedure.* 1-Methyl-4-nitroimidazole (27.4 mmol) dispersed
in acetonitrile (18 mL) was added to an equimolar amount of
hydrochloric acid (2.3 mL of aqueous solution). The solution
was stirred for 30 minutes under an ice bath, and then heated to
60 °C for 24 h. Afterward, the solvent was removed under
vacuum at 60 °C using a rotary evaporator. The salt was washed
five times with diethyl ether and dried under vacuum at 60 °C.
Finally, the solid was recrystallized from ethanol to afford
a white solid (yield: 76%, melting point: 135.5-136.1 °C).

'H NMR (400 MHz, DMSO-d¢) 6 = 8.35 (d, J = 1.4 Hz, 1H),
7.80 (d,J = 1.5 Hz, 1H), 3.75 (s, 3H). *C NMR (101 MHz, DMSO-
de) 6 = 146.9, 138.1, 122.6, 34.2.

2.2.7 1-Methyl-3-H-4-nitroimidazolium bi-
s(trifluoromethanesulfonyl)imide. 1-Methyl-3-H-4-nitro-
imidazolium chloride (3.0 mmol) dispersed in water (4 mL) was
added to an equimolar amount of lithium bi-
s(trifluoromethanesulfonyl)imide in water (2 mL). The solution
was stirred for 1.5 h. Afterward, the product was extracted with
dichloromethane (30 mL). Then, the organic solvent was dried
over MgSO,, filtered, and evaporated under vacuum using
a rotary evaporator. The salt was recrystallized from ethanol to
afford a white solid (yield: 42%, melting point: 108.0-108.8 °C).

'H NMR (400 MHz, DMSO-d¢) 6 = 8.35 (d, J = 1.4 Hz, 1H),
7.80 (d,J = 1.4 Hz, 1H), 3.75 (s, 3H). **C NMR (101 MHz, DMSO-
de) 6 = 146.9, 138.0, 122.5, 121.1, 117.9, 34.2.

2.2.8 1-Methyl-3-H-4-nitroimidazolium trifluoroacetate. 1-
Methyl-4-nitroimidazole (7.9 mmol) dispersed in acetonitrile (6
mL) was added to an equimolar amount of trifluoroacetic acid
(0.61 mL). The solution was stirred for 30 minutes under an ice
bath, and then heated to 60 °C for 24 h. Afterward, the solvent
was removed under vacuum at 60 °C using a rotary evaporator,
yielding a white solid (yield: 55%, melting point: 136.2-137.5 °©
Q).

'H NMR (400 MHz, DMSO-dg) 6 = 8.35 (d, J = 1.4 Hz, 1H),
7.80 (d,J = 1.5 Hz, 1H), 3.75 (s, 3H). *C NMR (101 MHz, DMSO-
de) 6 = 146.9, 138.0, 122.5, 34.2.

2.3 Cellulose degradation reaction

The method used for cellulose degradation was based on the
procedure described in the literature.®* Cellulose (0.1 g,
0.62 mmol, calculated based on the molar mass of the an-
hydroglucose unit, CsH;,05) and [BMIm][CI] (2.0 g, 11.45 mmol)
were magnetically stirred in a two-necked round-bottom glass
flask (10 mL) equipped with a closed water-cooled reflux
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condenser over an oil bath at 100 °C until complete dissolution of
the cellulose. Subsequently, deionized water (0.2 g, 11.1 mmol)
and varying amounts of the acid catalyst (0.033, 0.066 or 0.167
mmol) were added to the flask, which was then quickly heated to
130 °C, initiating reflux. Reaction time zero was defined as the
moment when the reaction mixture reached 130 °C. Small
samples were collected at different reaction times for character-
ization analyses (FTIR, "H/"*C NMR, and GC-FID). These samples
were placed in small sealed vials, immediately cooled with cold
water, weighed, and stored in a refrigerator (5-10 °C) for analysis.

2.4 Quantification of HMF

The quantification of HMF was performed using GC-FID and 'H
NMR analyses, with both techniques providing consistent and
reproducible results.

2.4.1 GC-FID analysis. To separate the [BMIm][Cl] from the
reaction mixture samples, an amount of acetone (approximately
25 times the mass of the sample) was mixed with the sample in
a test tube. The mixture was then heated to its boiling point,
and a few drops of methanol were added to fully dissolve
[BMIm][C]] (about 4 drops of methanol for every 1 mL of acetone
used). The solutions were stored in the refrigerator overnight
(approximately 15 h) to allow [BMIm][CI] crystals to precipitate.
The test tubes were then placed in a centrifuge to separate the
[BMIm][CI] crystals and any other solids (presumably undis-
solved cellulose and humins) from the supernatant containing
HMF. An aliquot of 1 mL was taken from the supernatant and
diluted with 1 mL of acetone. The solution was analyzed by GC-
FID to determine the concentration of HMF. Each sample was
injected three times using automatic injection. Eqn (1) was used
to calculate the yield of HMF:

HMF vyield % =

final m of HMF/M of HMF o
initial m of cellulose/M of anhydroglucose unit

100 (1)

where m is the mass and M is the molar mass. The molar mass
(M) of cellulose (C¢H;005),, was calculated based on the molar
mass of the anhydroglucose unit (162.14 g mol ). A calibration
curve was constructed using data from the injection of standard
solutions of HMF (1-5 pL) at different concentrations (2 x 107,
8 x 107", 4 x 10~* mol L"), which were appropriate for the
scale of product observed in the reaction.

2.4.2 'H NMR analysis. After the reaction was completed,
the system was cooled in an ice bath, and a 20-30 mg sample of
the solution was collected. The sample was dissolved in 400 pL
of DMSO-ds in a glass vial and then transferred to the NMR
tube. The signals of the imidazolium ring from [BMIm][Cl] were
used as an internal standard to quantify the amount of HMF
formed, as described by eqn (1). For comparison, standard HMF
was also analyzed in DMSO-dg: "H NMR (DMSO-dg) 6 = 9.54 (s,
1H), 7.48 (d,J = 3.5 Hz, 1H), 6.60 (d, ] = 3.5 Hz, 1H), 5.56 (t, ] =
5.9 Hz, 1H), 4.51 (d,J = 5.7 Hz, 2H). **C NMR (101 MHz, DMSO-
de) 6 = 178.0, 162.2, 151.8, 124.5, 109.7, 56.0.

Note: Similarly to HMF, levulinic acid and formic acid were
quantified from the NMR spectra using eqn (1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5 Brensted acidity of the imidazolium salts

2.5.1 Hammett acidity function (H,). The Hammett acidity
function (H,)** values of the nitro-functionalized imidazolium
salts were determined using UV-vis spectroscopy, following
a previously reported procedure.* In these measurements, 8 x
10° mol L™ " of 4-nitroaniline (Hammett indicator) was added
to a solution of the imidazolium salts (5 x 10~ mol L™") di-
ssolved in water or DMSO. The H, values were calculated using

eqn (2):

Ho = pK,(IH"), + log(ﬂgh]) @)
where pK,(IH"),q represents the pK, of the protonated indicator
in an aqueous solution (0.99), while [I] and [IH'] denote the
molar concentrations of the unprotonated (with a maximum
absorbance at 380 nm in water and 389 nm in DMSO) and
protonated forms of the indicator in the protic salt solutions,
respectively.

2.5.2 FTIR. The FTIR study was conducted by adapting
a previously reported procedure in the literature.”® For the
analysis, 2-5 mg of the nitro-functionalized imidazolium salt
was mixed with 30 pL of pyridine, and the resulting solution was
analyzed using FTIR. In the present study, the band at
1543 cm ', referring to the pyridinium cation, was used as
a standard for comparison.

3 Results and discussion

Initially, all nitro-functionalized imidazolium salts were char-
acterized using FTIR, 'H NMR, and TGA. FTIR analysis
confirmed the presence of characteristic bands for the
compounds (Fig. $2-S5). In addition, 'H/**C NMR analyses
validated their chemical structures (Fig. S9-516). TGA analysis
demonstrated that the imidazolium salts remained thermally
stable up to 150 °C (Fig. S19-S22). The protic imidazolium salt
[NO,HMIm][TsO] was chosen as a model acidic catalyst for the
degradation of cellulose in [BMIm][CI] at 130 °C. The reaction
using 10.8 mol% catalyst was investigated with FTIR by
analyzing the final reaction mixture at different time intervals
(Fig. 1). The degradation of cellulose is observed through the
reduction of the broad bands around 3400 cm ™", indicating the
breakdown of O-H groups in cellulose. Additionally, a decrease
in the bands between 1100 and 1020 cm ™" is noted, as this
region is characteristic of C-O stretching in cellulose. Moreover,
the appearance of a peak around 1667 cm ' suggests the
presence of molecules containing C=0 groups, one of which is
HMF. In the standard compound, HMF exhibits a C=0
stretching peak at 1656 cm™* (Fig. S6). Furthermore, a small
peak is observed at 1521 em ™' due to the C=C bond, while
another peak around 1021 cm™" is likely associated with C-O
stretching. In the HMF standard, these peaks appear at
1519 cm ™" and 1016 cm ™, respectively (Fig. $6).

These preliminary results persuaded us to further investigate
the catalytic system based on nitro-functionalized imidazolium
salts under different conditions and to quantify HMF produc-
tion. Other compounds, such as glucose, fructose, formic acid,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Infrared spectra of the cellulose degradation reaction
catalyzed by [NO,HMIm][TsO] (10.8 mol%). (b) Zoomed-in region
showing the signals of products: C=0 stretching at 1667 cm ™, C=C
stretching at 1521 cm ™t and C-O stretching at 1021 cm™™.

levulinic acid, and humins (undesirable dark-colored solids
commonly generated in this type of reaction), are also likely
present. In this study, we decided to evaluate the formation of
HMTF in more detail due to its high potential for use in renew-
able energy applications. Notably, a control reaction using only
the [BMIm][Cl]/water mixture yielded up to 2% HMF and formic
acid, along with trace amounts of levulinic acid (0.1%) at 130 °C.
Additionally, signals typically attributed to glucose and fructose
were identified by "*C NMR, although accurate quantification by
'"H NMR proved difficult (Fig. S23 and S24). Another control
experiment for cellulose degradation, conducted in the absence
of water, resulted in HMF and formic acid yields of up to 6%
and 5%, respectively, along with trace amounts of levulinic acid
(0.2%) when [NO,HMIm][TsO] (10.8 mol%) was used as the
catalyst (Fig. S25). In this control reaction, only HMF was
identified by ">C NMR analysis (Fig. $26). The transformation of
cellulose into HMF was primarily catalyzed by the acidic nitro-
imidazolium salt [NO,HMIm][TsO], dissolved in a [BMIm][CI]/
water mixture at 130 °C, under varying catalyst loadings and
reaction times (Fig. 2). It was observed that at 5.4 mol% catalyst,
the HMF yield was almost negligible, while the addition of
10.8 mol% catalyst produced HMF with a yield of up to 17%.

RSC Sustainability, 2025, 3, 4162-4170 | 4165
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Fig. 2 HMF yield obtained from the degradation of cellulose using
[NOHMIM][TsO] in [BMIM][CL] at 130 °C with varying reaction times
and catalyst amounts. Yields were determined by GC. The average
error in the reactions was estimated to be 2% based on triplicate
experiments.

Moreover, the yield appeared to slightly decrease at concentra-
tions as high as 27.1 mol%, likely due to the conversion of HMF
into other compounds, such as levulinic acid, and the forma-
tion of humins. For reactions using 5.4 and 27.1 mol% of
catalyst, the color gradient is possibly due to the increase in the
concentration of products (Fig. S27). To clarify this aspect, an
experiment was conducted in the absence of cellulose under the
same reaction conditions (nitro-imidazolium salt dissolved in
a [BMIm][Cl]/water mixture at 130 °C). After the reaction, the
mixture remained colorless, and '"H NMR analysis confirmed
that neither the [BMIm][CI] nor the nitro-imidazolium salt had
decomposed (Fig. S28). Consequently, the color gradient is
likely due to product formation, which appears to stabilize
around 300 minutes, suggesting that extending the reaction
time beyond this point may not improve the HMF yield in this
system. Therefore, 10.8 mol% catalyst appears to be the optimal
amount for the present system. Notably, these results indicate
that the synergistic effect of water as an additive and the acidic
catalyst is crucial for enhancing product formation. In addition,
this result makes it one of the most active protic imidazolium
salts reported in the literature for the transformation of cellu-
lose under relatively mild conditions. "H NMR analysis of the
reaction solution confirmed the presence of HMF, as evidenced
by signals at 9.54, 7.50, 6.60, and 4.48 ppm (Fig. S29), which
correspond to those observed in the spectrum of standard HMF
(Fig. S17). Additionally, "H NMR analysis revealed a signal at
8.18 ppm corresponding to formic acid, and a signal at
2.07 ppm likely attributed to the methyl group of levulinic acid.
Further confirmation of HMF formation was provided by "*C
NMR, which displayed characteristic signals at 178.0, 162.9,
150.4, 109.7, and 55.8 ppm (Fig. S30). Peaks observed in the
region of 61.0-105.2 ppm may be attributed to glucose, fructose,
and cellulose.

Based on the optimized reaction conditions established
using the acidic salt [NO,HMIm]TsO] in [BMIm]CI]
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Fig. 3 HMEF, levulinic acid, and formic acid yields from cellulose
degradation using different protic nitro-functionalized imidazolium
salts [NO,HMIMI[X] (X = TsO, Cl, NTf,, CFzCO,) in [BMImM][CI]. Reaction
conditions: cellulose (0.1 g), [BMIm][CI] (2 g), deionized water (0.2 g),
10.8 mol% catalyst, 130 °C, and 5 h. Yields were determined by 'H
NMR. The average error in the reactions was estimated to be 2% based
on triplicate experiments.

(10.8 mol% catalyst, 300 min reaction time), other protic nitro-
functionalized imidazolium salts were evaluated as acidic
catalysts for cellulose degradation (Fig. 3). Under optimized
conditions, cellulose degradation using [NO,HMIm][CI], [NO,-
HMIm][NTf,], and [NO,HMIm][CF;CO,] as catalysts yielded 6%,
3%, and 5% HMEF, respectively (Fig. 3 and S31, S33, S35). In
these cases, levulinic acid and formic acid were also detected
and quantified by "H NMR analysis, with signals at 2.07 ppm for
levulinic acid and 8.18-8.20 ppm for formic acid (Fig. S31, S33,
and S35). The "H NMR spectra also exhibited peaks likely cor-
responding to cellulose between 4.50 and 5.50 ppm, and to
glucose/fructose in the region of 3.00-5.50 ppm. Quantification
of these products by "H NMR was not possible due to signal
overlap in the corresponding spectral region. Therefore, these
compounds were not included as products in Fig. 3. For the
reaction using [NO,HMIm][Cl], the presence of HMF was
confirmed by >C NMR analysis, with characteristic peaks at
178.0, 150.4, 109.6, and 55.7 ppm (Fig. S32). In the catalytic
systems employing [NO,HMIm]|[NTf,] (Fig. S34) and [NO,-
HMIm|[CF;CO,] (Fig. S36), signals at 109.7 ppm and 55.8 ppm
were also attributed to HMF. Notably, in the ">C NMR spectra,
signals likely corresponding to glucose, fructose, and cellulose
were observed in the region of 60.9-105.2 ppm; however, in
some cases, these signals appeared with low intensity in the
spectra.

To support the explanation of the observed catalytic activi-
ties, the Bronsted acidity of the nitro-functionalized imidazo-
lium salts was determined. The acidity was evaluated using two
complementary methods: (i) UV-vis analysis in the presence of
p-nitroaniline to determine Hammett function (H,) values
(Fig. 4a, Table 1) and (ii) FTIR analysis with pyridine, moni-
toring the band at 1543 cm ™', which corresponds to the pyr-
idinium cation (Fig. 4b). According to the acidity scale based on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Bronsted acidity of the nitro-functionalized imidazolium salts:
(a) UV-vis analysis in the presence of p-nitroaniline (solid line: water as
solvent, band at 380 nm; dashed line: DMSO as solvent, band at 389
nm) for the determination of Hammett function (Hp) values; (b) FTIR
analysis with pyridine, monitoring the band at 1543 cm™ corre-
sponding to the pyridinium cation.

H, values, the following order was observed in aqueous solu-
tion: [NO,HMIm][CI] > [NO,HMIm][CF;CO,] > [NO,HMIm]
[TsO] > [NO,HMIm][NTf,]. The H, values were also measured in
DMSO, where the acidity followed the order: [NO,HMIm][CI] >
[NO,HMIm][CF;CO,] > [NO,HMIm][NTf,] > [NO,HMIm][TsO].
The different acidity position of the imidazolium salt [NO,-
HMIm][TsO] is likely due to competitive protonation between

View Article Online
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water and p-nitroaniline in aqueous solution. This is supported
by the "H NMR spectrum of the salt in DMSO-d (Fig. S9), where
the signal of residual water is shifted, likely as a result of
protonation by the nitro-imidazolium tosylate. Additionally, the
Brgnsted acidity of the imidazolium salts was evaluated using
FTIR analysis in the presence of pyridine. The qualitative acidity
order was determined as [NO,HMIm]CI] > [NO,HMIm]
[CF5CO,] > [NO,HMIm][NTf,] > [NO,HMIm][TsO], aligning with
the acidity order obtained from the Hammett function. The
results suggest that the nature of the anion plays a significant
role in determining the acidic properties of the catalyst.
Surprisingly, the small amounts of products observed in reac-
tions employing the most acidic salts ([NO,HMIm][Cl] and
[NO,HMIm][CF3CO,]) contrast with the expected results based
on the relative acidities of the imidazolium salts. Thus, it is
likely that acidity is not the only factor influencing this reaction;
other effects, such as the stabilization of intermediates, may
play a fundamental role in this system. In fact, the less acidic
salt [NO,HMIm]|TsO] generated a higher yield of HMF
compared to the other salts. Moreover, the higher yield of HMF
relative to formic and levulinic acids suggests that the reaction
stops at HMF rather than proceeding to its further degradation
(Fig. 3). This result may be attributed to the enhanced stabili-
zation of intermediates by the [NO,HMIm][TsO] salt through
hydrogen bonding and w-stacking interactions with both the
imidazolium cation and the tosylate anion, favoring the
formation of HMF.

It is important to note that this sustainable catalytic system
produces HMF yields comparable to those of acidic catalysts
based on SOz;H-functionalized ILs reported in the literature
(Table 2 and Fig. 5). In fact, depending on the reaction condi-
tions and the IL structure, the present catalytic system based on
NO,-functionalized imidazolium salt exhibits HMF yield that is
comparable to, or even higher than, that of the SOz;H-
functionalized ILs containing the HSO,  anion (entries 2 and
3, Table 2). Moreover, the use of SO;H-functionalized ILs has
achieved HMF yields of up to 28%; however, these results were
obtained under harsher reaction conditions (entry 3, Table 2).
Notably, the present catalytic system operates under a relatively
mild temperature (130 °C), and the catalyst loading used in this
study (10.8 mol%) is substantially lower than those commonly
reported for similar SOz;H-functionalized IL-based systems,
demonstrating the high intrinsic activity and efficiency of the
Bronsted acid salt [NO,HMIm][TsO]. Since nitro-functionalized
imidazolium salts represent a new class of acidic catalysts, there

Table 1 Hammett acidity function (Hp) parameters of the [NO,HMIm][X] salts®

Entry Catalyst Amax [1] (%) [TH'] (%) H,

1 4-Nitroaniline 0.104 (0.177) 100 (100) 0 (0) — ()

2 [NO,HMIm][TsO] 0.095 (0.158) 91 (89) 9 (11) 2.01 (1.91)
3 [NO,HMIm][CI] 0.091 (0.138) 88 (78) 12 (22) 1.83 (1.54)
4 [NO,HMIm|[NTf,] 0.103 (0.146) 99 (82) 1(18) 3.00 (1.66)
5 [NO,HMIm][CF;CO,] 0.093 (0.140) 89 (79) 11 (21) 1.92 (1.57)

“ The values in parentheses refer to the experiments conducted in DMSO.
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Table 2 Comparison of selected acidic ionic liquid systems for cellulose hydrolysis with the present catalytic system
Entry Solvent Catalyst (mol%) T (°C) ¢t (min) Additive (g) HMTF yield (%) Ref.
1 [BMIm][CI] 1 (10.8) 130 300 H,O0 (0.2) 17 This work
[BMIm][CI|/DMF 2 (159)° 100 60 H,0 (0.08) 15 23
3 (128)° 10
3 4-Methyl-2-pentanone 3 (154) 150 300 H,O (1) 16 34
4 (125) 22
5 (132) 23
6 (120) 25
7 (161) 17
8 (132) 28
9 (125) 25
10 (270) 15

“ The catalyst mol% was estimated assuming an IL density of 1 g mL™".

are many possibilities for modifying their chemical and phys-
ical properties to develop a more efficient catalytic system. This
class of compounds could also feasibly replace metal-based
additives, which are often used in conjunction with Brensted
acid ILs to enhance catalytic activity.

The present work represents a significant advancement in
acid-catalyzed biomass conversion by utilizing nitro-
functionalized imidazolium salts as catalysts. The proposed
nitro-functionalized salts offer a more sustainable alternative to
conventional Brensted acid SO;H-based imidazolium ILs. By
strategically enhancing the acidity of the imidazolium cation
through the incorporation of a nitro group with electron-
withdrawing properties, this approach eliminates the need for
multiple SO;H functional groups and associated counterions.
The ease of handling and broad applicability of these novel salts
further underscore their potential as sustainable and econom-
ically viable alternatives for biomass-derived transformations,
reinforcing their importance in green chemistry and renewable
energy applications. This study aligns with Goal 7 of the United
Nations Sustainable Development Goals (SDGs), which
promotes affordable, reliable, and sustainable energy. By

developing an efficient catalytic system using nitro-
/_(NOZ SO;
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Fig. 5 Examples of acidic ILs reported in the literature as catalysts for
cellulose degradation, along with the acidic IL used in this study.
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functionalized imidazolium salts as acid catalysts for cellulose
degradation into HMF, this work advances sustainable energy
solutions by enhancing the valorization of biomass-derived
feedstocks. These innovations reduce reliance on fossil
resources and support the development of renewable energy
and bio-based chemicals, reinforcing sustainability and clean
energy production.

3.1 Cost analysis

The total cost analysis of raw materials, including both the
catalyst synthesis and the cellulose hydrolysis reaction, for
obtaining 1 g of HMF is shown in Table S1. First, it is important
to note that a direct comparison between the final value in Table
S1 and the commercial price is not ideal. Commercial prices
include costs related to labor, equipment, packaging, company
profit, and other factors, whereas the proposed HMF cost in this
study is based solely on raw material expenses. However, even
a superficial comparison can provide an initial idea of the
economic feasibility of large-scale industrial production. The
commercial price of HMF (>99%, Sigma-Aldrich/Merck) was
listed as US$ 64.20 per gram. In this study, the cost was calcu-
lated based on a reaction using 10.8 mol% of [NO,HMIm][TsO],
which produced HMF with a 17% yield (0.0132 g HMF). The
total cost of this reaction system for HMF production was
determined to be US$37.03 per gram (Table S1). Notably,
improvements in reaction conditions and the process could
increase the yield and reduce production costs. Considering
that HMF is typically marketed on a small to medium scale, and
that the cost estimate in this study is based on small-scale
laboratory production from biomass, the potential for
industrial-scale production appears promising. However, it is
important to note that the cost analysis provided here is
a preliminary estimate focused solely on raw material expenses
and does not account for purification or downstream process-
ing steps. Although the isolation of HMF was not performed in
this study, its feasibility was considered; however, the
complexity of the ionic liquid-water reaction medium, the
presence of humins, and the need to optimize solvent-
extraction and purification protocols present technical and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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economic challenges that warrant further investigation in
future work.

4 Conclusions

In summary, this study presents nitro-functionalized imidazo-
lium salts as effective and sustainable acidic catalysts for the
degradation of cellulose in ionic liquids. Our results show that
[NO,HMIm][TsO] dissolved in [BMIm][CIl] can produce HMF
with a yield of up to 17% using 10.8 mol% catalyst at 130 °C.
Notably, other products such as glucose, fructose, formic acid,
and levulinic acid were also observed in these catalytic systems.
Therefore, the strategy of modifying the acidity of a protic
imidazolium salt by incorporating a nitro group into the imi-
dazolium ring resulted in a competent acid catalyst capable of
transforming cellulose into HMF. In particular, this nitro-
functionalized imidazolium salt dissolved in an IL can be
considered a simple, cost-effective, and sustainable alternative
compared to other IL-based acidic catalysts reported in the
literature. These findings are significant for the development of
more active metal-free catalytic systems for degrading biomass-
derived compounds into higher-value products.
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