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The efficient valorization of lignocellulosic biomass (LCB) into high-value platform chemicals such 
as 5-hydroxymethylfurfural (5-HMF) and furfural offers a sustainable alternative to fossil-based 
resources. In this study, we report the design and application of efficiently recyclable, silica-supported 
imidazolium-based acidic ionic liquid (IL) heterogeneous catalysts for the conversion of real, extracted 
cellulose and hemicellulose derived from wheat straw, rice husk and bagasse. The synthesized 
catalysts were extensively characterized using FTIR, XRD, TGA, BET and their Brønsted acidity was 
quantified. Catalytic activity was optimized by evaluating key reaction parameters, including catalyst 
loading, time, and temperature. Under mild operational conditions (80 °C for cellulose and 120 °C 
for hemicellulose), high yields of 5-HMF (91%) and furfural (86%) were achieved. The catalysts also 
demonstrated excellent recyclability over five consecutive reaction cycles without significant loss in 
activity. This study offers a scalable and environmentally benign approach for biomass valorization, 
highlighting the potential for industrial implementation.
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Biomass resources are a promising renewable alternative for the imperishable supply of liquid fuels, fine 
chemical intermediates, and their precursors. Concerns about global warming and the depletion of fossil fuel 
resources have garnered the attention of researchers worldwide to develop substitute sources of energy and 
chemicals1,2. Development of efficient methodologies for the conversion of biomass is important for initiating 
the replacement of fossil fuels, crude oil derivatives, and petro-based systems. Biomass mainly comprises three 
prime components, namely hemicellulose, lignin, and cellulose. Valorization of these carbohydrate constituents 
yields sugars that act as substrates to produce fuels via platform/fine chemicals3. Amongst various biomass-
procured chemicals, furfural, and 5-hydroxymethylfurfural (5-HMF) are valuable platform chemicals, which 
can be produced via dehydration of six and five-carbon sugars, respectively4,5. 5-HMF can further be converted 
to useful chemical intermediates such as 2,5-dimethylfuran6 and 2,5-furandicarboxylic acid (2,5-FDCA)7. 
Similarly, furfural can be converted to intermediates such as furfuryl alcohol8 and 2-methyltetrahydrofuran9. 
These industrially relevant bio-based intermediates have shown great potential in replacing fossil-derived 
molecules in the synthesis of industrial polymers. However, for their economic production, it is vital to develop 
novel technologies that result in the conversion of biomass-derived sugars to furfurals in high yields and purity.

Various catalytic strategies have been implemented to produce 5-HMF usually from various 6-C monomeric, 
dimeric, and polymeric bio-based starting materials such as glucose, fructose, sucrose, cellulose10–16 and 
furfural from five-carbon bio-based components such as xylose, xylan, hemicellulose, corn cobs17–22 using 
Lewis and Bronsted acids23,24, metal based25,26, mineral acids27,28, zeolites29,30, ionic liquids31,32 and several other 
homogeneous/heterogeneous catalysts33–36.

Among all the catalytic systems reported in recent literature, ionic liquids have been used as environmentally 
benign reaction media and promising catalysts for the conversion of carbohydrate components to 5-HMF and 
furfural. Literature also reports the co-production of furfural (74%) and 5-HMF (32%) from untreated corncobs 
at 175 °C using polytriphenylamine-SO3H (SPTPA) solid acid catalyst in γ-valerolactone37; the production of 
5-HMF and furfural in lower yields respectively from untreated straw and barley husk in a biphasic solvent 
system using sulphanilic acid as a recyclable bifunctional organocatalyst38. Al-incorporated SBA-15 catalyst has 

1Department of Chemistry, University School of Research, Rayat Bahra University, Mohali, Pb, India. 2Department 
of Chemistry, University Institute of Science, Chandigarh University, Mohali, Pb, India. 3Department of Physics, 
University School of Sciences, Rayat Bahra University, Mohali, Pb, India. 4Faculty of Mechanical Engineering, 
Jimma Institute of Technology, Jimma University, Jimma, Ethiopia. email: gauravkatoch1988@gmail.com;  
johnson.antony@ju.edu.et

OPEN

Scientific Reports |        (2025) 15:32882 1| https://doi.org/10.1038/s41598-025-17712-9

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-17712-9&domain=pdf&date_stamp=2025-9-3


also been reported for synthesizing 5-HMF from cotton cellulose using the hydrothermal degradation method 
with 68.5% cellulose conversion and 62.1% selectivity of 5-HMF at 170 °C in 2 h reaction time39.

An in-situ methodology has been developed for the conversion of raw biomass using 1-methyl-3(3-
sulfopropyl)-imidazolium hydrogen sulfate Bronsted acidic ILs (BAILs) as catalysts in a biphasic solvent system 
into furfural and C5-sugars40. The application of SO4H-functionalized acidic ionic liquids (SFILs) in xylan 
hydrolysis and dehydration of xylose to furfural has also been reported, wherein the super acid SFIL [Ch-SO4H] 
[CF3SO3] showed efficient performance for the process, superior to usual acidic ILs, mineral acids and resins41. 
Silica-supported boric acid catalyst has been used as an efficient catalyst for the conversion of carbohydrates to 
5-HMF in a 1.5–7 h process time at 120 °C, using ionic liquids as reaction medium42.

Overall, the literature reports on approaches that utilize whole biomass carbohydrates for 5-HMF and 
furfural production is sparse, and the yields obtained are rather low to moderate. This warrants the development 
of new methodologies that allow further improvement in the yield of the platform chemicals obtained, which 
can be achieved by minimizing the formation of humins and other degradation products43. This is very similar 
to how controlled elemental doping strategies have been shown to significantly alter the crystal structure and 
functional performance of nanomaterials44, tailoring the catalyst composition can be a promising pathway to 
enhance selectivity and efficiency in biomass valorization.

In continuation of our previous work on the extraction of lignocellulosic biomass (LCB) components, namely 
cellulose, hemicellulose and lignin and their subsequent valorization45,46, we herein report the implementation of 
efficiently recyclable, heterogeneous, silica-supported acidic imidazolium-based ionic liquid catalysts47,48 for the 
conversion of extracted cellulose and hemicellulose to enhance the yield of 5-HMF and furfural. Additionally, the 
effects of various reaction parameters on the conversion of cellulose and hemicellulose into these value-added 
platform chemicals were systematically investigated to optimize the reaction conditions. Unlike previous studies 
that primarily focused on pure model sugars, the present work utilizes real lignocellulosic biomass-derived 
cellulose and hemicellulose for high-yield platform chemical production. Furthermore, this study emphasizes 
the development of a recyclable and reusable silica-supported imidazolium-based ionic liquid catalyst, ensuring 
both sustainability and cost-effectiveness for potential industrial-scale biomass valorization processes.

In addition to addressing the selectivity and recyclability challenges observed in conventional catalytic 
systems, the present work emphasizes the industrial feasibility of the developed approach. By employing real 
lignocellulosic biomass substrates and achieving high product yields under mild and scalable reaction conditions, 
this study demonstrates the potential of silica-supported ionic liquid catalysts for large-scale, sustainable biomass 
valorization processes.

Materials and methods
Cellulose and hemicellulose were extracted from three lignocellulosic agricultural residues: wheat straw, rice 
husk and sugarcane bagasse. These substrates were selected due to their high availability, cost-effectiveness, and 
relevance as agro-industrial waste in biomass valorization processes. The extraction and purification procedures 
for cellulose and hemicellulose were based on previously reported protocols 44, involving alkaline pre-treatment, 
bleaching and acid hydrolysis steps to ensure component separation. The extracted biopolymers were washed 
thoroughly with deionized water, dried at 60 °C under vacuum and stored in desiccators before use.

Imidazolyl-propyl functionalized silica gel and 1,3-propane sultone (used for quaternization) were purchased 
from Sigma-Aldrich and were used without further purification. Other chemicals, including [BMIM] Cl 
(1-butyl-3-methylimidazolium chloride, ionic liquid solvent), solvents (ethyl acetate, ethanol), reagents (KOH, 
HCl, phenolphthalein) and analytical standards for 5-HMF and furfural, were of analytical grade and purchased 
from standard suppliers (SRL, Merck).

Instrumentation and characterization

•	 Fourier-transform infrared (FTIR) spectroscopy was performed using a PerkinElmer RXI-FTIR spectrom-
eter in the range of 400–4000 cm-1 using KBr pellet technique to identify functional groups present in the 
catalysts and confirm sulfonation and anion exchange.

•	 Powder X-ray diffraction (XRD) analysis was conducted using PANalytical X’Pert Pro diffractometer with 
Cu-Kα radiation (λ = 1.5406 Å), operated at 40 kV and 30 mA. XRD patterns were used to assess crystallinity 
and confirm the successful immobilisation of ionic liquid on the silica support.

•	 Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/SDTA 851 system under a 
nitrogen atmosphere with a heating rate of 10 °C/min up to 800 °C to assess thermal stability and decompo-
sition profiles of the catalysts.

•	 1H-NMR and 13C-NMR spectra were recorded to confirm the chemical structure of the synthesised ionic 
liquids and products using Bruker Avance II 500 MHz and 100 MHz spectrometers, respectively, using CDCl3 
as solvents and TMS as internal reference.

•	 High-performance liquid chromatography (HPLC) was used to quantify 5-HMF and furfural yields. The 
setup consisted of a Waters 515 HPLC pump, Waters 2998 photodiode array (PDA) detector and manual 
single injection system. Separations were carried out on a Waters Spherisorb ODS2 column (4.6 × 250 mm, 
5 μm particle size) at 30 °C, using a mobile phase of water: acetonitrile (80:20 v/v) at a flow rate of 1.0 mL/
min. Calibration curves were constructed using external standards of known concentrations using Empower 
2 software.

•	 Mass spectrometry (MS) was used to confirm the molecular masses and structures of the synthesised plat-
form chemicals. Analyses were carried out on Waters Micromass Q-TOF Micro-spectrometer and Finnigan 
Mat LCQ systems in electrospray ionisation (ESI) mode.
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Acidity measurement of catalysts
The Brønsted acidity of the synthesised ionic liquid-functionalized silica catalysts was measured by a back-
titration method. In this method, 500  mg of each catalyst was suspended in 20  mL of 0.1 N aqueous KOH 
solution and stirred at room temperature for 24 h. After filtration, the residual KOH in the supernatant was 
titrated against 0.1 N HCl solution using phenolphthalein as a visual indicator. The endpoint of the titration was 
marked by the colour change from pink to colourless. The total Brønsted acidity was calculated based on the 
difference in normality using the standard formula:

	
Acidity (meq/g) = (VKOH− VHCl) × N

weight of catalyst (g)

All measurements were conducted in triplicate, and the reported results are expressed as mean values with 
a standard deviation of less than ± 2%. The consistency in acidity measurements is critical for correlating the 
catalyst’s acid strength with its catalytic performance during biomass conversion reactions.

General procedure for conversion of Cellulose to 5-HMF
The valorization of cellulose was carried out using the synthesised catalyst(s) in the presence of an appropriate 
volume of [BMIM] Cl as the reaction medium. The reaction was conducted under conventional heating at 
80 °C for 2 h, as illustrated in Scheme 1. Upon completion, the reaction mixture was allowed to cool to room 
temperature and was subsequently extracted with ethyl acetate. Product formation was monitored using thin-layer 
chromatography (TLC), after which the organic layer was evaporated. The resulting 5-hydroxymethylfurfural (5-
HMF) was analysed by high-performance liquid chromatography (HPLC) equipped with a photodiode array 
(PDA) detector and a Waters Spherisorb 5 μm ODS2 column (4.6 × 250 mm), 1H-NMR, 13C-NMR and Mass 
spectroscopy. The yield of 5-HMF was calculated by weight %age using the following equation:

	
5 − HMFyield (%) =

(
Weight of 5 − HMFproduced

Weight of substrate utilized (cellulose)

)
× 100

General procedure for the valorization of hemicellulose
The valorization of hemicellulose was carried out using the synthesised Si-Im-Pr-CF3SO3 catalyst in the 
presence of an appropriate volume of [BMIM]Cl as the reaction medium. The reaction was performed under 
conventional heating at 120 °C for 3 h, as illustrated in Scheme 2. Upon completion, the mixture was cooled to 
room temperature and extracted using ethyl acetate. The formation of furfural was monitored via thin-layer 
chromatography (TLC) and the organic layer was subsequently evaporated. The product was analysed by high-
performance liquid chromatography (HPLC) equipped with a photodiode array (PDA) detector and a Waters 
Spherisorb 5  μm ODS2 column (4.6 × 250  mm), 1H-NMR, 13C-NMR and Mass spectroscopy. The yield of 
furfural was calculated by weight %age using the equation:

Scheme 2.  Schematic representation of valorization of hemicellulose to furfural.

 

Scheme 1.  Schematic representation of valorization of cellulose to 5-HMF.
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Furfural yield (%) =

(
Weight of furfural produced

Weight of substrate utilized (hemicellulose)

)
× 100

General procedure for synthesis of heterogeneous ionic liquid catalyst(s)
In a round bottomed flask 3-(imidazole)-1-yl propyl functionalized silica gel (500 mg, 0.5 mmol) dissolved in 
acetone (5 mL) and 1,3-propane sultone (0.61 g, 0.5 mmol) in acetone (10 mL) were mixed at 0 °C. The mixture 
was then stirred at ambient temperature for 5 days under nitrogen atmosphere. The solid formed was filtered, 
washed with diethyl ether and toluene to remove the unreacted starting material, and dried under vacuum to get 
desired silica-supported zwitterion in (0.987 g) 98% yield.

Subsequently, dropwise addition of trifluoromethanesulfonic acid (0.732 g, 19.27 mmol) was done to the 
solution of silica-supported zwitterionic solid (0.987 g, 19.27 mmol) in acetone (10 mL). The resulting mixture 
was then stirred for 2 h at 40 °C. The solid formed was filtered and dried to yield 3-propyl-1-(propyl-4-sulfonyl) 
imidazolium trifluoromethanesulfonate functionalized silica catalyst (1.66 g) in 97% yield. The prepared catalyst 
was labelled as Si-Im-Pr-CF3SO3.

Similar process and reactant ratio were used to synthesize the other two catalysts, 3-propyl-1-(propyl-4-
sulfonyl) imidazolium sulfonate functionalized silica [Si-Im-Pr-HSO4] and 3-propyl-1-(propyl-4-sulfonyl) 
imidazolium phosphonate functionalized silica [Si-Im-Pr-H2PO4] using sulfuric acid and phosphoric acid in 
place of trifluoromethanesulfonic acid respectively as represented in Scheme 3.

Representative scheme for the valorization of cellulose
See Scheme 4

Representative scheme for the valorization of hemicellulose
See Scheme 5

Scheme 4.  Schematic representation of valorization of cellulose to 5-HMF.

 

Scheme 3.  Preparation of silica-supported imidazolium-based IL catalysts.
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Results and discussion
The valorization of lignocellulosic biomass (LCB) into high-value platform chemicals such as 
5-hydroxymethylfurfural (5-HMF) and furfural involves a cascade of sequential reactions including hydrolysis, 
isomerization, and dehydration. Effective control over each of these steps is crucial to achieve high selectivity 
and product yield, especially when processing complex, real biomass-derived substrates like cellulose and 
hemicellulose. The present study focuses on the application of synthesised silica-supported imidazolium-based 
acidic ionic liquid (IL) heterogeneous catalysts for the conversion of cellulose and hemicellulose extracted 
from wheat straw, rice husk and sugarcane bagasse. The design of these catalysts addresses major limitations of 
existing homogeneous and heterogeneous acid catalysts, such as lack of recyclability, poor thermal stability, and 
dependence on pure model substrates.

Catalyst characterization
Comprehensive physicochemical characterization of the synthesised catalysts was performed using Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and 
Brunauer–Emmett–Teller (BET) surface area analysis.

The FTIR spectrum of the synthesized Si-Im-Pr-CF3SO3 catalyst (Fig. 1) confirmed successful immobilization 
of the sulfonic acid functionalized imidazolium ionic liquid on the silica support. A broad absorption band 
at 3465  cm⁻1 was assigned to O–H stretching vibrations from residual silanol groups on the silica surface. 
The peaks at 1657  cm⁻1 and 1530  cm⁻1 correspond to C = N stretching and aromatic ring vibrations of the 
imidazolium cation, respectively. Strong absorptions observed at 1444 cm⁻1 and 1096 cm⁻1 were attributed to 
asymmetric and symmetric S = O stretching of the sulfonate group, confirming the presence of the triflate anion. 
The band around 800 cm⁻1 was assigned to Si–O–Si bending modes of the silica framework. These characteristic 
vibrations collectively confirm both the chemical structure of the functionalized ionic liquid and its covalent 
anchoring to the silica support.

The amorphous nature of the silica framework in Si-Im-Pr-CF3SO3 was confirmed by XRD analysis, 
which revealed a single broad peak cantered at 2θ ≈ 22.8°, with no evidence of crystalline phases (Fig. 2). This 

Fig. 1.  FTIR spectrum of Si-Im-Pr-CF3SO3 catalyst showing characteristic sulfonate and imidazolium 
functional group peaks.

 

Scheme 5.  Schematic representation of valorization of hemicellulose to furfural.
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observation indicates that the ionic liquid moieties were uniformly distributed on the silica support without 
causing long-range crystallinity.

The thermal stability of the catalyst was assessed by thermogravimetric analysis (TGA). The TGA curve 
displayed an initial weight loss below 150 °C, which can be attributed to the desorption of physically adsorbed 
moisture. A major weight loss occurred between 300 and 500 °C, corresponding to the decomposition of the 
organic ionic liquid species immobilized on the silica surface (Fig. 3). This thermal profile indicates that the 
catalyst can tolerate reaction temperatures up to 300 °C without significant degradation, making it suitable for 
biomass conversion applications typically performed below this temperature.

Fig. 3.  Thermogravimetric analysis (TGA) profile of Si-Im-Pr-CF3SO3 catalyst showing thermal stability up 
to ~ 300 °C, followed by decomposition of the ionic liquid component.

 

Fig. 2.  X-ray diffraction (XRD) pattern of Si-Im-Pr-CF3SO3 catalyst showing a broad peak at 2θ ≈ 22.8°, 
confirming the amorphous silica support structure.
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BET surface area measurements confirmed that the catalyst maintained a mesoporous structure after ionic 
liquid functionalization. With a specific surface area of 321.28 m2/g and an average pore volume in the range 
of 3–6  cm3/g, the nitrogen adsorption–desorption isotherms displayed typical Type IV behavior, showing 
mesoporosity and opening the door for free diffusion of the reactant and product. Such porosity is advantageous 
as it enhances substrate diffusion and increases the accessibility of active sites during catalysis (Fig. 4).

Optimization of reaction conditions for cellulose valorization to 5-HMF
The optimization of reaction conditions was done in terms of catalyst loading, time and temperature employing 
Si-Im-Pr-CF3SO3 as a model acid catalyst for the valorization of cellulose extracted from wheat straw to 5-HMF 
and the relevant observations are presented in Table 1.

Cellulose isolated from rice husk and bagasse was also converted to 5-HMF employing all the synthesized 
heterogeneous ILs (Si-Im-Pr-CF3SO3/Si-Im-Pr-HSO4/Si-Im-Pr-H2PO4) under optimized conditions. The 
results are tabulated in Table 2, wherein the best results were obtained using Si-Im-Pr-CF3SO3.

Optimization of reactions conditions for hemicellulose valorization to furfural
The reaction conditions were then optimized in terms of catalyst loading, time and temperature using Si-Im-
Pr-CF3SO3 as model acid catalyst for conversion of hemicellulose extracted from wheat straw to furfural as 
summarized in Table 3. Firstly, the influence of catalyst loading with respect to hemicellulose conversion using 
Si-Im-Pr-CF3SO3 ranging from 1 to 7 mg was investigated and the yield of furfural kept on increasing with 
increase in the amount of catalyst used. It was observed that higher catalyst loading accelerated the formation 

Substrate Cat. loading (mg) Yield (wt %) Time (h) Yield (wt %) Temp. (°C) Yield (wt %)

Cellulose

1 69.0 0.5 45.0 40 30.0

2 73.0 1 62.0 50 42.0

3 85.0 1.5 76.0 60 75.0

4 91.0 2 91.0 70 82.0

5 91.3 2.5 89.0 80 91.0

– – – – 100 86.0

– – – – 120 80.0

Table 1.  Optimization of reaction conditions for cellulose valorization using Si-Im-Pr-CF3SO3 as catalyst.

 

Fig. 4.  Nitrogen adsorption–desorption isotherm (BET analysis) of Si-Im-Pr-CF3SO3 catalyst, indicating 
mesoporosity and high surface area suitable for catalytic applications.
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of the product up to a certain limit and no further increase in the yield of furfural was observed beyond 6 mg 
catalyst loading.

Additionally, the reaction conditions were optimised in terms of time using Si-Im-Pr-CF3SO3 (6  mg), 
wherein a 3 h reaction time was found to be appropriate for the process to get the desired product in maximum 
yield. However, the yield of furfural dropped when the reaction time was extended over 3 h.

The hemicellulose valorization using Si-Im-Pr-CF3SO3 catalyst was also performed at different temperatures 
ranging from 60 to 160 ºC, wherein maximum yield of furfural (approx. 86%) was obtained at 120 ºC and further 
increase in temperature beyond 120 ºC led to a reduction in the yield. The optimized conditions for valorization 
of extracted hemicellulose to furfural were found to be 6 mg catalyst, 3 h reaction time and 120 °C temperature.

Transcending the range of reaction parameters beyond the reported optimized value probably results in 
further polymerization and product deterioration by charring of the reaction mixture, which forms humins on 
excessive heating, as evident from literature reports49.

Hemicellulose isolated from rice husk and bagasse was also converted to furfural employing all the synthesized 
heterogeneous (Si-Im-Pr-CF3SO3/Si-Im-Pr-HSO4/Si-Im-Pr-H2PO4) ILs under the optimized conditions, and 
the results are tabulated in Table 4, wherein better results in terms of furfural yield were obtained using Si-Im-
Pr-CF3SO3 catalyst.

Entry Source of hemicellulose Catalyst Yield (wt%)

1 Wheat straw

Si-Im-Pr-CF3SO3 85.8

Si-Im-Pr-HSO4 85.0

Si-Im-Pr-H2PO4 81.0

2 Rice husk

Si-Im-Pr-CF3SO3 84.7

Si-Im-Pr-HSO4 82.6

Si-Im-Pr-H2PO4 81.8

3 Bagasse

Si-Im-Pr-CF3SO3 85.1

Si-Im-Pr-HSO4 83.6

Si-Im-Pr-H2PO4 81.3

Table 4.  Comparative yield of furfural synthesized from hemicellulose using three different heterogeneous 
catalysts. Reaction conditions: 100 mg hemicellulose, 6 mg catalyst, 3 h, 120 °C.

 

Substrate Cat. loading (mg) Yield (wt%) Time (h) Yield (wt%) Temp. (°C) Yield (wt%)

Hemicellulose

1 12.0 1 68.0 60 73.0

2 29.0 2 79.0 80 83.5

3 48.0 3 83.0 100 85.0

4 57.0 4 83.0 120 85.8

5 63.0 5 82.0 140 83.0

6 68.0 6 76.0 160 80.0

7 68.0 – – – –

Table 3.  Optimization in terms of reaction time for hemicellulose valorization using Si-Im-Pr-CF3SO3 as 
catalyst. Significant values are in [bold]

 

Entry Source of cellulose Catalyst Yield (wt%)

1 Wheat straw

Si-Im-Pr- CF3SO3 91.0

Si-Im-Pr-HSO4 88.5

Si-Im-Pr-H2PO4 88.5

2 Rice husk

Si-Im-Pr- CF3SO3 89.0

Si-Im-Pr-HSO4 87.3

Si-Im-Pr-H2PO4 86.0

3 Bagasse

Si-Im-Pr- CF3SO3 90.0

Si-Im-Pr-HSO4 88.2

Si-Im-Pr-H2PO4 86.4

Table 2.  Comparative yield of 5-HMF produced from cellulose using three different heterogeneous catalysts. 
Reaction conditions: 100 mg cellulose, 4 mg catalyst, 2 h, 80 °C. Significant values are in [bold]
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Product characterization (5-HMF and furfural)
The chemical identity and purity of the valorization products, 5-HMF and furfural, were confirmed through a 
combination of analytical techniques, including ^1H nuclear magnetic resonance (^1H-NMR) spectroscopy, 
high-performance liquid chromatography (HPLC), electrospray ionization mass spectrometry (ESI–MS), and 
elemental (CHN) analysis.

To ensure a concise yet informative presentation in the main text, only the HPLC chromatograms and 
elemental (CHN) analysis results are included herein, as these directly demonstrate product purity and retention 
characteristics. High-resolution structural confirmation was also carried out using ^1H-NMR spectroscopy and 
ESI–MS analysis; however, these spectra are provided in the Supporting Information (Figures S1–S4) to maintain 
clarity in the main manuscript while still allowing interested readers to access the complete spectral data.

The HPLC chromatogram of 5-HMF (Fig. 5) exhibited a single sharp peak with a retention time of 2.9 min, 
confirming its high purity. Similarly, the HPLC chromatogram of furfural (Fig. 6) displayed a single well-resolved 
peak at 3.2 min, further validating the isolation of a pure product. Elemental analysis results for both compounds 
were in close agreement with their theoretical molecular compositions (C6H6O3 for 5-HMF and C5H4O2 for 
furfural), providing additional confirmation of their chemical identities and purity.

Fig. 6.  HPLC chromatogram of furfural showing a single sharp peak at a retention time of 3.2 min, confirming 
product purity.

 

Fig. 5.  HPLC chromatogram of 5-HMF showing a single sharp peak at a retention time of 2.9 min, confirming 
product purity.
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Comparative assessment with reported catalytic systems
The catalytic valorization of lignocellulosic biomass into platform chemicals such as 5-HMF and furfural has 
been extensively studied using various homogeneous and heterogeneous acid catalysts. However, many of 
these reported systems rely on harsh reaction conditions, expensive or non-recyclable materials, or require the 
use of pure model substrates such as glucose, xylose, or commercial cellulose. In contrast, the present study 
employs real extracted cellulose and hemicellulose from agricultural waste (wheat straw, rice husk and bagasse), 
demonstrating the feasibility of converting complex biomass fractions without pre-purification or molecular 
simplification. This not only ensures alignment with practical biomass utilization scenarios but also addresses 
the limitations of substrate purity that affect scalability in earlier reports.

A comparison with recently reported catalytic systems (Table 5) reveals that the silica-supported imidazolium-
based acidic ionic liquids, particularly Si-Im-Pr-CF3SO3, offer superior catalytic performance under significantly 
milder conditions. The valorization reactions were carried out at just 80  °C (for 5-HMF from cellulose) and 
120  °C (for furfural from hemicellulose), which contrasts with the 150–220  °C temperature ranges typically 
required in hydrothermal or microwave-assisted systems. Moreover, the product yields achieved in this study, 
up to 91% for 5-HMF and 86% for furfural, are among the highest reported using heterogeneous catalysts with 
real biomass substrates and exceed many results obtained using pure model sugars under similar or harsher 
conditions.

An additional merit of the developed catalysts lies in their heterogeneous and recyclable nature, offering 
clear advantages over conventional mineral acids, deep eutectic solvents (DESs), or homogeneous ionic 
liquids that are difficult to recover or reuse. The Si-Im-Pr-CF3SO3 catalyst maintained its activity over five 
consecutive reaction cycles with negligible loss in performance, as evidenced by consistent product yields. This 
recyclability, combined with mild operational parameters and substrate flexibility, underscores the industrial 
and environmental sustainability of the presented catalytic system and positions it as a strong candidate for 
future biomass valorization technologies.

Catalyst recyclability and reusability
Catalyst recyclability is a critical parameter for assessing the industrial applicability of heterogeneous catalytic 
systems. The reusability of Si-Im-Pr-CF3SO3 was evaluated under optimized reaction conditions for both 
cellulose and hemicellulose valorization. After each catalytic run, the solid catalyst was separated by filtration, 
washed thoroughly with ethanol and water, dried and reused with fresh substrate under identical conditions.

The catalyst exhibited negligible loss in catalytic activity over five consecutive cycles, with product yields 
remaining consistently above 85% for both 5-HMF and furfural production (Fig. 7). This excellent reusability 
highlights the structural and functional stability of the catalyst under operational conditions, underlining its 
potential for large-scale biomass valorization processes.

Conclusion
This work demonstrates an eco-friendly, scalable method for biomass valorization with superior product yields 
under mild conditions. In this work, heterogeneous silica-supported imidazolium-based sulfonic acid ionic 
liquid catalysts have been synthesized and their efficacy as catalysts for valorization of the extracted cellulose or 
hemicellulose to platform chemicals was investigated. Among all the acidic IL catalysts, the Si-Im-Pr-CF3SO3 
catalyst was found to be the most efficient for valorization of cellulose and hemicellulose. Using optimized 
reaction conditions, yields up to as high as 91% of 5-HMF and 86% of furfural were obtained in high purity, 
displaying appreciable catalytic performance. The design and utilization of silica-supported imidazolium-
based IL catalysts provide a reliable strategy for improving the competence of the process, thus facilitating their 
potential applications in biomass valorization. The presented catalytic system offers promising potential for 
future scale-up in biorefinery applications targeting sustainable chemical production. Such advancements are in 
line with the broader push toward clean and renewable technologies, including emerging sustainable pathways 
such as fusion energy, which aim to meet future global energy demands50.

Entry Source Catalyst Reaction conditions Product

1 Cellulose Al/SBA-15 170 °C, 2 h, H2O, hydrothermally 5-HMF (62%)

2 Cellulose RuCl3 220 °C, 30 min, NaCl-Butanol 5-HMF (83%)

3 Cellulose Phosphotungstic acid 190 °C, 6 h, 1 Mpa DMF 5-HMF (40%)

4 Cellulose HCl-ChCl DES 100 °C, 4 h, DES-MeCN 5-HMF (90%)

5 Hemicellulose Superacid SO4H functionalized Ionic Liquid 120 °C, 6 h, magnetic stirring Furfural (82%)

6 Hemicellulose H-ZSM 5, γ-valerolactone as solvent 210 °C, 60 min, Autoclave, N2 Furfural (76%)

7 Hemicellulose Al2(SO4)3, Biphasic Solvent system 130 °C, 30 min, MW Furfural (78%)

8 Hemicellulose ChCL/Oxalic acid and Metal Chlorides 100 °C, 120 min, MW Furfural (64%)

Table 5.  Comparative study of literature for valorization of cellulose and hemicellulose.
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Data availability
The datasets generated and analyzed during the current study are not publicly available due to confidentiality 
restrictions imposed by the laboratory where the analyses were conducted, but are available from the corre-
sponding author on reasonable request.
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