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ARTICLE INFO ABSTRACT

Keywords: Multiple product formation in biorefineries maximizes biomass valorization, resource efficiency,
Ionic liquids process integration, and flexibility in adapting to fuels, chemicals, and materials demand. We
Furfural report a Brgnsted acidic (BAIL) and Brgnsted-Lewis acidic ionic liquids (BLAILs) that promote

Levulinic acid
(Hemi)cellulose

Waste biomass conversion
Green chemistry

tandem biphasic extraction-conversion-separation of levulinic acid (LA), 5-hydroxymethylfurfu-
ral (HMF) and furfural (FFR) from (hemi)cellulose in corn cobs and giant cane biomass. React-
ing 1-benzyl-1H-imidazole and 1,4-butane sultone, afforded 1-benzyl-3-(4-sulfonatobutyl)
imidazolium (zwitterion 1). This was followed by protonation of zwitterion 1, leading to 1-
benzyl-3-(4-sulfobutyl)-1H-imidazole-3-ium (BAIL 2), which was treated, separately, with
FeCls, ZnCly, SnCly, and NiCl; to give BLAILs (3a-d) with larger anions (FeCls* ZnCl3, SnCl3z, and
NiCl3). These IL catalysts mediated raw biomass conversion via extraction-hydrolysis-
dehydration and separation of FFR, LA and HMF. Under optimized conditions, BAIL (2) ach-
ieved 91 % FFR yield, while the BLAIL, incorporating FeCly, yielded 95 % FFR. The sequence of
the BLAILs’ catalytic activity, which corresponded to their Lewis acidities, was FeCl; > SnClz >
ZnCl3 > NiCls. Post-reaction solid residues characterized using SEM, PXRD, and FT-IR, revealed
significant structural changes in biomass, including increased crystallinity, attributed to type I
microcrystalline cellulose. This work establishes an efficient, high-yielding, and selective method
for converting and separating FFR, HMF, LA, and pure microcrystalline cellulose from biomass
using recyclable, earth-abundant metal-based ILs.

1. Introduction

Burning non-renewable fossil fuels and their products is often associated with emitting toxic and greenhouse gases like carbon
dioxide (CO»), methane (CHjy), oxides of nitrogen (NOy), oxides of sulfur (SOy), and fluorinated gases that contribute to environmental
deterioration. This is a recurring global concern that has resulted in scientists looking for alternative, cleaner options to fossil fuels
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(Kumar et al., 2024; Li et al., 2024). As such, in the past decade, renewable carbon sources like lignocellulosic biomass, a
carbon-neutral and sustainable source of carbon for producing bio-based fuels and chemicals (Wu et al., 2024), have been the subject of
interest for the production of biofuels and chemicals through biorefinery processes (Shuai and Luterbacher, 2016). Lignocellulose,
found in plant biomass, is the most abundant and renewable second-generation biomass feedstock (Segers et al., 2024). Comprising
cellulose, hemicellulose, and lignin (with trace amounts of ash, proteins, and oils), this carbon source can be (Shuai and Luterbacher,
2016) hydrolyzed to afford sugars like xylose and glucose. Xylose serves as the main precursor to furfural (FFR) production through
acid-catalyzed or hydrothermal xylose dehydration reactions (Topias Kilpinen et al., 2024). While glucose yields 5-hydroxymethylfur-
fural (HMF), which can further yield levulinic acid (LA) from subsequent rehydration of HMF under acidic conditions (Thanheuser
et al., 2024). The reversible glucose-to-fructose isomerization, known as the Lobryede-Bruynevan-Ekenstein transition, is crucial for
the high-yield synthesis of HMF from glucose (Liu et al., 2024). These compounds have been identified as part of Bozell and Peterson's
updated list of platform compounds (de Jong et al., 2020). FFR can be upgraded to fuels and chemicals such as FFR alcohol (FFA),
2-methylfuran (MF), ethyl levulinate (EL) and y-valerolactone (GVL) (Topias Kilpinen et al., 2024), which can be obtained through
several reactions, including hydrogenation and oxidation reactions (Topias Kilpinen et al., 2024; Ahmad et al., 2022).

Industrial processes like the Quaker Oats (Lange and Wadman, 2020) and the Biofine Process (Kapanji et al., 2021) utilize sulfuric
acid to produce high yields of FFR and LA (Hayes et al., 2006). However, it is highly corrosive and toxic, posing challenges including
equipment corrosion, high water consumption, the generation of harmful vapours, ineffective and costly separation procedures and
acid effluents (Vojtova et al., 2024). To address this, heterogeneous acid catalysts such as zeolites (Torres-Olea et al., 2024; Wang et al.,
2022; Karinen et al., 2011), alumina (Weingarten et al., 2011; You et al., 2014), heteropolyacids (Guo et al., 2018; Liu et al., 2020;
Zhang et al., 2019), MCM-41 (Olivares et al., 2023) (Hu et al., 2024) have been explored for producing FFR and LA, offering easier
catalyst separation from the reaction mixture. Nonetheless, humins and other polymeric substances promoted by the condensation and
resinification of platform chemicals and/or sugars block the active sites of these catalysts, minimising their durability and effectiveness
over time. This has prompted interest in greener alternatives (Tran et al., 2017; Cheng et al., 2021).

In recent years, ionic liquids (ILs) have been used in biorefinery due to their unique and tunable properties (Singh et al.), including
their high thermal stability, low volatility, low melting point, and insignificant vapour pressure (Radhakrishnan et al., 2021), making
them appropriate for use as solvents, catalysts, or even both in a reaction (Karami et al., 2019) (Oklu et al., 2020). Acidic ILs,
particularly imidazolium-based ones, can effectively dissolve biomass (Singh et al.); as such, they are the subject of many studies
(Green and Long, 2009). ILs can have either Lewis, Brgnsted acidic or a combination of both acidic characteristics (Amarasekara,
2016). Sulfonic acid groups are usually anchored on the cation of the ILs to enhance their Brgnsted acidity. For example, 1-meth-
yl-3-(3-sulfopropyl) imidazolium hydrogen sulfate afforded FFR in 85 % and 73 % yields, respectively, from hemicellulose and
sugar cane bagasse (Matsagar and Dhepe, 2017). While Ren et al. produced 44.5 % LA from cellulose using [C3SOsHmim]HSO4 (Ren
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Scheme 1. Comparison of different IL catalysts' performance on the conversion of biomass to FFR, LA and HMF.
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et al., 2013).

Dual-functionalized ILs containing Brgnsted and Lewis acid centres (BLAIL) provide multiple acidic functionalities that enhance
their catalytic and solvating properties in biorefinery (Chang et al., 2018). For instance, when 1-ethyl-3-methylimidazolium bromide
(EMIMBr) with SnCls co-catalyst was used, FFR yields of 71 % and 55 % were obtained from xylose and cornstalks, respectively
(Scheme 1) (Nie et al., 2019). Additionally, a yield of 69.2 % and 24.8 % of LA has been produced from glucose and oil palm fronds
using [SMIM][FeCl4] (Ramli and Amin, 2017; Aainaa et al., 2015). Using the Brgnsted-Lewis IL [HO3S—(CH3)3-mim]Cl-CrCl3 as a
catalyst, Yao et al. reported a 78.8 % yield of HMF from sucrose (Yao et al., 2016). Overall, comparing the reaction conditions of earlier
BAIL and BLAIL catalysts (Scheme 1; Table S4-S7), these systems generally require substantially higher catalyst loadings to achieve
conversion of substrates to LA, HMF, and FFR. In contrast, the BAIL 2 and BLAIL catalysts reported in this work operate at eight times
lower catalyst loadings yet deliver markedly higher substrate conversion per millimole of catalyst. This translates into record-high
turnover numbers (TONs) and enhanced catalyst productivities (Kumar et al., 2020, 2021; Xia et al., 2023; Matsagar et al., 2017;
Huang et al., 2022) (See Scheme 1).

Although there are concerns about the toxicity and biodegradability of the IL, several commercial processes have demonstrated safe
and sustainable use of ILs (Costa et al., 2017; Greer et al., 2020). This raises the need to use ILs in catalytic amounts and not as bulk
solvents to lessen their toxicity to the environment, the difficulty in handling and overall costs in processes developed with ILs (Fliegar
and Flieger, 2020). Moreover, process intensification through reduced reaction steps and tandem-type catalytic reactions - in a one-pot
system-can aid in making biorefineries greener and cost-efficient (Arias et al., 2024; Haldar et al., 2022).

We report a high-yielding method for converting raw biomass directly into FFR, HMF and LA in a biphasic tandem extraction-
conversion-separation reaction, employing imidazolium ILs with sulfonic and Lewis acid moieties. While several studies show ILs
can produce individual platform chemicals (like HMF, LA and FFR) from lignocellulose, simultaneous production of these platform
chemicals (plus micro- or nano-crystalline cellulose) with the benefit of tandem separation of the product in aqueous biphasic media
can be beneficial and is presented herein.

2. Results and discussion
2.1. Synthesis of ionic liquids

The imidazolium-based Brgnsted Acidic Ionic Liquid (BAIL 2) used in this study was synthesized by reacting benzyl imidazole with
1,4-butane sultone to form a zwitterionic (1), which was then treated with hydrochloric acid, and a viscous ionic liquid (2) was formed.
Lewis acids were incorporated into the BAIL (2) to form the BLAILs (3a-3d). The synthesis and products are summarized in Scheme 2.
The ILs were characterized using advanced spectroscopic and analytical techniques, including 1-D and 2-D NMR spectroscopy, infrared
spectroscopy and high-resolution electrospray ionization mass spectroscopy (HR-ESI-MS). Physical properties such as viscosity and
Hammett acidity (Hp) were also determined.

2.2. Characterization of ionic liquids

Mass spectra (MS) show peaks that correspond to the cationic species of the ionic liquids in the positive ionization mode with a
calculated mass-to-charge (m/z) of 295.1111 for [C;4H;9SN203]" [M]™, and an observed value of m/z = 295.1115. In the negative
ionization mode, the corresponding anionic species was detected with a calculated m/z of 329.0732 [M-H]  for [C14H;9SN203Cl] and
an observed m/z of 329.0715. The m/z values and relative abundances of the BLAILs containing FeCly, ZnCl3, NiCl3 and SnCl3 can be
found in the SI along with the NMR spectra of the BAIL (2) (Figs. S1, S2, S3-S6). These confirmed the successful synthesis of the ILs. The
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Scheme 2. Synthesis of (A) Brgnsted Acidic Ionic liquids and (B) Brgnsted-Lewis Acidic Ionic liquids.
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viscosity of the BAIL (2) was measured to be 1068 mPa at 25 °C. The longer the alkyl chain, the higher the viscosity (Gao et al., 2024).
Therefore, in comparison to ILs with simple structures, we anticipated a higher viscosity since this IL has a bulkier cation. Although the
IL in this study is more sterically hindered, its viscosity is much lower than that of 1-pentyl-3-methylimidazolium iodide IL studied by
Ruwaida et al. (Talip et al., 2021). The thermal gravimetric analysis trace in Fig. 1b shows an initial weight loss from 70 °C to 100 °C
corresponding to the removal of surface-absorbed water and residual methanol solvents. Beyond solvent loss, BAIL 2 is thermally
stable up to approximately 320 °C, after which a rapid decomposition event occurs. This is possibly because the organic cation de-
composes, resulting in an 80 % weight loss. The remaining (10 % weight) materials present from 400 °C onwards likely correspond to
inorganic residue with carbonaceous (char) matter (Amarasekara and Wiredu, 2014). The thermal stability of the BLAILs was also
evaluated by TGA, revealing three main weight loss stages. The initial mass loss between 30 and 150 °C is attributed to the removal of
adsorbed moisture and residual solvents. The materials remain thermally stable up to approximately 300 °C, after which the second
degradation step occurs, possibly corresponding to the decomposition of the organic components of the BLAILs. The final weight loss
observed above 400 °C is associated with the formation of thermally stable inorganic residues, confirming the successful incorporation
of metal species. Since the decomposition of the ionic liquids begins above 300 °C, the ILs can be considered thermally stable under the
catalytic reaction conditions, as the optimum reaction temperature is 170 °C. TGA was also used to analyze the spent catalyst's thermal
behaviour, which showed several stages of decomposition. Desorption of residual solvents, volatile reaction products, and decom-
position of adsorbed sugars (Fig. S15(B)) after catalyst reuse is responsible for the initial weight loss between 30 and 150 °C. Partial
surface fouling during catalysis is indicated by the mass loss observed between 155 and 375 °C, which is attributed to the breakdown of
remaining organic molecules, such as adsorbed sugars or chemical intermediates. The breakdown of the ionic liquid structure is linked
to a significant deterioration process that is seen above 375 °C. The observed decrease in furfural yield following subsequent catalytic
cycles is probably caused by the increasing structural degradation and surface fouling (Clarke et al., 2022)(Fig. S7). The FT-IR spectra
of the BLAILS using pyridine as a probe are displayed in Fig. S8. This technique was used to ascertain the presence of both Brgnsted and
Lewis acidic sites in the ionic liquids (Dai et al., 2017). The FT-IR spectra of py-BLAILs featured two new distinct absorption peaks,
1450 cm ™! (Lewis acidic) and 1560 cm ™! (Brgnsted acidic), in each of the spectra as compared to the spectrum of pure pyridine. The
two distinct peaks were those of [py-H]+cation and the py-Lewis complex arising from the interactions of pyridine with the Brgnsted
and Lewis acidic centres, respectively (Liu et al., 2018a). From the spectra, we can conclude that the Brgnsted-Lewis Acidic Ionic
liquids (BLAILs) had both Brgnsted and Lewis acidic centres, and these arise from the presence of sulfonic and metal complex anionic
species present in the ILs (Liu et al., 2020).

The Brgnsted acidity of the BAIL (2) in the form of Hammett acidity (Ho) was determined using UV-vis spectroscopy. The UV-vis
spectra of 4-nitroaniline in an aqueous solution of BAIL (2) are shown in Fig. 1, and the Hy value is in Table 1. The highest absorbance
of the unprotonated form of the indicator was observed at 381; this absorbance decreased as the IL was added. The addition of the ILs to
the indicator resulted in a decrease in absorbance, indicating their acidity. At 380 nm, the highest absorbance of the unprotonated form
of the 4-nitroaniline indicator was recorded. However, when the acidic IL was added, the indicator was protonated by the acid, which
then reduced the absorbance of the indicator, which was not protonated (Li et al., 2021; Suzuki et al., 2018). Therefore, adding an IL
with strong acidity will result in a lower Hy value. As seen from Table 1, the Hy value of BAIL (2) was 1.058, possibly due to the sulfonic
acidic moiety attached to the cation of the IL structure. The active proton in the sulfonic moiety contributes to the IL's acidic catalytic
activity, according to Suzuki et al. (Aainaa et al., 2015; Li et al., 2021; Suzuki et al., 2018). The Hammett acidities of the
Brgnsted-Lewis acidic ILs were also determined to ascertain if the change in anions would affect the Hy values (Table S1). The
absorbance for the IL containing FeCly was very high, hence the Hy determination was inconclusive. This is because anions like these
can form complexes that might affect the electrical environment of the IL, thereby altering the indicator's electronic transition and
absorbances (Mero et al., 2022; Rai and Pandey, 2014). Furthermore, there is a discrepancy in the Hy values of the ILs as compared to
their Lewis acidities when the anions are (MyCly, 1) in this study. This is because Ho measures Brgnsted acidity, which deals with
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Figures (1a-b). (a) Absorption spectra for 4-nitroaniline in BAIL. (b) Thermal gravimetric analysis of BAIL 2.
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Table 1
Hammett acidity function calculation of ILs with different cations.
GRAPH LABEL CONCENTRATION/mM ABSORBANCE [AU] [1%] [TH %] Ho
2 Blank-0.05 mM 1.537 100 0 -
1 [C4HSO3BnIM][C1]'0.36 mM 0.829 53.936 46.064 1.058

proton donation, whereas Lewis acidities deal with the acceptance of electron pairs. As stated earlier, there may be an interplay
between charge transfers and solvent interactions, resulting in the deviation (Estager et al., 2014).

The green chemistry metrics related to BAIL (2) synthesis are shown in Table S2. The atom economy of the BAIL (2) synthesis was
determined to be 100 % in both the zwitterion formation and the subsequent conversion to BAIL (2). This value is acceptable and
indicates that no atoms were lost based on the reaction's stoichiometry. The E-factor for the BAIL (2) synthesis has been calculated to be
1.43, meaning that 1.43 g of waste was generated for every gram of the ionic liquid produced. The low reaction mass efficiency (RME)
of 41.2 % can be attributed to the use of 30 % aqueous HCl, where the high water content contributes to the non-reactive mass. The
final product yield decreases in relation to the total input mass due to the removal of excess water and HCI during the drying process.
Thus, higher concentrations of reagents or better purification may allow greater efficiency. With a PMI of 2.43 g, BAIL (2) synthesis
demonstrated effective material use that was within recognized ranges for lab-scale manufacture of fine chemicals (Sheldon, 2017).
This means that 2.43 g was needed for each gram of product. Together with an E-factor of 1.43 and an RME of 41.2 %, this indicates
moderate waste generation, likely due to excess water generated from the HCI used. Despite this, the procedure remains supported by
metrics as a relatively scalable and eco-friendly approach for producing ILs (Constable et al., 2002).

2.3. Conversion of xylose and glucose with [C4HSO3BnIM][CL]" (BAIL 2)

The hydrolysis of cellulose and hemicellulose, represented by pure glucose and xylose, into the different platform chemicals, was
carried out over 4 h at 170 °C and monitored by proton NMR. This also helped determine whether the source and formation of LA was
from FFR or HMF. It is evident from the results that proton NMR peaks corresponding to FFR appear approximately one and a half
hours after the xylose dehydration begins (Fig. 2). The reaction revealed that the IL proton NMR peaks remained constant, while the
xylose proton NMR peaks decreased as the FFR proton NMR peaks appeared. This suggests that the IL catalyzes the reaction by forming
hydrogen bonds with xylose, thus facilitating hydrolysis by donating an acidic proton (H") from its sulfonic group. The xylose
dehydration results, including yields, turnover numbers (TONs), and catalyst loadings, were compared with those in the literature
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Fig. 2. Time-dependent dehydration of xylose; Conditions: Xylose (0.02 g), IL (0.019 wt%/0.036 mmol), water (6 mL), 4 h, 170 °C. 1H NMR
conducted at 25 °C in D,0.
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(Table S4). While high FFR yields (85 % and 80 %) were achieved with pyridinium ILs (Serrano-Ruiz et al., 2012; Xu et al., 2023), the
catalyst efficiencies, reflected by moles of product per mole of catalyst (turnover number, TON), were significantly lower (TON = 1.61
and 4.73) than observed in this study (TON = 37) (Table S4 and Fig. 3a). An imidazolium IL (Table S4) reached 67.5 % FFR yield and a
TON of 0.69 (Hua et al., 2021). In the glucose dehydration reaction, the HMF 'HNMR peaks begin to form approximately 1 h after the
reaction starts (Fig. S9a). At 2 h and 30 min, the LA proton NMR peaks appeared, while glucose was still present in solution. This
suggests that glucose < fructose isomerization occurs to a lesser extent, meaning further dehydration may necessitate a more
isomerization-selective system and optimization. Prior studies on glucose conversion reported good HMF and LA yields using imi-
dazolium ILs, requiring co-catalysts, albeit low catalyst efficiencies (TON = 1.78 and 0.20) were recorded (Table S5) (Aainaa et al.,
2015; Kumar et al., 2021). [C4HSO3BnIM][CI]™ (BAIL 2) efficiently produces HMF and LA, with satisfactory TON (TON = 5.8) and
conversions (Fig. 3b-S9b). The proton NMR peaks corresponding to the IL catalyst remained unchanged during xylose and glucose
conversion reactions, signifying stability and therefore good potential for recycling the IL in biphasic systems. Hence, reusing the same
residual IL catalyst for subsequent reactions was pursued.

2.4. Conversion of corncobs to biochemicals using BAIL

After successfully dehydrating xylose and glucose, biomass derived from waste corn cobs was used as a feedstock to produce
biochemicals at 170 °C, over 4 h, and initial biomass loadings [(0.6 g of biomass, 10 mL of water and 60 mL of toluene (0.12 g/0.36
mmol IL)]. Optimal conditions for the extraction, hydrolysis, and dehydration were determined by evaluating the effects of varying
reaction parameters, which included time, temperature, stirring rate, catalyst loading, biomass loading, and the water: toluene solvent
ratio.

2.5. Biomass conversion as a function of temperature and time

The reactions were carried out at temperatures ranging from 130 °C to 200 °C, and FFR yield increased with temperature from 15 %
at 130 °C to 91 % at 170 °C (Fig. 4a). This is due to accelerated reaction rates from higher reactant-catalyst collisions and extraction
rates as temperature increases. Notably, FFR yields decreased at 190 °C (86 %) and 200 °C (81 %), 21 possibly due to more huminic by-
product formation. Humins are black particulate matter formed after polymerization and resinification of sugars, FFR and HMF- often
causing catalyst deactivation and coking at elevated temperatures (Calderon et al., 2022). In contrast, neither HMF nor LA formed from
130 °C to 170 °C, although they did begin to form from 190 °C to 200 °C (Fig. 4c). Thus, using the same catalytic system, at lower
temperatures maximizes FFR yield, while LA and HMF can be obtained at elevated temperatures. FFR yield improves over time (2 h, 44
% yield), leading to a 91 % FFR yield after 4 h (Fig. 4b). Further reaction of FFR beyond 4 h leads to resinification and humins for-
mation, which deactivates the catalyst and reduces FFR yield, while HMF begins to form at this stage in low amounts (Fig. 4d). HMF to
LA conversion is a multi-step reaction process (Arvai et al., 2024) involving glucose — isomerization to fructose, — then fructose
dehydration to HMF, and HMF — rehydration to LA and formic acid. Therefore, it is not surprising that the LA output was lower than
HMF due to inadequate reaction times and conditions. Additionally, as anticipated, the FFR yield was very poor (2.1 %) due to the
omission of the catalyst, and LA was not produced. The zwitterionic species (1) in Scheme 2, as the catalyst, also granted low FFR yields
(Table S3).

2.6. Effect of catalyst and biomass loading on biochemical yields

The availability of additional active catalytic sites from increasing the IL loading resulted in higher FFR yields of up to 91 % with
(0.19 wt%/0.36 mmol) IL load. However, the FFR yield declined from 91 % to 85 % and further down to 66 % upon increasing the IL
loading to 0.57 wt% (1.08 mmol) (Fig. 4e). This suggests that increased IL catalyst loading accelerates condensation or resinification
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Figure (3a-b). Sugar dehydration: (a) xylose conversion to FFR and (b) glucose conversion. Conditions: Sugar (0.6 g), IL (0.19 wt%/0.36 mmol),
D,0 (12 mL), 4 h, 170 °C. 'H NMR calculated at 25 °C in D,0 using dimethylformamide as internal standard.
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Figures (4a-b). Effect of: (a) Temperature in the extraction, conversion and separation of FFR, representative FFR yields are shown; Conditions:
Reactions were carried out at 150 °C-200 °C over 4 h with (0.12 g/0.36 mmol) IL loading, 0.6 g corn cobs, 1400 rpm, water/toluene (1:6, 70 mL).
(b) Time in the extraction, conversion and separation of FFR, representative FFR yields are shown; Conditions: Reactions were carried out for 2-8 h
at 170 °C, with (0.12 g/0.36 mmol IL load), 0.6 g corn cobs, 1400 rpm, water/toluene (1:6, 70 mL). Yield calculated from H NMR at 25 °C in CDCl3
using dimethylformamide as an internal standard. FFR yields are calculated based on the hemicellulose content of the biomass feedstock.
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Figure (4c-d). Effect of (¢) Temperature in the extraction, conversion and separation of HMF and LA, representative FFR yields are shown;
Conditions: Reactions were carried out at 150 °C-200 °C, over 4 h with (0.12 g/0.36 mmol) IL loading, 0.6 g corn cobs, 1400 rpm, water/toluene
(1:6, 70 mL). (d) Time in the extraction, conversion and separation of HMF and LA, representative yields are shown; Conditions: Reactions were

carried out for 2-8 h at 170 °C, with (0.12 g/0.36 mmol IL load), 0.6 g corn cobs, 1400 rpm, water/toluene (1:6, 70 mL). LA and HMF yields are
calculated based on the cellulose content of the biomass feedstock.

reactions between intermediates and/or the FFR, forming more huminic by-products. The HMF and LA production increased with
increasing IL loading (working pH around 5), as seen in Fig. S9c. The highest HMF and LA yields were observed at an IL loading of 0.37
wt% (Liu et al., 2019). When a smaller amount of biomass was used, the FFR yield was lower because of less hemicellulose content in
the biomass (Fig. 4f). Higher biomass loadings (0.9 g-1.2 g) did not increase yields as was anticipated, suggestive of mass transfer
limitations at the solid (biomass) and liquid (aqueous IL catalyst) interface. Furthermore, increasing agitation speeds (1000-1600 rpm)
enhances FFR yield (91 %, Fig. S10a), corroborating the existence of mass transfer limitations. Optimal agitation was established to be
1400 rpm. Increasing the biomass loading while maintaining the catalyst and solvent quantities resulted in a decrease in biochemicals
production (Fig. 4f) (Fig. S9d). This clearly shows a dependence on the catalyst-to-substrate ratio of 1:5, so in a separate experiment,
both the solvents and catalysts were increased proportionally with the biomass, maintaining a catalyst-to-substrate ratio of 1:5, which

afforded up to a 91 % FFR yield (Fig. 4g) with its HMF and LA production shown in Fig. S11a. This proves the scalability of the process
at a catalyst-to-substrate ratio of 1:5.

2.7. Solvent ratio and organic phase variation in the aqueous-biphasic system

The ideal biphasic composition was determined by varying the water: toluene ratio from 10:60 to 60:10 (v/v). Furfural yields



W.D. Anyomih et al. Sustainable Chemistry and Pharmacy 49 (2026) 102315

_ 057 66 - € N '
: I L
3 °
= 038 85 HH 09 0 b
© ©
o 3 S
Z 0.9 91 0.6 91 HH
[}

0.10 35 “o.3 73 HH

0 20 40 60 80 100 0 20 40 60 80 100

Furfural yield(%) Furfural yield(%)

-
=)
=]
«Q

=

,_|_.

—
E) ?313_ ;1; E) Zn ! 57 -
JNi 54
2
z |
“n 86 -

o N ©
© © ©

N
=)

Furfural Yield(%)
(3.
o

w
o

N

=]
m
@

95 -

-
=)

0 20 100

o

40 60 80
T T T Furfural yield(%)
0.6 0.771 0.943 1.114
Biomass load (g)

Figures (4e-h). Effect of (e) Ionic liquid loading in the extraction, conversion and separation of FFR, representative FFR yields are shown Con-
ditions: Reactions were carried out with 0.10-0.57 wt%/,/0.18-1.08 mmol IL load at 170 °C for 4 h with 0.6 g corn cobs, 1400 rpm, water/toluene
(1:6, 70 mL) (f) Biomass loading; Reactions were carried out with 0.3-1.2 g corn cob load at 170 °C for 4 h with 0.12 g IL, 1400 rpm, water/toluene
(1:6, 70 mL).; Effect of (g) Upscaled catalyst and substrate; Conditions: Reactions were carried out for 4 h at 170 °C, with a C/S ratio of 1:5; IL
loading ranging from 0.12 g to 0.23 g (0.36 mmol-0.69 mmol), with biomass loading ranging from 0.6 g to 1.114 g corn cobs, 1400 rpm, water/
toluene (1:6, 70-130 mL): (h) BLAILs; Conditions: Reactions were carried out using optimum conditions of 170 °C, 4 h, 0.12g/0.36 mmol IL, 0.6 g

corn cobs, 1400 rpm, water/toluene (1:6, 70 mL). Yield calculated from 'H NMR at 25 °C in CDCly using dimethylformamide as an inter-
nal standard.

significantly dropped with less toluene in the biphasic reaction medium, as seen in Fig. 5a. At 10:60, the dominant organic phase
effectively removes furfural from the acidic aqueous layer, preventing rehydration and humin production, resulting in the maximum
yield (Matsagar et al., 2017). On the other hand, furfural's residence time in the aqueous phase is prolonged by raising the water
percentage, which encourages breakdown pathways and leads to noticeably reduced yield (Mittal et al., 2017). The organic co-solvent,
in the aqueous biphasic media, enhances FFR yield by immediately transporting FFR as it is produced (from the aqueous acidic layer)
into the neutral organic layer, thereby maximising yield. The results show toluene as an effective organic layer in the aqueous-biphasic
system. Despite being effective, toluene is a fossil-based solvent (USEPA, 2005; Cheremisinoff and Rosenfeld, 2010). We, therefore,
screened two bio-based solvents, 2-methylfuran (2-MF) and 2,5-dimethylfuran (2,5-DMF) as alternatives (Janicka et al., 2022). 2-MF
performs marginally better than toluene, which in turn outperforms 2,5-DMF, likely due to reduced steric hindrance from the absence
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Figures (5a-b). Effect of (a) Water: Toluene ratio; Conditions: Reactions were carried out for 4 h at 170 °C, with a water to toluene ratio variation
(10:60 to 60:10 v/v); IL loading of 0.12 g (0.36 mmol), 0.6 g corn cobs, 1400 rpm: (b): Effect of Different organic solvents; Conditions: Reactions
were carried out with 0.6 g corn cob load at 170 °C for 4 h with 0.12 g IL, 1400 rpm, water/organic solvent (1:6, 10 mL).



W.D. Anyomih et al. Sustainable Chemistry and Pharmacy 49 (2026) 102315

of an extra methyl group in 2-MF and toluene (Avagyan et al., 2025) (Fig. 5b).

Overall, we found that BAIL 2 produces FFR (91 %) from raw biomass more efficiently when compared to prior reported systems
(Table S6). For instance, 1-n-butyl-3-methyl-imidazole bromide, [BMIM][Br], produced 34 % and 59 % FFR, respectively, from rice
husks and soy peel (Scapin et al., 2020). Again, [C3HSOsHMIM][HSO4 ] with a Brgnsted acid moiety converted sugarcane bagasse into
a 73 % FFR (Matsagar et al., 2017). Scheme 1. To the best of our knowledge, [C4HSO3BnIM] [Cl] (BAIL 2) used in a one-pot reaction
system produced the highest yield of FFR from raw biomass, with the added benefit of pure FFR separation into the organic layer and
also the simultaneous production of HMF and LA.

Prior reports on ILs for the production of LA and HMF show that [C3SOsHMIM][HSO4] gave 96.6 mol% LA only from straw (Liu
etal., 2018b), and [C4MIM][HSO4] resulted in 71 mol% LA from bamboo shoots (Zhou et al., 2013). Although the LA yields reported in
this study are somewhat lower than the examples stated, the key advantage of our system is that it can generate multiple biochemicals
simultaneously from raw biomass using very low catalyst load as compared to prior systems.

2.8. Conversion of corncobs and Arundo donax to biochemicals using BLAILs

Optimum reaction conditions obtained with BAIL 2 were applied to the hydrolysis reaction using BLAILs. The BLAIL containing the
Fe>! metal had a higher activity than the BAIL 2, giving 95 % FFR yield (Fig. 4h). This improvement in the extraction, hydrolysis and
dehydration of the hemicellulosic component of the biomass suggests a synergy between Brgnsted and Lewis acidic sites. A plausible
mechanism of action has been shown in Fig. S12 where the sulfonic proton and imidazolium C2-H in this dual acidic catalyst system
give Brgnsted acidity, which helps hydrolyze the f-1,4-glycosidic bonds in hemicellulose to release xylose. As described, the Lewis
acids then facilitate an intramolecular 1,2-hydride shift that isomerizes xylose to xylulose. Furthermore, Lewis acids enhance the
overall Brgnsted acidity through synergistic interactions between Brgnsted and Lewis acid sites (Zhao et al., 2019; Pan et al., 2022; Hui
etal., 2019; Zhang et al., 2013). Higher metal charge density, as in Fe>*, enhances Lewis acidity and electrophilicity. FeCl3 also acts as
a strong aqua acid, enhancing Lewis and Brgnsted acidity. This promotes glucose isomerization to fructose, slightly increasing LA and
HMF yields compared to reactions with BAIL (2) (Fig. S11b) (Huheey, 1972). The BLAIL containing the Fe®" metal produced more
HMF as compared to LA, while the BLAIL containing the Sn?* converted more HMF to LA. The order of the catalytic activity of BLAILs
in FFR production followed the trend Fe*t>Sn?">7Zn?*>Ni2t, which corresponds to the reported strength of Lewis acidity order
(Huheey, 1972).

Despite the low FFR yield (46 %) (Fig. S10b), when BAIL 2 was used to convert giant cane (Arundo donax), likely due to its lower
hemicellulose content, BLAILs catalytic activities were higher for giant cane, reaching 60 % with [C4HSO3BnIM][SnCl3], and the order
of activity was established as: Sn*"> Fe**>Zn?">Ni%" (Fig. S10b).

2.9. [C4HSO3BnIM][Cl] (BAIL 2) and [C4SO3BIM][FeCly] (BLAIL-Fe) recycling

After the reaction runs, the mixture is cooled, filtered to remove the biomass residue and the layers are separated to evaluate the
recyclability of the [C4SO3BnIM][Cl] (BAIL 2). FFR was found to be in the organic (toluene) layer while the HMF, LA and IL remained
in the aqueous layer. After the removal of HMF and LA, the aqueous layer containing the IL was repurposed as the catalyst for the
subsequent catalysis run by adding fresh toluene and biomass (Fig. S14). shows a 'H NMR of isolated HMF and LA from a hydrolysis
reaction. Recyclability studies were investigated for the production of FFR only due to its high initial output as compared to LA and
HMF. It is evident from the data that FFR was still produced by the reaction following the first run, but after the second run, the FFR
yield decreased from 91 % to 72 %. The fourth run afforded a 57 % FFR yield (Fig. 6). Despite the employment of a biphasic system to
inhibit the emergence of humins, the reduced FFR yield may have been caused by some soluble humic materials from the first catalysis
run, which persisted in the aqueous layer and hence influenced the subsequent catalysis runs. The TGA of the BAIL 2 shows that it is
thermally stable and only starts to degrade after 250 °C, the 'H NMR spectra (Figure S15 (B)) of the aqueous layer after the removal of
HMF and LA demonstrates the integrity of the IL as evidenced by the presence of BAIL (2) H NMR signals. TGA was also used to
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Fig. 6. Recycling tests of [C4SO3BIM][Cl]; Conditions: 0.6 g corn cob load at 170 °C for 4 h with 0.12 g IL, water: toluene solvent(10:60 mL). H
NMR in CDCl3 using dimethylformamide as an internal standard. FFR yields are calculated based on the hemicellulose content of the biomass.
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analyze the spent catalyst's thermal behavior, which showed several stages of decomposition. Desorption of residual solvents and
decomposition of adsorbed sugars (see Fig. S15(B)) after catalyst reuse is responsible for the initial weight loss between 30 and 150 °C.
Partial surface fouling during catalysis is shown by the following mass loss between 155 and 375 °C, which is associated with the
breakdown of remaining organic molecules, such as adsorbed sugars or chemical intermediates. The breakdown of the ionic liquid
structure is linked to a significant deterioration process that is seen above 375 °C. The observed decrease in furfural yield following
subsequent catalytic cycles is caused by this increasing structural degradation and surface fouling (Xu and Cheng, 2021) (Fig. S13b).
The recyclability for the best performing [C4SO3BnIM][Cl-FeCl3] (BLAIL-Fe) was tested solely for FFR synthesis from corn cobs. The
FFR yield decreased from 95 % to 71 mol% in the second run and was maintained in the third run, however, the FFR yield further
dropped from 71 % to 50 % and finally to 42 % as seen in Fig. S13a.

2.10. Analysis of untreated and post-reaction biomass residue

The X-ray diffractograms of the waste biomass before and after hydrolysis (residue) are shown in Fig. 7. The diffractograms reveal
the presence of natural cellulose I polymorph having three distinct peaks at (1 1 0),(110), (040) and (200) (French, 2014), with the
largest peak at 22 corresponding to the (200) plane and the final minor peak around 35 corresponding to the (040) plane (Kljun et al.,
2011; Juetal., 2015). Using Segel's equation, the crystallinity index for the residue and raw corn cobs was determined to be 37.4 % and
21.8 %, respectively. Indicated by the residue's higher crystallinity index, the depolymerization of amorphous hemicellulose produced
a more crystalline cellulose pulp (Fig. 7).

Furthermore, the structural morphology of the raw and hydrolyzed biomass in Fig. S16 showed that the raw biomass had a
smoother, more intact surface compared to the residue's rough surface, which featured numerous fissures (Sun et al., 2020). Under
acidic conditions, lignocellulosic biomass is known to lose its intricate structure; the lignin shell breaks down and exposes the
holocellulose-rich interior, enabling the IL to degrade the hemicellulose content with minimal breakdown of the cellulosic content
(Mamilla et al., 2019).

Additionally, the post-hydrolysis biomass residue's FT-IR spectra were examined and contrasted with those of pure cellulose. The
bands of intra- and intermolecular hydrogen bonds, as well as the valence bands of the O-H group's hydrogen bond, vibrates at 3321
cm ! and is caused by the crystalline structure of cellulose (Fig. S17). Moreover, the peak at 2893 em ™! corresponding to cellulose
properties is due to the asymmetric stretching of CHp and CH (Apaydin Varol and Mutlu, 2023). There were also a few peaks typical of
lignin, located around 1598 cm’l, 1512 cm ! and 1289 em ™! (Rashid et al., 2016). The SEM and NMR results are in agreement with
the fact that FFR was solely produced from the hemicellulosic content of the biomass, as corroborated by the fact that under the
optimum reaction conditions, pure cellulose did not form FFR when used as a substrate for hydrolysis, as seen in the proton NMR of the
organic layer, where we expect to find FFR (Fig. S18). As demonstrated by pure glucose hydrolysis, LA was generated only from the
cellulosic content (Fig. S9a). This suggests ILs mainly depolymerize hemicellulose, leaving behind a rich cellulosic pulp which is like
microcrystalline cellulose (MCC). MCC is a multifunctional material with applications across various industries (Queiroz et al., 2021;
Lupidi et al.; Asif et al., 2022).

2.11. Green chemistry metrics for BAIL 2 promoted corn cobs conversion to furfural

The use of green chemistry principles as well as metrics is important to chemists and chemical engineers for developing safer and
more sustainable processes and products (Akakios et al., 2021; Trost, 1991). We addressed green metrics such as atom economy,
Environmental factor (E-factor) and Product Mass Intensity (PMI) for the herein reported biorefinery process. A measurement of the
molecular weight of the desired product in relation to the total molecular weight of all the species derived from the stoichiometric
reaction equation - that is, the Atom economy assessment (Trost, 1991) (Table S2). The Atom Economy of FFR production was 64.01
%, which is less than 100 % due to possible side reactions like the formation of humins. This value is consistent with data reported by
Dusselier et al. (2014) for furfural formation. Because the process was solvent-intensive, the E-factor determined as the simple
E—factor (sEF), without solvents, was 1.805, but the total E-factor, which included solvents, was much higher at 85.46. Product mass
intensity (PMI) was used as a measure of the total weight of all raw materials (including solvents and water) needed for the synthesis.
The PMI was estimated at 86.48, mostly because of the large volumes of solvent (common in lab-scale biorefinery processes) used
compared to the amount of product. This value, albeit high, takes into consideration the loss of water and partial recovery of toluene.
The recyclability of the IL and toluene lessens the environmental impact, highlighting the necessity to consider PMI in conjunction with
other green metrics for a fair assessment of process sustainability. We also assessed the process using the reaction mass efficiency
(RME) to gain a supplementary perspective on its efficiency and greenness (Andraos, 2005). The RME was found to be 58.21 %, which
falls within the typical range for acid hydrolysis reactions and suggests good material utilization (Curzons et al., 2001).

3. Conclusion

In summary, waste corn cobs and Arundo donax were hydrolyzed in a one-pot system using imidazolium ILs [C4SOsBnIM][Cl],
resulting in higher yields of FFR than previously reported (91 % and 46 %, respectively). In addition to FFR, the ionic liquids were also
able to hydrolyze the cellulose and generate glucose, which isomerizes to fructose and dehydrates to form HMF, an intermediate that
produces LA. Furthermore, when the catalytic activity of the synthesized BLAILS was evaluated using corn cobs as feedstock, the BLAIL
containing FeCls produced a 95 % FFR yield. This demonstrates how the Brgnsted and Lewis acid centres work in harmony. Despite the
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Fig. 7. Powder X-ray diffraction of raw biomass and residue.

low yields, it has been determined that the BAIL not only targets the hemicellulosic portion of biomass but also can break down the
cellulose into other significant platform chemicals like LA and HMF. Compared to FFR, LA requires more severe reaction conditions to
be produced. Consequently, a two-stage procedure or a flow system might be used to maximize the yields of both products, such that
the FFR produced does not deteriorate into humins. This would allow the removal of FFR once generated and give way for the
remaining cellulose to hydrolyze under harsher conditions. The direct one-pot synthesis of FFR, LA and HMF from waste biomass has
been made possible by the catalytic efficiency of the IL [C4SO3BnIM][Cl]. This implies that in certain contexts, the versatility of this IL
can provide a practical alternative to multi-step processing.
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