Biomass Utilization Using Carbohydrate Derived Ionic Liquids.
Monica Dinodiaa 
aDepartment of Chemistry, Hansraj College, Delhi University, Delhi- 110007 (India)
monicadinodia@yahoo.co.in
Abstract
For over a decade, carbohydrate based ionic liquids (CHILs) are being extensively researched as natural substitutes for traditional ionic liquids. Carbohydrate based ionic liquids are characterized by lower toxicity or high biodegradability, less impact on environment during their synthesis and for their varied applications. These have emerged as an alternate green solvent to VOCs to develop sustainable and eco-friendlier techniques. The present chapter discloses the published papers involving the use of carbohydrate-based ILs for biomass utilization.  
Keywords:  Carbohydrate; low toxicity; sugar; ionic liquid; biomass; bio-ILs; biodegradable.  
Introduction
Excess utilization of conventional fossil fuels along with its adverse effect on the environment led to the emergence of sustainable methodology; ionic liquids (ILs) [1] have remarkably added towards these sustainable developments as they are made of organic cations and organic or inorganic anions, have low vapor pressure, are thermally stable, and non flammable. Due to these properties, they were classified as “green” solvents, and they served as an alternative to the conventional solvents [2, 3]. Gabriel and Weiner in 1888 [4] were the first to report ILs. In 1914, the first room temperature IL (RTIL) was synthesized by Walden [5]. The scope of research on ionic liquids and their applications increased further after the reports on ILs tetrafluoroborate and hexafluorophosphate based on imidazolium in 1992 by Wilkes and Zaworotko [6]. Important applications of ILs include their usage as solvents, additives in synthesis [7-9], cellulose processing [10-11], their usage as electrolytes in batteries and electrochemical synthesis [12-13], for extraction [14-15] etc. However, the inclination towards ILs decreased since reports came regarding the environmental and economic problems during their production and use. Ionic liquids are highy chemically stable and are highly soluble in water, so problems related to their release into the environment, where they could accumulate and remain for a longer time, led to their further investigations [16-19]. But, in the last few decades, Biocompatible Ionic Liquids (Bio-ILs) have turn out to be an alternate green solvent for the development of sustainable processes [20].
     Naturally occuring compounds like carboxylic acids, amino acids, carbohydrates, fatty acids or choline can be used to prepare biomass-derived ILs [21-23]. Theese Bio-ILs exhibited less toxicity and better biocompatibility in comparison to the fossil fuel-derived counterparts and these are reviewed in great detail by Gomes et al. [24] and Hulsbosch et al. [25].
     In 2007, carbohydrate based ionic liquids (CHILs) emerged as a class of ionic liquids  and from then onwards many progresses have been done, they attracted the growing community of organic chemists and research scientists. Carbohydrates forms a new class of bio-renewable compounds which can be used for facile synthesis of bio-ILs, as they are abundant, renewable and environmental friendly, and are great candidates toward novel applications. The availability of many OH groups on carbohydrates resulted in decreasing the toxicity of the resultant CHILs, promoting carbhydrates as highly potent functionalization agents in terms of “green chemistry” [21]. Apart from that it is known that carbohydrates are intrinsically chiral, promoting their use for the preparation of varied functional materials. Being rich in versatile features like hydrogen bond structure, being chiral, with good biodegradability, carbohydrate-based ILs finds a number of applications which includes catalysis [26-30], as solvents [31-32], in synthesis [33] and as herbicides [34].

Biomass Utilization
 Biomass is natural, renewable organic substance which is obtained from plants and animals [35].   Using various processes, biomass can be easily converted to liquid and gaseous fuels or burned directly to produce heat. Renewable energy production from biomass will definitely help to reduce the world's requirement for fossil fuel.There is emergence of Ionic liquids as novel solvent system and dissolution media for processing biomass to value added products [36-39]. Lignocellulosic biomass being the most abundant renewable resources on our globe is produced through photosynthesis. Numerous research have been done in the utilization of  raw materials from lignocellulosic biomass for production of sustainable energy, chemicals and materials for sustainable development [40-41]. Lignocellulosic biomass mostly consists of cellulose, hemicellulose and lignin, cellulose and hemicellulose being polymers of sugars.
As sugars are easily available, cheaper, renewable, and eco-friendly, much progress has been made in terms of the use of sugars/carbohydrates. Javed et al. [32] used N,N-diethyl-N,N-dimethylammonium gluconate for extraction of cellulose from oil palm lignocellulosic biomass. N,N-diethyl-N,N-dimethylammonium gluconate can be easily prepared by neutralization of diethyl dimethyl ammonium hydroxide with gluconic acid. Within 30 minutes at a temperature of 25 °C, 52% wt. of cellulose was extracted from the crude biomass, without any pre-treatment on using this sugar-derived IL. The family of carbohydrate-derived IL has flurished very fast from 2003 onwards when Handy et al. [42] synthesized imidazolium IL involving fructose, for the first time, sugars were used as a renewable starting material for the synthesis of ILs. In 2004, the first carbohydrate-derived IL was obtained, where D-glucopyranoside was converted into the corresponding cation [43]. In continuation of these reports, a variety of ILs came up on carbohydrates and their derivatives like glucose, isomannide, xylose [44-51].
Hulsbosch group [25] in their perspective, report the syntheses, applications and limitations of bio-ionic liquids prepared from lignin, amino acids, carbohydrates, and other renewable sources. Their group threw lights on the application of such ionic liquids in lignocellulose processing, as a solvent, organocatalyst and as metal extraction medium.
Deng et al. [52a] in their study used levulinic acid-derived protic ionic liquids (PILs) [1, 2] (Fig. 1) as solvents for dissolution of wool keratin fiber and also dissolution of wool keratin and cellulose. Levulinic acid (Lev), is a bio-based platform chemical obtained from carbohydrates [52b]. The solubility was due to keto–enol tautomerism of the ketone group in the levulinate anion, which showed hydrogen bonding forming tendency with cellulose and wool keratin. The properties of Cellulose/wool keratin solution were studied systematically, proving that the viscosities  of cellulose/wool keratin solution were highly due to the mass ratio of cellulose to wool keratin, mass concentration, and test temperature. Characterization for the cellulose/wool keratin composite membranes was done by X-Ray diffraction, Fourier transform infrared spectroscopy (FTIR), thermo gravimetric analysis and scanning electron microscopy. The cellulose and wool keratin had high compatibility with the composited membranes and had tensile strength of up to 60 MPa and an elongation at a break of up to 6%. Apart from that, the composited membranes have excellent oxygen barrier performance and is thermally stable.











Figure 1. Levulinic acid-based protic ionic liquids.

Chen and coworkers [53] used levulinic acid (Lev) with a series of organic superbases for the synthesis of protic ILs 3 (PILs) (Fig. 2). They came up with  sustainable dissolution pretreatment method for increased enzymatic hydrolysis, that can be beneficial in the synthesis of novel solvents for biomass dissolution. Solubility of up to 10 wt % was obtained towards lignocellulose based on corn stover at 140 °C in 40 mins using the PILs, so an potent dissolution pretreatment technology was developed for enhanced enzymatic hydrolysis of corn stover. Significant changes in the composition and physical–chemical structures was noted due to dissolution and regeneration of corn stover. These observed changes further led to significantly increased enzymatic hydrolysis of the pretreated sample and total yields of 0.8 and 0.49 g/g within 48 h were obtained for reducing sugar and glucose under optimal conditions. To gain an understanding of the dissolution activation mechanism using various characterization techniques, the compositional and physicochemical changes in the lignocellulose were evaluated by the scientists, 44.3% of lignin was fractionated during the dissolution and regeneration process. The structure of the fractionated lignin was further characterized. 










Figure 2. DBNH][Lev] PILs

Becherini et al. [54] synthesized two novel levulinate-based protic ionic liquids (Lev PILs) by neutralization reaction between levulinic acid (LA) and amidine superbases (either DBU or DBN). The synthesized PILs were characterized (by using NMR, FT-IR, TGA and viscosity studies and were further studied as cellulose dissolution media. The prepared Bio-ILs display a dissolving ability (weightcellulose/weightPIL) comparable to the acetate-based PILs. Lev PILs are composed of a larger renewable anion (levulinate vs. acetate). An application of the proposed Lev PILs, namely the levulination of cellulose, was also studied. The impact of various reaction parameters (i.e. temperature, amount of anhydride, amount of co-solvent) on the reaction output and on the functionalization degree (up to 1.87) were studied. γ-Valerolactone, a renewable green solvent which was prepared from LA, was found as an effective DMSO substitute when used as co-solvent, and satisfactory functionalization degrees were obtained.

Yue and coworkers [55] synthesized protic ionic liquids (PILs) by solvent free neutralization of 1,5-diazabicyclo [4.3.0]-5-nonene (DBN) with biomass-derived levulinic acid (Lev), these ILs were found to have good solubility for silk fibroin under mild reaction conditions. The co-dissolution of silk fibroin and cellulose was also investigated, and the solute-solvent interaction was calculated by 13C NMR spectroscopy, they found that the hydrogen bonding forming tendency of [DBNH][Lev] PILs partially arose due to the keto–enol tautomerism of levulinate and helped in the solubility of cellulose and silk fibroin. The researchers carried out dynamic light scattering (DLS) and studied the interaction and aggregation between cellulose and silk fibroin, a number of composite membranes were prepared by sol–gel transition using ethanol. Techniques like infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and tensile tests were used to find the corrections among the structural, morphological, thermal and mechanical properties of the composited membranes and fibres, They found that composited membranes (C50S50) with best mechanical properties, a tensile strength of 50 MPa and oxygen permeability of 0.0055 cm3 μm (m2 day atm)−1, the composited fibre (C80S20) with 152 MPa tensile strength and an elongation at break of up to 12.8%.
Mezzetta et al. [56] came up with levulinic acid-based imidazolium, ammonium, and phosphonium ionic liquids (ILs) and further characterized them by NMR spectroscopy, FT-IR spectroscopy, TGA, and viscosity measurements. These ILs displayed magnificient dissolution tendency for parent polysaccharide (cellulose). Particularly [EMIM][Lev] dissolved 29 wt% cellulose at 100 °C, which increases under reduced pressure to 38 wt%. Variations in the reaction conditions, which prevent potential side reactions of the imidazolium cation, were also done. The ecotoxicity studies of the prepared ILs and the previously reported protic levulinate ILs was also done for both freshwater and seawater model organisms.


[bookmark: _Hlk181640253]He group [57] used Levulinic acid for the synthesis of protic ionic liquids for the pretreatment dissolution of lignocellulosic and cellulose biomass for enhancement in enzymatic hydrolysis. The DBN (1,5-diaza-bicyclo[4.3.0]non-5-ene) based protic ionic liquids demonstrated highest exhibition at 100 °C in only 1 h, there is 94% yield of glucose. The [DBNH][Lev] protic ionic liquid solvents system can be recycled and reused. The keto–enol tautomerism in the levulinate anion may be responsible for the better performance (Fig 3).

Figure 3. Keto–enol tautomerism in the levulinate anion of [DBNH][Lev] protic ionic liquid.
[bookmark: _Hlk181640429]Socha et al. [58]  carried out the synthesis and further evaluation studies of an array of ILs from monomers of lignin and hemicellulose. Reductive amination of the aromatic aldehydes and further reaction with phosphoric acid resulted in three pure ILs in good yields. To compare these ILs to [C2mim][OAc], compositional analysis and yield of sugar from enzymatic hydrolysis of pretreated switchgrass was used. After biomass pretreatment, enzymatic saccharification with ILs, [FurEt2NH][H2PO4] and [p-AnisEt2NH][H2PO4] (Fig. 4) resulted in 90% and 96% of glucose and 70% and 76% of xylose. [FurEt2NH][H2PO4] and [p-AnisEt2NH][H2PO4] ILs also showed the highest β values, highest basicity, best lignin removal ability. Sugar yields from switchgrass pretreated with these ILs were almost same to yields from switchgrass pretreated with [C2mim][OAc]. Glycome-profiling experiments suggested that the ILs, [FurEt2NH][H2PO4] and [p-AnisEt2NH][H2PO4] act on plant cell walls in a mechanism different from that of [C2mim][OAc]. Their results showed the effective role of biomass-derived ILs in biomass pretreatment.











Figure 4. [FurEt2NH][H2PO4] 5, [VanEt2NH][H2PO4] 6,  [p-AnisEt2NH][H2PO4] 7 and [C2mim][OAc] 8


Biomass holds a  great tendency for the generation of renewable energy and decrease emissions of greenhouse gas [59-65]. There is no doubt that use of biomass is a good alternative to meet energy and product demands along with reducing dependency on fossil fuels.

Conclusions
Carbohydrate-based ionic liquids (CHILs) are an upcoming class of ionic liquids. Similar to ionic liquids, they have melting points less than 100 °C, but, CHILs are specifically based on carbohydrates and posseess an intact carbohydrate unit. Carbohydrates holds a great potential as the future generation’s ILs, which have decreased toxicity, reduced impact on environment during their synthesis and in their applications. The present chapter aims to cover the recent progress in the applications of ionic liquids based on carbohydrate for biomass utilization.
References
(1) a)Welton, T. Room-Temperature Ionic Liquids. Solvents for Synthesis and Catalysis. Chem. Rev. 1999, 99 (8), 2071–2084. https://doi.org/10.1021/cr980032t. b) Dinodia, M. Ionic Liquids: Environment-Friendly Greener Solvents for Organic Synthesis. Current Organic Synthesis 19 (4), 543–557. https://doi.org/10.2174/1570179419666220107160725.
(2) Kar, M.; Matuszek, K.; MacFarlane, D. R. Ionic Liquids. In Kirk-Othmer Encyclopedia of Chemical Technology; Kirk-Othmer, Ed.; Wiley, 2019; pp 1–29. https://doi.org/10.1002/0471238961.ionisedd.a01.pub2.
(3) Costa, S. P. F.; Azevedo, A. M. O.; Pinto, P. C. A. G.; Saraiva, M. L. M. F. S. Environmental Impact of Ionic Liquids: Recent Advances in (Eco)Toxicology and (Bio)Degradability. ChemSusChem 2017, 10 (11), 2321–2347. https://doi.org/10.1002/cssc.201700261.
(4) Gabriel, S.; Weiner, J. Ueber Einige Abkömmlinge Des Propylamins. Ber. Dtsch. Chem. Ges. 1888, 21 (2), 2669–2679. https://doi.org/10.1002/cber.18880210288.
(5) Walden, P. Molecular Weights and Electrical Conductivity of Several Fused Salts. Bull. Acad. Imper. Sci. (St. Petersburg) 1914, 8, 405– 422
(6) a) Wilkes, J. S.; Levisky, J. A.; Wilson, R. A.; Hussey, C. L. Dialkylimidazolium Chloroaluminate Melts: A New Class of Room-Temperature Ionic Liquids for Electrochemistry, Spectroscopy and Synthesis. Inorg. Chem. 1982, 21 (3), 1263–1264. https://doi.org/10.1021/ic00133a078. b)Wilkes, J. S.; Zaworotko, M. J. Air and Water Stable 1-Ethyl-3-Methylimidazolium Based Ionic Liquids. J. Chem. Soc., Chem. Commun. 1992, No. 13, 965. https://doi.org/10.1039/c39920000965.
(7)  Hajipour, A. R.; Rafiee, F. ChemInform Abstract: Recent Progress in Ionic Liquids and Their Applications in Organic Synthesis. ChemInform 2015, 46 (34), chin.201534284. https://doi.org/10.1002/chin.201534284.
(8) Ionic Liquids: Synthesis, Properties, Technologies and Applications; Fehrmann, R., Santini, C., Eds.; De Gruyter, 2019. https://doi.org/10.1515/9783110583632.
(9) Karimi, B.; Tavakolian, M.; Akbari, M.; Mansouri, F. Ionic Liquids in Asymmetric Synthesis: An Overall View from Reaction Media to Supported Ionic Liquid Catalysis. ChemCatChem 2018, 10 (15), 3173–3205. https://doi.org/10.1002/cctc.201701919.
(10) Brehm, M.; Pulst, M.; Kressler, J.; Sebastiani, D. Triazolium-Based Ionic Liquids: A Novel Class of Cellulose Solvents. J. Phys. Chem. B 2019, 123 (18), 3994–4003. https://doi.org/10.1021/acs.jpcb.8b12082.
(11) Hermanutz, F.; Vocht, M. P.; Panzier, N.; Buchmeiser, M. R. Processing of Cellulose Using Ionic Liquids. Macro Materials &amp; Eng 2019, 304 (2), 1800450. https://doi.org/10.1002/mame.201800450.
(12) Kathiresan, M.; Velayutham, D. Ionic Liquids as an Electrolyte for the Electro Synthesis of Organic Compounds. Chem. Commun. 2015, 51 (99), 17499–17516. https://doi.org/10.1039/C5CC06961K.
(13) Yang, Q.; Zhang, Z.; Sun, X.-G.; Hu, Y.-S.; Xing, H.; Dai, S. Ionic Liquids and Derived Materials for Lithium and Sodium Batteries. Chem. Soc. Rev. 2018, 47 (6), 2020–2064. https://doi.org/10.1039/C7CS00464H.
(14) Ventura, S. P. M.; E Silva, F. A.; Quental, M. V.; Mondal, D.; Freire, M. G.; Coutinho, J. A. P. Ionic-Liquid-Mediated Extraction and Separation Processes for Bioactive Compounds: Past, Present, and Future Trends. Chem. Rev. 2017, 117 (10), 6984–7052. https://doi.org/10.1021/acs.chemrev.6b00550.
(15) Ullah, H.; Wilfred, C. D.; Shaharun, M. S. Ionic Liquid-Based Extraction and Separation Trends of Bioactive Compounds from Plant Biomass. Separation Science and Technology 2019, 54 (4), 559–579. https://doi.org/10.1080/01496395.2018.1505913.
(16) Oskarsson, A.; Wright, M. C. Ionic Liquids: New Emerging Pollutants, Similarities with Perfluorinated Alkyl Substances (PFASs). Environ. Sci. Technol. 2019, 53 (18), 10539–10541. https://doi.org/10.1021/acs.est.9b04778.
(17) Jordan, A.; Gathergood, N. Biodegradation of Ionic Liquids – a Critical Review. Chem. Soc. Rev. 2015, 44 (22), 8200–8237. https://doi.org/10.1039/C5CS00444F.
(18) Flieger, J.; Flieger, M. Ionic Liquids Toxicity—Benefits and Threats. IJMS 2020, 21 (17), 6267. https://doi.org/10.3390/ijms21176267.
(19) Santiago, R.; Díaz, I.; González-Miquel, M.; Navarro, P.; Palomar, J. Assessment of Bio-Ionic Liquids as Promising Solvents in Industrial Separation Processes: Computational Screening Using COSMO-RS Method. Fluid Phase Equilibria 2022, 560, 113495. https://doi.org/10.1016/j.fluid.2022.113495.
(20) Foulet, A.; Ghanem, O. B.; El-Harbawi, M.; Lévêque, J.-M.; Mutalib, M. I. A.; Yin, C.-Y. Understanding the Physical Properties, Toxicities and Anti-Microbial Activities of Choline-Amino Acid-Based Salts: Low-Toxic Variants of Ionic Liquids. Journal of Molecular Liquids 2016, 221, 133–138. https://doi.org/10.1016/j.molliq.2016.05.046.
(21) (a) Mezzetta, A.; Łuczak, J.; Woch, J.; Chiappe, C.; Nowicki, J.; Guazzelli, L. Surface Active Fatty Acid ILs: Influence of the Hydrophobic Tail and/or the Imidazolium Hydroxyl Functionalization on Aggregates Formation. Journal of Molecular Liquids 2019, 289, 111155. https://doi.org/10.1016/j.molliq.2019.111155.
(22) Tampucci, S.; Guazzelli, L.; Burgalassi, S.; Carpi, S.; Chetoni, P.; Mezzetta, A.; Nieri, P.; Polini, B.; Pomelli, C. S.; Terreni, E.; Monti, D. PH-Responsive Nanostructures Based on Surface Active Fatty Acid-Protic Ionic Liquids for Imiquimod Delivery in Skin Cancer Topical Therapy. Pharmaceutics 2020, 12 (11), 1078. https://doi.org/10.3390/pharmaceutics12111078.
(23) Mezzetta, A.; Guazzelli, L.; Seggiani, M.; Pomelli, C. S.; Puccini, M.; Chiappe, C. A General Environmentally Friendly Access to Long Chain Fatty Acid Ionic Liquids (LCFA-ILs). Green Chem. 2017, 19 (13), 3103–3111. https://doi.org/10.1039/C7GC00830A.
(24) Gomes, J. M.; Silva, S. S.; Reis, R. L. Biocompatible Ionic Liquids: Fundamental Behaviours and Applications. Chem. Soc. Rev. 2019, 48 (15), 4317–4335. https://doi.org/10.1039/C9CS00016J.
(25) Hulsbosch, J.; De Vos, D. E.; Binnemans, K.; Ameloot, R. Biobased Ionic Liquids: Solvents for a Green Processing Industry? ACS Sustainable Chem. Eng. 2016, 4 (6), 2917–2931. https://doi.org/10.1021/acssuschemeng.6b00553.
(26) Erfurt, K.; Wandzik, I.; Walczak, K.; Matuszek, K.; Chrobok, A. Hydrogen-Bond-Rich Ionic Liquids as Effective Organocatalysts for Diels–Alder Reactions. Green Chem. 2014, 16 (7), 3508–3514. https://doi.org/10.1039/C4GC00380B.
(27) Brzęczek-Szafran, A.; Więcek, P.; Guzik, M.; Chrobok, A. Combining Amino Acids and Carbohydrates into Readily Biodegradable, Task Specific Ionic Liquids. RSC Adv. 2020, 10 (31), 18355–18359. https://doi.org/10.1039/D0RA03664A.
(28) Erfurt, K.; Markiewicz, M.; Siewniak, A.; Lisicki, D.; Zalewski, M.; Stolte, S.; Chrobok, A. Biodegradable Surface Active D-Glucose Based Quaternary Ammonium Ionic Liquids in the Solventless Synthesis of Chloroprene. ACS Sustainable Chem. Eng. 2020, acssuschemeng.0c03239. https://doi.org/10.1021/acssuschemeng.0c03239.
(29) Yuan, R.; Wang, Y.; Fang, Y.; Ge, W.; Lin, W.; Li, M.; Xu, J.; Wan, Y.; Liu, Y.; Wu, H. The First Direct Synthesis of Chiral Tröger’s Bases Catalyzed by Chiral Glucose-Containing Pyridinium Ionic Liquids. Chemical Engineering Journal 2017, 316, 1026–1034. https://doi.org/10.1016/j.cej.2017.02.026.
(30)  a)Kaur, N.; Chopra, H. K. Synthesis and Applications of Carbohydrate Based Chiral Ionic Liquids as Chiral Recognition Agents and Organocatalysts. Journal of Molecular Liquids 2020, 298, 111994. https://doi.org/10.1016/j.molliq.2019.111994. b) Gaida, B.; Brzęczek-Szafran, A. Insights into the Properties and Potential Applications of Renewable Carbohydrate-Based Ionic Liquids: A Review. Molecules 2020, 25 (14), 3285. https://doi.org/10.3390/molecules25143285.
(31) Billeci, F.; D’Anna, F.; Gunaratne, H. Q. N.; Plechkova, N. V.; Seddon, K. R. “Sweet” Ionic Liquid Gels: Materials for Sweetening of Fuels. Green Chem. 2018, 20 (18), 4260–4276. https://doi.org/10.1039/C8GC01615A.
(32) Javed, F.; Ullah, F.; Akil, H. Md. Synthesis, Characterization and Cellulose Dissolution Capabilities of Ammonium-Based Room Temperature Ionic Liquids (RTILs). Pure and Applied Chemistry 2018, 90 (6), 1019–1034. https://doi.org/10.1515/pac-2017-0315.
(33) Kaur, N.; Singh, A.; Chopra, H. K. Exploring Low-Cost Natural Precursors as Chiral Building Blocks in Synthesis: Chiral Carbohydrate-Ionic Liquids. MROC 2018, 15 (3), 208–219. https://doi.org/10.2174/1570193X15666171218161135.
(34) Pernak, J.; Czerniak, K.; Biedziak, A.; Marcinkowska, K.; Praczyk, T.; Erfurt, K.; Chrobok, A. Herbicidal Ionic Liquids Derived from Renewable Sources. RSC Adv. 2016, 6 (58), 52781–52789. https://doi.org/10.1039/C6RA06703D.
(35) Biomass explained - U.S. Energy Information Administration (EIA). https://www.eia.gov/energyexplained/biomass/ (accessed 2024-10-19).
(36) Doan, V. T. C.; Dao, T. M.; Huynh, T. A.; Nguyen, T. T.; Tran, P. H. A Simple and Efficient Synthesis of 5-Hydroxymethylfurfural from Carbohydrates Using Acidic Ionic Liquid Grafted on Silica Gel. RSC Adv. 2024, 14 (25), 17480–17490. https://doi.org/10.1039/D4RA02487G.
(37) (a)Zang, H.; Feng, Y.; Lou, J.; Wang, K.; Wu, C.; Liu, Z.; Zhu, X. Synthesis and Performance of Piperidinium-Based Ionic Liquids as Catalyst for Biomass Conversion into 3-Acetamido-5-Acetylfuran. Journal of Molecular Liquids 2022, 366, 120281. https://doi.org/10.1016/j.molliq.2022.120281; (b) Hennequin, L. M.; Levers, O.; Hallett, J. P. Ionic Liquids as Solvents for the Production of Materials from Biomass. In Encyclopedia of Ionic Liquids; Zhang, S., Ed.; Springer Nature Singapore: Singapore, 2022; pp 642–663. https://doi.org/10.1007/978-981-33-4221-7_50. (c) Amarasekara, A. S. Ionic Liquids in Biomass Processing. Israel Journal of Chemistry 2019, 59 (9), 789–802. https://doi.org/10.1002/ijch.201800140.
(38) Marullo, S.; D’Anna, F. The Role Played by Ionic Liquids in Carbohydrates Conversion into 5-Hydroxymethylfurfural: A Recent Overview. Molecules 2022, 27 (7), 2210. https://doi.org/10.3390/molecules27072210.
(39) Chai, Y.; Tian, X.-Y.; Zheng, X.-P.; Du, Y.-P.; Zhang, Y.-C.; Zheng, Y.-Z. An Effective Approach for Chitosan Conversion to 5-Hydroxymethylfurfural Catalyzed by Bio-Based Organic Acid with Ionic Liquids Additive. Renewable Energy 2024, 221, 119759. https://doi.org/10.1016/j.renene.2023.119759.
(40) Haykir, N. I.; Nizan Shikh Zahari, S. M. S.; Harirchi, S.; Sar, T.; Awasthi, M. K.; Taherzadeh, M. J. Applications of Ionic Liquids for the Biochemical Transformation of Lignocellulosic Biomass into Biofuels and Biochemicals: A Critical Review. Biochemical Engineering Journal 2023, 193, 108850. https://doi.org/10.1016/j.bej.2023.108850.
(41) Swami, S.; Suthar, S.; Singh, R.; Thakur, A. K.; Gupta, L. R.; Sikarwar, V. S. Potential of Ionic Liquids as Emerging Green Solvent for the Pretreatment of Lignocellulosic Biomass. Environ Sci Pollut Res 2024, 31 (9), 12871–12891. https://doi.org/10.1007/s11356-024-32100-y.
(42) Handy, S. T.; Okello, M.; Dickinson, G. Solvents from Biorenewable Sources: Ionic Liquids Based on Fructose. Org. Lett. 2004, 6 (22), 4137–4137. https://doi.org/10.1021/ol0400490.
(43) Pellowska-Januszek, L.; Dmochowska, B.; Skorupa, E.; Chojnacki, J.; Wojnowski, W.; Wiśniewski, A. New Class of Quaternary Ammonium Salts, Derivatives of Methyl d-Glucopyranosides. Carbohydrate Research 2004, 339 (8), 1537–1544. https://doi.org/10.1016/j.carres.2004.03.013.
(44) Poletti, L.; Chiappe, C.; Lay, L.; Pieraccini, D.; Polito, L.; Russo, G. Glucose-Derived Ionic Liquids: Exploring Low-Cost Sources for Novel Chiral Solvents. Green Chem. 2007, 9 (4), 337. https://doi.org/10.1039/b615650a.
(45) Costa, A.; Forte, A.; Zalewska, K.; Tiago, G.; Petrovski, Z.; Branco, L. C. Novel Biocompatible Ionic Liquids Based on Gluconate Anion. Green Chemistry Letters and Reviews 2015, 8 (1), 8–12. https://doi.org/10.1080/17518253.2014.951695.
(46) Plaza, P.; Bhongade, B.; Singh, G. Synthesis of Chiral Carbohydrate Ionic Liquids. Synlett 2009, 2009 (02), 332–0332. https://doi.org/10.1055/s-0028-1087525.
(47) Gomes Da Silva, M. D. R.; Pereira, M. M. A. New Chiral Imidazolium Ionic Liquids from Isomannide. Carbohydrate Research 2011, 346 (2), 197–202. https://doi.org/10.1016/j.carres.2010.11.011.
(48)  Kumar, V.; Olsen, C. E.; Schäffer, S. J. C.; Parmar, V. S.; Malhotra, S. V. Synthesis and Applications of Novel Bis(Ammonium) Chiral Ionic Liquids Derived from Isomannide. Org. Lett. 2007, 9 (20), 3905–3908. https://doi.org/10.1021/ol071390y.
(49) Thomas, M.; Montenegro, D.; Castaño, A.; Friedman, L.; Leb, J.; Huang, M. L.; Rothman, L.; Lee, H.; Capodiferro, C.; Ambinder, D.; Cere, E.; Galante, J.; Rizzo, J.; Melkonian, K.; Engel, R. Polycations. 17. Synthesis and Properties of Polycationic Derivatives of Carbohydrates. Carbohydrate Research 2009, 344 (13), 1620–1627. https://doi.org/10.1016/j.carres.2009.04.021.
(50) Jha, A. K.; Jain, N. Synthesis of Glucose-Tagged Triazolium Ionic Liquids and Their Application as Solvent and Ligand for Copper(I) Catalyzed Amination. Tetrahedron Letters 2013, 54 (35), 4738–4741. https://doi.org/10.1016/j.tetlet.2013.06.114.
(51) (a) Jayachandra, R.; Reddy, S. R.; Balakrishna. Natural Sugars Derived Chiral Ionic Liquids for Asymmetric Michael Addition Reaction. ChemistrySelect 2016, 1 (10), 2341–2343. https://doi.org/10.1002/slct.201600427; (b) Jayachandra, R.; Reddy, S. R. A Remarkable Chiral Recognition of Racemic Mosher’s Acid Salt by Naturally Derived Chiral Ionic Liquids Using 19 F NMR Spectroscopy. RSC Adv. 2016, 6 (46), 39758–39761. https://doi.org/10.1039/C6RA02792J.
(52) Deng, L.; Yue, W.; Zhang, L.; Guo, Y.; Xie, H.; Zheng, Q.; Zou, G.; Chen, P. Biobased Protic Ionic Liquids as Sustainable Solvents for Wool Keratin/Cellulose Simultaneous Dissolution: Solution Properties and Composited Membrane Preparation. ACS Sustainable Chem. Eng. 2022, 10 (6), 2158–2168. https://doi.org/10.1021/acssuschemeng.1c07662; b) Girisuta, B.; Heeres, H. J. Levulinic Acid from Biomass: Synthesis and Applications. In Production of Platform Chemicals from Sustainable Resources; Fang, Z., Smith, Jr., Richard L., Qi, X., Eds.; Springer: Singapore, 2017; pp 143–169. https://doi.org/10.1007/978-981-10-4172-3_5.
(53) Chen, J.; Xu, Q.; He, F.; Yue, W.; Hu, G.; Gan, J.; Xie, H. Pretreatment of Corn Stover by Levulinic Acid-Based Protic Ionic Liquids for Enhanced Enzymatic Hydrolysis. ACS Sustainable Chem. Eng. 2022, 10 (21), 7134–7148. https://doi.org/10.1021/acssuschemeng.2c01339.
(54) Becherini, S.; Mezzetta, A.; Chiappe, C.; Guazzelli, L. Levulinate Amidinium Protic Ionic Liquids (PILs) as Suitable Media for the Dissolution and Levulination of Cellulose. New J. Chem. 2019, 43 (11), 4554–4561. https://doi.org/10.1039/C9NJ00191C.
(55) Yue, W.; Zhang, L.; Deng, L.; Guo, Y.; Xu, Q.; Peng, W.; Chen, P.; Xie, H.; Zou, G.; Liang, S. Co-Dissolution of Cellulose and Silk Fibroin in Levulinic Acid-Derived Protic Ionic Liquids for Composited Membrane and Fiber Preparation. Green Chem. 2021, 23 (23), 9669–9682. https://doi.org/10.1039/D1GC02837E.
(56) Mezzetta, A.; Becherini, S.; Pretti, C.; Monni, G.; Casu, V.; Chiappe, C.; Guazzelli, L. Insights into the Levulinate-Based Ionic Liquid Class: Synthesis, Cellulose Dissolution Evaluation and Ecotoxicity Assessment. New J. Chem. 2019, 43 (33), 13010–13019. https://doi.org/10.1039/C9NJ03239H.
(57) He, F.; Chen, J.; Gong, Z.; Xu, Q.; Yue, W.; Xie, H. Dissolution Pretreatment of Cellulose by Using Levulinic Acid-Based Protic Ionic Liquids towards Enhanced Enzymatic Hydrolysis. Carbohydrate Polymers 2021, 269, 118271. https://doi.org/10.1016/j.carbpol.2021.118271.
(58) Socha, A. M.; Parthasarathi, R.; Shi, J.; Pattathil, S.; Whyte, D.; Bergeron, M.; George, A.; Tran, K.; Stavila, V.; Venkatachalam, S.; Hahn, M. G.; Simmons, B. A.; Singh, S. Efficient Biomass Pretreatment Using Ionic Liquids Derived from Lignin and Hemicellulose. Proc. Natl. Acad. Sci. U.S.A. 2014, 111 (35). https://doi.org/10.1073/pnas.1405685111.
(59) Ali, F.; Dawood, A.; Hussain, A.; Alnasir, M. H.; Khan, M. A.; Butt, T. M.; Janjua, N. K.; Hamid, A. Fueling the Future: Biomass Applications for Green and Sustainable Energy. Discov Sustain 2024, 5 (1), 156. https://doi.org/10.1007/s43621-024-00309-z.
(60) Sherwood, J. The Significance of Biomass in a Circular Economy. Bioresource Technology 2020, 300, 122755. https://doi.org/10.1016/j.biortech.2020.122755.
(61) Osman, A. I.; Mehta, N.; Elgarahy, A. M.; Al-Hinai, A.; Al-Muhtaseb, A. H.; Rooney, D. W. Conversion of Biomass to Biofuels and Life Cycle Assessment: A Review. Environ Chem Lett 2021, 19 (6), 4075–4118. https://doi.org/10.1007/s10311-021-01273-0.
(62) Hariz, H. B.; Zaidi, S. A. S.; Luthfi, A. A. I.; Bukhari, N. A.; Sajab, M. S.; Markom, M.; Harun, S.; Tan, J.-P.; Ding, G.-T.; Abdul, P. M. Succinic Acid Production from Oil Palm Biomass: A Prospective Plastic Pollution Solution. Fermentation 2023, 9 (1), 46. https://doi.org/10.3390/fermentation9010046.
(63) Babu, S.; Singh Rathore, S.; Singh, R.; Kumar, S.; Singh, V. K.; Yadav, S. K.; Yadav, V.; Raj, R.; Yadav, D.; Shekhawat, K.; Ali Wani, O. Exploring Agricultural Waste Biomass for Energy, Food and Feed Production and Pollution Mitigation: A Review. Bioresource Technology 2022, 360, 127566. https://doi.org/10.1016/j.biortech.2022.127566.
(64) Tripathi, N.; Hills, C. D.; Singh, R. S.; Atkinson, C. J. Biomass Waste Utilisation in Low-Carbon Products: Harnessing a Major Potential Resource. npj Clim Atmos Sci 2019, 2 (1), 35. https://doi.org/10.1038/s41612-019-0093-5.
(65) Kumar, J.; Vyas, S. Comprehensive Review of Biomass Utilization and Gasification for Sustainable Energy Production. Environ Dev Sustain 2024. https://doi.org/10.1007/s10668-023-04127-7.
image1.emf
N

+

H

H

O

O

O

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

N

N

+

H

-

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

2

1



image2.emf
-

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

N

+

N

H

3



image3.emf
-

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

N

N

C

H

3

[DBNH][Lev]

-

O

OH

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

N

N

H

4

+

+

ketoenoltautomerism



image4.emf
OH

P

OHO

-

O

N

+

H

O

OH

P

OHO

-

O

OH

P

OHO

-

O

N

+

H

H

3

CO

OH

N

+

H

H

3

CO

N

N

+

5

6

7

8

-0

0



