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Supplementary information 1. Eutectic Solvent Synthesis Design:
Eutectic solvents are typically non-covalent molecular systems composed of hydrogen bond donors (HBD) and hydrogen bond acceptors (HBA), which lower the melting point through hydrogen bonding interactions, allowing the formation of a liquid at room temperature or lower temperatures 1.
In the design of deep eutectic solvents (DESs), polyacids and polyols demonstrate significant potential due to their multiple functional groups, such as carboxyl (–COOH) and hydroxyl (–OH), which can serve as abundant hydrogen bond donors (HBDs) and hydrogen bond acceptors (HBAs). These functional groups substantially decrease the melting point of mixtures by forming extensive intermolecular hydrogen-bond networks. To identify the optimal polyacid–polyol combinations suitable for specific target solutes or applications, factors such as dissolution capability, viscosity, thermal stability, and environmental compatibility must be comprehensively evaluated. Common polyacids employed include citric acid, malic acid, tartaric acid, fumaric acid, succinic acid, and itaconic acid, while typical polyols comprise ethylene glycol, glycerol, 1,2-propanediol, sorbitol, xylitol, and diethylene glycol. Through comparative evaluation of various acid–alcohol combinations, citric acid (C₆H₈O₇) and ethylene glycol (C₂H₆O₂) were ultimately selected as an optimal system. Citric acid contains three carboxyl groups and one hydroxyl group, providing a total of four active hydrogen bond donor sites, which effectively disrupt cellulose hydrogen-bond networks 2. Ethylene glycol, having two hydroxyl groups, acts simultaneously as an HBD and HBA 3; specifically, the oxygen atoms of its hydroxyl groups primarily accept hydrogen bonds from citric acid, creating a stable and efficient hydrogen-bond network. At a molar ratio of 1:2 (citric acid: ethylene glycol), the melting point of the resulting DES significantly decreases, producing a solvent characterized by low viscosity, high cellulose solubility, and environmental friendliness. This DES system demonstrates excellent application prospects in the preparation of nanocellulose, biomass refining, and material modification processes, providing valuable reference combinations for future deep eutectic solvent designs. 
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Supplementary Fig.1 Common polybasic acids and polyols
Consideration of Alternative Dicarboxylic Acids in the Initial Design
During the early stages of the design process, several alternative dicarboxylic acids, including malic acid and tartaric acid, were considered for their potential to form eutectic systems with ethylene glycol. These acids were evaluated based on their hydrogen bonding capabilities, solvation efficiency, and the physicochemical properties of the resulting mixtures. However, after careful consideration, citric acid was selected as the optimal choice due to its superior ability to dissolve cellulose and its well-established efficacy in cellulose-lignin separation. Despite this, further exploration of other dicarboxylic acids may yield valuable insights and could potentially offer additional optimization for specific applications.
Preparation steps of eutectic solvent：
The synthesis of the eutectic solvent involves a simple yet effective preparation process. First, citric acid and ethylene glycol are mixed in a 1:2 molar ratio to achieve the desired eutectic mixture. The required quantities of citric acid and ethylene glycol are weighed out to prepare a final solution concentration of 75% by weight. Under anhydrous conditions, citric acid is placed in a beaker and heated to a temperature range of 60-80°C. Ethylene glycol is then added slowly while stirring continuously with a magnetic stirrer to ensure even mixing. The stirring is maintained at the set temperature to facilitate the complete dissolution of citric acid, ensuring a homogenous and transparent liquid is formed. Once dissolved, the mixture is allowed to cool to room temperature, yielding the eutectic solvent.


Supplementary information 2.Ionic Liquid Synthesis Design:：
The synthesis of [DMIM][DMP] typically begins with the reaction of N-methylimidazole and a methylating agent (such as methyl halides or dimethyl sulfate) through an S-N2 reaction 4, to produce 1,3-dimethylimidazolium halide or the corresponding methyl sulfate salt. This is then subjected to an anion exchange reaction with dimethyl phosphate salt (in the form of an alkali metal or silver salt)5.After filtering off by-products and drying, the liquid [DMIM][DMP] is obtained. In the preparation of nanocellulose, this ionic liquid interacts with the cellulose hydroxyl groups through hydrogen bonding formed by its anion and disrupts the ordered structure of cellulose by spatially hindering its intermolecular and intramolecular hydrogen bonding network via the cation6. Subsequently, water or alcohols, as antisolvents, are added to the dissolution system, resulting in the regeneration of cellulose into a loose and amorphous structure, which can then undergo mechanical or enzymatic treatment to yield nanocellulose.
Preparation steps of ionic liquids：
To synthesize [DMIM][DMP], trimethyl phosphate and 1-methylimidazole are mixed in a 2:3 molar ratio in a three-neck flask 7. A reflux condenser is installed, a magnetic stir bar is added, and one neck is connected to a water pump for vacuum distillation. The reaction is stirred and heated at 150 °C for 10 hours in an oil bath8.After the reaction, the mixture is washed three times with ethyl acetate and then subjected to reduced pressure distillation at 60°C using a rotary evaporator. Finally, the product is placed in a vacuum drying oven and dried overnight.


Supplementary information 3. Nanocellulose powder diagram：
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①: NCC prepared by TEMPO treatment, ②: NCC prepared by [DMIM] [DMP] treatment, ③: NCC produced by cellulase treatment, ④ NCC produced by DES treatment



Supplementary information 4. TEM Analysis of NCC Morphology：
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Supplementary information 5.Economic and environmental viability of NCC production
Supplementary Table S1: Price Estimation of Materials Required for the Production of 1 Ton of NCC by the DES Method. The prices have been sourced from procurement websites and are calculated based on 1 ton of raw materials.
	Chemical
	Purchase link
	Price
(CNY/t)
	Dosage
(t)
	Cost(CNY/t)

	Citric Acid
	https://detail.1688.com/offer/826965001605.html?spm=a26352.13672862.offerlist.85.5e981e62BU6WLx&cosite=-&tracelog=p4p&_p_isad=1&clickid=ae6b09081e5c46ddbf8c07640bfa1e7b&sessionid=7c953682213f45bca048b9e5603ac223
	3600
	1.38
	4968

	Ethylene glyco
	https://detail.1688.com/offer/520167525742.html?spm=a26352.13672862.offerlist.9.4bc51e62Pd8NBG
	432
	1.96
	864.7

	Deionized water
	https://detail.1688.com/offer/860240893553.html?spm=a26352.13672862.offerlist.125.54151e62T05upA
	1200
	1.27
	1524

	Straw
	Local market
	44
	1.39
	61.16

	Electricity
	https://zhidao.baidu.com/question/995350371455170419.html
	0.83
CNY/kWh
	1256kw
	1067.6

	All-in cost
	¥8485.46/t（$1164.96）




Supplementary Table S2: Price Estimation of Materials Required for the Production of 1 Ton of NCC by the [DMIM][DMP] Method. The prices have been sourced from procurement websites and are calculated based on 1 ton of raw materials.
	Chemical
	Purchase link
	Price
(CNY/t)
	Dosage
(t)
	Cost(CNY/t)

	1-Methylimidazole
	https://detail.1688.com/offer/669190088947.html?spm=a26352.13672862.offerlist.83.188d1e627jgdU7
	50000
	1.63
	81500

	Trimethyl thiophosphate
	https://detail.1688.com/offer/683708465935.html?spm=a26352.13672862.offerlist.87.5fa21e627XCP4X
	40000
	1.85
	74000

	Deionized water
	https://detail.1688.com/offer/860240893553.html?spm=a26352.13672862.offerlist.125.54151e62T05upA
	1200
	1.5
	1800

	Straw
	Local market
	44
	1.5
	66

	Electricity
	https://zhidao.baidu.com/question/995350371455170419.html
	0.83
CNY/kWh
	1900kw
	1577

	All-in cost
	¥158943/t（$21823.6）




Supplementary Table S3: Price Estimation of Materials Required for the Production of 1 Ton of NCC by the Cellulase Method. The prices have been sourced from procurement websites and are calculated based on 1 ton of raw materials.
	Chemical
	Purchase link
	Price
(CNY/t)
	Dosage
(t)
	Cost(CNY/t)

	Cellulase
	https://detail.1688.com/offer/853314916078.html?spm=a26352.13672862.offerlist.14.5efb1e62XV3T3u&cosite=-&tracelog=p4p&_p_isad=1&clickid=be4199b7e4e44e6696cac0a8a0864538&sessionid=a2a5b109ca70842af6bf18562c40ed0d
	29500
	0.95
	28025

	Deionized water
	https://detail.1688.com/offer/860240893553.html?spm=a26352.13672862.offerlist.125.54151e62T05upA
	1200
	2.9
	3480

	Straw
	Local market
	44
	1.9
	83.6

	Electricity
	https://zhidao.baidu.com/question/995350371455170419.html
	0.83
CNY/kWh
	1411.8kw
	1171.8

	All-in cost
	¥32760.4/t（$4498.1667）





Supplementary Table S4: Price Estimation of Materials Required for the Production of 1 Ton of NCC by the TEMPO Method. The prices have been sourced from procurement websites and are calculated based on 1 ton of raw materials.
	Chemical
	Purchase link
	Price
(CNY/t)
	Dosage
(t)
	Cost(CNY/t)

	TEMPO
	https://detail.1688.com/offer/673573456944.html?spm=a26352.13672862.offerlist.86.42ed1e62W6NFFV
	24000
	1.6
	38400

	NaBr
	https://detail.1688.com/offer/675601713155.html?spm=a26352.13672862.offerlist.39.16c21e62FpGCrK
	18000
	1.6
	28800

	NaClO
	https://detail.1688.com/offer/745791130886.html?spm=a26352.13672862.offerlist.277.1b2f1e62E7ozML
	2600
	0.75
	1950

	Deionized water
	https://detail.1688.com/offer/860240893553.html?spm=a26352.13672862.offerlist.125.54151e62T05upA
	1200
	2.9
	3480

	Straw
	Local market
	44
	1.8
	79.2

	Electricity
	https://zhidao.baidu.com/question/995350371455170419.html
	0.83
CNY/kWh
	1600kw
	1328

	All-in cost
	¥74037.2/t（$10165.67）




Supplementary Table S5: Impact of Energy Consumption in Different Processes on Carbon Emissions and Environmental Feasibility—An Estimation Based on Laboratory and Industrial Data

	Method
	Major energy sources
	Energy consumption（MJ/t NCC）
	Carbon footprint（kg CO₂-eq/t NCC）

	DES (Glycol, citric acid))
	Low temperature dissolution treatment (80-120 ° C), part of the solvent can be recycled 9
	5200 10
	360 11

	[DMIM][DMP]
	High temperature dissolution (>120 ° C), limited recovery efficiency 12
	9800 13
	820 13

	Cellulase
	The enzymatic hydrolysis process is mild (50 ° C), and the production of enzyme has additional carbon emissions 14
	4100 15
	290 16

	TEMPO 
	Strong oxidant consumption, high energy consumption in mixing and oxidation process 17
	12300
	1020 10



Supplementary Table S6: Comparison of Solvent Requirements, Recovery Rates, and Handling Difficulties in Different NCC Production Methods
	Method
	Major solvent/reagent
	Solvent recovery (%)
	Handling difficulty

	DES (Glycol, citric acid)
	Glycol, citric acid
	80-90 18,19
	Easy to recycle, recyclable 20

	[DMIM][DMP]
	[DMIM][DMP]
	60-80 21
	High temperature recovery is required, with large loss 22

	Cellulase
	Cellulase，aqueous solution
	No recycling required
	Green environmental protection, solvent-free pollution

	TEMPO
	TEMPO, NaClO, NaBr
	<50 23
	Large reagent consumption and complex waste liquid treatment    24




Supplementary Table S7: Waste Liquid Treatment and Pollutant Emissions in Different Processes
	Method
	Major pollutants
	Handling difficulty

	DES (Glycol, citric acid)
	Low amount of organic acids  25
	Recyclable, low pollution

	[DMIM][DMP]
	Ionic liquid residue26
	Difficult to recover

	Cellulase
	Degradable by-products 27
	Green and pollution-free

	TEMPO
	Residual NaClO and NaBr 28
	Highly toxic, requiring strict treatment



Supplementary Table S8: Comprehensive Environmental Feasibility Analysis: Evaluation of Different Methods Based on Energy Consumption, Carbon Footprint, Solvent Recovery Rate, and Waste Liquid Treatment
	Method
	Energy consumption
	Carbon footprint
	Solvent recovery
	Waste liquid treatment

	DES
	4
	4
	4
	4

	[DMIM][DMP]
	3
	2
	3
	2

	Cellulase
	4
	4
	5
	5

	TEMPO
	3
	3
	2
	2
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