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Supplementary Fig. S4. XRD patterns and corresponding crystallinity of raw cellulose 96 

and cellulose after swelling under different conditions.  97 
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Supplementary Fig. S5. Comparison of average width and carboxyl content of 99 

modified CNFs swollen with anhydrous and hydrated DES. 100 

101 
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Supplementary Fig. S6. pH changes in Zn(OAc)2/ChCl/H2O and ChCl/H2O with the 103 

same MAH mass ratio.   104 
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Supplementary Fig. S7. Comparison of titration curves of Zn(OAc)2 solution and 106 

water with MAH solution.  107 
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Supplementary Fig. S8. SEM images of CNF under the ChCl/H2O system and digital 109 

photos of its recovered solution.  110 
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Supplementary Fig. S9. Length and aspect ratio of CNFs prepared using DES with a 112 

highly efficient swelling-modification strategy.  113 
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Supplementary Fig. S10. Degree of polymerization and yield of cellulose raw material, 115 

cellulose swollen with anhydrous and hydrated DES, and cellulose modified with MAH.  116 

0

200

400

600

800

1000

1200

D
P

Zn(OAc) 2
/ChCl

Zn(OAc) 2
/ChCl/H 2

O

MAH-Cellulose

Raw cellulose
0

20

40

60

80

100

 Y
ie

ld
 (

%
)



14 

 

 117 

Supplementary Fig. S11. EDS-SEM images of cellulose swollen cross-section with 118 

Zn(OAc)2/ChCl/H2O DES systems.119 
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Supplementary Fig. S12. Comparison of SEM images of cellulose and raw cellulose 121 

after ChCl/H2O and DES swelling.  122 
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Supplementary Fig. S13. SEM images and digital photographs of the cellulose 125 

dispersion prepared by direct mechanical treatment of raw cellulose after DES swelling.  126 
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Supplementary Fig. S14. Carboxyl content, TEM image, and photo of raw cellulose 128 

after MAH modification without DES swelling (blank control). 129 

130 
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 131 

Supplementary Fig. S15. Microscopic images and DP comparison of cellulose with 132 

and without Zn(OAc)2 pretreatment in the LA/ChCl, FA/ChCl, and AA/ChCl systems. 133 

(Supplementary Note: Attempts to substitute Zn(OAc)2 with KOAc or NaOAc in the 134 

DES formulation failed to form a homogeneous eutectic mixture under identical 135 

conditions (1:2:2 molar ratio, 80 °C), highlighting the role of Zn(OAc)2 not only as a 136 

pH buffer but also in maintaining the hydrogen-bonding network essential for DES 137 

formation.)  138 
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Supplementary Fig. S16. Kratky plots used to calculate the average spacing of fiber 140 

bundles.  141 
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 142 

Supplementary Fig. S17. Conductivity and viscosity of DES at varying water contents. 143 

Values represent the means ± SD from n=3 independent samples.  144 
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 145 

Supplementary Fig. S18. Low-field NMR spectra of DES with different water-to-146 

solvent ratios.  147 
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Supplementary Fig. S20. Carboxyl content and FT-IR spectra of cellulose raw 152 

materials swollen with DES at different water contents and after MAH modification. 153 

154 
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Supplementary Fig. S21. Deconvoluted FT-IR spectra of cellulose substrates swollen 156 

with DES at various water ratios and following MAH modification.  157 
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 158 

Supplementary Fig. S22. Hydrogen bonding analysis and ratio of cellulose raw 159 

materials swollen with DES at various water ratios following MAH modification. 160 

Values represent the means ± SD from n=3 independent samples.  161 
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Supplementary Fig. S23. Carboxyl content and FT-IR spectra of cellulose raw 163 

materials swollen with DES at varying proportions, following reaction with molten 164 
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Supplementary Fig. S24. Relationship between swelling time and the carboxyl content 167 

of CNFs after MAH modification.  168 
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 169 

Supplementary Fig. S25. Relationship between MAH modification time and carboxyl 170 

content of CNFs under the optimal DES swelling condition (1:2:2). Values in m 171 

represent their means ± SDs from n=3 independent samples. Values represent their 172 

means ± SDs from n=3 independent samples.  173 
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Supplementary Fig. S26. RDF and coordination number comparison of raw cellulose 175 

during the swelling process of anhydrous and hydrated DES systems.  176 
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Supplementary Fig. S27. Effect of modified DES with different MAH and DES ratios 178 

on the carboxyl content of CNFs.  179 
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Supplementary Fig. S28. Effects of different modifiable cyclic anhydrides/DES 181 

systems on the carboxyl content of CNFs.  182 
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 183 

Supplementary Fig. S29. XPS spectra of the four expandable functionalized CNFs and 184 

the cellulose raw materials.  185 
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 186 

Supplementary Fig. S30. Digital photographs and SEM micrographs of films from the 187 

four expandable functionalized CNFs.  188 
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 189 

Supplementary Fig. S31. Stress-strain curves of films from the four expandable 190 

functionalized CNFs, including calculated Young’s modulus and toughness. Values 191 

represent the means ± SDs from n=3 independent samples.   192 
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 193 

Supplementary Fig. S32. Comparison of stress and strain of four expandable 194 

functionalized CNFs in this work with similar works1-8.  195 
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 196 

Supplementary Fig. S33. Effects of different DES ratios and water contents on the 197 

carboxyl content of CNFMAH after MAH modification. Values represent the means ± 198 

SDs from n=3 independent samples.  199 
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 200 

Supplementary Fig. S34. SEM images and digital photographs of CNFMAH, 201 

highlighting the birefringence phenomenon.  202 
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 203 

Supplementary Fig. S35. Carboxyl content of CNFMAH over 10 cycles of DES 204 

exposure.  205 
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 206 

Supplementary Fig. S36. Network diagram illustrating the production of DES-based 207 

CNFs.  208 
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 209 

Supplementary Fig. S37. Network diagram showing the production of CNF by the 210 

TEMPO oxidation method. 211 
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Supplementary Table S1. Comparison of different preparation methods for CNFs and their corresponding data. 212 

Type 
COOH 

(mmol/g) 

Diameter 

(nm) 

Length 

(μm) 

Aspect 

ratio 

Yield 

(%) 
DP Cycle Ref. 

Zn(OAc)2/ChCl/H2O+SAH 2.024 3.61 

5-8 

1800 

90-93 

690 
10 

Our work 
Zn(OAc)2/ChCl/H2O+MAH 1.412 3.72 1800 680 

Zn(OAc)2/ChCl/H2O+EAH 1.08 4.52 1200 730 
- 

Zn(OAc)2/ChCl/H2O+PAH 0.51 5.19 900 780 

TOCN 1.5 4 0.87 217 82 - - 1 

TOCN 1.25 4 0.93 233 20-65 380  2 

TOCN 1.74 3.5 0.23 65 - 370  3 

OA/ChCl/p-TA 0.43 5.9 0.5 85 6   4 

OA/ChCl 0.29 6.9 0.35 50 39   4 

OA/ChCl/AlCl3·6H2O 0.74 15.34 0.475 31 56   5 

CA/ChCl 1.5 3.4 10.4 2500 90.12  10 6 

OA/ChCl 0.27 15.7 0.337 21 76   7 

OA/ChCl/FeCl3·6H2O 0.2 5-20 0.05-0.3  72  3 8 

CA/ChCl 0.31 8   76   9 

OA/ChCl 0.12-0.17 4-34  5.1-7.9 14-33 223-282 5 10 

MAH 1.6 5  390 95   11 

Sulfamic acid/Glycerol 0.18-0.7 10-25   80-95 412-638  12 

Cyclic anhydride 0.5-1.2 3-5  1400 98   13 

  213 
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Supplementary Table S2. Hydrogen bond parameters of CNFs swollen with DES at 214 

varying water contents. 215 

Simple H-bond Wavenumber (cm-1) Content (%) R2 

HBKP 

O(6)H⋯O(3') 3134.2 9.99 

0.9986 

O(3)H⋯O(5) 3240.5 24.38 

O(2)H⋯O(6) 3325.6 39.14 

Free OH(2) 3428.3 21.88 

Free OH(6) 3525.8 4.61 

0 mol H2O 

O(6)H⋯O(3') 3133.6 12.22 

0.9994 

O(3)H⋯O(5) 3232.7 25.28 

O(2)H⋯O(6) 3329.1 29.02 

Free OH(2) 3424.3 22.61 

Free OH(6) 3527.9 10.89 

1 mol H2O 

O(6)H⋯O(3') 3131.6 12.8 

0.9995 

O(3)H⋯O(5) 3234.3 25.82 

O(2)H⋯O(6) 3334.4 28.75 

Free OH(2) 3431.1 21.97 

Free OH(6) 3536.9 10.66 

2 mol H2O 

O(6)H⋯O(3') 3127.2 12.48 

0.9992 

O(3)H⋯O(5) 3229.2 22.88 

O(2)H⋯O(6) 3328.1 32.39 

Free OH(2) 3428.6 21.33 

Free OH(6) 3540.9 10.91 

3 mol H2O 

O(6)H⋯O(3') 3139.4 12.04 

0.9993 

O(3)H⋯O(5) 3244.6 23.9 

O(2)H⋯O(6) 3340.7 34.02 

Free OH(2) 3441.9 20.39 

Free OH(6) 3547.4 9.66 

4 mol H2O 

O(6)H⋯O(3') 3126.2 11.28 

0.9993 

O(3)H⋯O(5) 3230.2 23.5 

O(2)H⋯O(6) 3328.4 32.93 

Free OH(2) 3430.1 22.59 

Free OH(6) 3538.1 9.7 

5 mol H2O 

O(6)H⋯O(3') 3133.3 12.41 

0.9988 

O(3)H⋯O(5) 3239.4 24.83 

O(2)H⋯O(6) 3339.2 31.09 

Free OH(2) 3441.3 21.89 

Free OH(6) 3549.7 9.77 

6 mol H2O 

O(6)H⋯O(3') 3129.2 12.35 

0.9993 

O(3)H⋯O(5) 3232.6 24.55 

O(2)H⋯O(6) 3332.6 30.74 

Free OH(2) 3430.8 21.23 

Free OH(6) 3527.6 11.13 
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7 mol H2O 

O(6)H⋯O(3') 3130.6 11.94 

0.9992 

O(3)H⋯O(5) 3235.2 23.98 

O(2)H⋯O(6) 3331.6 33.68 

Free OH(2) 3435.8 21.65 

Free OH(6) 3550.6 8.75 

  216 
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Supplementary Table S3. Relative content of hydrogen bonds and free hydroxyl 217 

groups in CNFs swollen with DES with different water contents (%). 218 

Simple Inter-chain H-bond Intra-chain H-bonds Free OH groups 

HBKP 9.99 63.52 26.49 

0 mol H2O 12.22 54.57 33.5 

1 mol H2O 12.8 54.57 32.63 

2 mol H2O 12.48 55.27 32.24 

3 mol H2O 12.04 57.92 30.05 

4 mol H2O 11.28 56.42 32.29 

5 mol H2O 12.41 55.92 31.66 

6 mol H2O 12.35 55.29 33.17 

7 mol H2O 11.94 57.66 30.4 
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Supplementary Table S4. Parameters for preparing scalable functionalized CNFs 220 

using modified DES with different types of cyclic anhydrides. 221 

 222 

Cyclic 

anhydride 
DES: Cyclic anhydride (Weight ratio) COOH (mmol/g) 

SAH 1:1 2.024 

MAH 1:1 1.412 

EAH 1:1 1.075 

PAH 1:1 0.501 

Note: The modification time and temperature are both 2 h and 100 oC. Liquid separation 223 

and washing processes are both used 500 mesh nylon net.  224 
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Supplementary Table S5. Atomic concentrations from XPS spectra of scalable 225 

functionalized CNFs and their corresponding surface degree of substitution. 226 

Sample 
Carbon groups concentration (at%) 

C-C C-O O-C-O O-C=O Surface DS 

MAH-

CNF(Melting) 
23.05 53.75 19.92 3.28 0.152 

MAH-CNF 23.11 55.19 17.96 3.74 0.169 

SAH-CNF 39.22 46.3 8.84 5.62 0.303 

PAH-CNF 39.11 50.34 7.43 3.11 0.155 

EAH-CMF 49.38 37.91 9.39 3.31 0.218 
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Supplementary Table S6. Recovery, yield, carboxyl content, and degree of 228 

polymerization of CNFs prepared in 10 cycles of DES, compared with CNFs without 229 

DES swelling. 230 

Cycle Recovery (%) Yield (%) 
COOH 

(mmol/g) 
DP 

1 93.74 94.91 1.27 686 

2 92.41 95.25 1.16 697 

3 93.41 93.45 1.21 694 

4 92.24 94.9 1.12 705 

5 93.62 94.16 1.04 710 

6 91.52 95.5 1.08 709 

7 90.86 94.18 0.98 717 

8 90.18 95.35 0.87 730 

9 93.49 94.86 0.678 749 

10 91.93 95.52 0.675 745 

No swelling - 96.62 0.573 743 

  231 
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Supplementary Table S7. Price estimation of materials required for CNF production 232 

using the DES-based highly efficient swelling-modification strategy, based on 233 

procurement prices from websites for 1 ton of pretreated pulp board. 234 

Chemical Purchase link 
Price 

(CNY/t) 

Dosage 

(t) 

Cost 

(CNY/t) 

Kraft pulp 

https://detail.1688.com/offer/423853

63860.html?spm=a261b.2187593.0.0

.7c676138VuwH8J 

4000 1.075 4300 

Choline 

Chloride 

https://detail.1688.com/offer/747781

227383.html?spm=a261b.2187593.0.

0.38003dacC6iF3K 

4800 2.56 12288 

Zinc 

Acetate 

https://detail.1688.com/offer/965796

273393.html?spm=a261b.2187593.0.

0.6d3d764fvZJ2CP 

2070 2 4140 

Maleic 

Anhydride 

https://detail.1688.com/offer/872783

199856.html?spm=a261y.7663282.3

002526303362591.2.34dc6b32tR8d

Ay&sk=order 

6000 2.28 13680 

All-in cost 34408 ¥ 
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Supplementary Table S8. Price estimation of raw materials for TOCN production via 236 

TEMPO oxidation, based on procurement prices from websites for 1 ton of pretreated 237 

pulp board. 238 

Chemical Purchase link 
Price 

(CNY/t) 

Dosage 

(t) 

Cost 

(CNY/t) 

Kraft Pulp 

https://detail.1688.com/offer/42385

363860.html?spm=a261b.2187593.

0.0.7c676138VuwH8J 

4000 1.075 4300 

TEMPO 

https://detail.1688.com/offer/77573

1008585.html?spm=a26352.136728

62.offerlist.32.56b81e627N3iMD 

850000 0.03 25500 

Sodium 

Bromide 

https://detail.1688.com/offer/93863

5337660.html?spm=a26352.136728

62.offerlist.4.14951e62gg2HOc 

24200 0.125 3025 

Sodium 

Hypochlorit

e 

https://detail.1688.com/offer/71713

5258542.html?spm=a26352.136728

62.offerlist.1.f34b7f3c2ggWlu 

5400 2.8 15120 

Sodium 

Hydroxide 

https://detail.1688.com/offer/89519

0908282.html?spm=a26352.136728

62.offerlist.89.3f6d1e62z4yAZK 

6600 1.5 9900 

All-in cost 58454 ¥ 
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