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Hydrophobic and UV-resistant properties of biobased
CNC/PCNF/LNPs flexible iridescent films
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Zhejiang A&F University, Hangzhou 311300, Zhejiang, China; 2. College of Chemical and Materials Engineering,
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Abstract: [Objective] This study aims to prepare a fully biobased composite film with flexible iridescent
cellulose nanocrystals (CNC)/phosphorylated cellulose nanofibers (PCNF)/lignin nanoparticles (LNPs), and
systematically examine the influence of LNPs mass fraction on the optical properties, morphology, mechanical
properties, humidity sensitivity, thermal stability, hydrophobicity, and ultraviolet shielding properties of the
composite film. [Method] Taking CNC as the structural matrix, PCNF as the reinforcing phase, and LNPs as
the functional component, a two-step method was employed to prepare a fully biobased, flexible, and iridescent
CNC/PCNF/LNPs composite film. [Result] The structural color and the maximum reflection wavelength
(Amax) of the film exhibited a significant redshift with increasing LNPs mass fraction. Hydrophobicity was
enhanced, and the water contact angle increased from 39.0° to 76.1°, while humidity sensitivity decreased

slightly. Thermal stability improved, with the maximum thermal decomposition temperature rising from 240 °C
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to 261 °C. Ultraviolet shielding performance was enhanced, and the CNC/P20/L2.0 film (where P20 represented
the mass fraction of PCNF relative to CNC as 20.0%, and L2.0 represented the mass fraction of LNPs relative to
CNC as 2.0%) achieved UV absorption rates of 95.8% in the ultraviolet region (UV, 200—400 nm) and 99.2% in
the mid wave UV region (UVB, 280320 nm). [Conclusion] The mass fraction of LNPs can affect the optical
properties, morphology, humidity sensitivity, thermal stability, hydrophobicity, and ultraviolet shielding
properties of the composite film, but it has little effect on the mechanical properties. [Ch, 7 fig. 26 ref.]

Key words: cellulose nanocrystals; phosphorylated cellulose nanofibrils; lignin nanomicrospheres; fully
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IR . Amax =nPsing, e 2. HERKRAOEEI, o AR, 0 B 5V EIEMm.
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Figure 1 SEM images and diameter distribution of LNPs suspensions
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TR A S5 HA LR A, #172E T 2L, X 2C AR RT3 F I s Angeit, AT AR CNC, CNC/P20,
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CNC/P20/L0.2, CNC/P20/L0.5, CNC/P20/L1.0 Al CNC/P20/L2.0 i JEHI2HE (P) f) & (8 435k 284, 249,
373, 395, 420 Fll 437 nm, 3% 5 W IR F A UV-Vis Fri58 3] 45 B —%, LA CNC/P20/L2.0 3 JiE Sy 4,
CNC Y n M 1.52, P} 437 nm, 04 90 °, KHILA] LIARH 2O B 1H)=664.2 nm, X5 A, (& (H)=
676.0 nm =M)A.
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R F(irl?rixg Visual images, POM images, SEM images, UV-Vis images and ., of CNC and CNC/PCNF/LNPs films
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Hi 141 3A A 41 : CNC/PCNF/LNPs i 5 (1% X S 2 A7 B I AHALL, #RAE 26=15.00F1 22.5°H B 2 > 45
Vg, ZrRIXTREFAER T RUAY (101) AR IETAT (200) fhiAT. X UERH CNC/PCNF/LNPs R LF4E2 1T A, A
LNPs JEASHAE CNC ()i, Hid, PCNF, CNC, CNC/P20, CNC/P20/L0.2, CNC/P20/L0.5, CNC/P20/
L1.0 Fi1 CNC/P20/L2.0 F4E f BE 39 °h 67.10% . 88.68% . 84.27%. 85.52%. 84.80%. 90.73% H1 87.67%.
PCNF 25 iy E#5 Ik, CNC/PCNF & & R4S i FE s, X F 22 i T XRD Wl CNC i, 1fii CNC %%
PCNF HA W Z 145X . & 3B NAFE AL H A CNC/PCNF/LNPs J 5 G 7 f7-Ri A8 th 2k o i &l 3B Al
4fi CNC B Bt w2, oAb MARAE W i & AL T IR, PrARsm B | 2R iR 232 0 D 24 e 410 e 42
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PEREHR A TR KRR M4 T, DL CNC/P20 Ry 7], Wi Zd 4 6 Mh 0.513% $2 T+ 51 T 2.383%, Wi 6E M
4967 J+m 2 #2751 70.703 T-m2, Hi 58 EE M 20.033 MPa £ T3] T 51.573 MPa, XE6EH]. PCNF K
AR TP X R EUE T PCNF AR 5L A AR BERE 5 CNC i #5008 ilUfe e &
HE, BRSO AT, B R CNC RFEHEAE 1, MR R CNC SR Iy 2= R se A 1, A
LNPs Ji7, B2 Rms A 13T, TPk A TR, X AT EJE T LNPs 4fi A 3] CNC 12 IR 45
Mh R T AN IR P, BRI, CNC/PCNF/LNPs I 1 4K S22 vE e I ok & 4 i 5748
1k, LNPs B0 AT AR A PR BEs2 AT FR o
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Figure 3 XRD images, stress-strain curves, and mechanical properties of CNC and CNC/PCNF/LNPs films

2.4 CNC/PCNF/LNPs HFEHIELK 14 BEFIR E NG K2 1T A

1 4A A0 . 4l CNC v 5 i 7K 422 il ff ol 39.0°, CNC/P20 3 I 1) 7K 422 ik £ o}y 40.8°, CNC/P20/
L0.2. CNC/P20/L0.5. CNC/P20/L1.0 Fl CNC/P20/L2.0 i 5% (1) 7K 42 fisk 71 43 % R 49.0°. 61.5°. 66.1°F
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PCNF/LNPs #frh, SEOGEBAIRIEE K, Wi~ EL08 . XGRS B4 — & B KM R
BF, hBERMH RAFIBEE MNP . & 4C AT 1. Bl LNPs FE 803, REAE 339%~99% AHXT
TREET A BB (Adpnay) B/, 33 0] BEJZ LNPs 1 85 B K PR 7K 20 T-7E CNC J2 5 2 2 8] 1938
R REAR TSP, AN, FE 99% MXFIRE T, 4l CNC A1 CNC/P20 38 A% 38 B2 mi B B (8] /N T 40 s,
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w7 B A YR T 2 mine 3R SE45 L] . AN A LNPs 23 B A5 4 10 B AURE . 18 4D WAL BE A
XTHRRE BYSE I, MR A BTG, KR T 20K B MDSHREE (R, WEIERY A e, B0, I H
B2 BRI URIRAS o X PR A S AR EE RO, ARYRIE A BB v, TR AR AR, SEA
NP K SR TR Rk . Zad S AR R - R, AR R RF L, H dpa
AEAEERNT 2%, 1B CNC/PCNE/LNPs 15 4 15 58 0 17 P4 Aa 5 o
2.5 CNC/PCNF/LNPs EEH IR E MR

Kl SA. B 43l i AS [R) BE E ) CNC/PCNF/LNPs 3 i 9 TGA Fl 22 70 0 E 43 Br (DTG) Bl . Bl 5A &
Wl: 7E 30~700 °C, WiEMIREMEATT L2 2 BB, 55 1Y BON 220 C 245 F iR, X2 R RS
i DX R, TR B R R s R . L, CNC/P20/L.2.0 T2 Jr A JeE 6 b ok fof vl
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Figure 7 Mechanistic diagram of CNC/PCNF/LNPs interactions
ZHU Peng, FENG Luyao, DING Zejun, ef al. Preparation of spherical cellulose nanocrystals from microcrystalline cellulose
by mixed acid hydrolysis with different pretreatment routes[J]. International Journal of Molecular Sciences, 2022, 23(18):
10764. DOL: 10.3390/ijms231810764.
ZHANG Qihong, LU Zhaohui, SU Chen, et al. High yielding, one-step mechano-enzymatic hydrolysis of cellulose to
cellulose nanocrystals without bulk solvent[J]. Bioresource Technology, 2021, 331: 125015. DOI: 10.1016/j.biortech.
2021.125015.
EREE, ZEMEHE. CNC T ) B BV S 25 4 T A . 945 5 07 D). RGO Tl R 24224k, 2022, 41(4): 261-268.
WANG Shiyu, LI Haiming. Formation, tuning and application of cellulose nanocrystal with chiral nematic liquid crystal
structure [J]. Journal of Dalian Polytechnic University, 2022, 41(4): 261-268. DOL: 10.19670/j.cnki.dlgydxxb.2022.6001.
MOUD A A, MOUD A A. Flow and assembly of cellulose nanocrystals (CNC): a bottom-up perspective-a review [J].
International Journal of Biological Macromolecules, 2023, 232: 123391. DOI: 10.1016/j.ijbiomac.2023.123391.
WANG Peixi, MACLACHLAN M 1J. Liquid crystalline tactoids: ordered structure, defective coalescence and evolution in
confined geometries[J]. Philosophical Transactions. Series A, Mathematical, Physical, and Engineering Sciences, 2018,
376(2112): 20170042. DOI: 10.1098/rsta.2017.0042.
ZHANG Fusheng, YU lJiaqi, ZHONG Wei, et al. Responsive photonic filaments from confined self-assembly of cellulose
nanocrystals[J]. ACS Nano, 2025, 19(6): 6299-6308. DOI: 10.1021/acsnano.4c15863.
VKR, TR, R, . YRR YUK MR TR S RS E L] R S AR, 2024, 43(7): 135-140, 83. PING
Xinxin, XU Huawei, DONG Hanqi, et al. Research progress of cellulose nanocrystals chiral nematic materials[J]. China
Pulp & Paper, 2024, 43(7): 135-140, 83. DOI: 10.11980/j.issn.0254-508X.2024.07.016.
WALTERS C M, BOOTT C E, NGUYEN T D, et al. Iridescent cellulose nanocrystal films modified with hydroxypropyl
cellulose[J]. Biomacromolecules, 2020, 21(3): 1295—1302. DOI: 10.1021/acs.biomac.0c00056.


https://doi.org/10.3390/ijms231810764
https://doi.org/10.1016/j.biortech.2021.125015
https://doi.org/10.1016/j.biortech.2021.125015
https://doi.org/10.19670/j.cnki.dlgydxxb.2022.6001
https://doi.org/10.19670/j.cnki.dlgydxxb.2022.6001
https://doi.org/10.19670/j.cnki.dlgydxxb.2022.6001
https://doi.org/10.1016/j.ijbiomac.2023.123391
https://doi.org/10.1016/j.ijbiomac.2023.123391
https://doi.org/10.1016/j.ijbiomac.2023.123391
https://doi.org/10.1098/rsta.2017.0042
https://doi.org/10.1021/acsnano.4c15863
https://doi.org/10.1021/acsnano.4c15863
https://doi.org/10.11980/j.issn.0254-508X.2024.07.016
https://doi.org/10.11980/j.issn.0254-508X.2024.07.016
https://doi.org/10.11980/j.issn.0254-508X.2024.07.016
https://doi.org/10.11980/j.issn.0254-508X.2024.07.016
https://doi.org/10.11980/j.issn.0254-508X.2024.07.016
https://doi.org/10.11980/j.issn.0254-508X.2024.07.016
https://doi.org/10.1021/acs.biomac.0c00056
https://doi.org/10.1021/acs.biomac.0c00056

466 WroIL R R K A R 2026 4E 6 F 20 H

[9] TRAN A, HAMAD W Y, MACLACHLAN M J. Tactoid annealing improves order in self-assembled cellulose nanocrystal
films with chiral nematic structures [J]. Langmuir, 2018, 34(2): 646—652. DOI: 10.1021/acs.langmuir.7603920.

[10] YAO Kun, MENG Qijun, BULONE V, et al. Flexible and responsive chiral nematic cellulose nanocrystal/poly (ethylene
glycol) composite films with uniform and tunable structural color[J]. Advanced Materials, 2017, 29(28): 1701323. DOL:
10.1002/adma.201701323.

[11] MENG Yahui, CAO Yunfeng, JI Hairui, et al. Fabrication of environmental humidity-responsive iridescent films with
cellulose nanocrystal/polyols [J]. Carbohydrate Polymers, 2020, 240: 116281. DOI: 10.1016/j.carbpol.2020.11628]1.

[12] XU Yunzhe, HAN Jing, XU Nuo, ef al. A two-step method for producing iridescent and tough all-cellulose liquid crystal
films[J]. Cellulose, 2025, 32(10): 5959-5971. DOI: 10.1007/s10570-025-06607-7.

[13] ZHANG Shanshan, LI Shineng, WU Qiang, ef al. Phosphorus containing group and lignin toward intrinsically flame
retardant cellulose nanofibril-based film with enhanced mechanical properties[J]. Composites Part B: Engineering, 2021,
212: 108699. DOI: 10.1016/j.compositesb.2021.108699.

[14] LI Zongzhe, WANG P B, ZHANG Yinghao, et al. Durable hydrophobic iridescent films with tunable colors from self-
assembled cellulose nanocrystals[J]. Small, 2025, 21(6): 2409701. DOIL: 10.1002/sml1.202409701.

[15] JIN Haidong, SUN Guangshi, TANG Qizheng, et al. Tunable-color chiral liquid crystal film of cellulose nanocrystal with
outstanding antibacterial and UV shielding capabilities for multifunction coating applications[J]. Carbohydrate Polymers,
2025, 354: 123306. DOI: 10.1016/j.carbpol.2025.123306.

[16] PARIT M, SAHA P, DAVIS V A, et al. Transparent and homogenous cellulose nanocrystal/lignin UV-protection films[J].
ACS Omega, 2018, 3(9): 10679-10691. DOIL: 10.1021/acsomega.8b01345.

[17] SEGAL L, CREELY J J, MARTIN A E, et al. An empirical method for estimating the degree of crystallinity of native
cellulose using the X-ray diffractometer[J]. Textile Research Journal, 1959, 29(10): 786-794. DOI: 10.1177/
004051755902901003.

(18] TRZaHr, R—, Moith, 5. 3 & B/ AT HE 3 AR i (A S 5 W A RO 22 #g B B E i 7 A7 [0 W AR bR 2
2, 2024, 41(1): 169—175. XU Yunzhe, CHEN Yifan, LIN Xinyi, et al. Microstructure and humidity response behavior of
polyethylene glycol/cellulose nanocrystals composite liquid crystal films[J]. Journal of Zhejiang A&F University, 2024,
41(1): 169—175. DOI: 10.11833/j.issn.2095-0756.20230236.

[19] XU Yunzhe, HE Lina, XIE Zumin, et al. Influence of PEG on toughness, humidity sensitivity and structural color of
cellulose nanocrystal films[J]. Cellulose, 2024, 31(11): 6885-6896. DOI: 10.1007/s10570-024-06035-z.

[20] R BE. AR BT E -ZnO Fbi i 8 B K AR b 3 18 1914 2 5 P REAF 5T [D]. B : #iLA MR 2%, 2023. REN Changying.
Study on Construction and Properties of Lignin-ZnO Based Antibacterial and Superhydrophobic Wood Surface[D].
Hangzhou: Zhejiang A&F University, 2023. DOI: 10.27756/d.cnki.gzjlx.2023.000086.

[21] LING Zhe, CHEN Jie, WANG Xinyan, et al. Nature-inspired construction of iridescent CNC/Nano-lignin films for UV
resistance and ultra-fast humidity response[J]. Carbohydrate Polymers, 2022, 296: 119920. DOI: 10.1016/j.carbpol.
2022.119920.

(22] ¥, &7 5, 9, A5 Bk R SO A J5T 3R 1 R A K 2 48 3R 02 5 I ) 45 Je v RE (D). 2 G BRI, 2025, 42(2):
791-801. LUO Dan, SHU Xuan, SUN Gaofeng, et al. Preparation and properties of maleic acid modified lignin reinforced
nano-cellulose composite membrane[J]. Acta Materiae Compositae Sinica, 2025, 42(2): 791-801. DOIL: 10.13801/j.cnki.
fthelxb.20240520.001.

[23] LISY A, HAZ A, NADANYI R, et al. About hydrophobicity of lignin: a review of selected chemical methods for lignin
valorisation in biopolymer production [J]. Energies, 2022, 15(17): 6213. DOIL: 10.3390/en15176213.

[24] XUIR, XUMEME, XITCZE, 2. A BRI AT 08 R (1], BR8I35 R, 2024, 32(6): 28—40. LIU Yi, LIU Yanyan, LIU
Yuanjun, et al. Research progress of lignin flame retardant[J]. Advanced Textile Technology, 2024, 32(6): 28—40. DOL: 10.
19398/j.att.202310025.

[25] ZHANG Shikai, CHENG Xinxin, FU Quanbin, et al. Pectin-nanolignin composite films with water resistance, UV
resistance, and antibacterial activity [J]. Food Hydrocolloids, 2023, 143: 108783. DOIL: 10.1016/j.foodhyd.2023.108783.

[26] ZHANG Jiawei, TIAN Zhongjian, JI Xingxiang, et al. Fabrication mechanisms of lignin nanoparticles and their ultraviolet
protection ability in PVA composite film[J]. Polymers, 2022, 14(19): 4196. DOIL: 10.3390/polym14194196.


https://doi.org/10.1021/acs.langmuir.7b03920
https://doi.org/10.1021/acs.langmuir.7b03920
https://doi.org/10.1002/adma.201701323
https://doi.org/10.1016/j.carbpol.2020.116281
https://doi.org/10.1007/s10570-025-06607-7
https://doi.org/10.1007/s10570-025-06607-7
https://doi.org/10.1007/s10570-025-06607-7
https://doi.org/10.1007/s10570-025-06607-7
https://doi.org/10.1007/s10570-025-06607-7
https://doi.org/10.1007/s10570-025-06607-7
https://doi.org/10.1007/s10570-025-06607-7
https://doi.org/10.1007/s10570-025-06607-7
https://doi.org/10.1016/j.compositesb.2021.108699
https://doi.org/10.1002/smll.202409701
https://doi.org/10.1016/j.carbpol.2025.123306
https://doi.org/10.1021/acsomega.8b01345
https://doi.org/10.1021/acsomega.8b01345
https://doi.org/10.1177/004051755902901003
https://doi.org/10.1177/004051755902901003
https://doi.org/10.1177/004051755902901003
https://doi.org/10.11833/j.issn.2095-0756.20230236
https://doi.org/10.11833/j.issn.2095-0756.20230236
https://doi.org/10.11833/j.issn.2095-0756.20230236
https://doi.org/10.11833/j.issn.2095-0756.20230236
https://doi.org/10.11833/j.issn.2095-0756.20230236
https://doi.org/10.11833/j.issn.2095-0756.20230236
https://doi.org/10.1007/s10570-024-06035-z
https://doi.org/10.1007/s10570-024-06035-z
https://doi.org/10.1007/s10570-024-06035-z
https://doi.org/10.1007/s10570-024-06035-z
https://doi.org/10.1007/s10570-024-06035-z
https://doi.org/10.1007/s10570-024-06035-z
https://doi.org/10.1007/s10570-024-06035-z
https://doi.org/10.1007/s10570-024-06035-z
https://doi.org/10.27756/d.cnki.gzjlx.2023.000086
https://doi.org/10.1016/j.carbpol.2022.119920
https://doi.org/10.1016/j.carbpol.2022.119920
https://doi.org/10.13801/j.cnki.fhclxb.20240520.001
https://doi.org/10.13801/j.cnki.fhclxb.20240520.001
https://doi.org/10.13801/j.cnki.fhclxb.20240520.001
https://doi.org/10.13801/j.cnki.fhclxb.20240520.001
https://doi.org/10.3390/en15176213
https://doi.org/10.19398/j.att.202310025
https://doi.org/10.19398/j.att.202310025
https://doi.org/10.19398/j.att.202310025
https://doi.org/10.19398/j.att.202310025
https://doi.org/10.1016/j.foodhyd.2023.108783
https://doi.org/10.3390/polym14194196

	1 材料与方法
	1.1 材料
	1.2 样品制备
	1.2.1 LNPs的制备
	1.2.2 CNC/PCNF/LNPs复合液晶薄膜的制备

	1.3 表征方法
	1.3.1 Zeta电位测定
	1.3.2 偏光显微镜(POM)
	1.3.3 扫描电镜(SEM)
	1.3.4 紫外可见分光光度计(UV-Vis)
	1.3.5 X射线衍射(XRD)
	1.3.6 力学拉伸测试
	1.3.7 湿度响应行为测试
	1.3.8 水接触角测试
	1.3.9 热重分析(TGA)
	1.3.10 紫外阻隔性能测试


	2 结果与讨论
	2.1 LNPs的形态结构分析
	2.2 CNC/PCNF/LNPs薄膜的光学性能和形貌结构表征
	2.3 CNC/PCNF/LNPs薄膜的力学性能表征
	2.4 CNC/PCNF/LNPs薄膜的疏水性能和湿度响应行为
	2.5 CNC/PCNF/LNPs薄膜的热稳定性表征
	2.6 CNC/PCNF/LNPs薄膜的紫外阻隔性能表征
	2.7 CNC/PCNF/LNPs相互作用机理分析

	3 结论
	参考文献

