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Hydrophobic and UV-resistant properties of biobased
CNC/PCNF/LNPS flexible iridescent films

XU Nuo'?, XU Yunzhe'?, TAO Wending'?, MA Fanfeng'?, LI Qian'?, WU Qiang'?

(1. Zhejiang Key Laboratory of Green and Low-Carbon Utilization Technology of Agricultural and Forestry Biomass,
Zhejiang A&F University, Hangzhou 311300, Zhejiang, China; 2. College of Chemical and Materials Engineering,
Zhejiang A&F University, Hangzhou 311300, Zhejiang, China)

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, 280-320 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 bio-

based; structural colors

AR YUK IR (CNC) & —F 2R R LBk ™ . BK AP S5 05 R gk kL, A &K
R S anEE . AR . NIRRT A SRR A Y ONC BIFHGE IR A MR, & A4 T
PRI TS Y, SR IHZE K15 S H 202 (BISA) M7 0145 CNC I, nRB R LA AR 61, i7E
H ARG T R SEMT A A5 (0, X — SRR ETE B DA TR . GAE B . DGR IRZ AL A AL AR 5
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R R 2R R, BT A DIREtE GRITE K FIPLEIMNE) . L1 &M it CNC BREFIR £k 5 il 28 T
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W R B K S SN ERE , SR, LG 23 F192s RS PHAC N BEIA T CNC By H 24038, Frfs CNC #ifiEC
R, MLZ T, REZEYKMER (LNPs) BA 8 /NA 23 A2 BH, BF LNPs 5] A CNC/PCNF il 1
AT 2 AR K P B N 8 M BEL B P RE A [RI B AR B ONC 2ty (HR LA SERIE . Ik, ASF5% 38
AN RIS FIUITE R H145 LNPs, 6 LNPs 5] A CNC 2P, i 9 45 Bl 46 CNC/PCNF/LNPs & 4
M, R4Gi% %% LNPs i /0 5O 52 A i b2 e ae . TEARSS Y . i tkae . BB N AT R . R
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CNC, RIS, KEH (106.9460.0) nm, FL#2H (10.143.4) nm, KAZLLH 10.6, BIREM
Zeta LN H—41.59 mV, [ R 10.3% (B b)), BRI EECH 2.8%, T4 H 32 FE 40 KRR 5
SR, YERYIKL 22 (PCNF), Lz AHINY, HARN (24.046.4) nm, EIFKA Zeta HLA H—38.36 mV,
BEfEARTIZR, TEH 95%, KN 1~50 ym, HI)5rFh0 (M) 7 3430 g-mol ', 14 H B m PHITREL 51
HHMRAE . AL MgCly) . 1R1bHN (NaBr), & b8 (NaCl), &LH (KC) . BiFREN (Na,S0,). PUE Ik
W (THF) Y250 #rat, Y0 A 1 254k 2200 A PR A v .
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e, K LNPs ZKEIRRA VR T 15 21 LNPs HoK o
1.2.2 CNC/PCNF/LNPs £ &k dh G BEag 4 & B8, FRI—a s 0.5%( & k) 1Y PCNF 212, kA
O U A R R ALTE 300 W TR R 5 Ab B 3 min; FEARER— & i 10.3% (& L) ) CNC B 773
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5 (PS) BEFR LA, 5 IR IS FHAE b 40 °C fEIR T, Rk K 90% J5, 18 Mhm A —E &
TR CNC/LNPs B 7, JTAkSe i & T U4 40 CH IR T 0% B 2 58 2 i, & 245 3] CNC/PCNF/
LNPs # %, A4 1A F 1 CNC/PCNF/LNPs (e L F A i 44 2 CNC/P20/Lx, i, P20 {3 PCNF 4
XFF CNC [T 504508 20.0%, x f{3& LNPs AHXTF CNC i 7050
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B, AL 3 min, FEMESHEAEER, 5 T 2 min I TEESAI)E, KHE TR 2R B
JEERE S 2P RN - 5 A VR AU PR, [ AR SR (BT R ), XA A T b P
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IR . Amax =nPsing, e 2. HERKRAOEEI, o AR, 0 B 5V EIEMm.
1.3.5 X H & ATH (XRD) B # I & T X 9 2 A7 47 1¢ (D2 PHASER) ', R M Cu-Ka §F 4k (I K 4=
1.540 6 A) VE N X SRR SEA7 F G . FHEIE B~ 20=5°~50°, 4943 & 4 3°-min'. 5 CNC
PCNF i 25 51 BE (0" 0=(Lhoo—Tan/Ta00)> FeH' : Do 4 45 & X (002 & T80 ) (9 A7 5 04 5 B G %ok 7
20=22.5°); I AR DX AT 30 GEF XN 20=18.0° 1 TR HE FeAIGAL ) o
1.3.6 A FrAvmlX  SRAMBLIES 7 BEIIEHL (CMT6104) X IR T AR iR . i s
05 K 25 mmx5 mm BIFES, BEAEIRIEHLAYIEE B, DA 2 mmemin™" B9 HHR ST
1.3.7 BEw AT A MK FEE S, i ARV AT DAYR R FR B A X R . R AR A MgCl,
NaBr. NaCl, KCI fl Na,SO, ¥ 43 V& ¥ B A XHEEE 4 33% . 60% . 75% . 90% 1 99%!"* ), (D
JEM R AT RS o K R B BB SR, A0 BRCE T AN R AR () % AR5 2 h, SRHAT UV-Vis il &
H Ao QWRIR-FF TR NAT R AFSE o FE R B SRR AR, CE FARXHREE R 99% 1% A5 T 2 h,
K0 UV-Vis M5E H A B, BOAKEAS b1 42 2 h, PRI SE A 20 W0 HE S5 i o B AT 7538 L,
T AT O ARG A RE
1.3.8 KAk A mR RO 2 32 il A 0 5E AL (OCASOAF) il 5%E K b IR A /K B il A o #F 20 °CF,
PR EERE A & b, RS 3 pl (K B 1K e R b 0 HOK Ml A o e 24 SR U A i
SN 3 WK BT
139 #F 54 (TGA) RHME /ML (HTC-4) X B E A7 R AT R AE . 108, KB A
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70 C PBERE TR 24 he BJE, AEZRIEARURT, BEEBDE T 30~700 C SEATINA, THE RN
20 Comin™"', BRI FHHE A 8 3~5 mg.

13.10 ESMrafa i semlix SR UV-Vis 75 200~400 nm i3 Ky il PR X6 8 5 (14 45 41 BH B P B R 17 2R 14F .
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Hodr, 7)) MRS R, d i se, 2 NI, Xl EIMES, @=200 nm, =400 nm;
X AR T R i 5 /GRS, @=280 nm, 5=320 nm.
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2.1 LNPs BEEEE SR

HRPEA TR AEA AL R AR R AR, SRR e ekl & LNPs, Horf, o702
HE PR BEEEE TRBINA, WA THE FRARRZE S FHARIETE, AEESFHA
BB WE /N, TR S I L n—n A EAER, A2 R LNPsY, R, LNPs f9k:
BHIEAS SRR SPGBt o4 . BOREERE | TN 25 B 1ok s 3R A AR OC . AR S R AT AL AL T
SR, BEA RO RUE AT LNPs, (1] 1A W1 LNPs ZERE Bk, FREBANEH . BB R
RGGTERUNK 1B i : LNPs FUTA N (210.0442.0) nm, LNPs B 1 Zeta HLA7 H—17.15 mV, HE
AAHN FEEEREARRR ;T L EE R s T R e SAHU S 2] LNPs R A2 R TR
(230.2+1.8) nm, 5 SEM Giit&iHi—5.,

B Vo ELff: (210.0+42.0) nm
350 Zetafifii: —17.15 mV
30+
L 25F —
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A1 LNPs &i%/&4) SEM Bigfe A 125
Figure 1 SEM images and diameter distribution of LNPs suspensions
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M 2A FTA: BT A A LA LI R A S g, o, 4l ONC Il i g
CNC/P20 T [ W5 €5, T CNC/PCNE/LNPs 6 [ ) 8% (A Je IR 2145, Bl LNPs JBi i /05, e
) JL 00 % T A A8 R R B BB LB FIGR 218, R B LNPs WA AT LU BB A 2540 (8 R A 4085 .
& 2B AT fir A AR B A KA A H2 A HE S A8 S by, JF R B RRR 0 XA B e .
& 2C AT A R A A I M EOIR G54, BTN A LNPs ARBEIR CNC 09 FrEm SR 2k, H
R %5 LNPs i 70 2009 35 1, CNC/PCNF/LNPs [ 119 2 4R 45 44 2 8 A8 15 i 4% o fh 8] 2D~E R H1: 4l
CNC # I B Amax N 429 nm, CNC/P20 # & 1) Aoy A 381 nm, 1] CNC/PCNF/LNPs 8 5 () A0 i &
LNPs JFH 050, KK 592, 623, 648, 676 nm, PEHAKE TLIH, 1% 5FWLIE H- i 5z e 1 45 57
—3, XM T CNC A4l g, LNPs &4fi A %] CNC )2 522, 3 CNC 8K, i
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CNC/P20. CNC/P20/L0.2. CNC/P20/L0.5. CNC/P20/L1.0 Fl CNC/P20/L2.0 i JE #2255 (P) fi4 ] & {1 43 3
284, 249, 373, 395. 420 fil 437 nm, X 5 F W F A1 UV-Vis r 1% 2] 19 45 R — . DL CNC/
P20/L2.0 #ifs A ], CNC f9 n >~ 1.52, PR 437 nm, 604 90 °, K] LIAEH A, (FF 7 {H)=664.2 nm,
X5 Ao (M) =676.0 nm SEW) 51
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AFRWE ) B.POMEIE; C.SEMEI; D.UV-Visil; E. e RREHEEK ()
B 2 CNC #= CNC/PCNF/LNPs e A UL K . POM B4, SEM B4, UV-Vis B A= X R4k
R F(irl?rixg Visual images, POM images, SEM images, UV-Vis images and ., of CNC and CNC/PCNF/LNPs films

2.3 CNC/PCNF/LNPs S#REH 1124 RERAE

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 (945 f FE 4y 9 M 67.1% . 88.68% . 84.27%. 85.52%. 84.80%. 90.73% 1 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
Fto K 3C F1 D I ASRIEL b () CNC/PCNF/LNPs {1 J1 24 RE . 7T UL A PCNF J&, &Gl J12%
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
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i 1K1 4A AT 200 . 4l CNC 15 Y 7K 322 fish £ 4 39.0°, CNC/P20 T JI5E 1) 7K 422 fb /5 24 40.8°, CNC/P20/
L0.2. CNC/P20/L0.5. CNC/P20/L1.0 Fil CNC/P20/L2.0 ¥ 5 Y 7K 42 il £ 23 51 S~ 49.0°. 61.5°. 66.1°FH
76.1°, XSER CNC F &4 KRR, FrLL R W 05K e AR R P &ABUKERER dn
AR, LA R TR SOk EAER, BORR MK Ty, MR A s K AR B4R H
& 4B AT Bl AR EE BN, WY Aa BTG R, KALRE . XUEH T K TREE B B IEA
CNC/PCNF/LNPs {5 rh, SEOE B IRIERE R, =408 . X R i RETE s — i sk M
B TRL S, AT AE 6 B0 R A0 B 9 B e M . R AC R AT RS LNPs R Ar BRI, R 7R
33%~99% AHRTRIE T Apax BVBAGAE (M) BT/, 3K A HE/E LNPs (155K PEf 7K 53+ 7E CNC )25
J2 2 (6] 3 i B AR T 8P . B, 7E 99% FHXHR T, 4l CNC Al CNC/P20 JH 15 114 15 5 i 1oz B[] /)
T 40's, CNC/P20/L0.2 i 5 () 38 & i 1 st [8] & 54 s, ifif CNC/P20/L0.5, CNC/P20/L1.0 il CNC/P20/L.2.0
TR JS 11 3 ) 07 S [R] 3 K F 2 mine XS5 RE . iIn A LNPs 23 BRI 6 9 18 3 sk o e 18] 4D o]
1 EE AR EE (RGN, TR Apay B, RAET A BHEABXEEL AREAS, WA A 15T
W, I HER AR E BIIIARIRAS o X R AR R B A, /K VR AR 2 v, e AR X T
fRBT, S BB AR o SR ZE A ok . it 5 AR A IO - G B, ST RE 8 R KR Y
B H A BASAEZENT 29, ] CNC/PCNF/LNPs T8 FE fr 0 228 1 17 P45 WA 2
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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 &
Bl: 7E 30~700 °C, WEMEAIREMEATT 2221 2 DB B, 5 1 BB 220 C 24 iR, XORLF4ERIES
mm DX R AR, 7RI BOM R R R B R iR . o, CNC/P20/L.2.0 (8 f5EE: T A T AEE v [ ik 1l 2
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Figure 4 Water contact angle, A, in different RH, A, change at 33%—99% RH and 5 reversible cycles at 33%—99% RH of CNC and
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Figure 6 UV-Vis images, UV absorption in the UV region and the UVB region of CNC and CNC/PCNF/LNPs films
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