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Enhancing the thermal processability of polyvinyl alcohol via blending

with amphiphilic copolymer nanosheets
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2. Hunan TiFul New Materials Co. , Ltd. , Changsha 410205, China)
Abstract; [ Objective] Polyvinyl alcohol (PVA), a biodegradable polymer, is regarded as a promising
candidate for replacing conventional non-degradable plastics that cause substantial pollution risks, owing to
its excellent mechanical, water and gas barrier, and optical properties. However, its inherent thermal
processing difficulties significantly limit its broader applications. This challenge primarily stems from the

abundant hydroxyl groups within its structure, which induce extensive hydrogen bonding interactions and
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result in a considerable proximity of its melting temperature and thermal decomposition temperature.
Additionally, the hydrophilic nature of PVA causes moisture absorption, leading to deterioration of
mechanical properties. [Method) In this work, we designed and synthesized an amphiphilic copolymer
capable of forming nanosheet structures with lateral dimensions of several micrometers in solution. Upon
blending PVA with these amphiphilic copolymer nanosheets, the hydrophilic segments of the nanosheets can
interact with PVA molecular chains via non-covalent interactions, such as hydrogen bonding. During hot-
pressing, the hydrophobic segments facilitate slippage, mobilizing the hydrophilic layers and thereby
enabling the thermal processing of the overall PVA blend. [Result] Our study demonstrated that the
resulting composite film exhibits a reduced melting temperature. It can be reprocessed multiple times via
hot-pressing at 125~ 135 °C while maintaining good mechanical properties. The water absorption of the
composite film was significantly lower than that of pure PVA, decreasing progressively with increasing
copolymer blend ratio. Furthermore, the composite retained its mechanical performance for extended
periods under high-humidity conditions. Simultaneously, the composite film maintained a high optical
transmittance of 85% to 90% . [ Conclusion] This work not only achieved repeatable hot-pressing
processing of PVA {ilm material through a simple blending method but also proposed a novel thermoplastic
processing strategy applicable to other biodegradable polymers facing similar thermal processing challenges.
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Fig. 1 Schematic diagram of the synthesis of amphiphilic copolymers and preparation of PVA blends

1.1 #R5iKH

TR WAL 2, 2HRE R T A LR T AR B A R A . N R
ROWR . =W H B e AR RIE R AR AR . &b . ROKmEE-1799 (PVA) 1y
HZ BT R A BR AR 25 s . =W e, HoR, S bdh. ToKmmeh. Bl A Lif
E 25 4L AR A BR A /) . BT AR Y S e e gl ) . FH B R 2R A7 2l Ak .
1.2 ZWiFgHFE5HHINE

SEI Ay B ok AR BT A ] B A AR A AE . ARG R A% L (NMR, JEOL JNM-ECZ400S/L
400 MHz), ¥ iK% % 3% {0 (GPC, Brookhaven BIFMwA), 120 kV i& 4 i 4% (TEM,
Hitachi H-7800), 4 5 (SEM, Regulus 8230), /N X HF £k # 471X (SAXS, Anton
Paar SAXSpoint 2. 0), £ZIjfe X fFZL 7 49H{L (XRD, Malvern Panalytical Empyrean), 2%/8
AH# & it (DSC, TA Instruments TA-Q2000), 3f &% ML W 4 #r 1 (DMA, TA
Instruments Q800), 4 H R (BHAE B EHL RYJ-600Z1) , HAE B 57 fig b BHA 50
Bl (B HE KZ-SSBC-500), %5 4k 0] WL 3 21 4h 43 % Ot B it (UV-Vis, PerkinElmer Lambda
1050) .
1.3 WEMERYNERSRIE

Nl i D9 0 Tk e SR 0 422 SCRS Y Pk A L. FRER 1.5 g T e (8,09 mmol) T
15 mL=2 %I % T 150 mL FEEFIHR T, L 15 g =4 (11,33 mmoD) AIA FiR¥
WT vk FHEHE, VKBS T IMA 986 L IMBESA (12. 14 mmol), $ii$ 30 min J5 £ 7K
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WWARSERON 12 he R 58 G - FHAR RN G Ak i K U TROR Ak AN K IR AT AR B, RO HILAE 9
TCKBR BRI AT T4 B IR IR HEZE W, A 30 “C 2 THEM T 24 h, 7254 80%.
"H NMRigERE WK 2 () i .

"H NMR (400 MHz, DMSO-d;) &: 8.05 (t, J = 5.7 Hz, —CONHCH, —), 6.20
(dd, J = 17.1, 10.1 Hz, CH,CHCO—), 6.05 (dd. J = 17.1, 2.3 Hz, CH,CHCO—),
5.54 (dd, J = 10.1, 2.3 Hz, CH,CHCO—), 3.14~3.03 (m, —CONHCH, —), 1.40
(q» J = 6.8 Hz. —CONHCH,CH,—). 0.90~0.81 (m, —CONHCH,(CH,),,CH;) .

PR 2 g /N- e BE 9 M B i 3L SR W 9 & iU L n il 1 (a) i . FREC L. 5 g N

e FE N M BERE (6. 27 mmol) F10.73 g WIEIRE g (6. 27 mmol) ¥ T 25 mL 1, 4-T%
/\Hﬂﬁcﬁ? 100 mL RAM, FFRE 20. 6 mg 2, 2-MA =S THE (0.13 mmoD) JNA k¥
Wb B, REHRHRE, RS, RAR, REERGHE T 80 THMIBENRSE 2 h
R EG N EHERBIABIE T, HOBEN 48 h, BIGHEZERREN, M 30 CHE T
PRFE T 24 h

"H NMR (600 MHz, CDCl,) &: 4.60~4.01 (m, —COOCH,CH,OH). 3.93~3.68
(m, —COOCH, CH, OH). 3.13 (s, —CONHCH,CH, —), 1.47 (s, —CONHCH, CH,
(CH,),CH;), 1.34~1.05 (m, —CONHCH,CH,(CH,),CH;), 0.88 (t, J = 6.9 Hz, —
CONHCH, CH,(CH,),CH,) .

P B R G W A T D Sk SR IR S A S DU K g 1) GPC N R G W 0 43 4t
1.4 #H¥EEM PVA EEEM PVA BERH &

PVA-PIEMEILRY) G GE  im WG sl 4, HOt G o EENE 1 (b fiw . %
PVAZE 90 “CoKrp it P M o v A 80 =00, T8 B 18 B IR . /3 I FREL PVA Jfis ol 5% .
1096\ 1524 14 1 3 1 1 3R g ot 7 0 ik A S OB R R rp s DB BT B I I W . B PVA IR
MILRYIE IR G . JFH &SI B AL e R A, BRI MR, BRI RYH
X PVAREWMEZ LH S HEGIABR 1 GUPVA), E4F W 2 Q0% PVA), A H W 3
(5% PVA), SRIGHFLRBEZRR . bR EAIERG PAI RS AR R OIEE R, BT 40 CH
ErEAh TR EEE, BB EE A8 1 (CM), E458 2 (CM2), & & K 3
(CM3) . PVA JBE[F]FE 38 b v Wk Pe 3575 il 4 . ¥ PVAAE 90 “CoRh i HHis i R A =i . B
BB BB, KRG PYA BUERCTFAIR G AR R OB R, & T 40 CHRAE T
AR TR E, W5 PVA .

TEM WA 77 ¥ 28 PVA B2 A FLIR 00 B BGE Sk, WEM MW -, #'% 2 min £4
J& s FHURAR N W M 22 i v, 2 i T4 5 24703 . SEME 3t Jr 2k 2 0 WA SR R T
P 5 R T, RO TR SRR RS S FE R . BT RES S L AT I . R A 5 A 4 AT i
JEIE R X GF AR BEORTR . #EA S Cu/Mo. #EfE DSC i 2 78 A A BT I I+ S
R, AR R 10 °C « min ' RN T2 E A K PVA BB AR F 2 em X1.5
emX0.02 ecm BFESL . JEE T 135 CF, 2 AZNMIEHLLL 8 000 kg ik 10 min 2247 J& 56 B 5%
50, e B E A K PVA B, Fk 8y ug H At A 300 00 38 B 75 ROSE . Pl 3R & ok FH 3 TR e o5
bl e SR RIE AR 4 em X 1.5 em X 0. 1 em MR UK OIRAL R, A 40 CHZ
TR TR 24 hJE B I
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Fig. 2 (a) NMR spectrum of monomer; (b) Amphiphilic copolymers NMR spectrum; (c¢) GPC curve; (d) TEM image;
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B3 PVA (a), EAZ®&1 (b), EAZAE?2 (¢). EEZE3 (d) TEME; PVAE (e) 1 CM3 (f) EH SEM E
Fig. 3 TEM images of (a) PVA, (b) hybrid emulsion 1, (c¢) hybrid emulsion 2, (d) hybrid emulsion 3;
Cross-sectional SEM images of (e) PVA film and (f) CM3

2.2 PVA-BEMHEXBUEEGYUHREIR

FIH TEM W4 T4l PVA R A E GABRTREVHIES . WK 3 () FixR, 4 PVA
FEVE W AT DLW B BB R TUROK Y £F 4R AR . AT RB & PVA RAETE L. B3 (b)) ~
K3 (D SilhEaFAR 1. 67| 2. EHFAMW 3 W REWREKN TEM E1R, LA
2 G FLR T S AR AE RS 1) RUSE R JURIOK W R 454 3 — )23 45 4 5 19 53 T e SR A e
BRI RS AL . W, 2 G FL T IRIEE PVA JE BT £F 2 R 3 4 IR 19 i KR8
A X ATEESE T PVA FIBCEME LR ILIR Z 5. SR/K M PVA 4 Bt iz 8 ip 36 J2 oF A 51k
LYWy 2 P SR K2R 4y s I i S AN VR S 3L Y R 2 b SR K TS A, hiaxX 2
S5 K G5 M 22 TR A7 P 3 3 0 5 K s 5 e 00 35 200 o 1y AR IR B K

3 (e) FIE 3 () Zp5 k4l PVA BEF CM3 & () SEM E{%, ] W4l PVA A &
D, B BB ) AL T CMI3 AT B T B R R B R S5 4 . X HE— 2B TR B T A A I A
JRE ARG 0T AL
2.3 BZBESSEAM I

PVA fI CM1, CM2, CM3 ) DSC MK £ 4l thZe tn &l 4 () PR, 4 PVA S TE— 1
KAE T MR R B R 220 °C, CM1, CM2, CM3 % flig B4 51k 215 °C. 206 C ., 202 °C.
AUEH, PVASPEERIERYIREZ G, EERAKBRRE (T.) 4 PVA 4 BT,
FLBE IR B3GR RO A R

WE (T) -HFEH T (tand) IR WA BB I07E ARR BE . o, T i B X B AR
TE AR 2R 5 A G5 R 0 B IS A AR TR B . Bl P R SR R IR L Bl e, MR T A R
Rkt , 3B SR To/H Kk 138 °C, 128 “CHI 121 °C (E 4 (b)) . ZREL L&
A B P S L SR R )2 v pl e A AR X A T L) R AR I R A TS . DT il bR S
189 7 — 1T 5 W 1 R A 2ok A SR BT AR . PVA BEBLRE 2 & A2 is Bl . 40 C 22 A7 il W6 X6F 107 )
T A FB 5 2 PVA BBEEE LG AR IR ™, 454l PVA 48~64 CHUB LA RER T
B TR, Xl el FIRIREZEM T PVA 25 R E . il i 2 8 #2000 5
(DMA) X CM1, CM2, CM3 [tk et fT i — 058 . R AW MEFA R (G)H ¥7E 115
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Z e MM E G4 m T2 &Y T 6, SCExt #4400 T2 68 F 17 )8 4 32 4 T AT fig
e

ME 4 (D Fin. BTRIEPVA Z GG AN TR, Kol PVA B CM2 43514 55
AN HE B AR A A SRR, L 135 (C L 8 t SRR 10 min FEATHUE I T . 3 42
BB I S R TR R — Sk SE R A, T 48 PV A 78 [ RE S F T B I TG 45 R 15 1 4 B8
M /NBEEEE . RIS, A A RN TS 4R ¥ i B HL A RAaF f 2 kae . AR, 249
AL T R BB A 7 SR PR SR SR & i A 3G i 3G . CMIL AT RASE R 2 R ., CM2 7] LA
SEHL 3 RAEIN T, 1 CM3 ZE4F 6 YR I TS 7588 AT LA F5 5 4 14 7 2% RE A ads B 4
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20 0.3 w
- g 0.2
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Fig. 4  (a) DSC images of PVA and composite films; (b) DMA G'-T; (c) T-tand; (d) Thermal processing
diagram of PVA and CM3

el L, S R LR RUZ [ 4L 2E A R T DU T PVA G JE A7 3088 hn TR 1
fiE .
2.4 RZHKEEAENNFERE

PVA 24 MR J7 2 MERE MR SE B 5 (a) M5 (b s . IR 54 T B 58 3
54 PVA B9y 70 MPa FERZE 43~60 MPa, Bfi % HiE 9 36 e B be il g 3 i, 2 4 I f s
Wi B SR T RAAG . RN IR F) 15 00, R AR AR T LUk B 43 MPa 2247, B 4EfR4l PVA
PLARSREE 9 60 20 LA Ly BT LA R 2 500 F B 2ok . R, &4 B 00 I8 24 0 KR 3 T R R
PVA Ff 5 B BEAL . X T BB I ON LR G L R 6 2 SRR AK PVA AR B 25 T, [6] i 4 2 3%
TR et S R S R AR 2 R M 2 R PV A 22 (8] AT BB A% fil 1 R FE . S B0HE A X e 4
B ISR . R T R A R Sy A b .
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5 (a) PVAEEEBEN-MEMLE; (b) PVAME SERHREMET R KEDIRE; () CM3 HIEM
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Fig. § (a) Stress-strain curve chart of PVA and composite films; (b) Histogram of tensile strength and breaking elongation
of PVA and composite films; (c¢) CM3 stress-strain curve chart before hot pressing and 6 times of hot pressing and 4 groups
(1/3/5/6 times of hot pressing respectively) ; (d) Histograms of tensile strength and breaking elongation in CM3 before hot
pressing and 6 times of hot pressing and 4 groups (1/3/5/6 times of hot pressing respectively); (e) Stress-strain curve graph
of PVA and CM1 and CM3 after 5 h under high humidity conditions of 99% RH; (f) Histogram of tensile strength and breaking
elongation after 5 h under high humidity conditions of 99% RH

B S . R H T —2 CM3 X H T Z W R EREM T, MES (o M5 (D fin. x5
B BRI T, 3 W, FLA o B A T DU R o R AR P AR iR, ek 6 IR A RN T
Jei s PR B REAR BT AR SR A 6026, AR R, B G WEIE S LR B A BT TR, W 2L
KRB E GBI RIREA RIEEMRT, 58 1R, 5 3 RIERE SN ERS 14 R wI
GRS TEAE L X TR O SR TR AR HE T R A W EE R RS M S gh . sk T PVA 4
58 58T S, W TR A B R B . 40l 6 AR . PR E & k4
WY RAIG, TTRE R 20 0t 22 B N T T 23 1 SR 0 ) D2 0K 5 4 3 30 e ol YR T 3
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Fig. 6 Comparison of mechanical properties test results and tensile strength (d) and elongation (e) test results of PVA
(a) and CM1 (b) and CM2 (c) at 99% RH and 25 C at different times; Comparison of water absorption rates of PVA and
CM1~CM3 before (f) and after (g)

PVA TE 8 18 B 45 T Aok M Rl 0 o n i BN R, 7 KA A 80 WK o K
BT 2 kRe, R AEM PVA & T 99%RH, 25 CHEBAH P OFE 5 h J5 1T )12
PEBEMIK . HIE 6 (a) ~& 6 (o) AIHI, 7€ 99% RH &M PVA B AR50 B A 5 5 A
BTRERESY R EWN RN TR, Hh PVA BEMARE FRIREEER, 3 hAAME &
TREZE 6.1 MPa, HIh A RLAH IR FE A2 9%. 1 CM3 T [ 2 J5UUG P8R B 1Y 29 %0, 38 1] LU
iK% 13 MPa. 5 h J§ CM3 KSR T LIAF] 11 MPa Byhrsg e, i T PVA B 4. 6 MPa fy$i
SR EE . FE, BAEAK MK REE E KT PVA ). X —25 R RP R ILR YK R
ERE A B TYEFE PVA AR = B 40 T 0 TAEdERE .

6 (D) ARz PVA IR A B K PEREM R S5 . K PVA FIE A I ) B s 1 7 7K
Wb, KEWIREE R 25 °C, PR TE K/ i i AU I ik 5Bk, 1 h 24 JF PVA fE &
FEE B W K A R I AR R (TEED , 55 B WK A5 R ] AR T 46 PVA B IOoK A5 % . B
E RGO R R IR . A I AR R IOK A SR W AR, CM3 [ IR K £ 3R AR
PVA ) 507447 . K6 (g) PR 8 & WA R TR Mok, dEmr 0L, kA% R —
HREAL, XA EH TE GBS SR TG e mmmess, REWaiHs g%, &5
TR W T LR, WA T KA TR R A DL B B R B . i — 2 A K K B[R]
PVA &k AW B G . TE A WU & AR 0 B 0 B 40 R e it . 3X n] BB i T SR
THERG WA R R B K AR S A T R B 1 5 A B S8 R BR K 4 O S AR A
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2.5 ERERNEXE

Bl 7 pinJe PVA FIUE & BEAE T WOt 100
DA B Y 3B e R, 4l PVA ZE kK Pya oy
400~ 800 nm [ 0] UL % {i il Y 114 385 o R 90 e ————
Ak 910 e AT BEE PRI R AR
Fl . A BRECRKEE TR, so] O
EAT SR AT LA 3K 5] 85 % ~ 90 % 133 % %K .

B %
QX
]

AIRERE T 48K R 2 R a1 ) ol 70 : . .
N 400 500 600 700 800
P (400~ 800 nm) . H 5 2B 8k 5 K /nm
M AT LR 8500 LA F Y IB 6% . X it B 7 PVA RIS GRBEREMNR
AP L R Y B X PVA stk 2 Fig. 7 PVA and composite films transmittance test
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i bR, ARBPTEBOE . SR T PR R Y, XM RS YT IR W A 4RI R
TR R R B PORIER SR RS PVA LRSI % T — R PVA L5 H?’i.
Wi%‘fi%’%A%fﬂﬂé)#Féﬁ$&‘féiﬁﬁﬂu5 PVA 7y 5 AHE i Ui S AE S AR AR I SE & X

S5 K b AR 0 ARG 58 i AR B 1 R A PR T R LN PVA SR IGE g, T B TR G %
Qﬁ?l"JEI’J%WZIﬁ‘th 3, X SR LIAE 125~135 C R SE B N T, JFORRR B UF 1Y ) 2 1
At . BEERW]. EOHALl PVA BABRAMEK A, T/l T 45 2 emne i e
Fr T PVA R . [N, ZEBEAS T RFMELR . X —0F AU AR L B AL 12
PERE . HUIRYERE AV IR EEME PVA BPRHR AL TR B0 48, W H Hh 7 A e m] A ) o A 3R 5 35 i i
e F) 3 LA R0 T ) RS T 47 SR
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