[]Ei € % = #f PACKAGING JOURNAL
2025 £ £ 17 % ZE 5 i Vol. 17 No. 5 Sep. 2025

JEEEFIAUEH 73 R U T i

doi:10.20269/j.cnki.1674-7100.2025.5001

xxnts E=W

WL I KF
Yok 540 T3
i AN

1 FRE=

20 {4 30 4R, FRH-ZER YO LS TRIR T 5

e

310018

OB HAREANBERAR (PU) 227 ALEPBEAREZELEA N
% (VOCs) , sTAREELEIRBERAE, CHEAEL S Tog T TR,
MEZ T, RER B EB(SFPU ) B A 4 G IR 4F | e A K Ao AR 20 5 5 R 3
S AR PU AR AT A5, Fsk, RAHR IR SFPU M4k
a9 Frapuhl, T8 Fx 4R 8 A P ke SFPU A A £% & L, SFPU T
S AR FR (2K-PU) Fe BBk 2B, FAHKE &L F BT
R, ERUASRRZELA L SWUBEREGG AN, ER THHREMKR, A
LR TENIRENRESRRBENELHRFTX . FRI‘RE, 554
T 2K-PU £ R F A EH 5 P 89 370 BOb 7 i 6L 46 o A S BOb Ao AL 3 K AE K
M, REEZET 2K-PU R&AFM I35 AP M, IRRABRRZDE—E
REEET MM, REANRAB TSN AN,

KEBIR . RIEA AR AET; HALEABOM,; WL RIERE

FESES: TQ323.8; TB324 XERPRERD: A

XERHE: 1674-7100(2025)05-0001-10

Bl : K AM, 25 . RIEA MU R AB QSR [J]. @SR,
2025, 17(5): 1-10

RIS G H AT E N TR S S R A R N,
N- “HIEH R (DMF) /EEHR], XA SAE
EEMELL R P, s 2025 ) 5 IR A A

ZIOUREI RGN, BEE T R &R (PU ) A2t
o5, PU SEMRHACS A TERERGE N R | ok
FHLRE . BT ESANR, CRNEARE
B T PU S B R B B Y 22 0 5 R
Mg, ZRIEASY . VaER . BHAGR . B R
FRIGFERFI R B L, G PU MR L&A TR
IR PU Z DN RERZE R R LA K AT BAS A 4 114 1
B, WSO PU DRSS IS ek mik . 1558
AR R T R A R ER AR, (EAE 45 B 5 (o ] i 22
MBS FAAHIER, Bo AW A fa T, XIS

st i,  “Put” BRI A B &
TEA MR B 1 . VR R akin R SR = le A ™
FETRE, A EIESO) T RS ARV R A BRI AL
ESSEERTIRESTIEWE =E =i N

ToVs I R A fg (SFPU) |, 3l i B A ML 77
i, BERR T EAEA VL, R EA
S 12 ERE L A E e A AT PR R v B SFPU AT
G R IMR RO SR F i Jos [ Ak R Ay fi
M, ARG & A E R s S Ak, HiE T
AR ESTI ' CIE I R (2K-PU) H,

Wi BHE: 2025-05-25
BEE&WME: “REAE+X" B (2025C01180)

EE® N Hwlly, Lo, #8, WA, FENFSSFHRNE RSN, E-mail: peikemei@zstu.edu.cn



€1 %= = f PACKAGING JOURNAL
2025 £ 5E 17 % % 5 #i Vol. 17 No. 5 Sep. 2025

05

A W53 RS CR Y 2008, B 45 M5t
FERERFEMTRIA, ARUsBERIWE 1R, MRT
VIR A G, 2K-PU fe %8 H B3 4E T 6 VOCs
He, S A AR T RS TR, AU S T
TG RIBERE M, FLA R 2K-PU 3R, fh2a kR
R HAh, 2K-PU B H A i {2 ok . R 3B

R PUERIMESES, fescmizt . 978, haht
SEOUEAT ) R B R AT S R, 2K-PU BRI AR
HABEFERRT, IR T RABA R — P R

A
A \Tf
HO— ||\

0
J
(s\ OH+ OCNJ\/\.\/\fNCO J\/.\/\rg —\V

SR, AR AR TR AR, F AT AT E—
a0 SRR P R P R, BT R
W) P R B i Ak 2t P R RR L5 i
BT s ORI A AERE 5 77 i R BELARPE L T
BEVE . BKMESEEA AR MR T BT, A
WIFELRiR T 2K-PU RSN REAL A IE S 25 - PERESC R
i 2K-PU 195 F P 05 12 R GEA 410 JLAF JC i 7
KA AAERT ISR T HER , LAY A IR 2 1R 40
Stk — A TF R R

E1 2K-PU &R REN
Fig.1 The synthesis reaction of 2K-PU

2 ThEEHUR M

FEAN [RS8 ) R R T T I (4 TRl AN [ o FH
VRAHIE | WK SR Sl A EL A e 1 BELAR TR 4
PERE, PRIUCE S 7R B s O FURk . B TR
JEI R AR T ZER A D TR AR ], PR AR E
BRI 5 R TR 28 0 2R S B U 75 2% S s 2k |
7 e L e U ST 2K-PU AR AE Y S AL
G PEA BB , FEAS AR B 3 R B AIK 2K-PU 7~
e PEBEEITEE T, TR A i 2 0 e PR A 3 AT 4
WAFA T SbRE, ™ ST .
2.1 FRINEYRRRA RN M

RABRAMREE R ik . BT R S A L
AT AR, AR XE S s — bk . AL E
SRR, I B AR S A 7 i e 2
(425 Tl SR B I 22 2 AR IS L AR KA LY
PR T LA R R R, L HYR 2K-PU IR | A Al —3%,
RBRR HAG IR EUIL, BHLIAMEZ e AT et RE 2
—o WL, TEIBRIZEPERERIN, Bk HA mBHAR
EYQED] RS =Y S s S

WF5E N BLE 1 51 A BLAT RO T R B0 E g
HE T 2K-PU BB R, b0 RAERRBERT 25 A K
AR, XS IO A B 5 I IR AR
R, AR5 0 250 e SR A, 1

AL — TCHL I IR BELAR S I TR T (s o 2
REIARACHE: , 3 REASEN S KRR, I H T 2R B
AR, Amier s U L E AR . A HLERE R
AR (STC) . AL, = REMEIRERRR (MCA)
SR RHIATR, A3 AIRGE T B2 43 BRI 5 A2 e BEAR

FIT PSR ik Z2 e R A — R I F e — SRR TR (MIDI )
sk £ 1 2K-PU B BHARMERESZ . X B — BH A%
R, S AR FNZLEE 73 A N E] 2K-PU IR )2H &
B, B BRI I i3, AEEECH — BT,
{HBEBRRCR I — . X TR RCBHAAR, DA A ARl
CIWE SR BT B RE IR R I, A E AL AR £k
DA 3:1 ST % BELAA R0 AT DA S 4 b 2l 3% 2K-PU 4 B
MIREAAYERE, 725 G BRI ALk 45% B, HAR
FRARFEEL 5 27.4%, X RIS BCRHAA AT LS 2
2K-PU HYPHAATERE, JCHRIEMESINET .
2.2 HKIEERIME

2K-PU i [ iy ORI 5% K 22 4 v 78 2 W3
AT 206 T SOWTES B gkl SR, R
KALF NSRS AR 2 R &2k
WA DR 2K-PU SRR 1A pERE 15,

2K-PU VR RIBREN-5 A4 BRI Rl AN, ANl #54k
TSN . T 7 A A A5 ) Rl ] 25 DL AR 20
FLAETF 5 PR L R AR R AR 5 A ) i 3 I SR ik
330N, FHAERMTCHERIA S REAB BA S, H5A
7S L SRR (HDL) TGS —Efurk
Hom oM 2K-PU Wk}, JFilFf7h 25000 5 284 2 1k
Wt #hosikmnrh, ASm] R R B 2 A B
M, (FRBIR ., B, KREFEL. SRUE
() 2K-PU Wk 28 AN S5 AR e, il k5 i 2R
RERUR 2 LIS AR T i o et S SR A
TRBLER 1 B AR PERE AR AR AR, XK MR
AU, FE -15~50 CIEREIN TG T, HEfbuk
Sy .

X FAUKIEDR ot SO aetE hgs, HsE R0



Kntg ¥
TR HINA S B R B RO I R

05|

JE AT ST AP AN, Guo X. % Yt nf
A i B R R P 2 90K Tio, BR(HNTSs ),
IFGIAZE 2K-PU JE R A sl 29 R, 5l
A ZS ZER K TIO, Bk, /K ZE S Bt T3
i UbAh, TEERAMERES T, HNTSs 221 W b ok &
FKERER, fALA VISR G, M2 A IRRIN
HWIEAT . B B LIk Tio, e, AL
R A% 2K-PU/TIO, B AL, &I 0.5% 144
K TiO, 5l A JG HAETERE b A 38 5], R J1 24 M fg
DA VEREAAS 2 T AR IR TE, KZE s
REMSEIGE, XPTREREH TR T AR 2
YK Tio, Fmlf—2E R ki, [ 5 iy &
WK G RING, YORSOV G, X s
BRrs pEE, MUK B TERER TR, X EM
P LA LB Al G B i 5 Ol G

SEPU/HNTSS
| composite ﬁl‘}%

. ( > TN
i watervapor HNTSs i {?«:} @ ) &@
l\ SFPU molecular chain ," . b m %
Sl > ) y i
P \@T;T =R
PGS v -

a) IRZERBEL R

62
W

¢ B

~
~

N

’ SFPU/HNTSs composite ﬁlms;‘ stains;,
1

F HNTSs;I SFPU molecular chain. |
o )

b) BIEEAT NN EE
2 % Ti0,2K-PU EAEMKESELR
BEGTATE
Fig.2 Schematic diagram of water vapor permeation and
self-cleaning behavior of hollow TiO,/2K-PU
composite membranes

.

B EIRTCHUR RSN, AT F A 2R 4E R AR (CNC)
WS R TAOROR 2 —. CNC HATSRE & . Al
ARSI, WEAPETZ . V. Kupka %5 P CNC
FMERRZ B (PEG) VEMHSR KR, R
TCIERIAMR T 254 i 2K- PU/CNC 94K 52 4 418,
IFRFT T CNC Btk RT G X & A RERE R (I
P 3B ZEBLERE, X AR e RT AL CNC
15 PU He b BAT RAFAY A0 H0rE; 1 AR S5 4,
CNC (5] AHSAT LA 2K-PU &4 HE 1241 RE TS
P FER ., A, 2K-PU &4 0BG 4T 1 5T
APt 2 BEAR 33Xk T 0] 6 4 il 5 4 £ 1 3 2K-PU
YR A MR T AT THETFRE T 454

25
20t
£15]
=
13
% 1.0f — REF;
——PU/CNC-PEG,
——PU/CNC-PEG, ;
035 —s—PU/CNC-PEG, ;
—+—PU/CNC-PEG, .

10 20 30 40 50 60 70 80

0 90
strain/%
a) ARkt CNC iR
25
A
201 -
P
§ 1.5F
A
g
@ 1.0 —— REF;
—— PU/CNC-PEG, 3
05 —— PU/CNC-PEG,
: —e— PU/CNC-PEG,
—— PU/CNC-PEG, »
0 10 20 30 40 50 60 70 80 90

strain/%

b) % PEG #5455 CNC R
3 Xk#tE CNC F1£2 PEG ESMHE CNC H%E PU
SAEMND - ME M

Fig. 3 Stress strain curves of PU composite films filled
with unmodified CNC and PEG grafted modified CNC

3 HWERMERHE

3.1 RAEEIBERMA
S CRELAZN] S AR TE LA TR RE AT BT TT, Him i
IR SRR EE . MAYE2Z G R, FEAR



05 €1 %= = f PACKAGING JOURNAL
2025 £ 5E 17 % % 5 #i Vol. 17 No. 5 Sep. 2025

AL B AT G B2 RO 2 PR S O MR, X2 S
RUBHAR MR I AR R I 2 — o AT, S 78
RELAR SO 1 B R R AR o i R BRI e
PIBEARRCR AR BEME, L R EMEL (APP) X
DAHBE (BRI ) AR (KR ) e, M RERH
— AT P, BAR APP BERS LIRS NS A
X MBI 2, (R — P K BRI, S
2K-PU Kb UMM A IS HEAE . Zhang J. F. 25 B 5k
W B SN APP i B0 10% 1Y PU KR, HAR
7 UL-94 W H A BRRSCR BOW A K, {H PU KRR
2T 50% BRI A AL S AR
b 80 (GO) s —REHH EE (MF) X} APP i
Ttk mT AL UEBRIR IR 2T L [l SEfE AL
SORBGEA A2, Kk, ASRENIFRI
X —HEEXT 2K-PU #EF TR Mo P70,

5% U0 R IE O APP YRR R B F,
FEARZER U 4 Fin o B BRI 5 | TC s 7 34
SRR A HERT B 2 —, SHRIKB 4]
Srit— N, Btk APP A RE S RATR & A
WAL EE A, AR T R B A B R . S
APP i 5 O BHIA TR $APERE , DA R i AR el 1k SR fE
B AR B S SR A T, S — AR A I ) b i BHL
BRAE, SRS s PR PR VR 2 55 T 2K-PU R 1)
Wit

4 BEUMRBBEOSAN
Fig. 4 The structure formula of ammonium
polyphosphate modified by hydroxyl group

T PR RCR S RE P J& A, IR - &
J1ERE” W AR A ) B ff E — 2 R Pk, Yan
J AP PL3- &3 -1, 2- TH i (APD) MR
APP TR, 153 —FloHi R TC 1 2 5 5L )
REfL R MR &% (FAPP) , H & AUHLEE LI sBY, LU
APP 1 R FI/ IR . APD 1 ik 771 45 £ FAPP
4 FAPP 1 Jhy I ik 78 BELAA 500 X 2K-PU & & B DL AL o
SEA R AR e, TEBHBAMLEE LI 62, N
F R E AR AR DR BB R kiR )2, AT LAA
BORAF 2K-PU AR il — 2D 0R e il 5 4 5 APP
TEAAIR] 2K-PU JE4R b g BEAR A T LU & B, FAPP AN
XA 2K-PU A5 H55i 1) 55t 180 AF B A FHRD B G R AL 2%
Pk, B ERE T AR R RO
JIEPERER 2R & FAPP 45K &4 £ 5 1A
SRR IE, 7E 2K-PU HERAH i m iE M Sk g
55 SRR R SN Y SRR B, 1A S g 1) ¥R S mT
DL PU 55 BOE BUASRE, iF— D3 R 1 43Il 4
HAERTI.

Zhang P. K. 25 WVl N- AL 2 F )l 55 APP kAT
1 8 FA) BH B - 58 48 S o il £ T — B R Rt APP
(OH-APP) , 1 Ry B4 43 Ta ¥ 57 3R & Bk 1) 2 Ty
REBHEA A, BHARPLHE 0L 752, OH-APP 7£ <A H
I3 [7) 2 300 114 5 SR AR BELA s M A R0, ol i Pk
J& 1) 2K-PU BHIAMERE S0 PE e B 2 88 5, WLk
PR SR A A TR MO ) 2K-PU 435 B T
75.4% F130.1%, [l B A5 B d 4k 1 66.5%. Fifi
J&i, BEIBASLLL APP SR, 5 3- ZIENEE (AP)
AT B A SN A BT o — 2 R o SR ol e e
(HAPP ) B, HEEHZEI T 455 U il & et
APP, {HZ i AP [HE T84 /5, HAPP Y C. H &
HEFEWZ, N POENAGH TR, XA —1MA
BRI T3 3 b A A L R HAPP FAE TG
FILEL 53 B 24 g 1) Z2 I BE i 71

0 0 0
Il Il Il
0 o 0 wp—Q—P—0O—P
[ [ [ O H,0 | |
wrp—Q—P—0—P + _ o Y Y + NH T
| | | HN ol 80C,4h NH; NH; NH; 3
0 0 0 2
NH:  NHf  NH;
HO
APP APD OH
FAPP

5 FAPP S R#IE
Fig. 5 Synthesis mechanism diagram of FAPP



Kntg ¥
TR HINA S B R B RO I R

05|

Tan Y. % B9 b 3k & B, 420 15% B
HAPP Xf 2K-PU s0PEJ, e $ARE il 5 0 (B IR il
FAYRIEAR T 42.8% 5 68.7%,  [F) 7 i J i1k 22
i St Il . HAT B AY BEA LI KA st
T L AT i R 2 R A A A, 77 2B R W — )2
M IEZE 2K-PU 7E 5 i T AR R TR, JFH
BT RO I NH, AR 7 R, T RE B
HRZAK TSR, B IR RS R R s
BENRIEIX

prevent gases and smoke diffusion
4

@ o

block heat and O, supply

char layer

PU matrix

‘ FAPP; © smoke particles;

El 6 FAPP/2K-PU BHIA#1IE
Fig. 6 The flame retardant mechanism of FAPP/2K-PU

¢ flammable gases.

-NH, blowing agent

phosphorus-rich
intumescent char

catalytic charring

E 7 PU/OH-APP HIFRIAHLIE
Fig.7 The flame retardant mechanism of PU/OH-APP

SR, AL - JOHLA BC IS 0 Y B AR el A
W RACE RN, AR 0 SR A A A . i S i Y
FELAARA P R A 0, EE W RCR o b . BT
PAPO. [ i ZERFE AL = 20 TR be A i) A 2
MR RIBERAVE T ROTER SRR R TSR UA
P hem P AR E . HATRERE 51 A 2K-PU BIRHAA
TRINREBURIF AT, R R MR A it — 229
JEWTTENL
3.2 AHlEMRE
TCI AU 7> R A MR AR PERE LS, (AR AR+
Wk BB OR PERE R, 7E— LU g K
FRAPRE R O T A2 3 T RR G, JCHGR AR
bR (I WHLERI I R AR TR = 85 R 15,

GCXil
PERE
i

=

FHAA 5003 BE ST RER S R ek )2 ) o Tk oy
IR TR Z AL MR RL . REABRB KSR 77,
MmAHLEER Si—O—Si i KT C—CH#tf, HAHE
UFRORIR SR, PR S D R A N IER, , FRAR T RA
P B2 ik, TR 120 FIRIPE AT T, SRk b
NZ VNGRS, g ak S, ARPEAR, #2401
0w A hag. ik, #AHLEERBEE T 2K-PU
PR HCEA T oo,y U BA AP R sk . T
EPERE 5,

ik 2 A 1O SR 4 b S TR) 45 4 1 A LA S
(PDMS ) XJ ¥ ft MDI BEAT e, I AR o 4 hl
FFHTCH D 73 R 2R B 453 . el % et ( 45
RILFE W) R, KA LRSS B9 2K-PU K
HEMNE 8.05% IR fIRFER] 3.36%, i fHiam HE AT
R AR A AR A . PN S Y A PR 1 B
fiff OGS ROCE , A RDRE USSR LR ARSI T
RALIM R & Uk e b, R AR R
TGRSV RE A SURE AR5 PSF, S b e DL 1A
8. A PSF I AR A 453 ¥R Rk dat v 1) SR 2 MR U2
K. B AL A N A S R TG = R 4, 47 -
TR b SR R R Y 2K-PU S AR LR
RSB e . SEM S5 SR A B, Y4 PSF % hn i
BB N 0%, 2.5%, 5%, 7.5% I, F TRk R b

F1 FRAPUFRRKHENERETEMIEMEEE
Table 1 Physical properties of synthetic leather surface

layer prepared by different PU prepolymers

FESE s /(0 ) WK /%  RIARGREE /MPa Wi /%

PUO 82.7 8.05 573 342
PUI 89.6 4.22 6.06 374
PU2 90.4 3.36 7.82 443
PU3 86.7 5.69 592 472
PU4 88.3 6.07 5.84 356
| | i I
—koTI—O#SIl—Oﬁ; * \)J\oWFF
H F F F
il —o{—s!'—o)_(-s!'—o
0
ok F F
F

F
8 PSF S RE
Fig. 8 Synthesis mechanism diagram of PSF



€1 %= = f PACKAGING JOURNAL
2025 £ 5E 17 % % 5 #i Vol. 17 No. 5 Sep. 2025

05

PSF it i b b 3Rl RE 2 ph AR 1 SRk % B )
RTINS Ji5h, KEZifmniAss LERY, E
PSF M ASE N, 2K-PU BiKPE g4, Ak
MO 7.5% IR K AE Ml A vk 118.3° o Z&ad
AFM WEEHNE, T RURT A A I, K30 2K-PU 3%
TAREURE P Bl PSF (38 N 3G, i 5 48 A5t ik 31
ORI A

BR AV K PR BSR4, 2K-PU 20 T-HPESR, X
WM R RAFAER ), (HXF PDMS, T &
B (SBS) . ALK (PS) SFAEMEEA, |
FEMEFmK R, RS 2K-PU A B . B
AR B A R R A bl A R
ST PR A 7 2R T PR DN IR B 3 4, i
HE5 2K-PU B I ) 2 VR A G B, (R Ak 27 5 ol
WARE A VOCs HERL, A7 it U Ik (IR,
S VA T 2 M AR 0 AR AR A T, Sun
Z. W DL SR W S R A N IR R LM
IS ik 1) AR e S0 -5 P ST B SN A B T —
BT ) R Pk P ik AU R (PESD) |, JF IR R N 7Y
FTREVA T 2K-PU 470k, AR ST H X AR
PEFEM SBS. MR IGE (TPO) LK PDMS 1y
TR AL RE TT . 3 Ak R R RE @ (1) ~
(3) ) Fowkes )i P 148,

}/s = ys +}/Sp, ( 1 )
1 1

v, (1+cos 6,) :2(y31y3)z +2(y51y5)z, (2)
1 1

Yo (1+c0s 0,) =2(ylr ) +2(yhy?)2e (3)

Ay RIARKMRE: yS REHUI % BRMET;
L1 #/RK; L2 Fonit i b, &AM L. mA
PESD Ji5 SFPU 2 1fI5K J7 FH 5K 37 mN/m I
T 25 mN/m. 5% HFU R 2 2K-PU 340836 9 40 6
Kk PDMS 5 (54, 210K 7 1 AR S — 22 5L
il fA 09 R BE, F21E PESD B8] A AT A % & ek
ek J b 2 THT R R RE 1. SR, 7EWFST PESD %
H X EEIRE T AU |-, 2K-PU 7E SBS il TPO |-
FhA R L PDMS $27HS BN B 3, Xl R E R
2K-PU 5 PDMS W358k, FER TR T —1>
HESIAZ, TS RE T HI55 .
33 HYMBFRERME

AW B — I L AT AR IR, AR
Y . SFYERSE, HA TR . s . A
A A, HARZ R E NI EMR B2 Ry

TRE R R I 2 A AT DL FIAE G 2K-PU 9 2 o0 g4
gy, (AJLRRIE RN TE MR, AR ISR . R
SEAGIINE S5 e Sy 8 5 et HothA i el vk, 15
N FE] 2K-PU 24+, DUJfE 2590 5 L S R 57

AR, P2 H RIS - Inkk i G
T SR Y £ 0. M. Tonescu 45 P8 Fi FH At i
i K SR & A S R E RE R IR N S LE &9,
WAL EIE — kT RN AR — RS R
SEBRER . SEERRES . PR NE FE bEA it 5 A
(IR IATT R4 Shen Y. B. 45 B DU . Ko
KT Soh A0 ST SRR o0 S5 AR o SRR IR 2 T R,
A ROFF T R 22 T B A 100 SR 2 R i B i
50.7 MPa,

AL A O AE T T RRSEE - MERE - A
AR AT, SuY. S VRIS - R B
PL2- 2k -2, 2- “IESR O R 51 &), R T
AR E N 463 mg KOH/g BRI B RR I £ 00
fE (TCO) (AL 9 proR) , F¥ TCO
5 b R SRR (IPDI) SCHEER G, &

[=]) ’_‘_'Ab

53 X A= b — [60]
Moy R R AR, SO s B I 107, & E /e
OH O (0] OH
castor 0il(CO)
o
OH
OH HS A_OH
1173 1-thioglycaerol
OH UVih
H
OH O ¢} OH
N\/Y\_]/\/\/\/\nao 5
OH 0 Ho]\
OH
OH . . .
OH 1-thioglycaerol modified castor 0il(TCO)

9 TCO &RiHEE
Fig. 9 Synthesis mechanism diagram of TCO

s
“e ~ ‘*r“ﬁ.)
o : .YY

ﬁ_‘.
L

Y

4 NCO
OCN \

X

solvent-free & catalyst-free
[0} [0}
R;“O/\g ot R,
/\/\qu'
OH /(S [0]

OH
OH

\
n

10 TCO 5 IPDI IR &R

Fig. 10 Crosslinking polymerization reaction of
TCO and IPDI



Entg, F
TR HINA S B R B RO I R

05|

JER TCO i 2K-PU $ilA 55 SR 3, s B o
A3k 83 MPa. P& T fERPERE RN ) 2=k g FRIL =
Gb, A2 R MEGERDE AR GE bt e Al A
TR SR 5 ikl . Huang J. H. %5 Y DIBEMY H 4%
A ST 2 AE R i 3 22 0 B R A B A R —
Fff 2K-PU Sk (A, A 36 A9 R 3 K40 5 S TR
SR FE IR AT 2%, T A S5 I ) R 5 R AR o
I B A SRR 4, A7 B T A R GR TR (v
B, GRS B A5 R, T 2K-PU fl 519 )
SEVERE . FEBR R TR PEA i R B, 2K-PU
SR R HLAT 38.2 MPa FIRLAHSREE | 1108% F W72 i
FAFN 98.7% MR Il A 2%, LTl o A Se A
SR, FENUMREE L ST AR, AT A LA B 2
VL, T Tl AR A 7 ] B TR I  56 5 AR )

4 Z5iE

18 2555 70 7Y 3 A4 g R L3k 2 19 VOCs I 326 ¥ 4%
SFPU Huft, BUCRAM T HIE— g BT A
PR, R JCH R R 2 BR i r st . B,
2K-PU J5URE S I R ME LU ], [ 2 80 12
PEREA T NI, [FIET, EPREAN RS, T
S5 RBER A, PRE R e
di /D LA S TR S AR S Rl R, e SR 3R PU A7l
E PR J. Bk, il X 2K-PU 47 ekct:, 425
T 2K-PU (¥ 3PERE,  [R]INF AE A% (535 5 48 vy HL
FALEVERE . VPR RTIKAA . 3 SR SR T DL
T 2K-PU FEERIERE, AR AU S ety o 4 1
RS AR KR

BRSO X SR SR 5 A L YIRS R 3 AR
Y SEBRR FH RS X o A AIURE AT AT DA 38 1R 7 i R
K AR A IR RS H AT R & A
PR RIS AT PRG3R JEORHR 7 5 Y
F12EbERE . BRI JLAEAE 2K-PU BRI 5% 5 1T 2
B TRRUERE, MBI 1) HE
B ECPE R A A (R AT, A A 790 AR A 751 ) s
ZFERMBR G . BATHEA R LA MLA B2 3,
AU AT BB A 2 B0k, Rl R AL
YER, WA RER =K e (DABCO) RyHELRL
KT AR T34 (DBTDL) ), 2) HF4E
FER AR AFRICIEN, A RN R A AR R AR
) REBR T HERVERT 1 AR TT TF A& AR TR A sk 5l

BB Cantfil & Bk ), RIS W)
BFEEFHIN T 3) B4 otk 24T X — Ty RE . E
S TR EZ Re R, ek b iER:, ATRESE
FRTT . 4) /INIURE A 9K SEDRL B R AT A 38 T )
SRR, R BT TR e SEXT A KR}
A B AT R IR A O B A B A A e/ TR B
%, FmTekE SR,

HRAWEE RS R PSS K, FETATRE .
R 25 A= Wy SR 2K-PU o b g iy R i
e, AT AREAR AR FREE 2 M, iR BESE T )
PERE. BLAN, GOKRERTE 2K-PU 1 1 FATS HA H
M1, FLARREM R BB AR ma R R
A YR 2K-PU Ay >k 8 Z B Re k]

Sk

P, B, SR, S JOUETR R AR R
T A2 A W4T 1 o7 P R 8 (9], o I RERG AR, 2022,
31(3): 61-66.

Mo W SETITCE SR 2R 1 4 A A Tt M SR L
PEWFSE [D]. B . W3 TR, 2022

KKF, BESG. PEREAR IR K T =H
KIERRN A [J]. B/ Tolk, 2015, 30(3): 1-25.
ZHANGHY, WANGHR, HAN L, et al. Preparation

and Properties of Solvent-Free and Low Temperature

(1]

(2]

(3]

(4]

Resistant Polyurethane Adhesive[J]. Reactive and
Functional Polymers, 2025, 210: 106196.

LONG J, GAO Q, FAN HJ, et al. Low-Temperature
Foaming Approach for Solvent-Free Polyurethane Coating
Based on Dual Carbon Strategy[J]. ACS Sustainable
Chemistry & Engineering, 2025, 13(17): 6235-6248.
KIM K M, BACK J H, KIM H J. Solvent-Free
Polyurethane Adhesives with Excellent Adhesion

(3]

(6]

Performance at Ultra-Low Temperature[J]. Materials &
Design, 2024, 244: 113152.

MRE AR, PRz, HBePH, 5% . JOHR R 4> R = R
MRS ) [J]. K4, 2022, 49(6): 7-12.
ZENG Y X, LI HQ, LIJ, etal. Preparation and
Characterization of Solvent-Free Anti-Corrosion

(7]
(8]

Polyurethane-Urea Coatings[J]. Surfaces and Interfaces,
2023, 36: 102504.

XU, ER2OT . B BTCH R SR BRI HEE (],
FEHFEH, 2019, 33(23): 3892-3899.

A &, A, RIER . —FhE AT ST T
V8 ) 5 i Y IR B L) 45 D7 % . CN112851899BI[P).
2022-03-25.

9]

[10]



Ax

€1 %= = f PACKAGING JOURNAL

2025 £ 5E 17 % % 5 #i Vol. 17 No. 5 Sep. 2025

05

E}‘L:—‘——M‘

LR, JEARAL, FIMAL & ATHE A 18 K L%
Ik VOC 2 ZUBE U B i 2 0 vk By 42 4 vh g
CN113956776B[P]. 2022-12-13.

[12] A E%:, WM, i, % . MPP BHIARE IR 200
RN TZ (0], 388k, 2023, 52(4): 7-12.

(1]

[13] B M, ®BFJe, wHede, & . —FHARKBEERR
1) TG 5 5 2R 2 g B L) 4% Jr s CN107011787BJ[P].
2023-08-04.

[14] &= =, 2/, B Fi, & —Fh o R R & BR B

el R T B R A 25 s CNT15491099A[P]. 2022~
12-20.

SHICL, WAN M, DUAN JH, et al. Core-Shell Flame
Retardants Based on Chitosan@MMT Coated Ammonia
Polyphosphate for Enhancing Flame Retardancy of
Polyurethane[J]. Composites Part A: Applied Science
and Manufacturing, 2024, 176: 107831.

ZHAO J B, DUAN HM, XU X X, et al. Balancing
Flame Retardancy and High Toughness in Solvent-

[16]

Free Reactive Polyurethane Films via P/Si Synergistic
Strategy[J]. European Polymer Journal, 2025, 228:
113810.
[17] BENLL, = 3C. e BRI 7R BRI 5 Fi s i
] AT, 2019, 45(1): 76-78.
[18] SIYS, CHEN M, WU L M. Syntheses and Biomedical
Applications of Hollow Micro-/Nano-Spheres with Large-
Through-Holes[J]. Chemical Society Reviews, 2016,
45(3): 690-714.
DU W N, GE X G, HUANG H, et al. Fabrication
of High Transparent, Mechanical Strong, and Flame

[19]

Retardant Waterborne Polyurethane Composites by

Incorporating Phosphorus-Silicon Functionalized

Cellulose Nanocrystals[J]. Journal of Applied Polymer

Science, 2022, 139(3): 51496.

NG, WP, RS . TR SRR 75 B

HE T H ) T 25T (1], P E BRI, 2012(22):

33-35.

sR, WIRE, B, SF . JCIE R A YL R AR

WIPE B - b PR RORE RO F & (0], SR, 2017,

47(12): 53-58.

[22] &M, B B, #h R, 5. JCEN R AR RRH
IR [J]. BiEREL, 2023, 61(5): 37-40.

(23] LA, WA, T, % ORI TR A
B TR BIE T KN (9] P R ORE, 2014, 29(7):
30-35.

[24] GUO X, LU B, GAO D G, et al. Water Vapor
Permeability and Self-Cleaning Properties of Solvent-Free

[20]

(21]

Polyurethane Improved by Hollow Nano-TiO, Spheres[J].
Journal of Applied Polymer Science, 2021, 138(1):

49638.

[25] & o, b, BRAKR, AF . 94K TiO, MU
A BRI KB EREDE T (1], PR, 2019, 48(7):
36-42.

[26] KUPKA V, ZHOU Q, ANSARI F, et al. Well-
Dispersed Polyurethane/Cellulose Nanocrystal
Nanocomposites Synthesized by a Solvent-Free Procedure
in Bulk[J]. Polymer Composites, 2019, 40(S1):
E456-E465.

[27] FREERK, 1 W5, SBTEH, 55 . RBERRE AL L0 5t
WA 1 PO BELIAE BE S5 BELRRBILIRAIE ST (], P24
( AR ) L 2023, 60(5): 190-195.

[28] ZHANG J F, WANG H Q, SUN W X, et al.
Surface Modification on Ammonium Polyphosphate
and Its Enhanced Flame Retardancy in Thermoplastic
Polyurethane[J]. Polymers for Advanced Technologies,
2021, 32(8): 2879-2886.

[29] WANG Z W, JIANG Y, YANG X M, et al. Surface
Modification of Ammonium Polyphosphate for
Enhancing Flame-Retardant Properties of Thermoplastic
Polyurethane[J]. Materials, 2022, 15(6): 1990.

[30] LIU H, WU HJ, SONG Q Y, et al. Core/Shell
Structure Magnesium Hydroxide@Polyphosphate Metal
Salt: Preparation and Its Performance on the Flame
Retardancy for Ethylene Vinyl Acetate Copolymer[J].
Journal of Thermal Analysis and Calorimetry, 2020,
141(4): 1341-1350.

[311 YANJ, XUPF, ZHANG PK, et al. Surface-Modified

Ammonium Polyphosphate for Flame-Retardant and

Reinforced Polyurethane Composites[J]. Colloids and

Surfaces A: Physicochemical and Engineering Aspects,

2021, 626: 127092.

ZHANG P K, ZHOU Y, SU H, et al. Hydroxyl-

Decorated Ammonium Polyphosphate as Flame Retardant

[32]

Reinforcing Agent in Solvent-Free Two-Component
Polyurethane[J]. Polymer International, 2017, 66(11):
1598-1609.

[33] ZHANG P K, FAN H J, HU K, et al. Solvent-
Free Two-Component Polyurethane Conjugated with
Crosslinkable Hydroxyl-Functionalized Ammonium
Polyphosphate: Curing Behaviors, Flammability and
Mechanical Properties[J]. Progress in Organic Coatings,
2018, 120: 88-99.

[34] TAN Y, SHAO Z B, CHEN X F, et al. Novel
Multifunctional Organic-Inorganic Hybrid Curing
Agent with High Flame-Retardant Efficiency for Epoxy
Resin[J]. ACS Applied Materials & Interfaces, 2015,
7(32): 17919-17928.



Entg, F
TR HINA S B R B RO I R

05|

[35] LU D D, FANG N, ZHANG W G. A PDMS Modified
Polyurethane/Ag Composite Coating with Super-
Hydrophobicity and Low Infrared Emissivity[J]. Infrared
Physics & Technology, 2020, 108: 103351.

o Fh, BEREE, VRRAE, &5 IEC LSS km
JK o3 F R K R AR 2 AL AR (D). o T I,
2023(10): 1337-1346.

o0, X g, 2B OE, SF L HT U SOl SR
AR BRI A S MERERIEST (1] Hh @5,
2023(5): 10-16.
ol XIEAE, A, SF AP B R bk
REBR AR B RO ERE 0], AR, 2022,
37(6): 33-38.

G0 . A HURE SR JCIR R R RIS 1A R Y
BEFH [J]. 228k T, 2018, 44(1): 84-88.

MoREC, FHRE, PNERK, S5 TSRS R A L
Tk A SR AR O PEBERIT TS (). A2 HERE R 5w o 4
B, 2019, 17(1): 40-43.

o, AR M, O 81, SRR O R R
SRR 2 A R AERERT ST [J]. RS TR,
2023, 33(1): 15-20.

[42] DASTMALCHIAN H, MORADIAN S, JALILIM M,

et al. Investigating Changes in Electrochemical Properties

7N

When Nano-Silica Is Incorporated into an Acrylic-
Based Polyurethane Clearcoat[J]. Journal of Coatings
Technology and Research, 2012, 9(2): 195-201.
WEN J T, SUN Z, FAN H J, et al. Synthesis and
Characterization of a Novel Fluorinated Waterborne
Polyurethane[J]. Progress in Organic Coatings, 2019,
131: 291-300.
CHEN W X, YUJS, CHEN G L, etal. Development
of a Novel Protocol for the Permanent Hydrophilic
Modification of a BOPP Film for High Quality Printing
with Water-Based Ink[J]. RSC Advances, 2015,
5(107): 87963-87970.
CHASHMEJAHANBIN M R, SALIMI A, ERSHAD
LANGROUDI A. The Study of the Coating Adhesion
on PP Surface Modified in Different Plasma/Acrylic
Acid Solution[J]. International Journal of Adhesion and
Adhesives, 2014, 49: 44-50.
AMROLLAHI M, SADEGHI G M M. Assessment
of Adhesion and Surface Properties of Polyurethane
Coatings Based on Non-Polar and Hydrophobic Soft
Segment[J]. Progress in Organic Coatings, 2016, 93:
23-33.
[47] KROL P, KROL B. Surface Free Energy of Polyurethane
Coatings with Improved Hydrophobicity[J]. Colloid and
Polymer Science, 2012, 290(10): 879-893.

[48] BALDAN A. Adhesion Phenomena in Bonded Joints[J].
International Journal of Adhesion and Adhesives,
2012, 38: 95-116.

[49] SUN Z, WEN J T, XU C P, et al. Modification of
Two-Package Polyurethane by Polyethersiloxanediol
for Non-Polar Substrate Coating[J]. Chemical Physics
Letters, 2021, 779: 138878.

[50] FOWKES F M. Attractive Forces at Interfaces[J].
Industrial & Engineering Chemistry, 1964, 56(12):
40-52.

[51] MIAO S D, WANG P, SU Z G, et al. Vegetable-Oil-
Based Polymers as Future Polymeric Biomaterials[J].
Acta Biomaterialia, 2014, 10(4): 1692-1704.

[52] HAIT AP, TESSMAN M, NEELAKANTAN N, et
al. Renewable Polyurethanes from Sustainable Biological
Precursors[J]. Biomacromolecules, 2021, 22(5):
1770-1794.

[53] ZHANG J, WUY M, ZHANG H L, et al. Castor Oil-
Glycerol-Based Waterborne Polyurethane Dispersions[J].
Progress in Organic Coatings, 2021, 157: 106333.

[54] MUSIK M, BARTKOWIAK M, MILCHERT E.
Advanced Methods for Hydroxylation of Vegetable
Oils, Unsaturated Fatty Acids and Their Alkyl Esters[J].
Coatings, 2022, 12(1): 13.

[55] CHEN R Q, ZHANG C Q, KESSLER M R. Anionic
Waterborne Polyurethane Dispersion from a Bio-Based
Tonic Segment[J]. RSC Advances, 2014, 4(67):
35476-35483.

[56] BENES H, PARUZEL A, TRHLIKOVA O, et al.
Medium Chain Glycerides of Coconut Oil for Microwave-
Enhanced Conversion of Polycarbonate into Polyols[J].
European Polymer Journal, 2017, 86: 173-187.

[57] PILLAI P K S, FLOROS M C, NARINE S S.
Elastomers from Renewable Metathesized Palm Oil
Polyols[J]. ACS Sustainable Chemistry & Engineering,
2017, 5(7): 5793-5799.

[58] IONESCU M, RADOJCIC D, WAN X M, et al.

Functionalized Vegetable Oils as Precursors for Polymers

by Thiol-Ene Reaction[J]. European Polymer Journal,

2015, 67: 439-448.

SHEN Y B, HEJ L, XIE Z X, et al. Synthesis and

Characterization of Vegetable Oil Based Polyurethanes

[59]

with Tunable Thermomechanical Performance[J].
Industrial Crops and Products, 2019, 140: 111711.
SUY, MASQ, WANG B B, et al. High-Performance

Castor Oil-Based Polyurethane Thermosets: Facile

[60]

Synthesis and Properties[J]. Reactive and Functional
Polymers, 2023, 183: 105496.



05 €1 %= = f PACKAGING JOURNAL
2025 £ 5E 17 % % 5 #i Vol. 17 No. 5 Sep. 2025

[61] HUANG J H, WANG H X, LIU W F, et al. Solvent- Thermodynamic Studies of the Urethane Reaction Based
Free Synthesis of High-Performance Polyurethane on 1, 3-Diazetidine-2, 4-Dione and 4-(Tetrahydro-Pyran-
Elastomer Based on Low-Molecular-Weight Alkali 2-Yloxy)-Butan-1-Ol[J]. International Journal of Polymer
Lignin[J]. International Journal of Biological Analysis and Characterization, 2014, 19(2): 107-114.
Macromolecules, 2023, 225: 1505-1516.

[62] GONGY H, YANG P F, TAO F R, et al. Kinetic and (FTiEsmdt: FE4E)

Progress on Modification of Solvent-Free Two-Component Polyurethane

PEI Kemei, JIN Jiacheng

( School of Chemistry and Chemical Engineering, Zhejiang Science and Technology University, Hangzhou 310018, China )

Abstract: Traditional solvent-based polyurethane (PU) releases a significant amount of VOCs during production
and use, posing a threat to human health and the environment, making it increasingly unsuitable for industrial
standards. In contrast, solvent-free polyurethane (SFPU) has attracted considerable attention in recent years due to
its environmentally friendly nature, low energy consumption, and high thermal stability. Therefore, a systematic
elucidation of the impact mechanism by functional modification on SFPU is crucial for guiding the complex design of
SFPU for specific application conditions. SFPU are generally divided into two types: two-component system (2K-PU)
and single-component system. Although single component system can be used without curing, two component system
exhibits higher bonding strength and durability, making it suitable for high-standard applications. The main modification
methods, research progress of solvent-free two-component polyurethane both domestically and internationally are
reviewed. The main modification methods of 2K-PU in different material applications are analyzed emphatically,
including functional filler modification and chemical intrinsic modification. Finally, some urgent application problems of
2K-PU are prospected. It is pointed out that modern polyurethane system is still based to some extent on petrochemical
materials, while the market prospect for solvent-free polyurethane is clear.

Keywords: solvent-free two-component polyurethane; functional filler modification; chemical intrinsic

modification
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