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(4,437 FF e 2R ) SO I ok 1 I i (BMD L 2,5- —
Fe2,5- W -(FU T F L ) & ke (DHBP) = 4r 4, Ll
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Fig. 1 Schematic for thermoreversible cross-linking of iPP based on Diels-Alder reaction

Tab. 1 A series of cross-linked iPPs prepared via Diels-Alder reaction

Samples x(St)"/% M:F° Cross-linking density/% MFRY/(g- (10 min)")
iPP 0 0 3.60
fPP 0.50 0 0 3.42

cPP-A 0.35 0.75:1 0.26 2.70

cPP-B1 0.35 0.75:1 0.26 1.89

cPP-B2 0.35 0.50:1 0.18 3.10

cPP-B3 0.50 0.75:1 0.38 1.76

cPP-B4 0.50 0.50:1 0.25 1.98

cPP-B5 0.50 0.25:1 0.13 2.00

cPP-B6 1.00 0.50:1 0.50 1.11

cPP-Bl-rl 3.75
cPP-B1-r2 5.16
cPP-B4-r1 3.22
cPP-B4-r2 3.41

‘feeding molar fraction of fSt in iPP; ‘feeding mole ratio of maleimide group to furyl group in the preparation of cross-linked
iPPs; ‘designed cross-linking density = x(fSt)x(M:F); ‘melt flow rate at 230 °C
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RUTTENT 3 98, I H R 94 Bk 25 o IRBE Y £St
B, WA BEAR F R AW, K HAE 60 °CH A HEAR
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i 11 4%, 75 LA 10 °C/min (1) 3 % F+ I % 200 °C 13 2 5
A WDV I it %
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Fig. 2 'H-NMR spectra of iPP and fPP
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Fig. 3 Mechanical properties of iPP, cPP-A and cPP-B1
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Fig. 4 FT-IR spectra of iPP, fPP and the cross-linked iPPs
a: iPP; b: fPP; c: ¢cPP-BI1; d: cPP-B2; e: cPP-B3; f: cPP-B4; g: cPP-
B5; h: ¢cPP-B6

Wk R 5 5 SR I . Jiz 2 1) R 38 7] D-A S B (rD-A
S NE) 38 % AE 100 °C BL_EAF R A AR, T T cPP
Fs b I T AR R T E AT R R O E A0 A
BEUCAEE B R o PP I i BB 45 T Tab 1 1,
ERTF M0 SRR LR SRS 7 R AR O R
B, {EL T B 2 AN K, A2 Bk BE # s B i cPP-B6
MEFR 18 M J& B} iPP ) 3.60 g/10 min [ £ 1.11 g/10
min , P B 46 K 2 B 52 Bk 45 H ] DL o rD-A S B 5K
PLAR RS MR % S N Tk,

s 1] £ /€] cPP-B & Bl 1 it v 28 B R 3R AT 25 il AN
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Fig. 5 Schematic for the influence of BM stoichiometry on cross-linking density and reproducibility

Tab. 2 Mechanical properties of the cross-linked iPPs prepared via Diels-Alder reaction

Samples Flexural modulus/MPa Flexural strength/MPa Impact strength/(kJ-m?)
iPP 1082.31+26.35 37.68+0.31 2.76+0.65
cPP-B1 1349.85+55.98 44.49+0.38 4.20+0.57
cPP-B2 1408.40+2.11 45.70+1.49 3.58+0.58
cPP-B3 1374.01+12.67 45.76+1.27 4.04+0.59
cPP-B4 1451.31437.17 46.70+2.20 4.10+0.42
cPP-B5 1439.75427.97 45.02+0.92 3.77+0.54
cPP-B6 1319.15422.66 42.49+0.15 4.59+0.61
cPP-Bl-rl 1352.61+6.64 44.85+0.06 2.69+0.33
cPP-B1-12 1235.66+55.83 40.22+0.21 2.57+0.61
cPP-B4-rl 1337.50+2.96 43.53+0.01 4.06+0.72
cPP-B4-r2 1198.91+4.77 41.21+0.17 3.88+0.21

ooh v ae MR, IF 5 PP BE 47 X L, 45 5 41 F Tab.2
Ho 24 St B E I, ok R K 5 R E e
M1 JEE /R b (M:F) 28 0.50 FR#F: i (cPP-B2 Al ¢cPP-B4) ]
o5 il B gt L W B s B2 R MGF & 0.75, W R
M A BT N B, B a0 cPP-B2 (1) 25 fh A5 5 A 1408.40
MPa T [% % 1349.85 MPa (cPP- B1) , cPP- B4 M
1451.31 MPa T B# % 1374.01 MPa(cPP-B3) . #& & 758
I 77 BM VR B 5 S A4 R 5 B A AR 11 Ji7 ORT mT LA Fig.5
PR B AR R o KR 2 bR T % B AE iPP B 11T 32 B
52 PR, A 29 MEF B A B B (%42 A, BM R 3 (1)
Ty S Bk V. Ji% 5 B 30T AT BB GV A I A TE R OB 1 IR
MR ik, 4 BM AN A — i 55 Wk IR S I B DU 6 2 T 7 A8
BBk 5 224 10k g 56 ok A PR 5 R N (6 4% B) , BM G 3 1)
T SR Tk I Jiz 159 R 5 Pk e R AR ROBE L A RS B LB E
A A L B% 12 A BE o A RE HE, X LG R L cPP-BI R

cPP-B4 ] 25 il 4 5 th o] LUK I, 78 AH 3T (1) BM K B2
O T A2 B 4 iR 0.26% F10.25% ) 5 cPP-B4
(M:F=0.50) ] NIl 1 5 T ¢PP-B1 (M:F=0.75) .

i i SEM WL % iPP A1 cPP-B4 £ i (1) v o W T 7
I, 45 B U Fig.6 FT 7~ - Fig.6(a,b) 43 7l A iPP Al cPP-
B4 W 2482 46 v 19 B8 7, BT DU R A2 BRRE b iPP 1)
Wr 1527 %, 1 28 BR A cPP-B4 I 2 BLER £ kAR .
X — PR AE W 2 0102 v R I AF BE N 2 %, Fig.6(a’,
a”) 4y i) 9 iPP I 1328 sty 1 W T % 35 B L TsOK R O
LS TR T 2 T 2 TH P B2 Fig.6(b’,b”)
53 99 25 cPP-B4 Wt 71372 i (1) BT 11 % 35 2 8K R s
FE A7y mT %% 3 i RS AFAE S OK S AT 0TI S
e W25 1A (Rl A B4, Ui B cPP-B4 £ iPP (1)
I B A, 3 5 R ) et e R N A A

St 0 N &= ik — 20 i & 1.0% B CFE f cPP-
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Fig. 6 SEM micrographs of the impact fracture surface of iPP and the cross-linked iPP (cPP-B4): (a) the beginning of the iPP
fracture; (a’) the end of the iPP fracture; (a’ ') the enlarged view of the end of the iPP fracture; (b) the beginning of the
cPP-B4 fracture; (b’) the end of the cPP-B4 fracture; (b’ ’) the enlarged view of the end of the cPP-B4 fracture

Tab. 3 Thermal properties of the cross-linked iPPs prepared via Diels-Alder reaction

Samples T./°C AH/(J-g") 1/°C AH/(J-g") X%

iPP 167.4 84.7 119. 6 93.2 47.6
cPP-B1 162.1 85.0 123.3 91.3 47.7
cPP-B2 162.6 88.6 123.7 92.6 49.8
cPP-B3 162.5 90.2 123.6 91.2 50.7
cPP-B4 163.4 85.3 124.5 92.8 479
cPP-BS 163.2 84.8 122.8 92.6 47.7
cPP-B6 162.6 74.9 123.1 76.8 42.1

T.: melting temperature; AH..: melting enthalpy; 7.: crystalline temperature; AH.: crystalline enthalpy; X:: crystallinity

B6, M:F=0.50) , E 4R A MFR [ T [ A1 FT-IR % [ D-A
REAIE U (1 3 50 ] DL E R A WA R FE i (2 2
AR B P S5 T B AR 5 5 B — T 8 58 B E A )
T A RNV B 32 . 38 X R A DSC 4 T R
B, £St 2 B B 4R w0k 1) 55 iPP A 45 5 M BB, 20 Tab.3
B TR cPP-B6 11 165 fill ks (AH.) F1 &5 & ki (AHD
B SR B, TH AR M RE I 4 (XO M iPP
) 47.6% T [# 2 42.1% , W] & ik T cPP-B1~cPP-B5.
XfF 2 g S MR PP T R L LRI EE ok A T M
BRI 25 &, IR AT LA cPP-B6 25 Bl M BE T 4 10 3=
PR R (St iR m sl T REY RS
BE 7 (055 o 20K £St B2 A B s ) 7 S B L

K& W R AWM E S e — e R E R
r%‘[lﬂo
23 AIERBKRABNEIAEF B MEEE

i B B 3 R PP A (A5 2 3% B cPP-BI
AT cPP-B4) I\ BLBEAT £% th ALk 47 35 820 T Vi ok,
73 BNE R 1 IR BIRE & ol s B 3E R0 ol B N g
FEH7 LI 47 3 0 T LR, £3 B 06 26 2 IR R
120 Rl A e2 43 v B R 2 e DR, 5 A
6 cPP I il 34T X bG8 0] 308 A8 1B 5 A M ) A0 B
TR AR, BRI 2 U0 Fig.7 Bk .
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Fig. 7 Recycling study of the cross-linked iPPs: the repeated
extrusion and granulation process, taking the sample cPP-
B1 for example
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Enhancement of Polypropylene Recycling Based on Diels-Alder Reaction

Wendong Liu, Hui Niu
(Department of Polymer Science and Engineering, School of Chemical Engineering
Dalian University of Technology, Dalian 116024, China)

ABSTRACT: Diels- Alder (D-A) dynamic covalent bonds were grafted into commercial isotactic polypropylene by
reactive processing method, and polypropylene with thermoreversible cross-linking structure was prepared by a one-step
method in screw extruder. The effects of grafted monomer concentration and maleimide to furan group mole ratio on the
mechanical properties of cross-linked polypropylene were studied in detail. In particular, the material properties during
recycling were investigated. The results show that reversible cross- linking can significantly improve the flexural
modulus and flexural strength of polypropylene, and the impact strength is also improved. When the furyl groups grafted
on the side group of polypropylene is super-stoichiometric moderately to the cross-linking agent bismaleimide (i.e., the
mole ratio of maleimide to furan group is 0.50), the highest properties are achieved. The reversible cross- linked
polypropylene after two cycles of processing exhibits better mechanical properties than these of uncross- linked
polypropylene. In addition, due to the thermal reversibility of D-A reaction, the cross-linked polypropylene presents the
similar processing capability as commercial polypropylene. The introduction of dynamic covalent bond provides a new
strategy for the enhancement of polypropylene recycling.

Keywords: polypropylene; Diels-Alder reaction; recycling; reactive processing



