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A 2-2 F L -5-PR I % i (HMFO) . BERRIH 2 J0lE 1750 FIER & 4,4- R FEH It — 5 J R B (PMDD
RIERE, GBS AR T IR Y BE A R Ly R 4R (HQEE) MY BEANEST L, RGWA T
A R BE R ATE M R R B AR R R . AR 3 B BE R HMFO & R A T 3R S
(TS-PU-HMFO) Zx&VEReRAtE, BRI 110.28 °C, FrfHaRfs . kg, SHiE
A 45 J AR 5 i ) il /& 54.17 MPa, 71.41 MPa, 2155.03 MPa £l 50.44 MPa, LT L3ty 5557
HQEE (TS-PU-HQEE) ALY 4 7] ( TS-PU-CKO [ #4 & M & g, Hoh hr A 5 o il ie & 7 81.84%
A1 120.38%, 25 #s@ 0 MR & T 72.36%A1 35.94%. i B HMFO {1 A 24 M 56 55 304 4 70 v] DA &
RAWEETT Y FER, BRI R A )k B 1 SR R AR T — Fh S L T RF 2 B 7
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B, rummMERR ) SR S M L 5 B D 29.89 MPa. B H HT I Y A0 5 T AR A 05 BR Y BE A (R AL
PAE T AR IR R B, (BILAESE TR R BE 5 ¥ Fe A= W ik v 73 45 M B0 U7 T 2 8 /s Y R4 1 %2
il 5 o

2-Fe HIE-5-BRMGRE 5 (HMFO) LLAERGCT 671 5-F WA (HMF) JyJslkl, I8 fE 4L
B R 5 3R A5 . HMFO s A WIPERR IR A 458, HL 51\ TS-PU M4 )5, Al 4 i BLRIrE . o
PO 255 B Z AL R L e 3G 55 03 1B A AR, BETT OB ARy 2 e . Rt RS R . &
fF5E LA B RR I 22 0 1750 IR & MDI (PMDD JyJsUkl, 7300 51 N AEP) 5L 55 3197 8 71 HMFO LA &%
AWEETTAY 8E ) HQEE, &R T — RFIE LR AN (TS-PU) #B. @ X TS-PU H# =AM
FVEREBEAT RGO, IRARDE T AV 875 HMFO fE32 71 TS-PU 2R & 1 B8 M TARE R A U5
T A9 77 o

1 SERH
1.1 EA S

2-F5 FH -5 MR % 5 (HMFO): 4l > 99.5 %, S0 = [ fil1415); X 28 — W — 5% £ 2k (HQEE):
aifE >98 %, bR T AEARERG A RAR s BRI Z JTEE 1750: THkg% (300 mg(KOH)/g),
WERKEFAM R (LD FIRAR BA 44- KB — R 5 RS (PMDID: WANNATE® PM-200,
TR AR AR AT AU T, ImTEEHMERE AR A .

7 HAR B 2T 4h 64 (FT-IR): NICOLET 6700 A, 5[ Thermo Awl; #ME ML (TG):
TG 209 F1 B!, f&[E Netzsch A #]; ZNE&ANM M (DMA): DMAQS800 %Y, 3[H TA Instruments
AF; BT JTREREAL: JZL-D 8, ik SRR s 30 KN JJREM RHAIEHL: Z1.0/30.0 2,
2 [E ZwickRoell GmbH & Co.KG A ] .
1.2 #BEEREERE K
1.2.1 TS-PU-CK: [A BB (250 mL) 4% 38.16 g (& pRil £ 70 lE 1750 54 WL 7],
P51 )E, I 30.00 g (1) PMDI. MU AL H N 1000 rpm, 25 °CHEFE 10 min, R .
1.2.2 TS-PU-HQEE: %8 ¥ 857 5 Bk £ 0/ 1750 BE/RELA 1:4 FIELBI, 13 8 B (250 mL)
HHEN 4.05 ¢ HQEE # 30.53 g BRI 2 ol 1750, #EHEH251)5, M 30.00 g [f1 PMDI F14G HLAEH
W7 MU Y 1000 rppm, 25 °CHEFE 10 min, FEETHEY .
1.2.3 TS-PU-HMFO: X H 5 TS-PU-HQEE & Z AH [F] ¥ e B 5% A1, 4% IR 455 5751 5 B kil 2 T BT 1750
JEIRLE A 1:4 MO ELA], 1A B TR (250 mL) H4E 2.88 ¢ HMFO #130.53 g Bk 2 ol 1750,
LB S G, N 30.00 g 1f] PMDI FUA ALHEE I 7] o HLIR I B AL 382 1000 rpm, 25 °CHiE 4 10 min,
PAF TR o

a0 R IUR Y 3 AT HAA AR B, BT AR Y, SRR N E A A A 0.1 kPa,
HEAR RN TARA RN BE 5 R S AT e & i A R, I8 T 88 o 25 °)C Rk
24 h, FAAF R NVE R AR RN RE, R DR R SR . S B RE . BER H A K
YIELEC EE A1) T Tab.1, kM &L R = 0L K Fig.1.
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Fig. 1 Preparation process of TS-PU:(a) molecular formula of raw materials; (b) preparation process of TS-PU-

CK; (c) preparation process of TS-PU-HQEE and TS-PU-HMFO

Table 1 Composition of raw materials for different TS-PU

n
m (Castor (PMDI/Castor
m m
Sample oil polyol ~ m (HQEE)/g polyol R
(PMDI)/g (HMFO)/g
1750)/g 1750/chain
extender)
TS-PU-CK 30.00 38.16 / / / 1.05
TS-PU-HQEE 30.00 30.53 4.05 / 5/4/1 1.05
TS-PU-HMFO 30.00 30.53 / 2.88 5/4/1 1.05

1.3 WA FTESRE

1.3.1 4§ 2ot 45 3 20 90 00 5 A7 SR FH 4 SO ASE 20N AR i R AT I, I B0Ya L Dy 400~4000 em !
R REN 4om s FETLANGIESE R, 0P RE S i B PR A S B A G B R R ARV B AT A AT, I
SR FH v 30 B 00 B DX IR AT WAL G, I W TR ARAR 43 TH B SR BRI I A AR . iR S (DD
WP IR A G RE () 61T,
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Hrf, 7 NI GRS EDE, 1o NEBA SRS IER & B0 8
1.3.2 A EH5A7: 27 1SO 11358, FRELZ) 5 mg Feah B TR, fER RSP UR N AT IV 0 Hr .
T 6L B Y6 [l W€ o 25 °C ~ 810 °C, FHIE#E Z Ny 10 °C/min.
1.3.3 3 & #MAAMEAE 2> AT S% GB/T 33061-2016, FF H AR 7E 30 mm x 4 mm x 1 mm (K x
T x ), FHEEZFRA S °C/min, MR TEEIN-100 °C ~ 125 °C, HKEMH AN 2N, HFEN 1 Hz,

BRAARIEN 5 pm, RAHAFHEA. WRYE DMA f%dE, @ (2) 5 TS-PU MR E R ¢ )

(18],

=3— ()

Hp, TS-PU-CK ] "N T, + 30 °CH {1 i e &, TS-PU-HQEE #1 TS-PU-HMFO 1] "N T, +

10 °CHY i RERE &, R ZFLAH ST H, TRANRE.
1.3.4 % B A5AP P A MK . 2 GB/T 528-2009 A1 ISO 37-2017 bRk AT & I Fr A ML BEMN I . 5% WL

HAERE, B ST 208 35 mm x 6 mm x | mm, JNRKIREEIE B RERAE (23 +£2) °C, Fff#E R e
A 50 mm/min. AL EZ WK 3 K, HBCFIENE N LRSS R
1.3.5 R %50 Ak X s %8 GB/T 2567-2021 ArifE A7 R 4 v Ae It o R RSF2078 25 mm x 10 mm x
10 mm, AP GG ERFFAE (23 £2) °C, MNEGEFEN 5 mm/min. FFAFESE N 3 K, JFI
A AE e 4 MR 45 R o
1.3.6 #5 e ALK $% I8 GB/T 9341-2008 Al GB/T 9352-2008 Frf #4725 f M GEMR, FE R ~F
2174 80 mm x 10 mm x 4 mm. JRIAEGRE N (23 £2) °C, HBIMEEF N 2 mm/min, A 64
mm. BB EZNNA 3 K, FHECFIEE 2SR
1.3.7 2%k o8t i E%%@%%ﬁ-ﬁ: sk H ﬁfﬁii%[ﬁ: RV IR S5 - (Coio)AH R T4 i v i
B B (Coa) I E 20 H, B 3 ARG ED

_ (%) = <— ) x 100% (3)

Hoe, Coio NE RN Z JCEE 1750 A1 HMFO & 8k 5780, Ciotr N TS-PU-HMFO LB & & o

2 ZR5W®
2.1 TS-PU KI&#I#T

TS-PU ] FT-IR Y& B Fig.2 fizs, TS-PU-CK, TS-PU-HQEE Al TS-PU-HMFO 45 ¥4 1ALl 15 755
A B R R B AR . 3330 em'y 1718 em ! AT 1066 cm! 43 B N FE H R S HH ) N-H. C=0.
C-O H:H B g PR 2 1200, BRI 2R H 1) C-H M4 i RZN7E 985 em™!, 454 1600 cm™! (J53F C=C)
PP BEF HMFO 2 5 7 B4 N 22856 ~ 2935 cm! Kb {104 Sy B BRI 22 TCEE 1750 H-CHo- [ RFAE 1
2240 cm™! AR ML F]-NCO FyW e, 2B S R IR S N 58 4 BUVARAE 2000~2500 eme! X 35 HE I —
XA 59, (B B TR T -NCO IR o R I 0 AR = ALRE S P OB AR L, AT AR
AT 0 SR Y T A S 1 B 2 A COn IS 58 4 IRV P P2 AR I TR0 2. C-N B R 4R B I 7E 1538
eme Hr 3330 om ! AL IR LU BCTE B, R BT EEEHEREE T N-H SRR AR BNIE R I, H N-H
BHEE K E AP,
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Fig. 2 Fourier transform infrared spectra of TS-PU

X LA 6T — 25 BT, TH . TS-PU BB S 45 5 2 (Tab.2) 4% 1718 em™! 431624 1733 em’!
H 1705 em™, 43 7l i B9 B B AN 4 G AL ) B s, MRAES (D iHEREEARSE S EE S r H.
SN0 TS-PU BT 57~ AEAG Frigm, o TS-PU-HMFO ¥ r H 5= 4 6.11, FEEIAE
HCEBEAE F B g

Table 2 Content fractions of the fitting peaks of free C=0 and associated hydrogen bonds of C=0 in TS-PU

Free C=0 H-bonded C=0
Sample r
Wavenumber(cm™) Peak area Wavenumber(cm™) Peak area
TS-PU-CK 1734.19 16.43 1705.10 83.56 5.08
TS-PU-HQEE 1732.79 14.87 1704.67 85.12 5.72
TS-PU-HMFO 1733.19 14.06 1705.23 85.91 6.11

note: » represents the degree of hydrogen bonding of the carbonyl group
2.2 TS-PU K ERE S #T

TS-PU [FJ#H i 28 40 Fig.3(a)~(c)fi7n . TS-PU-CK. TS-PU-HQEE 1 TS-PU-HMFO [#]4h 44
fifd BB TS-PU [ E S 451K 5% IR (Tasw) W Tab.3, 43524 185°C. 189 °CHl 177 °C, =
FEA ) TaswIIAE 175 °CRA b, ] LA 2 $A ] 4 5 2 M 1) o R0 A FH 9 123250 Fig. 3(f) 1 tand U {H
FT ok N B URBE N AR B 3 B AL B AR IR BE, TS-PU-HMFO ) T, (110.2 °C), 5 TS-PU-HQEE ] T,

(112.5°C) HEL, 7T 44 TS-PU-CK ) Ty (84.3 °C).o it B J5 3R 5 771) v] 5 2 2 v 0 [ 1 2R

BRI Tgo

U1 Fig.3 (a)~(c) iz, FiE eSO i FE 2 S B B =AM B . BB, FE N ILH
T2 T B i A BT R0 2 20 A 200 58 I B S SRR IR PR 2R 56 Ay S T 288 i B B ) 26 23 iR 271,
55 =B B R B AR 3 A T B A 5 B 4 M R i — AP iR AK 281, TS-PU-HMFO 7E 800 °C F [#5%
R (7.6 %) U TS-PU-CK 1 TS-PU-HQEE W% R & & (6.5 %) H g . HEHET TS-PU-HMFO
oS A NI R, SR 2 T BOR 22,

TS-PU i) DMA Hi £k U Fig.3(d)~(H)fi~. H Fig.3(d)ml %0, F A ke Bk e d - R B 2k 1 3%
BT AP B E: RIRBIESX . BIES-BRIRESHE L X DA SRR 6 X . BEERE,
POE R BOR TS R R B e IRig B 7y, B TIRIZ T T, b5 555 MR i R A 1 3%



A A A . T Tab.3 s, TS-PU-CK. TS-PU-HQEE Al TS-PU-HMFO [ 4] 445 & 43 5l
4 2860.4 MPa, 4829.8 MPa Fll 4541.9 MPa. X JA K T 75 4 85 71 1) 51 N$ 1 1 FA L8] 14 5 R 9 2% 45
FIMASBRFR B, M58 T 7 TREM A RIEM, BR&I T REBGE 3, Mmidem 7 A R NIERY, fE15
TS-PU-HQEE A TS-PU-HMFO ()i et & 38 . 5 TS-PU-HQEE V- & i & (32.1 MPa) #fHLt,

V—
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Fig. 3 (a) TGA curves of TS-PU-CK; (b) TGA curves of TS-PU-HQEE; (c) TGA curves of TS-PU-HMFO;

(d) storage modulus curves; (e) loss modulus curves; (f) loss factor curves
RIER (2) HHEBBINEACRREE, S50 Tab.3, TS-PU-HMFO B FE (3.8 mol/m™)
izt i T 2 A R4 TS-PU-CK (1.1 mol/m™). B & 5 ¥R 1)

5 TS-PU-HQEE (3.2 mol/m=) H1i,

PRERI AP E R IR A R B A R I = X S5 (Fig.1), BT AORHSE g fRIE i #rE Anfe
FasE ko Ui WY& AW 3 BE R HMFO 1R 34 [ 1 5 20l A e v (VD JELRE TN LA 8 I Se R 2% 8321, B
AL TF P 77 HQEE AH 4

Tab.3 Summary of thermal properties of different TS-PU

DMA TGA
Weight change (%) Mass at
Sample T, Eo E' Ta5% T4 Ta2 Ta3
800°C
(°C) (MPa) (MPa) (mol/m?) (°C) Stagel Stage2 Stage3 (°C) (°C) (°C)
(%)
TS-PU-CK 84.3 2860.4 11.3 1.1 185.2 11.5 48.1 33.7 185~265 265~395 395~800 6.5
TS-PU-HQEE 112.5 4829.8 32.1 32 189.2 15.1 47.3 30.6 189~278 278~391 391~800 6.5
TS-PU-HMFO 110.2 4541.9 37.2 3.8 177.8 14.1 41.1 36.9 177~266 266~384 384~800 7.6

note: Ty is the glass transition temperature; Eo is the initial modulusBY; E’ is the storage modulus from the DMA curve at

either Ty + 10 °C or 30 °C, a temperature at which TS-PU is in its rubbery plateau region!'$];

crosslinking density

represents the network



2.3 TS-PU /1% BE T

JIE R AFPERE . B Fig.4(a) Ml Tab.4 WI&N, I0NA8E 770 J5 (0 £ (B M 2R B8 00 T 6 4 8k 750
TS-PU-HMFO [ $7 {8 5 & F1 iz A 455 5 2 2% 55 T TS-PU-HQEE 1 TS-PU-CK., H rp 7 41 568 B 43 75 $2 5
120.38 % 11 81.84 %, Fii fd #L & 43 Jll #2 & 35.38 % F1 20.82 % . TS-PU-CK . TS-PU-HQEE Fl
TS-PU-HMFO ()3 #1558 FF 73 1) & 24.58 + 0.44 MPa. 29.79 + 0.69 MPa 1 54.17 + 0.88 MPa, i fifi 5
0L 376.86 + 25.33 MPa. 336.32 £ 22.49 MPa A1 455.33 + 23.87 MPa. TS-PU-HMFO f{] %4 {H

K Z KT TS-PU-HQEE # TS-PU-CK, HI &,

TS-PU-CK. TS-PU-HQEE #1 TS-PU-HMFO

) W7 A K 2 3 Tl 8.94 + 0.21 % 7.55 £ 0.45 %A1 10.46 + 0.86 %. PRIEH 457 HMFO & & NI 75
WKy, By BRI TS-PU-CK hifi s fE0L, 580 774K 1) HQEE AHEL, Jo ] Jie s i) Tk B
(Fig.5(b)), H 75 ¥ 5 5 FL A S5 UL s P R i) 0 2k F R R B () BB 2, (R, HMIFO 1 R 4 5751 1Y)
TS-PU-HMFO Jj 2zt geft T TS-PU-HQEE 1 TS-PU-CK.
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Fig. 4 (a) tensile stress-strain curves of TS-PU; (b) bending stress-strain curves of TS-PU; (c) compressive

stress-strain curves of TS-PU

Tab. 4 Summary of mechanical properties of different TS-PU

Parameters

TS-PU-CK

TS-PU-HQEE

TS-PU-HMFO

Tensile strength(MPa)
Tensile modulus(MPa)
Tensile strain(%)
Flexural strength(MPa)
Flexural modulus(MPa)
Flexural strain(%)
Compressive yield strength(MPa)

Compressive yield strain(%)

24.58+0.44

376.86£25.33

8.94+0.21

52.5342.33

1459.62+106.86

6.98+1.39

46.07+0.16

6.78+0.43

29.79+0.69

336.32+22.49

7.55+0.45

41.43+0.91

1360.27+92.23

3.66+0.27

51.98+0.81

6.22+0.07

54.17+0.88

455.33+£23.87

10.46+0.86

71.41+4.11

2155.03+94.46

4.85+0.34

50.44+0.26

7.00+0.20

Ll AE . TS-PU-HMFO Z5 i 5 f5 5 25 i A /5352 = T TS-PU-HQEE Al TS-PU-CK, A5
SR EE S AR i 72.36 %l 35.94 %, i E S 42 58.43 %H1 47.64 %. TS-PU-CK. TS-PU-HQEE
A TS-PU-HMFO 25 i 58 J 73 5] /& 52.53 £ 2.33 MPa. 41.43 +0.91 MPa A1 71.41 +4.11 MPa, 75 i
B0l /& 1459.62 + 106.86 MPa. 1360.27 + 92.23 MPa A1 2155.03 + 94.46 MPa. TS-PU-HMFO 5



TS-PU-CK LG, HAZBCE 8 m (Tab.3), B URTCH 857 TS-PU-CK A1) 25 dh ML Re . 49
BB HMFO RIS 3R o (g BUACIE J2 A 117.14°031,  H AN T] e #% (Fig.5(b)), 5 TS-PU-HQEE #J JiE
4 (1 Tk 5 (Fig.S() AH b, A AT fe (BRI NI SE 5, (RItE, TS-PU-HMFO B 44 (1 25 it M gt T
TS-PU-HQEE.

Fig. 5 (a) Schematic diagram of HQEE structure; (b) schematic diagram of HMFO structure

IE4i kB . T Fig.4(a)fl Tab.4 fian, 25 A4 TS-PU-CK 5 45 8 I 55 B AN 46.07 £ 0.16 MPa,
TS-PU-HMFO # TS-PU-HQEE & 4 JiE i 5 & 73 71 /9 51.98 + 0.81 MPa #l 50.44 = 0.26 MPa 3t T =
FI2H TS-PU-CK.o 2 W I Ik Il 3 S HC A 3 1) v 85 52 S Tk X 4% AE IR 4 W1 I RE AT BOC o TR 2R, &
FIRTE T MR TUR IR AR ANV R A R S . S A RAE IR T, BT A FE SRR RS 4
TAPEIN ) BT B, R R A BERWCR% . TS-PU-HMFO 1E OR FRECS 3R B2 1 R, BA7
B K IR RS AE R 7.00 + 1.26%, 30 H NIV 5 00 1 RGP . 25 b, 51 N AR5 57 9 8 77 HMFO
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Regulation of Thermal and Mechanical Properties of Thermosetting

Polyurethane by Bio-Based Furanaldehyde Oxime Chain Extender
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ABSTRACT: The development of bio-based chain extenders is conducive to the green and sustainable

development of the polyurethane industry. In this study, bio-based aromatic ring chain extender



2-hydroxymethyl-5-furaldehyde oxime (HMFO), castor oil polyol 1750 and polymeric
4,4'-diphenylmethane diisocyanate (PMDI) were used as raw materials. By comparing with
petrochemical-based aromatic ring chain extender hydroquinone diethylether (HQEE) and non-chain
extenders, the influence of bio-based chain extenders on the mechanical properties of thermosetting resins
was systematically investigated. The thermosetting polyurethane (TS-PU-HMFO) synthesized with
bio-based chain extender HMFO has the best comprehensive performance, with a glass transition
temperature of 110.28 °C, tensile strength, flexural strength, flexural modulus and compressive yield
strength of 54.17 MPa, 71.41 MPa, 2155.03 MPa and 50.44 MPa respectively, which are superior to those
of thermosetting polyurethane resins with petrochemical-based chain extender HQEE (TS-PU-HQEE) and
without chain extender (TS-PU-CK). Among them, the tensile strength is increased by 81.84% and
120.38% respectively, and the flexural strength is increased by 72.36% and 35.94% respectively. This
indicates that HMFO as a bio-based aromatic ring chain extender can replace petrochemical-based
aromatic ring chain extenders, providing a green and sustainable chain extender for the future
development of bio-based thermosetting polyurethanes.

Keywords: bio-based chain extender; 2-hydroxymethyl-5-furaldehyde oxime; thermosetting

polyurethanes; thermal performance; mechanical properties



