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Synthesis and properties of degradable and recycled bio-based
amine cured epoxy resin
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Abstract: Bio-based amine(DAPVD), prepared via amination of glycidyl ether pentaerythritol divanillin
epoxy(DEPVD) and characterized by FTIR, was cured with camphoric acid-based diglycidyl ester
(DGECA) to synthesize epoxy resin. The properties of epoxy resin obtained were then analyzed by dynamic
mechanical analyzer, tensile testing machine, reprocessing experiment, degradation experiment and
thermogravimetric analyzer. The results indicated that the epoxy resin showed good thermomechanical,
mechanical and thermal stability with a glass transition temperature 91 °C, tensile strength (72.6+5.1) MPa
and Young's modulus about (2493+58) MPa. The spiro diacetal structure in the curing agent endowed the
epoxy resin with degradable properties, while the tertiary amine structure formed during the curing reaction
promoted the participation of f-hydroxyl groups in the transesterification reaction. Therefore, the epoxy
resin could retain 75% of the tensile strength after being reprocessed(hot pressing at 190 °C, 10 MPa for
1 h). Moreover, both the epoxy resin and its carbon fiber composite could be completely degraded in
ethanol solution with a H" concentration of 0.1 mol/L(treatment temperature 50 °C, time 48 h) with
high-value carbon fibers completely recovered.

Key words. bio-based epoxy resin; dynamic ester exchange; spiro diacetal; carbon fiber reinforced
polymers; degradability; building chemicals

i BEHEE: 2022-03-07; EABEH: 2022-06-24; DOI: 10.13550/j.jxhg.20220190

EEWE: EFEAAREAIES (U1909220, 52003283 ); #ITAAS N 4ERAHL4 (LR20E030001 )

TEE®AT: DI (1996—), B, 14, E-mail: fenghaoyang@nimte.ac.cn, BEREAN: X4 H (1987—), %, B, E-mail:
daijinyue@nimte.ac.cn; XI/NE (1980—), 5, B5H, E-mail: liuxq@nimte.ac.cn,



* 2578 ¢

A% 4m 4 T FINE CHEMICALS

%39 %

ISR B S FLtm 4T 4 52 6 M4 R DR 42 5 v i 1Y
Fetk, $EREM 234, sl . M mx
SR (EJR R AR 5 5 B A L 0 5% B A
TR E G sE AR BUSCRI R, R, JF AR A ]
REff . AT RN 3R S BR 1R A ik 21 48 52 5 A4 R AR
JIg B A TT D) A SO SR 2T 4 1 [T R, s /b B 3
A MR FREE T e

FF S A3 SR I BB N 445 7 2 AR I T
PACAE H B as i Hoak AScEe, M EAT 7T 2k
TR0 B e a5 10 Bl S A e S R 3 A A A AL
ook O NN 1 5 LRI 4/ 7aE | e N S N L
PEALTRAC i B |32 (A 0 0 SRR R R | A% I B
HHUBR A RE S A0 4 o5 10 e A il 5 J6 3 o 75
BIAEM IR VR R TP A AL, o e A0 750 3 5 A Je)
TFHANEEEE (BRE . ZBNEREES" ), o
FHEWI L T —HHLEIF CUsERIRe) [ ¥
PR S ASTR SCH S N, (HELA A AE A fh 5 R 1 [ 4k
FURBFIEIBAR D o oAb, BIF9T 0 5K 8 2538 1 )
ZRAE I IR LA R A TR AT 4 A AR, Al TN T
AWK R e SR RN R G e B s/ Ny T, 5K
A (TR o ok o o i X3 o 9 v i e R
SRIG AT (bR . WemmRAE") SRR LAY
CRREE B0, X T8 27 Ak i 25 TR 45 A it
TES T BE S BASIAT , AT FAARR (R Ac 2 () fekt R AN ()

TEIR A5 A S —Fh AR 25 0, 5 WP Y e
SERRNOR S I S 7R M, FE IR R PE A5 1 R AT DU A
AR i A BRI 3, I T A R I A
R SEM RIS FEAI A 22 w0 TAE R &
P T SR IR G WSS R A0S ) T 2 RE R R RE . A
B, K —Fh A R R A T R - [ F 0y
P4 K A FE (2-FRN3E ) e, DAPVD ) 7K Himl
fis ( DGECA ) [ 4k Jii 1 5 51— Fifo 0 8 1 A 4 36 2R 41
Wi is DGECA-DAPVD, fi F 17 st i i % Hifis 22
WS BTG PESEAT T VRANERAE, IR VB M E
SRS O TR REHEAT T S N . AN,
i B R SEI R SE T L DGECA-DAPVD Sy SEAAR 1 ik
U G A RHE R RS AE T R R, 9% ik
PR IR T Y R EE BT T R AE . X Fh s A= 4 3
i I T [ A I SR i X S IR A S LA A AR
o REEL R R BAA IR L,

1 SEIEES

11 KFENEE

K (JREDECN 25% ). 1,4- SRR $hiR .
P, NER . NN-—HEF B (DMF ), 484,
Bhr T ( ) ARRAF; 4, 4-Z 2R
LE(DDM), JRf/r%L > 98%, bifg % sa bk LRl

AIRAF]; BRAFHEF-S0A (CF, 200 g/m®), H2%il
HA BT A A PR T 5 206 7K ok 2 3 D L
T B AM IS (DEPVD, FRAME H 0.387), [ HI'S;
DGECA (B4t A 0.592), HHI",
VECTOR-22 AU L it A5 45 2T SR SE A FTIR ),
[ Bruker /A ®) ; METTLER TOLEDO 2 /53
PAY, Hi+ Mettler Toledo 23 7] ; 209F1 BYFAE 4341
i ( TGA ), fE[E Netzsch 27 ; Instron5567 #IJ7 HE
PBHAIEHL, S Instron AF]; Via Reflex AIHLE
B IR B YEIE AL, JEE Via Reflex /A H] ; BXS51 #Y
Yt B, HA Olympus A ]
12 Ak
1.2.1 Ak E(DAPVD)# #) &
TR KA 2R G N R R .

0 0 .
b oo Mty

DEPVD

(0]
_/O O:><:O p—
DAPVD

## 5.16 g (0.01 mol) DEPVD, 20 mL 1,4- %/~
PR .20 mL Z/K A #] 100 mL KU B 28 7,100 °C
TR 1 he il BERS 78 R AN BR IR R TR L, 15
) @ AR A W) FH (DAPVD), 2R N 99% .
'HNMR (400 MHz, DMSO-d;), 6: 7.01 ~ 6.89 (m, 3H),
5.40 (s, 1H), 4.55 (d, J = 11.1 Hz, 1H), 3.97~3.52 (m,
10H), 2.74~2.52 (m, 2H), “CNMR(100 MHz, DMSO-dy),
5: 149.08, 149.06, 148.99, 148.97, 131.66, 119.13,

113.03, 112.98, 110.39, 101.74, 72.04, 71.55, 70.44,
69.94, 68.72, 68.56, 55.97,45.19, 32.42 , TOF-MS, m/Z

550.1 [M+H]" ( Big{E ~ 550.25 ),
1.2.2 DGECA-DAPVD & R % 47 4t 5 A At4H e 4] &
il ik R V5 K 1 [ AR SN AR s

oD-O8Cha

DAPVD

(0]
+%mﬁé%V%
Bk, l DGECA

100 o 0t e
= ¢

DGECA-DAPVD



W, AFc AEY SR [E A RO AT R L AR B AR I A S L 1

* 2579 -

5512 W
0
+ Qo 040
DDM Eifk l DGECA

‘\;@O%%)‘a
o/

DGECA-DDM

HEMEFES AT 4 . X} F DGECA-DAPVD,
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WRAE 50 mL B, B3R 5T 4 By Rk £F 4k V-4 7E
60 Crym#tR I, FlfE¥ ) DGECA-DAPVD ¥
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Fig. 1 FTIR spectra of DEPVD and DAPVD

2.2 DGECA-DAPVD BIE1TAHRIE

i 22 R FE P DGECA-DAPVD i fig
1) BT AT AT, B 05 B IR A A 1 e [ 4k 5]
DDM ffil| {54 i DGECA-DDM fEJ %} i, 455 WLIE 2.



© 2580 ¢

A% 4m 4 T FINE CHEMICALS

%39 %

Ti5] A s A il e 18 e L 3R E 6 7 FF B S N7 1) S N 3%
PR, AT LU T8 PR AR ) AR E , 8] 2a 4k
H ] fh A UG TR B SR B AR BRI
WA XoF 07 A L R X [ SRy B 4R 35 A FF 30 I 02 %o I ) ik
JE, T80 SR B R L e R vh 52 4 AR T 75 1
Bk AR . AN 2a frs, DGECA-DAPVD [Efkid
FERYIEE TR EE R 132 °C, ik DGECA-DDM #
R Z A 170 °C, X %W DAPVD HA7 L DDM &
i B AR P, T AR AR A R T EAL AL, It
Ak, i —Eid FTIR $0iE T DGECA-DAPVD 1
LA, Wi 2b Fis. 908 A1 866 cm ' Ab43ill
4 DGECA P AXFFR B 3 E A C—0—C 1
TR 4R S 4 , 1200~1050 cm ' &b Sy IR BR 45 5 rh
C—O—C MR 45 R B iE , 3600~3200 cm ' 4b K
TFER B2 77 A B N—H 5 O—H A4 {1 45 3 5 Wi e
& 2b fZE LR IA , &4k 5 A0 T RP AR B 1A 2R 3 A
P15 R IR SO 52 43 2%, H. DAPVD H i R B 4
B L5 R AT SR A B AEAE . PRI AR i 1A 3R 1) B4 4 I AT
Bt e 5E 4 i, H DGECA-DAPVD E.A 12
GG RS

2 — DGECA-DAPVD 170 °C
— DGECA-DDM

Pﬁ
#

HR/(W/g)

0 50 100 150 200 250

BEE/C

b A

DGECA i

i

908 |} 866
i “\/\—\

i

3600~3200 DGECA-DAPVD i
Abad

12001050
DGECA-DDM oL

4000 3500 3000 2500 2000 1500 1000 500
P&/ em™

K2 HERIRRGY 0 EAIZ (a) FELHETE
i FTIR %/ (b)

Fig. 2 Cure exothermic curves of epoxy resin mixture (a); FTIR
spectra of before and after curing reaction of epoxy
resin mixture (b)
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fERERLR/MPa

|
[ _a DGECA-DAPVD
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Fig. 3 Dynamic thermo-mechanical properties of epoxy
samples
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AR E 4 R, MBS TR 1. K3, 4 1
1 W[4, DGECA-DAPVD 3 T 40 S i fifr i
JEFI G B ((72.645.1) MPa., (2493+58) MPa ),
X HRA PR BE . XS 25 TIRIRES M NI,
IS RER R A EE AT & o

1 AR HLBE BE A B fiE

Table 1 Mechanical properties and thermal properties of

epoxy samples
EY e DGECA-DAPVD DGECA-DDM

R B /MPa 72.6%5.1 67.242.3

1 FC AR B /MPa 249358 2175+92

25 °CH}Y E'/MPa 3176 1938

T,/°C 91 144

SEHK 2 B /(mol/m”) 620 1233

Taso/°C 288 326

Re00/% 18.9 16.5

o Tuso MRS S%RT X R AR 5 Reoo S 600 °CF I
B

80 r—=— DGECA-DAPVD
—e— DGECA-DDM

0 1 L 1
0 2 4 6 8

REAE/%

Bl 4 PR R N T -1 AR ph 2k
Fig. 4 Stress-strain curves of epoxy samples
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TEAT T B FEAR , 76 462 s kB W IAFER) 1/e;
Il DGECA-DDM A s 7 b 554 A H B
B TR, XEW DGECA-DAPVD HAT 373K 44
BHRAE, H 200 °CTHAAShEFE] () 2 462 so X
DGECA-DAPVD #1474 [R1 EF #9 0 g A st i,
e sb Fras . MR 5b A%, DGECA-DAPVD H#4
sty ST ] e o 90 ) ARG T 184, 3 3 BH S 1BC I 8%
A 6 A8 46 S 1 ELAT i 2 A IR s

1.0
@ 0.8
&
B
1§ 00 [ = DGECA-DAPVD
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_%' 0.4 e & ]
0.2 - s
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i) /s
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£
B
1E 0.6
m
=
204 le N & N x|
0.2 - N
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B El/s
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y=15.25x-26.09
75L  R*=0.999
7.0}
[
= 6.5
E=126.7 kJ/mol
6.0
55}
2.05 2.10 2.15 220 2.25

1000/7/K!

B 5 AREEEAE 200 CFHBERRILE (a);
DGECA-DAPVD & A [A] Jid B2 T A A58 1 A it fth 2%
(b)s ASTRIELEE T B9 B 2 st s T AR 4 B2 JE
W Emamms (c)
Fig. 5 Modulus relaxation curves of different samples at
200 °C  (a); Modulus relaxation curves of
DGECA-DAPVD at different temperatures (b);

Fitting curves of stress relaxation time at different
temperatures by Arrhenius equation (c)
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O
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W R BB S % DGECA-DAPVD 4 H1&
SYEREIATRAE, 4RI 6. tE 6a fin, Bk
A 33.6 um FERERIZMEAE 190 °CTFm#, &
IR ST RE B WTARAS , it 30 min J5 RIIE AR 5¢
4, XEHEMEE DGECA-DAPVD BETESHE
BEACH R E R, AT DLad i kb B 38 B 4
1B F T I A R 5 Ak 7 A A8 1™ 12 Bk R
T 0.5 um HOR. [HES, HWF5E DGECA-DAPVD (1)
AT YAVERE, K RIR Y/ N RIS, 7E 190 °C 10
MPa F#E 1 h, A LUEBAS 2AE 5 CanE 6b frs ),
Ui B A AR N 2 A 1 il 52 48 s I fif U v L n T
I,

E 6 DGECA-DAPVD 42 i3 #u b P & & 45475 10 i3 7
(a); DGECA-DAPVD FUHEHE M HHE (b)

Fig. 6 Self-repairing process of DGECA-DAPVD coatings
(a); Hot pressing process of DGECA-DAPVD (b)

T ) Y 0 R i )P R 6 UE YR AL
R, S5RWME 7 Fon, ATLAVEW, EIEJE RSB
5B A 54.6 MPa, fRE T IRGAHE S 75%09 151
fig, FWIE SRR A R ARG B T
SEIR W 4% 2 [AIAEAE R B, 2B DGECA-DAPVD

AA R s 2R

80
70}
60 |

g 50|
40t

R

&30}
20 —»— DGECA-DAPVDJE#ERE

ol —o— DGECA-DAPVDH ¥4

0

2 3 4 5 6

NAE %%

17 DGECA-DAPVD =¥ J5 1 5 1 -1 78 i 2%
Fig. 7 Stress-strain curves of DGECA-DAPVD
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2 [V 5 a5 P 1IN 1| 2o [ 3 =183 1 B e B A
RS UR MR LS BB E TR RE, Bl
SR A A AR e TR R, T [ A
FRRR RS A BHVE Sy B A4 1T LA 5 ImT Wi ) P a7 4 1)

ZHTE TAERIA, SRR 25 R BT G S A R i
DR, BERS AT R B B 78 BRI A 1F T R S
JERIE DGECA-DAPVD A Ry AR A il £ 1T [m1 i
W LF 4 2 A kR R T A4, Wil % T DGECA-
DAPVD/CF E &k, A T RHR i/ e o6 ik 21 4
AR, HYREEA 0.1 mol/L [ Z B AR
KSR, R SEM R DGECA-DAPVD FlfREF
e AR FERPEREIEA T T IR, 255 LA 8.

0.1 mol/L H*

0.1 mol/L H*
50 °C/24 h

50 °C/48 h

0.1 mol/L H*
—_—
50 °C/48 h

K8 R IRREAR SR (a); BREFAEIGSRAZ S AR B
e (b)

Fig. 8 Degradation of epoxy resins (a); Recycle of DGECA-
DAPVD/CF (b)
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