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Abstract: This study aims to fill the analysis gap regarding the curing process of new resin made
from epoxy resin alcoholysis products. Initially, a non-isothermal differential scanning
calorimetry method is employed to investigate the influence of alcoholysis product content on the
curing behavior of the re-prepared resin. Subsequently, the curing conditions for the re-prepared
resin are determined using a curing kinetics model. A new resin is synthesized accordingly, with
its diclectric properties measured. The results indicate that substituting 25% bisphenol A

diglycidyl ether with alcoholysis products leads to a pre-curing temperature of the re-prepared
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resin below 120 ‘C and a final curing temperature of 160. 57 °C. This is attributed to that the
hydroxyl groups in the alcoholysis products facilitate the ring-opening reaction of epoxy groups.
Consequently, as the alcoholysis products increase, the curing temperature of the re-prepared
resin decreases. The re-prepared resin conforms to a self-catalytic dual-parameter curing kinetics
model, with a total reaction order exceeding 1. The apparent activation energy E, during the
curing process is a function of the curing degree a, and the actual curing degree of the samples
obtained from the E, (@) function closely matches theoretical values. Compared to the original
epoxy resin, the re-prepared resin exhibits an increase in relative dielectric constant, dielectric
loss, and breakdown

strength, demonstrating the dielectric performance meeting the

requirements for epoxy resins employed in power systems. This study offers valuable insights and

guidance to the curing process of epoxy resin re-prepared from alcoholysis recovery.

Keywords: epoxy resin; alcoholysis; recycling; curing kinetics

ARG I 45 5 A A LA B S A 43 A T
R VE R S BRIE B = 4R M 25 Gt . I
Hh R T [ A B SRR I G 0 GO0 S A 4 2R P BE L v
A BILBR 3 L | R G ) AR R P R A 2 T e v A v
T s AR B T2 BT AR 2 G i R 2k 8
ke S RN (LR SRR WL UR - S L R IS
VA (R, SRS 4% — XTI 87
T T A 3] 4 A 400 i O S 1 B 1) ] I 5 M A 7
EIR AN R AN 3 TGS DR P 2N
Bk TE KRR MO AL G E R N Y S A
B Z U8 £ B2 R, 0 XUl A 4 oK H i
(DGEBA) , A R T e %% 5 L e 14 ) AL, HL 5 ] 4%
2 R B ARAE 1 B BRI AR 4P R RO & A
5 S B TR SR E R PR 30 S B IS A4 OBL D7 T i TR
R0/ = I IR A DRE B 7/ S ) Bt A
25T IR U IR A R R A IR SR R AR L (E
X A A R BIRE £ A8 T 1 3 S B o HG o A 1] s
1o RO R AT e — Rk U SR B
AR D 5 R SR A5 A B A [
AP o PR O A7 A T P B SRR R ) 63 e [l s 0 o
il £ 45 B e PEREA IR R A EL R X

Wik 2 W1 e gt 5 1 365 1 T R T 11 A6 36 S 1A &
F1 fifp 2R ot A o I i A o 5 TC ¥ 4 » LI A ™ 0 RS T
MR T T S o A RS R AR A R
i B4 614k 2% PFATS 55 D i B0 0B R AR IR S o T 4 R
7 e A A it B E I R R AR T O e [ A
SRS B B 7 0 SR IR FTRE A 7E 15 A AN 52 42 1 B
G A5 PR A PR A 0 P RE AT O E AR T T
By A M RE R BB S 1k FE 4 O T,
DAL IHG A o S0 O i o] A S 2 A0 IR 2 A [ £

http: // zkxb. xjtu. edu. cn

Bl 1 A5 DL A B A 1 [ 2% 1 TR st
LA S B DLVl AR A 448 2% b4 Rk 102 T A9 7T

T IR SEA NG [ Ak 3k R e, R RN ) 2 5 g [
R B S H, T BEARR S H 0% 8
A 25 75 22 R F B BGEE (DSCO I B B 14 18 1k il 44
i 2, e 2k 2k AN A B0 [ AR AR AR R DO X
[ AL ], B T B A3 70 25 5 BRI 22 AN ADoK A
[t £ Bsf () A 0 JBE R — . Lo G [ Ak Bl ) 2 A R
i), FL 5l Iy 2 7 B 2% ik 1A PR, [ AR (] 5 T 5K i
R AR R AEAE o Ry B S O B 38 F A B R 44
FRUTTE MR F AL 1 Ak 3h ) SRR
GRIRIAR LEALIE N T — > S 8048 &L SR [ AL B )
4 B2 R K38, i B i K 22 B30I Ak B TR] A 2 AT
SR FH 20 50 13l 1 3R P A S O AR
S U0 R A FE A B LA B iR il A S 3 e K i I
JIT LAFE [ 4k 8h 1 2 53 it s A 6 25K Mgk 2 1 AR s []
(e 1k =L o B A1 R AR 2R 1R B2 %,

Zi b, HOETEE T AR 3l ) 2 2 B 0 A DIl
-] A B 42U B 1 A ) 2 0% B 9 oK DL ARG L SR I AR
SCAE FH At 7= 0 R AR Ao A T 6 SR A R EA T T I R
B R Y P £ . a8 o AR A TR DSC I T P A 3R R
BB B A Rt £ A B0 T L AR B T 2 T
FEL0fE T R T2 AR, [RIEE, D0 TR A
i (0 46 2V B 51 5 R AR IR UM IR X EL B 7R N A
[ 5 P4 25 P S B 1) T b T 2 3R IR R 30 T4

1 i il 28 5

1.1 THER
ARSI R I SR R B R BE FH R A8 R R B RR RE
SN EVEPERY R E-51 B A IS DGEBA ; iR T [#




96 W % oz M

PN

58 &

3] B 35 O A4 O R I O 3 4 B 98 V0 A
B i 2 R i b ) B R AP KL PO, (& 2 Bk
99. 7)) W T 2 s M s To oK £ B O & 4 B
99. 7%) R ET & FRE L T PR "l 443
1.2 REMENEBESESRS

I g 1) i £ 7 i 2 BOCHER [15], DGEBA
P2 I 11 £ 770 F0 412 1F 700 9 B3 & Lol 1027, 042 0. 104,
W 3 FBEFEI 5T )5 D AR IR DU £ A5 L P R A
FLAS AL AL S 120 C R An#k 2 h+150 °C
IR 4 b 15 3 0 PR AR B R . S i PR B R iR
P18 % fige 3, g o1 A5 ) URE B RO AR 208 1 mm
Ze A7 B BORL , IF 8 RGOk 2 B2 K, PO, B T % 4]
RN L3 FRRE LN 3:30: 1, )W 45 120 °C
Tm#A 3 h. ZEETE AL FIAE T 5 AR RE
i 35k K A T 58 48 S I 11 45 A S0 i % A ol ISR 9
4 SR I — N A e IR B AR B W (A R B IR
YIRS A B ER A /N O W E 1 R

o

==

IR
Feefire =

L1 TR T [ Ak T 40 i 100 Tt fie o ik i 31
Fig. 1 Degradation principle of anhydride-cured epoxy resin by

alcoholysis
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Fig. 2 Cross-linking reaction in the re-preparation of epoxy

resin through alcoholysis recovery
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Fig. 3 DSC curing exotherm curves at different heating rates
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Table 1 Curing characteristic temperatures of DER-5

B/CC +min ") T,/°C T,/C T:/°C
5 155. 22 215.09 244. 88
10 168. 75 232. 34 263. 46
15 177.93 243.93 276.69
20 184. 82 256.42 287.63

% 2 DER-10 B 445 42358 B

Table 2 Curing characteristic temperatures of DER-10

B/(C +min ") T,/C T,/C T:/°C
5 131. 04 187.51 242.54
10 150. 23 218.07 253. 83
15 162. 05 227.17 262. 44
20 172. 20 235.76 272.36

% 3 DER-15 B4 428 B

Table 3 Curing characteristic temperatures of DER-15

B/CC + min ") T./C T,/C T:/C
5 132.50 185. 80 225.27
10 142.11 204. 54 247.50
15 151.03 215.62 257.48
20 157. 96 224.75 266.09




98 W % oz M

PN

58 &

% 4 DER-20 B fu4 428 &

Table 4 Curing characteristic temperatures of DER-20

B/CCC +min")  T./C T,/C T./°C
5 124. 67 172.19 225. 96
10 140. 37 195. 69 245.17
15 143. 44 197. 45 256. 45
20 150. 61 204. 82 264. 09

% 5 DER-25 B AC4 428 %

Table 5 Curing characteristic temperatures of DER-25

B/CCC +min ')  T./C T,/C Ty/C
5 126. 35 171. 41 217. 29
10 134. 82 186. 71 235.87
15 138.78 193. 51 244. 82
20 149. 28 208. 39 258.79
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Table 6 Parameter values of autocatalysis model

B/CC +min~") In(A/s™) m n
5 12.044 9 0.204 3 1.200 8
10 12.107 8 0.170 2 1.116 5
15 12.193 0 0.142 9 1.170 1
20 12.092 2 0.168 9 1.147 5
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Fig. 13 Charge migration process in the re-prepared epoxy resin

http: // zkxb. xjtu. edu. cn

3 45w

(1) DER-25 -l % P8 WG & Ak #2 rp E, Bl
a JEI/NEIEA BN E, 5 RO 4 F W E R L
1M UM 56 . Lk 30 1 2245 & A AL XS Hst
R, SN A T — B G 2 T

()BT 8 J 2 B T DER-25 14l & B
R BEAE T2 400 T 48 i, SRR /N T 3
b, HL 2% 75 21 38R 19 S B [ AL R B S Ee [H R
F230 , J5 2 P 25 60 B 5 0 NG — 2B Ak .

(3) VS N B A 7= 4 DER A 7571l 5 4% i 19 A H
PERE & A A8 k. 5 JE G i A L, TR A B IR
DER-25 T T (% A % A W %, A o 450 #8 X ECA
JITHE T ARAT A SC B R E . R, SE g SR
Y A BT 4R T, X 5 DER HEg 5L /N2 1 30 461 L i
TR A X,

S 2K

(1] MERAMT. WRZE, PRAEM, 5. mLEM e 5T
it (M. P2 . P92 ACi8 R AL, 1996 114-116.

[2] LIJin, AUNG H H, DU Boxue. Curing regime-mod-

ulating insulation performance of anhydride-cured epoxy

resin: a review [J]. Molecules, 2023, 28(2): 547.

ek, FLIBEIDS . ARART AL Ak ) R IR B A B SR

G/ PRET AR R e e VERE O BFsE ik e [T]. R LR %

R, 2024, 19(1): 358-370.

LI Jin, KONG Xiaoxiao, DU Boxue. Research progress on

(3]

curing system regulation of insulation performance of bis-
phenol A epoxy resin/anhydride system [ J]. Journal of
Electrical Engineering, 2024, 19(1) . 358-370.

[ TCRE. BRI 73 3 45 18 X 35 SR W IR - 1R T 4 AR 48 Sk
RERZ M MBESE (D], AL AL Tk R, 2020 2-3.
LIU Yanlin, YU Zhen, WANG Binbo, et al. Closed-

(4]

[5]
loop chemical recycling of thermosetting polymers and
their applications: a review [J]. Green Chemistry,
2022, 24(15): 5691-5708.

XISCAR s BRAS VLT, 45, PREE AU A B M v 4
GRSl s HAR (] B THEARSM, 2022, 37(5)
1115-1127.

LIU Wenjie, CHEN Jie, JIANG Pingkai, et al. Envi-

[6]

ronmental-friendly electrical insulating thermosets and
preparation technology [J]. Transactions of China
Electrotechnical Society, 2022, 37(5). 1115-1127.
ol WIfR AR, MRER. S5, B TR JC 0l A 1 7T K A
WRLGHRPERED T [J]. @R AR, 2023, 49
(11): 4490-4497.




o507

082 L S - R SR i o AP A AL B ) 2 F 5

103

[8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

WU Yunjian, HU Yiran, LIN Hui, et al. Study on
properties of degradable epoxy insulation materials
based on Schiff base [J]. High Voltage Engineering,
2023, 49(11): 4490-4497.

LI Chuanyang, YANG Yang. XU Guogiang, et al. In-
sulating materials for realising carbon neutrality: op-
portunities, remaining issues and challenges [ J]. High
Voltage, 2022, 7(4); 610-632.

ZHAO Xiaoli. TIAN Peixiu, LI Yidong. et al. Biobased
covalent adaptable networks: towards better sustainability
of thermosets [J]. Green Chemistry, 2022, 24 (11);
4363-4387.

KB, SPIEMS, 2255, 5. A HE MR 5L 51 E R i AL
iy A BRI PR RE X LE BT (7], M L4 R 2= 4R,
2022, 37(9) . 2366-2376.

LIU Hechen, GUO Zhanpeng, LI Yan, et al. Com-
parative study on the performance of itaconic acid
based epoxy resin and bisphenol A epoxy resin []].
Transactions of China Electrotechnical Society, 2022,
37(9): 2366-2376.

HONG C K, WOOL R P. Development of a bio-based
composite material from soybean oil and keratin fibers
[J1. Journal of Applied Polymer Science, 2005, 95
(6): 1524-1538.

XUEHE, SRt se, L, 55 ma T MR AL TR
F [J0. 8545 F 24, 2022, 53(9): 1005-1022.
LIU Xuehui, XU Shimei, ZHANG Fan, et al. Chemi-
cal upcycling of polymeric materials [J]. Acta Poly-
merica Sinica, 2022, 53(9):1005-1022.

LONG Yuwei, TIAN Fei, BAI Lan, et al. A mild and
efficient oxidative degradation system of epoxy thermo-
sets: full recovery and degradation mechanism []J].
Green Chemistry, 2022, 24(18): 7082-7091.

IR, W &RRT. TR AW NG M HE &4
B PR IR [ Rl (). & &M R =R, 2023, 40
(5): 2575-2586.

AN Le, ZHAO Wenzhe, JIN Chenyu. Closed-loop re-
cycling and re-manufacturing of engineering epoxy and
its composites [J]. Acta Materiae Compositae Sinica,
2023, 40(5): 2575-2586.

ZHAO Xu, LIU Xuehui, FENG Ke, et al. Multicy-
cling of epoxy thermoset through a two-step strategy
of alcoholysis and hydrolysis using a self-separating ca-
talysis system [J]. ChemSusChem, 2022, 15 (3):
e202101607.

LI Jin, GUO Pengxiang, KONG Xiaoxiao, et al.
Curing kinetics and dielectric properties of anhydride

cured epoxy resin with different accelerator contents [J].

[17]

[18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

http: // zkxb. xjtu. edu. cn

IEEE Transactions on Dielectrics and Electrical Insula-
tion, 2023, 30(1): 20-30.

WA . SRRLL. SRR 5 HESR DSC BB 5 30 S W A5
WIE s I 2% (1], EPERAR . 2020, 35(4) : 18-20.
XU Yajuan, ZHANG Junhong. Study on the curing ki-
netics of epoxy resin by isothermal and non-isothermal
DSC [J]. Thermosetting Resin, 2020, 35(4): 18-20.
TR, GKREEEE. T, . JESIR DSC B
TSPZ-EP &M B B Ak 3h J1 2= (1], &5 F 4 kB
F5TH, 2021, 37(11): 77-85.

ZHANG Yuging, ZHANG Fengfeng, WANG Jinyan,
et al. Curing kinetics of TSPZ-EP epoxy resin charac-
terized by non-isothermal DSC [J]. Polymer Materials
Science & Engineering, 2021, 37(11): 77-85.
BT, OO6, INVER, . EEFRENS TGD-
DM/DDS & & [& 1k [z i gh Jy 2% [T & 4y 72 4l
2006, 16(4) . 564-568.

ZHAO Weijuan, ZHANG Zuoguang, SUN Zhijie, et
al. Cure kinetics of TGDDM/DDS system studied by
non-isothermal method [J]. Acta Polymerica Sinica,
2006, 16(4): 564-568.

ZERYE, T o, MBI, & RBEESELEL SRS
PIRG4S AL O /3R W iR 52 4 B ORE Y 3E 55 iR [
ez i 2 R kAR vege (1], & &84k, 2020, 37
(3): 562-572.

LI Zixuan, DING Ke, HAO Liucheng. et al. Non-iso-
thermal curing kinetics and creep behavior of Al,O;/
epoxy composites for extra-high voltage gas insulated
switchgear [ J]. Acta Materine Compositae Sinica,
2020, 37(3): 562-572.

AR PR/ TR I AR AR R AL R 0 O Ak B 1 e B 5T
[D]. &M RBIFT RS, 2012: 31-32.

ZHAO Xin, LI Wendong, ZHANG Yucheng, et al.
Performance evaluation of insulating material prepared
from recycled anhydride-cured epoxy resin by alcohol-
ysis [J]. IEEE Transactions on Dielectrics and Elec-
trical Insulation, 2023, 30(6): 2724-2733.

PR XU, EE . FRAM R S H i [MD. Je
AU AR Tl Mk . 2011 35-67.

Ee g, MR, =g, % AREE T HRE/A
R E e REAZ % [T, miEBEAR, 2019, 45
(9): 2758-2765.

BI Quanrui, HAO Liucheng, YUAN Duanpeng, et al.
Curing kinetics of epoxy/alumina composite system for
basin insulator [J]. High Voltage Engineering, 2019,
4509) . 2758-2765.

S, XU B, Mk, %, E-51 R A RS M 4k & B
B 2R (1], Ea MR, 2011, 28(4): 1-6.




i

ﬁ"i

PN

2

1 %58 &

%

[26]

[27]

[28]

[29]

[30]

[31]

WU Wei, LIU Mingchang, CHEN Yu, et al. Shifting
of the curing kinetics of E-51 epoxy resin [ J]. Acta
Materiae Compositae Sinica, 2011, 28(4) . 1-6.
SUBBIAH R, TJONG J, NAYAK S K, et al. Cure
kinetics characterization of soy-based epoxy resins for
infusion moulding process [J]. The Canadian Journal
of Chemical Engineering, 2016, 94(7): 1375-1380.
KISSINGER H E. Reaction kinetics in differential thermal
analysis [ J]. Analytical Chemistry, 1957, 29 (11):
1702-1706.

OZAWA T. A new method of analyzing thermogravim-
etric data [ J]. Bulletin of the Chemical Society of Ja-
pan, 1965, 38(11): 1881-1886.

STARINK M ]J. The determination of activation ener-
gy from linear heating rate experiments: a comparison
of the accuracy of isoconversion methods [J]. Thermo-
chimica acta, 2003, 404(1). 163-176.

ZHAO Heng, XU Shuangshuang. GUO Anru. et al.
The curing kinetics analysis of four epoxy resins using
a diamine terminated polyether as curing agent [J].
Thermochimica Acta, 2021, 702. 178987.

MALEK J, CRIADO ] M. A simple method of kinetic

model discrimination: Part 1  Analysis of differential

[32]

[33]

[34]

[36]

http: // zkxb. xjtu. edu. cn

non-isothermal data [J]. Thermochimica Acta, 1994,
236 187-197.

SENUM G I, YANG R T. Rational approximations of
the integral of the Arrhenius function [J]. Journal of
Thermal Analysis, 1977, 11(3): 445-447.

WA, R, ROCE, . T RS IR M SR
R T A R [ A6 SR 3 1 2 AT (D). Bk TR,
2014(8): 67-71.

CAO Weiwei, ZHU Bo, ZHU Wentao, et al. Curing
reaction kinetics of heat-resistant epoxy resin system
bynon isothermal method [J]. Journal of Materials
Engineering, 2014(8): 67-71.

IVES. B W B B AL R AR TR RS A2 B T Ak 8 ) 2
LAERERTSE [D]. Ma /R IE /R IE Tl K%, 2014
33-34.

IEC. Resin based reactive compounds used for electri-
cal insulation: part 3  specifications for individual ma-
terials: IEC 60455-3-1:2003 [ S]. Geneva, Switzerland:
IEC, 2003.

Wyiok. HeTREHBLIHR i B E LA OB LSS
FME M (D] A &0 Tk K2, 2022,
18-20.

(i A F A




