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Abstract: Phenols are one of major organic components generated on pyrolysis of carbon fiber reinforced plastics
(CFRP) based on epoxy resins for recycling. In this study, phenol (P) was reacted with 4,4'-diphenylmethane diisocyanate
(MDI) to give a PMDI adduct. Then curing behavior of a bisphenol A based epoxy resin with formulated hardeners com-
posed of diethylenetriamine and PMDI was studied. As the PMDI content increased from 0 to 20 wt%, the curing onset
temperature increased from 59 to 72 °C, and the curing rate also increased with decrease in the activation energy of the
cure. However, the glass transition temperature of the resulting cured epoxy decreased from 141 to 135 °C, and the storage
modulus in the rubbery plateau region decreased from 19.5 to 8.8 MPa, due to decrease in the crosslinking density. This
study indicates that PMDI and possibly any other phenols-MDI adducts can be used as hardeners when formulated with
other common hardeners.
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Diglycidyl ether of bisphenol A(DGEBAA| ol ZA] ==}
diaminophenyl sulfone(DDS)Z%-E #A|Z & o ZA] F2]&
330 °CollA] @shataL, EalEs 35ate] GC-MSZE #4]
g A, slEF(62%)F WAFEA(30%)7F A -2
A3 Ao RIAEHJY” dlEsHE= 4,4-methylene
diisocyanate(MDI)¢} RWFg-31e] H71HE2 AJAdsk=dl, -2l
Aol EA517] wjiol odlFA] ]9 HstA =AM AH-E
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Alef. Diglycidyl ether of bisphenol A(YD-128, epoxy
equivalent weight: 187 g/eq)Al2] o FA] FA]= ==
ZRY FYste] A1E3 . Diethylenetriamine(DETA,
98.5%)7} methylene chloride(MC, 99.5%)= AF713}sto =5
B Fstslen, Jard a2t zhzt of| FA] iAot ol
Z A3 T 4,4'-Methylene diphenyl diisocyanate(MDI)
SRk oF HE(99%) 22 BASFOF i sta AlES %‘E
o] AA Qo] AR}, Tetrahydrofuran(THE, 99.5%)2 4
Aslsto 2 HE 1L 2441 7F F <9 EAFA| (molecular
sieves)e ARSI E-2 A Fof] ALESIIT]. Dibutyltin
dilaurate(DBTDL, 95%)= Sigma-Aldrich25-FE +¢i3le] A}
&3t DGEBAA| | %A] =29} H-§ 7314 DETAS]
s}sl 2= Table 19 YERITEH

PMDI &Y. 35977171 AX]E 250 mL 27+ 5 vFEh
Fg 2T o232 91744 MDIG3.75 g, 0.015 mol)E
THF(75 mL)oll &31A1712L 60 °CE A3 ¥, #=(228g,
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Table 1. Chemical Structures of Epoxy DGEBA and DETA

Material Chemical structure
DGEBA ?>\{,Oovoq,oo\/<?
n
DETA PN NN

HoN NH,

Table 2. Sample Code of Hardeners

Sample code P-MDI DETA AHEW
(Wt%) (Wt%) (g/eq)
PMDI/DETA-0 - 100 21
PMDI/DETA-10 10 90 23
PMDI/DETA-20 20 80 25

0.03 moly THF(75 mL)ell 8-3|A1A =312 DBTDL
(0.06 /= H7FIAL 6A17F 539t WA AT vES- § A H
YA JAE oS 70 °C LEANA 24 7F R AZ3)
RTHG.66 2, T& 86%). &7 190-195 °C. IR(KBr, cm™)
1723¢32st A% CO), 3300(5-dEr 2% NH). 'H NMR(400
MHz, DMSO-d,, ppm) 4.8(2H, s, -CH,); 6.45(4H, d, p-°]1X]
ShalAl $220); 6.75(10H, m, WaETE] 2, 7.16(4H, d, p-
o] X|ZHlAl $=2); 9.36(2H, s, $-#HE 23 NH).

PMDI= M IA R o FA] 2] AA| (YD-128)0l] 83l =
A extth. HEF PMDIC] S/ 749 H(active hydrogen
equivalent weight, AHEW)S 219 g/eq® m-¢- 2 Holt}. u}
Zh & Aol d= PMDISH DETAS Table 200 UeRH 1)
o} o] &3tste] AshA 29ES Axeeh 22]a %
Al A8 BsAIES FERE Edste] ddsil &alrx]
T Ashke 548 s Fetal A A" EIT

72171 & 24. PMDI®] 3et7x2= A2 L3 H(FTIR
spectrometer, Jasco, FT/IR-4100)Z} 3] 2}7]5HH(NMR,
400 MHz FT/NMR spectrometer, JEOL Ltd., INM-AL400)
= &8t RIS ol FA] FAlo] B A3t B4 A
AL E 37 ¥ (differential scanning calorimetry, DSC,
SHIMADZU, DSC-60 Plus)®.2 743t} 43k o] A
A 9] F9 83 E2(dynamic mechanical analysis, DMA)
£ TA Instruments AF2] Q8002 o83l A&},
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Figure 19 UERd W02 ¥i=3} MDIE HHAIA PMDI
£ A xsIAth” H=e] sto]=547](-0H)$t MDI€] o4
AloF[O] EZ](-NCO)®] WHg-oJH-5 &la}7] 9lsf vh-e-E3t
A& FTIR 28 ERS S4s61om, 2 A#E Figure
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Figure 1. Reaction mechanism of PMDI.
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Figure 2. FTIR spectra: (a) PMDI; (b) phenol; (c) MDI.
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Figure 3. '"H NMR spectrum of PMDL
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Figure 4. DSC thermograms for reaction mixtures of YD-128 and
formulated hardeners at a scanning rate of 10 °C/min in a nitrogen
atmosphere: (a) PMDI/DETA-0; (b) PMDI/DETA-10; (c) PMDV/
DETA-20.

Table 3. Summary on Curing Onset Temperature, Peak
Temperature and End Temperature, along with Heat of
Reaction, Measured for Curing YD-128 with PMDI/DETA
Formulations

Sample code T ('C)  Thea ('C)  Taaa (°C)  AQs (J/g)
PMDI/DETA-0 72 99 121 508
PMDI/DETA-10 63 94 121 497
PMDI/DETA-20 59 91 119 486

BE fase] digk S AR AA HAS dSshs
uie} A 3ehA A8l ¥lE3} MDIL] RES-S
AEHoZ AZFDSS AT

G o] AFA] FR|of AP =S FEHCE FH)
o E3}ste] Aojzl vEEEol| diste] Azt AAEL]7]00A
DSCollA 250 °C7HA] 10 °C/min $5=2 71LshH 733} uks-
o] FHtel= W 5448 SIS AFE Figure 49 YERY
I F8 54 FES Table 39 YERATH

PMDI/DETA®] ]38k o ZA] =2]2] 73}= 59-72 °CollA]
AZFE AL 119-121 °CollA] FE= =0, PMDI A &=
o] 0ollA 20%= F7Istol wt 2AE2] AHEW #to] 219
A 25 gleq® Z7VEIN oM, YD-1282] 733} hA 9k 733}
ZEL5E= 717} 99°Col|A] 91°C @]l 121 °CollA] 119 °C
2 ZaY AT olefst Az, ol FA] A Asht
$-o] PMDI] 9]3le] e Lo ME 715El7] wEel A
o= dAdE) g, @9 FAG Astdo] gas A
AHEW zto] S71slSl7] wiizeltt. Sl #ake 735t 54
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Figure 5. DMA curves of cured epoxy resins prepared from YD-

128 and formulated hardeners (frequency 1 Hz, heating rate 3 °C/
min): (a) storage modulus; (b) loss modulus; (c) tan &.
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Table 4. DMA-based (tan 8) 7, Values of the Cured Epoxy
Resins Prepared from Epoxy YD-128 and PMDI/DETA
Formulations

Sample code T, (°C)
PMDI/DETA-0 141
PMDI/DETA-10 139
PMDI/DETA-20 135
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Figure 6. Isothermograms for reaction mixtures of YD-128 and for-
mulated hardeners: (a) PMDI/DETA-0; (b) PMDI/DETA-10; (c)
PMDI/DETA-20.

Akskiet.

da

5 (k; +k,d™(1-@)" )

21 (2014 mF n WS- xppolm 1 §o] 22 7SI

(a)
3
0.0 H———-vV+-—7-—->-—---—-—++—Fr—"r-—"T-—"r--1T"—""1—
0 5 10 15 20 25 30 35 40
Time (min)
1.0
| 90°c (b)
80°C
0.8
70°C
0.6
=]
0.4
0.2
0.0 1 1 1 1 T
0 5 10 15 20 25 30
Time (min)
1.0
90°C 80°C (c)
70°C
0.8
0.6
3
0.4
0.2
0.0 ¥ T d T ¥ T ¥ T ¥ T ¥
5 10 15 20 25 30
Time (min)

Figure 7. Time-conversion curves for various mixtures of YD-128
and curing agent formulations: (a) PMDI/DETA-0; (b) PMDI/
DETA-10; (¢) PMDI/DETA-20.

o} 2] 3)°llXl A= pre-exponential factor, R 71A/¢ 1
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Table S. Kinetic Parameters for the Cure of Epoxy Resin with Formulated Hardeners of PMDI/DETA

Sample code T (°C) ki ks m n E, (klJ/mol)

70 0.0031 0.31 0.58 1.42

PMDI/DETA-0 80 0.0053 0.62 0.56 1.44 76.8
90 0.011 1.13 0.52 1.48
70 0.014 0.35 0.72 1.28

PMDI/DETA-10 80 0.015 1.00 0.96 1.04 75.6
90 0.017 1.92 0.88 1.12
70 0.015 0.42 1.19 0.81

PMDI/DETA-20 80 0.017 0.83 1.15 0.85 74.2
90 0.030 1.61 1.25 0.75

Kamal =9 2]of| o]3] ARl X235 (ky, k)9t WHS b
S(m, n) B 243} NJR(E, = Table 59 Yebdth. PMDI
o] FA o] TIEFE ST b bk 7S
3} A= Hadhe Zlo® UERHT B3 U A
Sl ZAES ARgshe Zdfolle Aseert Sl net
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RIZc s S =
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7 Atele] apke] F7kslal 7k E7} 7HAek] wiiE
o, Ta= 141 °CoAlA 135 °CE Zaslgon 3524 ek o

Aol A 2] A B ELS 19.5 MPaollA] 8.8 MPa= 7HAalsitt.

(3) ZAskAl =4 =4 PMDI §o| F7stel wah Hol
S (FH ) W )ol| E=gEhs A7lo] dEHATH

(4) ANFA] YD-1282 AskAl 24d=2] Zshikgol tiste
Kamal 29 2] 283 A3}, PMDI FAIg o] S7Fgol
wet SR b3k w2 S 843 duR|=
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ZEH, A428 A1Z, 20183
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