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Abstract A novel bio-based flame retardant (Furan-2DOPO) was synthesized from 5-hydroxymethylfurfural,
furfuramine, phosphorus oxychloride and 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO). Its struc-
ture was characterized by Fourier transform infrared spectroscopy, proton- and phosphorus-nuclear magnetic
resonance spectroscopy. A series of cured flame retarded epoxy products was obtained by modification of epoxy resin
with Furan-2DOPO. The effects of the loading of Furan-2DOPO on the mechanical properties, thermal stability and

flame retardant properties of the cured epoxy products were investigated. The results showed that when the addition
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amount of Furan-2DOPO was only 5% (mass fraction, phosphorus mass fraction was 0.47%) , the oxygen index of the

cured epoxy product reached 31.0%, and can pass the UL-94 V-0 test; compared with the unmodified epoxy resin,
the peak heat release rate of the cured epoxy products containing 2.5% (mass fraction) and 5% (mass fraction) Furan-
2DOPO was decreased by 31% and 35%, respectively. In addition, the tensile strength of the cured epoxy products
containing 2.5% and 5% Furan-2DOPO was about 28% higher than that of the unmodified epoxy resin, respectively.
The results of char analysis indicated that Furan-2DOPO possessed excellent catalytic charring performance, which
was conducive to reducing the escape of combustible gases during combustion, so as to improve the flame retardant
performance.

Keywords Epoxy resin; Furan-based phosphaphenanthrene ; Flame retardant; Thermal decomposition
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MTS RGe48 A, P2 2 mm/ming PX-01-005 BIHK FR 45 501X (LOL) , FRNE e sl 2 Aa BR A A

Chem. J. Chinese Universities, 2024, 45(4), 20230494 20230494(2/9)



Ed C%EMﬁLJ;%RNf?O:C%INﬁ U!:%ERS%T&\ES
B RST R 100 mmx6. 5 mmx3 mm; PX-03-001 /K36 EABEI 2L, J M AEJE e WA BR A #]
B RGT R 130 mmx13 mmx3 mm; CCT RIFEIE UYL, SOl HoR (h ED A BR A |, FEE RS
100 mmx100 mmx3 mm, HR5THGE 50 kW/m?; JSM-6490LV B4 i 7 B (SEM) , HASHL T3 6],
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Scheme 1 Synthetic route of Furan-2DOPO
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Table 1 Formulations of the cured epoxy products

Sample m(DGEBA)/g m(DDM)/g m(Furan-2DOPD )/g w(Furan-2DOPD ) (%) w(P)(%)
EP 81.1 17.9 — — —

EP-2.5 80.3 17.2 25 2.5 0.24

EP-5.0 78.4 16.6 5.0 5.0 0.47

2 GRS

21 SEMIRIE
] 1 7 H FP AR D Furan-2DOPO 4 FTIR 35K . 1248 a 1, 2920 em™ Ab B9 4F I 8 06 & 7 FE 3t
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Fig.2 'HNMR(A) and *'P NMR(B) spectra of Furan-2DOPO
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BRBREE . bAh, EP-2. 5 HIEP-5. 0 (W 4 i | 3 55 Fig. 3 Tensile stress-strain curves of the untreated
RSN ER IRARZE A K, 2 B BRI 5 1 3 and flame retarded epoxy samples
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Fig. 4 Storage modulus(A) and tand(B) versus temperature curves of the untreated and flame retarded epoxy
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i R . T BRI ) (IR IR 2R AL A1) RESIE HE IR S SR & AR K . SMEARAL, BRI 138
AR IBTE IR T s . EP-2. 5 FIEP-5. 07E 800 ‘CH 5% 7% f 20 ik 3 17. 5% F119. 0%, BB & T
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Fig.5 TGA(A, C) and DTG(B, D) curves of the cured epoxy samples under nitrogen(A, B) and
air(C, D) atmosphere
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LR RPERE , A AT D be i A vp ol R E SR AR . TR T BELAA I RE .
2.5 PEBAMERE
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LOIEETF % 29. 0% F131. 0%, — i LOI>26% WA A ZXMEREA L. EP-2. 5 F1 EP-5. 0 7£ UL-94 T ELEA KR
MR AR, 43 % T UL-94 V-1 T V-0589% . EP-5. 0 P s & U 0. 47% (it 4340) , K
Furan-2DOPO X FR 04 5 HAT 4 5 A BHARRCR

K FHETE Tt G — 20 8 1 IR IR AR A R B . T 6 (A) 7 th T BELR el M il ) 3 8 PR
FE S PR GHE 2K (HRR) BERT ()25 f R . AR el 214200 B i RS il a3 i 26 7E 50~200 s 22 [1] H 3
T A E A, F K PBICHE F (PHRR) 35 21 1324 kW/m?, X TP S8 g B i A8 i o K )
ALRITESR, BRI BN 5 75 200~350 s 22 [A] B T — UL g , 30O 3R S8 AR ik bead
RHIER T —E K2, MERIERL: BT, BJZE— 800, ANREARSERH (E VB R , It S
BRI R BB . B Furan-2DOPO S IN, EP-2. 5 F1 EP-5. 0 A8 #AGRR s i B g AR 5, 60l
INE IR RE b A o PEAS 2] T2 T2 e PR B AP T vT I/ NI SRR AR R e it i v A SRS TG
ik, EP-2. SFIEP-5. 0 B KA HGHE R B AT AR ARG, 2050 FFET 319% F135%.

&1 6 (B) A BELIA e 1 2 S0 B A o 1 SR (THR) B[R] AR A gl 2k . A lebE 21 48 B 19
THR 4 135. 7 MJ/m*, EP-2. 5 F1 EP-5. 0 #] THR 437l F% %8 130. 5 #1 124. 1 MJ/m’, B Furan-2DOPO %5
TG PR AR 2 T B S A RERAE

P 6.(C) 2 BHAR e 1 iy S P 4R B R o A KRR B 1 (TSP ) Bl S ] AR A PR 2. AR el IR U R 1
TSP 4 26.2 m*, EP-2. 5 f1 EP-5. 0 /Y TSP 23 51| b F+ 2 34. 5 f138. 8 m?, iXJ&H T Furan-2DOPO A8 i
il T AR AR A, BT AN TE .

B 6(D) 2 BHSR A 5 A A IR AR 10 T AR ) AR TR A h 2R . T LA i, 5 AR PR R A
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Fig. 6 Heat release rate(A), total heat release(B), total smoke production(C) and mass fraction(D)

versus time plots of the untreated and flame retarded epoxy

WA, 1M EP-2. 5 F1EP-5. 0 B985 R IA 5 7. 8%, 1A Furan-2DOPO REMS B I $2 T+ IR E A BRI BE L
R R RETT .

2 25 T BHBR O T 5 PR SR BB AR i - X945 U A (Mean EHC) A BedE 1< 33 (FIGRA ).
W, VA O e PO A SO BERAE F 0 TR AR AR oM PR 4R B 1 Mean EHC y 36. 13
MJ/kg, EP-2. 5 F1EP-5. 0 ] Mean EHC 4351} 36. 00 £135. 48 MJ/kg, W& k% 3T, $i# Furan-2DOPO
(Y BELA LI 32 22 & A= TEBE SR AH . FIGRA J2 HEIE i A ACIN15 2 ) — DT A= 48 45 , & PHRR FI 3|34
PHRR [ B[] (445 ) B LGABL 2. R 2 VE PR 0B 19 FIGRA 24 19. 8 kW em™+s™, EP-2. 5 Fl EP-5. 0 (1)
FIGRA 7351125 10. 6 F18. 7 kW m+s™", HEARMVEFR AR BE 535 T K T 46% F156%, W] Furan-2DOPO
IS I BB B I S R SR B 9 K 22 2k

Table 2 Cone calorimeter data of the untreated and flame retarded epoxy

Mean FIGRA/
Sample TTl/s PHRR/(kW+m™)  THR/(MJ'm™) A—
EHC/(MJ-kg™) (kW-m™2-s7")
EP 51 1324 135.7 36.13 67 19.8
EP-2.5 45 910 130.5 36.00 86 10.6
EP-5.0 46 856 124.1 35.48 98 8.7

2.6 FRIRNIRSHT

Pl 7 S HETE o AN I A e e ) RS R A SEML R el P17 (A AT I, R FR S R AR A
Fesf R, IEHER BB SR ARt e = IR AR A N R AR AL . ER R T B T, o B B R B TE A
[ 7(C) T, Toik B R AT RAME # Al SR IR . EP-2. SIARE S TR L T — & i I I B o )22 [ 141 7 (D) A
(E) ], HESEM B RS /n i J2 /5 — € i [E] B M4 [ ] 7(F) |, EP-5. 08 BEIRTE Bl T H N ECE 1Y
IR = LI 7(G) M (H) |, HESEM MR- R/ i J2 9 R 1 O RS S IE S K 7(D) . iR ZRES A
S L PR A 7 0 1) e DX ) as i L B R Xt R R R R A3, DA ITTSEE S AR A 6

FI IR CHE G — 25007 T it (A= 258 . 1 8 S BELRA A P T s B0 AR R it i e ROz 228
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Fig.7 Side-view(A, D, G) and top-view(B, E, H) photos and SEM images(C, F, I) of the char residues
of EP(A—C), EP-2. 5(D—F) and EP-5. 0(G—I)
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