55 43 B4 3 W ¥ @ 4t T Vol.43, No.3
2026 4 3 A FINE CHEMICALS Mar. 2026

15 28 By

4 P. N. S DOPO £ FE#AF &%
K FRBRIN E i BE M BE

s 12 2 2 1 .23 23 2,3%
x A, FARS, BROOR, AR, BAERS, LR

(1. WK RAeREE TRER, o W 2131005 2. WK L TATLEWEE, T &

M 2131005 3. HMKR2¥E Zi2E0E A S5 TREERE, TH %M 213100)

FEE. DAY 2-23-1,3,4-E " IRFN 9,10- & -9-A1R-10-B2%3E-10-/k ¥ (DOPO) HERL, AHLT
B P NS AYBHBAR 6-(1,3,4-18 -2 53 (TR IR -2- FH J6) — K [ b e][ 1, 2] B ZE gk i -6- 51k ( MBFAP ), 54
SIERE (EP) HEH14% T AR A M s ( ER/MBFAP ), % FTIR F1 NMR %} MBFAP Z5#493#E4T THfiiA,
i$ TGA. DSC. TG-FTIR. DMA . BRI . HEEH# . SEM. XPS. Raman. HLFJ7BEIRIRHL.
fAT SRRl . UV-Vis 45 T A MBFAP Wi (BifE434k, T) % EP/MBFAP RRE{kAT R . BHAIARKL
IR ENE | BRBeRENE | 1SR ERR SO I EESE I, TN T MBFAP B EP W] REALER ., 4550, MBFAP
IR E AR T EP/MBFAP (iR, it 1 EP IR0 . MBFAP #¥IEN 4% EP/MBFAP-4
7 UL-94 ARl ( Egkbe ) A% V-0 2%, WBREFEECH 33.5%, 546 EP AL, HERAR R | IR E AR
HCR LSRR D T 12.7% . 24.9%H1 19.2% . MBFAP 7E A AR S AH b 1436 2 FE A1 FH . EP/MBFAP-4
MR (70.75% ) gl EP (87.17% ) A — &R RS, AR (72.26 MPa ), S HlI3&E (74.19 MPa ),
ETREE (42.2kI/m?) Heali BP 4354 T 14.97%., 12.51%F1 28.27%, (ALK (5.1% ) 4l EP (6.5% )
WEAT T R

KR FHERR; MM, PUMMERE; BIE; BIEEIN

FESES: TQ323.5 MERFRIREE: A XEHES: 1003-5214 (2026) 03-0637-12

P, N, S-containing DOPO-based flameretardants and their
flame-retardant performancein epoxy resin

SHI Yue'?, GU Limin®*, CHEN Chen', SHEN Jiefa*’, YAN Shenghu®’, MA Xiaoming™"

(1. School of Safety Science and Engineering, Changzhou University, Changzhou 213100, Jiangsu, China; 2. Institute
of Chemical Intrinsic Safety, Changzhou University, Changzhou 213100, Jiangsu, China; 3. School of Pharmacy &
School of Biological and Food Engineering, Changzhou University, Changzhou 213100, Jiangsu, China )

Abstract: Flame retardant epoxy resin (EP/MBFAP) was prepared by blending epoxy resin (EP) with a
novel PN,S-containing flame retardant 6-{[(1,3,4-thiadiazol-2-yl)amino][(furan-2-yl)methyl]dibenzo
[b,e][1,2]} oxaphosphinine 6-oxide (MBFAP), which was synthesized from bio-based furfural, 2-amino-
1,3,4-thiadiazole, and 9,10-dihydro-9-oxo-10-phosphaphenanthrene-10-oxide (DOPO), and characterized
by FTIR and NMR. The curing behavior, flame retardant performance, thermal stability, combustion
characteristics, mechanical properties, and transparency of EP/MBFAP with different MBFAP loadings
(mass fraction, the same below) were analyzed using TGA, DSC, TG-FTIR, DMA, vertical burning tester,
cone calorimeter, SEM, XPS, Raman, universal testing machine, charpy impact tester, and UV-Vis, with the
possible flame retardant mechanism deduced. The results showed that the addition of MBFAP significantly
reduced the maximum decomposition rate of EP/MBFAP and promoted the early decomposition of EP. The
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EP/MBFAP-4 with 4% (mass fraction) MBFAP achieved a V-0 rating in the UL-94 standard test (vertical
burning) and a limited oxygen index of 33.5%. Compared to those of pure EP, the total smoke release, peak
heat release rate, and total heat release of EP/MBFAP-4 were reduced by 12.7%, 24.9%, and 19.2%,
respectively. MBFAP played a flame retardant role in both the gas phase and condensed phase. The
transmittance of EP/MBFAP-4 (70.75%) was slightly reduced compared to that of pure EP (87.17%). The
tensile strength (72.26 MPa), flexural strength (74.19 MPa), and impact strength (42.2 kJ/m*) of
EP/MBFAP-4 were increased by 14.97%, 12.51%, and 28.27%, respectively, compared to those of pure EP,
while the elongation at break (5.1%) was slightly decreased compared to that of pure EP (6.5%).
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and EP/MBFAP-4
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Table 5 Cone calorimeter test data for pure EP, EP/MBFAP-2
and EP/MBFAP-4
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EP EP/MBFAP-2 EP/MBFAP-4

TTUs 942 86:+4 82+1
PHRR/(kW/m?) 140920 1272414 105818
THR/(MJ/m®) 106.3642.12  99.28+41.93  85.9842.25
FIGRA/[KW/(m*>s)]  13.25%0.30  12.81£0.54  12.30+0.65
TSP/m’ 19.05£0.71  17.3240.59  16.63+0.48
av-EHC/(MI/kg) 26.86£1.12  23.62+0.81  14.61+0.59
av-COY/(kg/kg) 0.28+0.05  0.43+0.03 0.6120.04
av-CO,Y/(kg/kg) 3.97£0.07  3.83+0.03 2.74+0.05
FRIRR 1% 14.06+032  1821+034  21.20£0.47
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Fig. 5 Char residue following CCT analysis: Front view
(ay), top view (a,), and SEM image (a3) of pure EP;
Front view (b,), top view (b,), and SEM image (bs)
of EP/MBFAP-2; Front view (c;), top view (c;),
and SEM image (c;) of EP/MBFAP-4
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Fig. 6 XPS full spectra of the residual char after CCT for
pure EP and EP/MBFAP-4
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A EF, ] MBFAP Al TR FE ik 2
B R, $ k2 BB fPU AR s A,
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Table 6 Elemental mass fraction of the residual char safter
CCT for pure EP and EP/MBFAP-4

v JLER R %
#DI’I
C 0 N S P
EP 80.77 1329 594 0 0

EP/MBFAP-4 83.12 9.31 6.84 0.25 0.48
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Fig. 7 High-resolution XPS spectra of C 1s (a), O 1s (b),
P2p (c), S 2p (d) and N 1s (e) for the residual char
of EP/MBFAP-4
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Fig. 8 Raman spectra of the residual char for pure EP (a),
EP/MBFAP-2 (b), and EP/MBFAP-4 (c)
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Fig. 10 Relationship between absorbance of major pyrolysis products of pure EP and EP/MBFAP-4 and time
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Fig. 11 Schematic diagram of flame retardant mechanism of MBFAP-modified EP
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Fig. 12 Digital images of uncoated graph (a), 3 mm pure
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