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Fig. 1 Synthetic route of PH-VAN-AP

Tab. 1 Formulation of EP composites

Samples m(EP)/g m(DDM)/g m(PH-VAN-AP)/g m(DOPO)/g
EP-0 80 20 0 0
EP-PH/DOPO-1 80 20 0.34 0.67
EP-PH/DOPO-3 80 20 1.03 2.06
EP-PH/DOPO-5 80 20 1.75 3.51
EP-DOPO-1 80 20 0 1.01
EP-DOPO-3 80 20 0 3.09
EP-DOPO-5 80 20 0 5.26
HA P R A IR A ] 5 4,4- 5 5 — 2K H £ (DDM): 73 #t

AR DL L e A A 4 R
My R R, G R T — i B 8 R SR e BH A 7R (PH-
VAN-AP), A& B AW D e ot , 5I AR A H
R Th e B o0 3R S ARG, il & T — Bl B A
Z 2 BHBRAE F B B 71 (PH-VAN-AP)™ . A0
PH-VAN-AP 5 DOPO {F 4 & it BH ¥4 77| PH/DOPO I
ANIE WG (EP)H , BEAE ORUE 24 420 T BH R M B 1R
[] B I DOPO (1) F &, AT 93k 2 34 580 I 1) 2t i
BN, [RIR, PH-VAN-AP H B A5 K& [ NIPE 2R IR 45
¥, — e FEFE b REFR I3 S8 G 2 BE R iE 3l , i
IREM G T, LA, 58 W% 2 B BR 0 5 1Y) PH-VAN-
AP £ DOPO 13 [7] BH A 6 A5 8 48044 i 4 47 R 47 1) BH
PRI RE .

1 SKIEEH
1.1 ER5EA

RIEEIE — & (PPDC) X & 2L Ay (AP) : 4l i 15
98 Yo, KT BT Hr T A AR A PR A 7] 5
T (VAN). 212 ZER(EA) . /K ZEE(EtOH) TE /K
TR = LI (BGN) : 358 20 4k, SR i i &
BEAY 2 A PR A ] $9,10- & -9-4 4-10-T 24 FE-10-
AL (DOPO): 411 15 A 98% , KW T 1 i 22 5 kAR

afi SR T g 22 SO AE LR BR 2 ] 5 XU A Y
7K H B (B-51): Tolkal, RIAF WU N R M FHH
BRAF

1.2 #l&igiz

1.2.1 a4k PH-VAN #9 %] & 65 1521 g & BB
10.13 g = Z &I f#AF 100 mL ZFR ZBgH,9.7 g K5k
E — SR ARTE 40 mL LR ZBE . /£ 0 °CHEAMR
PONRE IR IR AR RE A RS = %
IR A EI T o M58 S , £ 60 °CF M. 24 he
SN SEEE T, VR VRN B AR /K PRI 3 IR IRGE
S5 B A=) PH-VAN, 72 24 80%.

1.2.2 4 & % X #% PH-VAN-AP &) ) & : K 8.52 ¢
PH-VAN H14.36 g %28 528 77 A #AE 50 mL T /K
LI, PH-VAN AL BRYT N R 92 AR 28 5k
R o I 58 U PRIFAE 50 °CBES h, 3
56 5 iR 28 bR £ oK O 15 3 3 (.77 ) PH-VAN-
AP. GRS K WL Fig.1.

1.2.3 3% AMRE A9 %] & 1 DOPO 5 PH-VAN-AP %
8 2:1 1) 5T & Bb 2 G S B S8 JTE BELA 77 PH/DOPO .
T4, 7E 120 °CH¥5 DOPO Jin A\ E-51 H g AT i #11R &
EH5)IEW . BE )5 % PH-VAN-AP I 2 3RS g
TR P B R T A 500 B, PRI 2 80 °C, A
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DDM 5% A M R G5, BABIABRR, 24K
2% it 42 A0 % #8100 °C/2 h+130 °C/2 h+150 °C/2
h+180 °C/2 h W [E AL AR 7 56 B[4k o f S ¥4 A A
REIFE S BRAh S EAR R T 25w % T R
1 DOPO FIFA S M NG E Ayt FEZH . Bk B 28 W IR
Bic 77 7 L Tab. 1.

1.3 M 5FRIE
1.3.1 #4547 : F ] Bruker AMX 600 MHz i &

WG IEHR I3 AL (NMR) #E47 "H-NMR F1°'P-NMR 73
i, A8 FH = F R T -d6 /B ¥ 771 s >R FH Nicolet iS50 784
i L IH AR i 21 AP 1A (FT-IR) %+ PEL#A 7] PH-VAN-
AP (W25 R 3EAT 73 A, A8 KBr & F il A

132 #A&E 5 A7 K STA449F5 B [F] 25 #443#ir
{X (TG) 43 #T PH-VAN-AP F1 3R S W g i i he e 1
MR F R THEE 24 10 °C/min, AR FEE
FEl % 25~800 °C,

1.3.3 bk Ak A7 K DSC214 AL DSC W 5 3 4
R i B0 A T AR R BE (T » AR RO R, THIRE
ZH10 °C/min, i B 76 il 25~250 °C.

1.3.4  [EKRME AE 947 K SCZ-3 B /K- 2 H A e
AT UL-94 3K 5 SR TF-3 7R A% R 4204 B0 it A%
3R LOT A ; % F] TTech-GBT16172-2 Z 4k 2 8 X
BEATHETE R

1.3.5 4k 4 K UltraS5 B & 20 9574 3 & 5
i 2 U (SEMD SR AEHE T & #0515k R TE 50
RAEFT A REAT I G A0 3

2 ZER5T1E
2.1 PH-VAN-AP £E#IZRAE

2.1.1 FT-IR % #7 : Fig.2 N % & [ . PH- VAN, PH-
VAN-AP [ FT-IR 3% & . 7 B/ 1663 cm™ Ak I
WAL U Xof S g 5 ) AR IR IR AL 05 TG/ PH- VAN Hp i 2k
B AE R ST AR A% 22 1700 em™'e 3180 em™ Ak Ty 2
U K TE 1276 em AL HH I T P—O BERFAE IR IR
Ut , 3% B 2 5 R I 5 SR 2B I LR D & % T PH-
VAN. {tPH-VAN-AP K65 E A1, 1700 om™ 4b 1) &
S ST UG SR BT AR 2 B 2 1624 e Ak ) CH=N 4
(PARFAIE TR WU 5 3255 o' BRI K 7 1R A2 %o 2 6 R Ty
o R Ty 2 FE AR AR U6, 1276 om Ak ) P=0 H51E 1G4 2R
FEAE , 7 BH i 2 A2 Bk O A2 (OB R ) & B T PH-
VAN-AP.
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Fig. 2 FT-IR spectra of VAN, PH-VAN and PH-VAN-AP
2.1.2  NMR 5 #7 : A% W LR S A ik f ik 1 PH-
VAN 5j PH-VAN-AP ¥4t 2% &5 #4) (40 Fig.3). 7E Fig.3
(a)1,67.4~8.0 X B [¥) /& PH-VAN ' Ph-H {5 5%, 6
9.93 X B CH=0 1§ 5 %, §3.77 %} b, CH,—O0— 15 &
I . 7E Fig.3(c)" , 06.77~7.99 ¥t [ %} i PH- VAN-
AP ' Ph—H {5 5 I, #H# T PH-VAN, §9.93 4b [ ¥
TR A5 5 W KT AE 08.55 4 ¥ B T CH=N [

Tab. 2 Flame retardant test results of EP and flame-retardant EP

Epoxy LOI/% UL-94 Dripping(yes/no) w(P)/%
EP-0 24.7 no rating yes 0
EP-PH/DOPO-1 30.3 V-1 no 0.11
EP-PH/DOPO-3 34.8 V-0 no 0.33
EP-PH/DOPO-5 39.5 V-0 no 0.56
EP-DOPO-1 31.0 NR no 0.14
EP-DOPO-3 36.4 V-1 no 0.43
EP-DOPO-5 40.3 V-0 no 0.72
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Fig. 3 (a) 'H-NMR and (b) *P-NMR of PH-VAN; (c) 'H-NMR and (d) "P-NMR of PH-VAN-AP

55 UE . 69.53 XN FR A 5 04, 93.76 X B
—O H15 5 1§ . 7F Fig.3(b) 1 Fig.3(d) ¥ , B T
PH-VAN-AP H (1) 350350 8 5 80 P 5 715 S UM T
PH-VAN L 22 AL 38 K, N 612.8 A8 17.5. 4 B
REAMHTIEB T PH-VAN-AP 254 (T HERAE o
2.2 IFERAEAIPE A AR
2.2.1 UL-94 5 LOILM X : RS A 1) UL-94 A1 LOI
DRAH G EE AL Tab.2 141 o 2B S AR LOT A
A 24.7%, H %38 id UL-94 3K . EP-DOPO-1 )
LOIME N 31.0%, JCi%iE i UL-94 4K , EP-DOPO-3
(1) LOL 1 N 36.4% , AT LLJd i UL-94 V-1 25 K,
EP-DOPO-5 /] LOI {4 40.3%, AJ LLi# i UL-94 V-0
MR AHELZ R BN 1% E TR IS T
EP-PH/DOPO-1 ) LOI i 5 30.3%, 15 £ | UL-94 V-
155 2, 1 AN S 0 3% 52 TC BEL#A 77 i 15 50, EP-PH/
DOPO-3 ] LOI {8 N 34.8% , H.fg %3 i UL-94 V-0
22403 , EP-PH/DOPO-5 ] LOIME % ] 1 39.5%,
iEF| UL-94 V-0£54% . PH-VAN-AP 1] CH=N 45
T im M 5 T BR 8 AH BLAZ TG, T8 G A F S5 1
RIRIFUEGR o X FhRRIR 45 1 RE 08 72 A Be I A% T 1k

Fa S MR = A7 RO ORI 3R & WA REAS %2 i 52
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Fig. 4 Video snapshots of EP and flame-retardant EP during UL-94
test

Fig.4 y EP-0 5 EP-PH/DOPO-3 1 i F #A B il
i A . B AT AR S EP-0 #5085 Fe
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Fig. 5 (a) HRR, (b) THR, (¢) SPR, (d) TSR, (e¢) CO production rate and (f) CO. production rate curves of
EP-0, EP-DOPO-3 and EP-PH/DOPO-3 versus time

KIGFEBRG 2.1 s HK BB 2 IR R KGR 5 2.5 s
KR, IEB T V-0 254, (BRI FEF , DOPO 5
PH-VAN-AP 7 AH AR O B B B 5, fiR S A H
P 35 (] A2 ol SR Tl 1 1 g SRR R 2 B S A
I 5 T PH-VAN-AP H [ Ji R0 35 ] 52 #4893 1
RAEATERIRNL, 858 T PR IR IR 2 R 1

2.2.2 A A i HE T B AR AE T EP-
0, EP-DOPO-3 #11 EP-PH/DOPO-3 1A 5447 A , Fig.5
1 Tab.3 737l 45 H 1 FH LI il 26 BRI £l 45 SR . A
Tab.3 1 A] I, 7F 35 kW/m? [ #EE 5 T, EP-0 [ K
I 18] (TTD 4 40 s, 1 EP-DOPO-3 5 EP-PH/DOPO-3
(11 TTI M 39 s, 3% J2& B 9 i N BELIR 7510 P B S0 Tl )

R P PRI , 78 SEAR (005 BE T 52 o FR R T80 RT R4
7, FECTTIRD , S#GO T 25 R —3. M Fig.5(a)M
Fig.5(b) /F 0] L& H , EP-0 1) #4R: i % (HRR) 7E
124 s 72 4735 B e KA 1574 kW/m?, 3 /& A i
PREEF= A 10, [F B, EP-0 1) 5 SR i (THRO IE 31 7
77 MI/m?, H PR KBS . L2 R, fEE Ka,
EP-DOPO-3 5 EP-PH/DOPO-3 f] HRR ¥ F. ik 5] &
18, I3 %) T . EP-DOPO-3 7E 119 s ik FI| U4 ke
Ji 3 2 (PHRR) 1761 kW/m?, ifi EP-PH/DOPO-3 #£
107 s i35 | PHRR, {4 1317 kW/m’.  EP-DOPO-3
RSB (THR) X N 64 MI/m?, 1fif EP-PH/DOPO-3
) THR /69 MJ/m’, 0] WLIR S8 W) Jfig o FARE JBC PR AIG
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F EKEE DOPO 7EAHF IFHEAYE R , T PH-VAN-AP
A INRESS B I HRR (4 . EP-0 (1) FIGRA &
49 12.7 kW/(m* - s), EP-DOPO-3 ] FIGRA 1ty 14.8
KW/(m?*-s), Ifif EP-PH/DOPO-3 A 12.3 kW/(m’-s), % 1
PH-VAN-AP 5 DOPO ¥ ¥ N T K 352 S 33 A7 —
SE PRI BRAR , gD 1 K TR A

S 55 B JBUH % (SPRO J& iy 5 A4 kLS K 22 41—
AR bR, R KR Fr e AR 2 A B 5 2 0
NAVAE fi 22 420 B U« 7E Fig.5(c) F Fig.5(d)
J Tab.3 W A] DL HY, EP-0 [ U6 {20 40 55 B 0 R
(PSPR) 4 0.48 m*/s, Ifif EP-DOPO-3 5 EP-PH/DOPO-
3 ) PSPR 73 il F#AIK % 0.43 m?/s £10.38 m*/s, EP-0 [{]
MO E BB (TSR 9 24.4 m?, i EP-DOPO-3 5 EP-
PH/DOPO-3 H] TSR 73 7l 4 21.4 m’ #1 23.9 m*. PH-
VAN-AP [ I B T B AR S8 iE SPR 1 K
SR T PH-VAN-AP s IN &80, i Fems 38 Bk
FRIR JEATI IR 4 52 AR B2 00 i, FR SRS TUM 55, 5
TSR [ FEACA B & . Bt 4t , EP-DOPO-3 5 EP-PH/
DOPO-3 KI5 2R 4 51l L EP-0 1 8.0% 32 &1 21 13.5%
H114.8% , Ut B EP-PH/DOPO-3 1 ¥ s i £ v % ik
H TR R EE /D BRI REAS 242 &1 . Tab.3 HHik
HIH TSP 4 ROk BE # (av-EHC) , EP-DOPO-3 5
EP- PH/DOPO-3 ] av- EHC 1# %3 %] M. EP-0 [£] 22.8
MJ/kg % A& 22 18.5 MJ/kg 1 19.4 MJ/kg, Uit B PH-
VAN-AP 5 DOPO ¥} R 7ESAH FH I 55 1 A B4R Y

SEA KRR, SR LESAH 7558 /2 DOPO K #4532
() BELBR A 7 A AN AT RS AA K s A <A PR 1 T 14
YIS, FORE ) 2 B B b 2 AT DA 3R 5 8 B H Aok
IR e o

N Y B I T fi# PH-VAN-AP 5 DOPO 7£ 3 4
B i A FC BELR VS 4 5 Fig.5(e) M Fig.5(HH 441 T CO
FCOL A= B 2R 5 B [B] 1 G 2 1 4%, Tab.3 W 51 5%
T CO M1 CO, /™ & B AH S 4 13 CO 7 & av-COY
I35 CO, 7 & av-CO,Y . HHERH 43 7] 11, EP-PH/
DOPO-3 ] av-COY Hi 0.067 kg/kg 34 fin £ 7 0.081
kg/kg,av-CO,Y Hi 1.65 kg/kg %1% £ 1.38 kg/kg, av-
COY/av-CO,Y Hi4.1 1= % 5.8, MW H A LLF|, EP-
DOPO-3 5 EP-PH/DOPO-3 = i CO A4 (1) 3 &
Po DA g R FER A& 8 H RS P 3R
PR B R, ] RTS8 AR RS, AT
T COZEARTEALRBE =Y A . I4h, PH-VAN-
AP 5 DOPO £ &t S AR Y Ut B2 R I, 5 % Tk
JLEER, TR SRR B R 2, 1E— 0 BRI T R4
G 853 fife , P> 7 CO AR % EP-DOPO-3 5 EP-
PH/DOPO-3 7] L& B, PH-VAN-AP 1] 5] N F&K T ¥F
AMNE CO 5 CO B2, {1 CO 5 CO B
I IA]AE K, BRAIR T K ¢ H BRI A 2 AR AATT A
17 2 AR -
223 SRR AT E I B R A B X CCT
M5 EP-0 F EP-3 1) 5% 3% 34T 43 7 , ff 5T PH-VAN-

Tab. 3 Cone calorimetric test results of EPs

Sample EP-0 EP-DOPO-3 EP-PH/DOPO-3

TTUs 40 39 39
PHRR/(kW - m?) 1574 1761 1317

THR/(MJ-m?) 77 64 69
FIGRA/(KW -m”-s") 12.7 14.8 12.3
TSR/m’ 24.4 21.4 23.9
PSPR/(m*-s™) 0.48 0.43 0.38
av-EHC/(MJ - kg") 22.8 18.5 19.4
av-COY/(kg-kg") 0.067 0.032 0.081
av-CO,Y/(kg-kg") 1.65 0.51 1.38
(av-COY/av-CO.Y)/% 4.1 6.2 5.8
Residue/% 8.0 13.5 14.8
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AP 5 DOPO 75 5t 5 A0 1 I BH AN LEE , Fig.6 Fl1 Fig.7
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Fig. 6 Digital photos of EPs after cone calorimetric test

Ay MR IR T CCT MR S5 5% 7= 1) 7 T 55 F0 W T2
. MFig.6 7] LA Y, EP-0 7E CCT ik 5 6 4% (5%
&R /D, 1 EP-DOPO-3 5 EP-PH/DOPO-3 f15% 7%
FEIH W S R B2 I A, e v B 23l AEP-0 1 2.5 em
HINE3.6 cmF14.1 cm, 3 H 1545 T PH-VAN-AP [
I, EP-PH/DOPO-3 IfEIK i 5 T EP-DOPO-3,iX /&

) (L1

i TR B 72 PH-VAN-AP H ) C=N 22 BEB 5 1
AR T R 12

M Fig.7 7] W, EP-0 [ 5% Jx H A7 JE 8 2 I RLEL,
R 2 HIAT I 1 FLIR 5 R B , 3% BH L o A2 e 1 1R
# , 1 EP-DOPO-3 5 EP-PH/DOPO-3 )% 7% 2 T #F
w8 . 4T EP-DOPO-3 , EP-PH/DOPO-
3 [R5k o 32 10 G BE 2 (1)<, PH-VAN-AP 1 ] C=N
GER BRI S BEA AT R SRR, S BUR E R T
TE <. EP-PH/DOPO-3 i ik H 805 1) 3% J2 BE %
A BEL R #5328 , 4 v A SR T 7R BEL
2.2.4  [AERALRZ ;DA B IHRAS AT DAAS H, B RH
KA [ IS 7 <A 5 3k SR o 4 FELRAE S FELA L
RN Fig.8 fizs . DOPO AR S A HFRB S H H
TR AR B HH AT A K, [R) IS AR il SR R A A A
SRR I I 7K BSR s PH-VAN-AP 32 B 7 5 58 AH o 184
RS I ) R BE 77, A e i B2 Y, PH-VAN-AP 1
1) C=N 25 ¥4 52 1 5 AR A8 T IRRE , A5 A S I 4
FHK 5 M Ah , PH-VAN- AP 33t — 25 B R B A 2 AN

Fig. 7 SEM photographs of the char residues for (a) EP-0, (b) EP-DOPO-3 and (c) EP-PH/DOPO-3
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Fig. 8 Flame retardant mechanism of the modified composites
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Fig. 9 (a) TG and (b) DTG curves of EP and flame-retardant EP
Tab. 4 Thermal stability parameters of EP and flame-retardant EP
Sample Ts/°C T/ °C Vi (%0 °C™) Char yield(800 °C)/%
EP-0 370.8 385.3 1.75 15.6
EP-DOPO-1 355.8 378.6 1.47 20.3
EP-DOPO-3 354.3 372.5 1.56 20.7
EP-DOPO-5 348.8 368.7 1.51 20.7
EP-PH/DOPO-1 361.1 379.3 1.39 20.6
EP-PH/DOPO-3 348.6 380.4 1.20 21.3
EP-PH/DOPO-5 341.5 368.5 1.16 22.0
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Fig. 10 DSC curves of EP and flame-retardant EP
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Application of Vanillin-Derived Phosphorus-Containing Schiff Base/
DOPO Compounding Flame Retardants in Epoxy Resins

Xiuyun Li, Rui Ma, Bin Ren
(School of Materials and Chemistry, Southwest University of Science and Technology, Mianyang 621010, China)

ABSTRACT: A phosphorus- containing Schiff base flame retardant (PH- VAN- AP) was synthesized using
phenylphosphoryl dichloride, vanillin, and 4-aminophenol as main raw materials, and its structure was proved to
be as expected through FT-IR, '"H-NMR and *'P-NMR. DOPO and PH-VAN-AP were incorporated into epoxy resin
(EP) as compound flame retardant PH/DOPO, and their flame retardant properties were characterized by vertical
burning (UL-94), limiting oxygen index (LOI) and cone calorimetry test (CCT), and the thermal stability, thermal
degradation process of the epoxy resin were analyzed by thermogravimetric (TG) and differential thermal scanning
calorimetry (DSC) and glass transition temperature (7). The experimental results show that PH/DOPO shows both
gas- phase and condensed- phase flame retardant mechanisms, which can effectively improve the combustion
performance of EP. Specifically, when only 3% of PH/DOPO was added to the system, it successfully passes the
UL-94 test and reaches the V-0 rating, and its LOI increases from 24.7% to 34.8%. In addition, the peak heat
release rate (PHRR) and total heat release (THR) are reduced by 257 kW/m® and 8 MJ/m’, respectively, and the
residual is improved by 6.8% . With the addition of 3% PH/DOPO, the 7, of the epoxy resin decreases from
149.5 °C to 148.1 °C with little change, indicating that PH- VAN- AP can improve the 7, decrease due to the
addition of DOPO into EP to some extent.

Keywords: epoxy resin; Schiff base; phosphorus-containing flame retardant; DOPO



