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Preparation and flame-retardant/smoke-suppression properties of P-N-Si ternary
synergistic flame-retardant natural rubber
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Abstract: Natural rubber (NR) is widely used, but it is highly flammable and accompanied by severe heat
release and smoke during combustion. In addition, traditional halogenated flame retardants have potential
environmental risks, so environmentally friendly and high-efficiency halogen-free flame retardant systems have
become the research focus. In this study, a caged phosphorus-containing flame retardant (BPA) is synthesized
by modifying pentaerythritol phosphate with diphenylphosphinyl chloride. By compounding BPA with
intumescent flame retardant melamine polyphosphate (MPP) and organic montmorillonite (OMMT), a P-N-Si
ternary synergistic flame retardant system is constructed, and flame-retardant natural rubber composites are
prepared. The thermal decomposition behavior, combustion characteristics and char residue structure of the
composites are characterized by thermogravimetric analysis (TGA) , cone calorimetry (CONE) and scanning
electron microscopy (SEM). The results show that the 25% B-5% O/NR binary system reduces the total heat
release by 52% . The 15% B-10% O-5% M/NR ternary system shows excellent performance in anti ignition, heat
suppression, smoke suppression, and other aspects, the ignition time is 39.5% longer than that of pure NR, and
the peak heat release rate and total heat release are reduced by 49.9% and 36.7%, respectively, the total smoke
release is not significantly increased compared to pure NR. The synergistic effect of BPA-catalyzed char
formation, MPP intumescent gas production and OMMT physical barrier promotes the construction of a compact
char layer, which provides a new route for the development of environmentally friendly flame-retardant natural

rubber with low fire risk.
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Table 1 Formulations of BPA-OMMT/NR and
BPA-OMMT-MPP/NR composite materials

m(BPA)/ m(NR)/ m(OMMT)/ m(MPP)/

SR
g g g g
NR 0 50 0 0

5%B-25%0/NR 2.5 50 12.5 0

10%B-20%0/NR 5.0 50 10.0 0

15%B-15%0/NR 7.5 50 7.5 0

20%B-10%0/NR 10.0 50 5.0 0

25%B-5%0/NR 12.5 50 2.5 0
5%B-10%0-15%M/NR 2.5 50 5.0 7.5
10%B-5%0-15%M/NR 5.0 50 2.5 7.5
10%B-10%0-109%M/NR 5.0 50 5.0 5.0
15%B-5%0-10%M/NR 7.5 50 2.5 5.0
15%B-10%0-5%M/NR 7.5 50 5.0 2.5
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Table 2 Thermal analysis data of BPA-OMMT/NR.
BPA-OMMT-MPP/NR composite materials under N,

atmosphere
FEf g tasil C Ll °C w55 1%

NR 324.4 379.7 9.7
5%B-25%0/NR 3229 375.6 19.1
10%B-20%0/NR 310.6 379.7 19.9
15%B-15%0/NR 300.3 372.3 20.5
20%B-10%0/NR 296.4 372.5 214
25%B-5%0/NR 305.6 376.3 22.6
5%B-10%0-15%M/NR 321.6 375.3 14.3
10%B-5%0-15%M/NR 318.7 379.4 16.4
10%B-10%0-10%M/NR 320.3 372.3 17.2
15%B-5%0-10%M/NR 321.3 372.2 20.4
15%B-10%0-5%M/NR 308.8 379.7 21.5
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Fig. 4 Cone calorimetry curves of BPA-OMMT/NR composite materials
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Fig. 5 Cone calorimetry curves of BPA-OMMT-MPP/NR composite materials
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Table 3 Cone calorimetry test data BPA-OMMT/NR.
BPA-OMMT-MPP/NR composite materials

FhinsR (om®) w5 w

NR 710.9 74.9 38 13.6
5%B-25%0/NR 501.3 65.4 43 14.7
10%B-20%0/NR 476.3 59.3 38 12.6
15%B-15%0/NR 3255 442 37 12.7
20%B-10%0/NR 3104 434 30 13.8
25%B-5%0/NR 266.5 359 32 15.1
5%B-10%0-15%M/NR 530.7 73.8 57 14.3
10%B-5%0-15%M/NR 398.2 67.7 44 13.6
10%B-10%0-10%M/NR 565.8 56.9 57 13.7
15%B-5%0-10%M/NR 454.2 59.8 48 13.8
15%B-10%0-5%M/NR 356.4 474 53 14.3
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(TTD 453s, #4ENRIEK 39.5%; #BEHGHE R
W& {5 (PHRR) [% £ 356.4 kW/m?, i #OB il &
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AHECTCE S, AEPTAER L AR R A TR
BRI R o 5 PR AR AR s BRI 1] i 3 4
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5 MR REROK SR [ B, A ROCE R T kR )
oA FIA], HAT W i LB R A S N AR
(IS 7 Yy ok = X e ==t R PN i 1 EY (e R 9| ES R SR 37
T AEEE A R BB B AE T, A R SR W R %5 i
R B BE- RSB E R, 3 IR R BT T Ak
PSR- SR AE SR BHR B 3P AR 2R

2% 4}y BPA-OMMT-MPP/NR 5 & 44 RH7E A 5] BH
PRF TSI F A LOL{H . 15%B-10%0-5%M/NR &
AR LOMA IR 22.2%, AR HET 22.65%, {H
EUEARAR, 0K UL-94 V22, AikFMERL
BRI, X R OMMT M REFE T G A kR I (1) g
FE SRR E, sk D SGEEBIARCR . 2100
R T ARG R, XMELASEEE AR

&4 BPA-OMMT-MPP/NR £ &% #} LOI Uik 45 R

Table 4 LOI test results of BPA-OMMT-MPP/NR

composite materials

Heah s LOU/%
NR 18.1
5%B-10%0-15%M/NR 19.8
10%B-5%0-15%M/NR 20.6
109%B-10%0-10%M/NR 214
15%B-5%0-10%M/NR 212
15%B-10%0-5%M/NR 222

2.4 TEMKECOME R RAR A 04 7R R R TR AR 5
BPA-OMMT-MPP/NR & & 1 B3R R T 5 R AE 45
Il 6. mE6r W, BPA-OMMT-MPP/NR & &
MBHARR IS TE L i S B0% T AL, FHeHSEMSE S
BRI, A S R R AL S R R
filh . X ZEH] BPA-MPP & Bl /& 2R 5 OMMT [H] 47 7E P
[FIVEF, OMMT [ )2 4R 45 44 ml Sk o J2 46 A1 2 52
#, BERT 2R E S SRt Y
SR A MR BEIAME fE o
BPA-OMMT-MPP/NR & & # RHA5E e SEM FO0
TEMRAEZE R LK 7, BB 7 AT LAEME H, B4
AR IRIGETE B 5% ¢ J2 5 B MR B0 1 S A AR
Fy, TCHLR LIRSS, Hok )2 3R 10 W] o g 2]
PRI iK1 AR B 323 21 3NS5 5% B-10%
0-15%M/NR &5 M EHE 10, 20 wm BLRAEECT 19
JRRRIE SR, OB B L T BT b O 3] e S22 R T
S AR F A RHE . PP SR 1 i 2 FEIC

c. 109%B-5%0-15%
M/NR

b. 5%B-10%0-15%
M/NR

s o ] e s G o TN ]
d. 10%B-10%0-10% e. 15%B-5%0-10%  {. 15%B-10%0-5%
M/NR M/NR M/NR

B 6 BPA-OMMT-MPP/NR Z &4+ o5 5 S 4055 1 A
Fig. 6 Digital photos of carbon residue morphology of
BPA-OMMT-MPP/NR composite materials

SEE SIS, ATAEA RN e it T A
—IE R B RE, — 5 T RE A R R
1 5HRGT, D SN IR X FE A PN )RR S
e, — AT I 2 B A AT IR A R R S R R
filt, MRS S () SRR T PRI R, 17T i
TR G RHA SERIBHIARCR . UMM,
A WA MR 2 AL a5, LN EFLBR T i
FER B BRPE T FE 7= A R S, E— 2 R
IRE DX IR SR, S SRR be S 5, 52
PR 3R A 5 A A U TR R R s, DT R el 22 5t
1k, BPA-OMMT-MPP/NR = JC & & #1 B} 1) % 14 BH 4%
PERE

b. 5%B-10%0-
159 M/NR

VR
A

c. 10%B-5%0-
_ 15%M/NR

- » > N 20 ""]
d. 15%B-10%0- e. 5%B-10%0- f. 5%B-10%0-
5%M/NR 15%M/NR 15%M/NR

B7 BPA-OMMT-MPP/NR 541449 5% & SEM % 4%
Fig. 7 SEM morphologies of residual carbon of
BPA-OMMT-MPP/NR composite materials
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RIRBF P-N-Si = JUHHA] BRI SRAGEE 14 il 2 S BRI AR P <17

B ATRRAE, CH B RIS, HEcRm
XS R, 1K 11.9 %; ¥AIRILE A S 4
Gy ] P R BERAVE Y 7843 R FERR AL T 2540 3Em , 1
B TR AT — D M B . A=
a5y, SHAWTREIY SRS, LIRS
AR BHAA R EE -

B8 15%B-10%0-5%M/NR 244455 % EDS &
Fig. 8 EDS plot of residual carbon of 15%B-10%0-5%M/NR

composite materials
2.5 FRERBUM R SRARI A9 HUARME RE 25T
BPA-OMMT-MPP/NR & 54 B Iy~ eI
ZERWMES PR, SIAMPPIG, AR RLHR
A NRRERRREUN, BRI E ; R
KR 2P BT E B X —BIRIHE
T OMMT 4 )3 JZ2 25 1y T AT S BH A ¢ J 22 3R TR 280 1) 7
ST, X EPEH EERERE B —E A Kb
HREEH.
%5 BPA-OMMT-MPP/NR £ §# R N ERENEL R
Table 5 Measurement results of mechanical properties
of BPA-OMMT-MPP/NR composite materials

o~ m%ﬁg/ %%@&%/
NR 12.88 574.443 7
5%B-10%0-15%M/NR 6.03 487.452 9
10%B-5%0-15%M/NR 5.28 420.543 0
10%B-10%0-10%M/NR 5.78 398.843 7
15%B-5%0-10%M/NR 5.47 485.426 0
15%B-10%0-5%M/NR 4.95 498.328 9
3 g
A WE 5 8 of 4 # BPA-OMMT (P-N) — It K&
BPA-OMMT-MPP (P-N-Si) = 0GR B4 2 ekt

KRGIE (NR), 5T T AL X A AR fE
sEe, BIE T iR R PRREIFHIAPLE] . 455 5%
B, BPA-OMMT —Ju{A 2 Al 43 R HE T+ NR BHAL AR
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SRR FEAR 52% , COREIL i IRk 75.3%, —#
TR AL-P | Si-P R nl 2L FRLa i . Il JEAt 43
fift . 51 A MPP B P-N-Si = JCAA 2 BHAR I 4 fi
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IPLI A ZE, OMMT )2 32 b B2 324, MPP {2
PR, BB M T 5 A BB G R S
e o BRI BORAE T, SEBE T P-N-Si = 2 D3 [
BELAR . BHARZER T 1H, 15%B-10%0-5%M/NR i Hb
T & 4k B LOL{H ik 22.2% , % 461 B 42 T+
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