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Flame retardancy and thermal properties of PVA aerogels modified with sepiolite synergistic DiDOPO
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(1. Guizhou Institute of Materials Industry Technology, Guiyang 550014, China;
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Abstract : The composite material with polyvinyl alcohol (PVA) having a lightweight and porous structure can be applied in
the fields of construction and aerospace. However, the flammability of PVA limits the range of applications for PVA aerogels. The
larger the pore size of the aerogel and the higher the oxygen content, the more difficult it is to form a dense carbon layer, and the
worse the flame retardant performance. The denser the pore structure is, the denser the carbon layer is, and the better the flame retar-
dant performance is. Based on this, PVA/9, 10-dihydro-9-oxa-10-phosphophenanthrene-10-oxide derivative (DiDOPO)/seafoam
(SEP) (PDS) composite aerogels were prepared by freeze-drying, and the flame retardancy and thermal properties of PDS composite
aerogels were investigated. The results show that the PVA/DiDOPO/SEP-3 aerogel with 30 wt% DiDOPO and 9.6 wt% SEP has the
limiting oxygen index value of 30.5%, reaching the flame retardant grade of UL 94 V-0. The peak value of heat release rate decreas-
es from 482.88 W/g in pure PVA to 154.20 W/g, representing a reduction of 68.07%. In addition, the initial decomposition tempera-
ture of PVA/DiDOPO/SEP-3 aerogel increased from 201.01 °C of pure PVA to 236.94 °C, indicating that the thermal stability of
PDS aerogel has been significantly improved. The design strategy of constructing an amorphous porous structure acrogel by combin-
ing PVA with DiDOPO and SEP provides a new idea for the preparation of ultra-light flame-retardant polymer composites.

Keywords : polyvinyl alcohol ; 9, 10-dihydro-9-oxa-10-phosphophenanthrene-10-oxide derivative ; sepiolite ; flame retar-
dancy ; thermal property

E&TH: FHEARPIFIEETH (52263007), 5tHARHL I H (855 JE6l ZK-[2023]—f#% 1605, QKRHPTRC-CXTD [2023]0125), 5t M4
R JZUAHT A TR H (RS A QCC[2025]1004 45)

BIEMEE : AR WL, BIPTSE 0, BF5E 7 [ I RESR & 1)

Wi HEA: 2025-10-23

SIS HH, R, BB AR A DML DIDOPO Bt PVA “BEIE A BHAAMEREFI AL RE[D]. TARMLRIR Y, 2025, 53(12) : 34-41.
ZHOU Ying, Al Jixiang , XIONG Yiming, et al. Flame retardancy and thermal properties of PVA aerogels modified with sepiolite synergistic
DiDOPO[J]. Engineering Plastics Application,2025,53(12):34-41.



JEIR, 55 LA PR DIDOPO BILYE PVA “UBEI RBELIAE REFIFA L RE 35

UTAE R, B Z2 (1487 B A2 6 b b 1y FH 81 v
JFEEsh RERE SRR rh 2 - HR
R BEIARE G IR, IR IK 2061 R &R (PU)
CURIZR IR (PVA)Y B HUAL R SBERE R e ™
Gy B Y AN R e S N A T e 19 1] 61
FRTERE B — A~ R A DR A B (R B SRR
AIFLAR AR | A o M, BT U i 2
BELAR 1 fE A 300 2 22 5 T FLL B 5 P R 50 2%, e )22 st
HOE, SR TERE R

R 1A AL A B W BEA MR fE L
o BEAE BRI i A BHER TS, BEAA T4 TG
HLBHIEFIFIA HLBHIE I, 9,10-—5-9-45A4%-10-1%
AE-10-FAL AT A= 1) (DIDOPO)FEIA I AT HLIE PR
N Z— TESARFNEELS A TP AR B BT RE . B
FHFBRSA PU SRR TRESER, AR 22558
IV 4 SR i 0/ A AL Y (M Xene Ti,C,T ) #EFH
PRI o J2 T B, DA T 384 5 3R 5 0 1 BEL IR
AE 4N, Wang S5 28 1 41 R £ 4E 2 /M Xene/M
PERRAAEG A LA R 2 E(BC/M X ene/MSiCnw/
TPUYSBER I S AR, o TR R R A Y
MR AR T Y A k&
2Pk, Zhao FF"HE R VR TR IR IR F AN & TR
1k 3. /M Xene/filli 1145 (Ag,Se) (PM1A1) & & [ Bt
K. PMIA1SEEMEA S HIBHARRE T , I PR 44
H(LON) N 53%, FHFREMVE FI4E . FEZHT TAE D A<
PR il 25 T HA E ) 2 fLE5H4 i PVA/DIDOPO/
MXene S EEE , MXene I DIDOPO F42H & KR AR
T I (AR T R (pHRR) FLE AR i
(THR), I 7 PVA L GAP RN IR S SR
1M, MXene I AR & , il &l B2 2 4%, i L Pk BEL
IREIRE DA PR . B850 1, o T 2 B A BE R 1
REFHALERE , Z TP RFFE N 51 O A B s i
T WA A B (GO) IR AL B S
YR o BELAR SR rh s in () BELIAR A 45 SR i o
(APP)™ TR 5% APPSR JERR AR, AR A A
FITBELAZR 5 1) DI ] BELAR O IS AR T R 3 Y BELAR 3%
o BRI, AR SO TR AR BEAIG 25 5 4R i T
YLA7 (SEP) 7] DIDOPO i £ BHAA PVA SBEIL

SEP 7E i 434 B BELAR FN Ay ThI H A 2
BTN E . Li%E® 4 T &4 SEP Fl APP ik Al
BEATR 9 = 2 IR IR (EPDM)AEE A 448, EPDM/
APP % ik B BH BE 70 14k R 52 A A1 R LOLME EE AR

SEP Y i 1 8.1%.  Liu Z52 i T &4 = R 5k
(MEL) ., JE #} (St) F11 SEP B KEAR IS & & 4 K, K& B
SEP WMA$E R T 2 G AR B RE LA Sk 2 1)
ok AR 2 . Pappalardo 55T T U N i HH I
JH 750 BEL 8 1) 1 SEP 20 K JIURE 1) 2R TR 44 1) 34 0 idf Al
WRBEAT N, 1% AR UL 94 BHAR 54058 T V-0
9%, H SEP SRR Z [0 2HA7 R Ar b mfE -

AW SR R H A UR T4 15 il 45 T PVA/
DiDOPO/SEP (PDS)& & HERL , FH LIRS 1 TCIF 2
fLA5 4 (%) PDS & 4 S BE I B A 0 5 i PR VE BE .
DiDOPO £ [# A A1 A AH 4B 3¢ Bl BH Ak #5344 , SEP
LA W 21 AR 2589 4 1F T R0 2 1% 1o
It Ak, DIDOPO & SEP [ #h [FI/E R K k3 T PVA
BAASEE A PTR IR RR . T S BHER R
BEME S GBI RIFFE AL T3 i LB R 1% o
1 XIE4S
1.1 E&RMA

PVA:PVA-1799, 15 2 v bRA: AL BHEE e A
FRATE]

SEP #7 : CLAY-20 ([ J¥ 68%, % & h 110 g/
em’, 18 LR 50 mY/g, 90% Wik B AR /N 21 pm,
50% ik ELAZ/NT 8 um, PEEE S Tolsa A FR/AF 5

DiDOPO FH % 71 : HTP-6123 (# & £ 11.8%+
0.4% , 7% 4 0.06~70 pum), 5t H IRl 5 A 45 BR
AN
1.2 EEMNEREEL

TR (MCC) : MCC-2 , 36 [ 8F 5 e BHAA 52
I ;

LOIY :JF-3, B VLT 3 A

T EABE(UL 94) i 04 - SH5302, g 5L VL7745
Mo ;

PH(TG) Y : Q50,3 [ TA A w5

F4 #1514 8% (SEM) : Quanta FEG 250, 3 [
FEI/A ] .

1.3 XA &

¥ 16 g PVA 5 184 mLZ&IB/KIR G JF7E8S CF
itk 2.5 nfS 2R R 8% 1Y PVA KR . #4536 mL
PVA KIER -5 A A & & ) DIDOPO il SEP ¥y K IR &
3 h, SR J5 M 43 B 40 min, 15 %1 PVA/DiDOPO/SEP
S HO . DIDOPO 1Y JiT it 43 5 43 il 4 0%, 10%,
20% F130%. 2R 5 SEP A9 UN N B i 43 B i 22
4.8% F19.6%. FAKEL T LR 1,



36 AR

2025 4F, 45 53 45,45 12 10

®1 AEPVAESERNEHSAR
Tab.1 Amount of each component of different PVA-based

aerogels
Samples PVA/g DiDOPO/g SEP/g
PVA 2.88 0 0
PVA/SEP 2.88 0 0.14 (4.8%)
PVA/DiDOPO/SEP-1 2.88 0.288 (10%) 0.14 (4.8%)
PVA/DiDOPO/SEP-2 2.88 0.576 (20%) 0.28 (9.6%)
PVA/DiDOPO/SEP-3 2.88 0.864 (30%) 0.28 (9.6%)

Note: Data in parentheses represent percentage content.

# PVA, DiDOPO F1 SEP F{) 2157 15 1 8] A AR H
SRR A VKRR VRS (615 °C FIR17 8 h,
SRIG VR URIE S e R B VR TR L, 7630 °C
FHE24 h AR EERE . Bl 1 PDS BRI 1 i £ ik
FE. SEP Mk ilior W3R 2. HAL2= B o £ 2
Si0,, MgO F1 ALO, 4 i , 43 3l 5 47.2%, 19.1% F
2.95%.

‘Dﬁgﬁi‘
{3‘%6

PVAL SEP DiDOPO PVAL/DiDOPO/SEP aerogel
. i‘é’m g
& @ @

b - \‘\“ n/\\ -

PVAL/DiDOPO/SEP
aqueous dispersion

K1 PDSE AU AR
Fig. 1 Preparation process of PDS aerogel

F2 SEPHARB(RESNE)
Tab.2 Composition of SEP (mass fraction)

Vacuum freeze-drying

%

Loss on ignition MgO SiO, F,0, ALO, CaO

29.45 19.1 47.2 0.8 2.95 0.5

Notes: Loss on ignition is percentage by weight of raw material

dried at 105~110 °C that is lost by scorching at 1 000~1 100 °C.
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Fig.2 SEM images of PVA aerogel, PVA/SEP aerogel , PVA/DiDOPO/

SEP-3 aerogel at different magnifications



JEIR, 55 LA PR DIDOPO BILYE PVA “UBEI RBELIAE REFIFA L RE

37

VA
(b) SEP (x50 000)

(a) SEP (x20 000)
3 SEPTEA[RIAHEL T B ISR SEM IR
Fig. 3 SEM photos of SEP microstructure at different magnifications
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(c) PVA/DiDOPO/SEP-3 aerogel
€14 PVA“(BEE PVA/SEP (#EK .PVA/DIDOPO/SEP-3 “{EEIE I EDS 4]
Fig. 4 EDS images of PVA aerogel,PVA/SEP aerogel and PVA/DiDOPO/SEP-3 aerogel

2.2 PDS A & A B0 PR A

FF 5 R & LA v BELA P BB Y PVA B %
T4 56 0 4 AR # E 2. LOI, UL 94 I3 Al
MCC MRS A A4 B BEAPE B 19 H F 7 ik, @
if LOL A1 UL 94 M58 T PDS T BE it (19 BHAR P
BE, 45 R W3, m &3 A0, 4l PVA ) LOI Ny
21.2%, UL 94 BHBR S R V-2, HlUINA SEO J& ,
PVA/SEP & &/ BEIE 1Y UL 94 BHIR S5 AT M V-2,
{H LOL{A 3 2 24.1%. X FK W, FLph i hn/b> & SEP
JF AN BE . 3 2 5 PVA SUHE I Y BELE E RE . i

&3 PVA,PVA/SEP K PDS & &SR HIBEAA 1 88
Tab.3 Flame retardancies of PVA,PVA/SEP and PDS aerogels

UL 94 tests
Samples LOI/% - —
1/, Rating Dripping

PVA 21.2 13/14 V-2 Yes
PVA/SEP 24.1 11/12 V-2 Yes
PVA/DiDOPO/SEP-1 26.4 10/11 V-1 Yes
PVA/DiDOPO/SEP-2 28.2 4/7 V-0 No
PVA/DiDOPO/SEP-3 30.5 2/3 V-0 No

Notes:¢, is the first ignition time#, is the second ignition time.
DiDOPO BHIA I SEP (25 45 T B fil. 2 1435 PVA <.
BEBCHIBELAATERE . 1 A 73 %0 20% 9 DIDOPO
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F1 543 %4 9.6% 119 SEP i, PVA/DiDOPO/SEP-2 <,
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FE fi AR IR 25 5 59 SEP, 111 DiDOPO BHIA I 43 I (14 J5t
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Fig. 5 pHRR and THR curves of PVA,PVA/SEP and PDS aerogels

%4 PVA,PVA/SEP & PDS S £ RS RS20
Tab.4 Combustion parameters of PVA,PVA/SEP and PDS aerogels

Samples pHRR/(W-g) THR/AkI-g) T, /°C

PVA 482.88 35.6 264.48
PVA/SEP 259.30 354 310.8
PVA/DiDOPO/SEP-1 222.60 34.2 3244
PVA/DiDOPO/SEP-2 207.27 314 329.4
PVA/DiDOPO/SEP-3 154.20 27.3 370.6

Notes: pHRR is peak of heat release rate; THR is total heat release;

T .. is maximum pyrolysis temperature.

pHRR A PVA/SEP 1 259.30 W/g [ % 154.20 W/g,
W& A7 40.5%. PVA/DiDOPO/SEP-3 & &S K 5
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TE o

THR 25 e it F vh et A i AR R TR A i 1Y)
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kl/go A A9k Ui, THR A M /)N B K 09 05
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iDOPO/SEP-1<PVA/SEP<PVA, & i [ifi % SEP
DiDOPO & & 1934 i1, THR {8 & W7 A% . PH
DiDOPO I SEP ¥ H[Fl V5 FH AT A 2% B ik THR .

Y 3BT PDS 25 S BEIR Y PR LI, 1] 6 4
W TR R AL . AR A Z W SR
H % B, DIDOPO BRI 3= 2 E S AH Hp HAG B LR
R sl JZ B ™, [R] & 38, DIDOPO 7k
(RG22 A PO~ 55 [ Hi 3, DT il SO
TR KA, XS PO [ B AE AT R HO- FT H- A
P 3, AT R 1 HREY . SEP RIAE S S, (i it
wRIZ B BUEAL WD 2 T S MR AR Y, fE
SEP Sk Fi v, Ay 198 W A a4 7K 43 1l e
120 °C #1340 “C I ke A= 554k . N RIS S K 2
F7K 43 5I7E 500 °C 1810 °C I} & 21544k . SEP PHB
KA o AR i T KA RIHE K . LAk, SEP if fig
AL VE FHAR 2 DIDOPO H1 PVA 1525, AT 2
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b
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Fig. 6 Flame retardancy mechanism of PDS aerogels
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Fig. 7 TG and DTG curves of PVA,PVA/SEP 2 PDS aerogels and DiDOPO
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%5 PVA,PVA/SEP & PDS £ &S %R #1 DiDOPO Ry BEEIHE
Tab.5 Thermal performance data of PVA,PVA/SEP,PDS compos-
ite aerogels and DiDOPO

o o T/ T,  Carbonresidue
Samples To,/'C To"C 00" 5S¢ rate at 700 °Cro%
PVA 201.01 302.80 457.46 3.42
DiDOPO 366.42 41438 2.11
PVA/SEP 164.41 311.82 413.35 3.69
PVA/DIDOPO/ 211.57 313.94 35738 42351 7.01
SEP-1
PVA/DIDOPO/ 229.75 31543 366.92 428.75 8.45
SEP-2
PVA/DIDOPO/ 236.94 318.63 370.59 431.11 8.90
SEP-3
Notes: T, is thermal decomposition temperature at 5% mass loss;

T s

max1

is temperature at maximum mass loss rate in the first stage; 7,

max2

temperature at maximum mass loss rate in the second stage; 7, . is

max3

temperature at maximum mass loss rate in the third stage.

BEIEIY T, 353 T 236.94 °C, 4l PVA #2555 1 35.93
°C., W] DIDOPO F1 SEP iy il Afdi PVA 14 T, i 3
Bahn . 4 PVA 55— B B i fe R i i 30 R (T L)
41 302.80 °C, PVA/DiDOPO/SEP-3 & & S #E K 1)
T, %] 318.63 °C, Fb4li PVA = 15.83 °C., SR,
554l PVA #H 1t , PVA/DiDOPO/SEP-3 4 5 — f5c K i
TR R (T, ) A TR 5.2, DIDOPO F
SEP W25 A 1E— 2 R ol T PVA IR e Pk .
fifi % DiDOPO F1 SEP 7% = (3§ /1, 700 °C T 1y 5% <
Al A4l PVA 11 3.42% 141115 PVA/DiDOPO/SEP-3
1) 8.90%, 1% 1 DIDOPO HI SEP 4 £ 54 ) T2 ik
PVA R 2 B
3 g

AR R TR S T HA Y 2L
PDS & & &M . A 1 43 %1 30% DiDOPO il
o540 9.6% 1) SEP J& , PVA/DiDOPO/SEP-3 & &
B B pHRR M 4l PVA (1) 482.88 W/g [% &
154.20 W/g, F# i 15 68.07%; THR {8t K i FE AR .
PVA/DiDOPO/SEP-3 # il 1) LOI {E.ik £ 30.5%, UL
94 BHIKEHRF V-0 4] . 1L4h, DiDOPO B
5 SEP A AR K ek T2 & B Mg e
£ . PVA/DiDOPO/SEP-3 S #t I 11 T, ik 51| 236.94
°C, lL PVA 19 201.01 °C & if 35.93 °C, LI 2 AL
ZEFBHAS T 23S 7 s) , 1 DIDOPO 7E [E AH A A
HBA T BRI . SEP (R T Fa e w2 0 AE T
RH 1F T #44%3% , 32 B DiDOPO BHIA K 5 SEP By 45 4
Pem T 2GR BRI HEATERE . SEP M & S
BRI T F Z LA M E A Ty fLid . ARWF5E R
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