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Abstract: The fire retardant and smoke suppression performance of thermal insulation materials are crucial factors
in ensuring building fire safety. In this study, based on ammonium polyphosphate (APP), a intumescent flame-
retardant APP@AL (Mass ratio APP : MDI : AL=9 : 2 : 1) with core-shell structure was prepared by utilizing alkali
lignin (AL) and bis(4-isocyanatophenyl) methane (MDI) for its poor interfacial compatibility and smoke suppres-
sion performance, and applied to the flame-retardant treatment of rigid polyurethane (RPU) thermal insulation
materials (25wt% addition). The structure and composition of APP@AL were analyzed by SEM-EDS, XPS and FTIR,
and the flame retardant and smoke suppression properties were analyzed by CONE and TG instruments. The
results show that APP@AL has excellent interfacial compatibility with the RPU matrix. The compressive strength of
the APP@AL-modified RPU foam is significantly increased (up to 31.8%) compared with the APP-added RPU foam

and the thermal conductivity is reduced (7.0%). CONE test show that mean heat release rate and total heat release
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are reduced by 27.2% and 24.4%, respectively, while smoke suppression is notably enhanced (47.6% reduction in

total smoke production and 57.0% reduction in total CO production). TG analysis show that the thermal stability of

APP@AL flame retardant is obviously higher than that of APP, and it is more beneficial to build a stable residual

char layer. In conclusion, lignin-based intumescent flame retardant has excellent flame retardant and smoke

suppression effect on RPU foam insulation materials.

Keywords: insulation materials; rigid polyurethane foams; lignin-based flame retardant; core-shell; smoke

suppression; synergistic flame retardant
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AR o B RRY], KRBT R SR, IR
52 R B BR 42038 0 (LOT) sk ok R A5 31 i 3
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450 i K R B A ) APP@AL, 313 FH T RPU 1 7K
FIBHBR AL B, S AFSE T APP@AL FY 45 F4 41 1 LA
K BHIAPERE RN -

1 X ERE
1.1 E#e

Rk Z OUEE (LY-4110), 2230 HT 38 22 28 5L 55 0
R (PAPI) W [ M 5 7 484k 2= 42 AT IReAn A7 FR 23 il 5
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(AK-8805) . WM& 2 (APP). W (4-5 50 MR ik 3L A4
H) W be (MDI) W A 2 e AR AE WA BR2S wl 5 &3
f& & i3 (HFC-365mfc) W [ 5 — SRR BH A
BT AR E (AL). 4R TR B E 2y 4 H
2B A R A H
1.2 LIWHZE
1.2.1 il 4 APP@AL

APP@AL i J7 3£ 1 iR, TEBC# A % B
FIBHLAEBE P 7% 19 500 mL = Fbe i, B 45 g APP
By R 151 7 BUAE 250 mL Z R iR, B — E &
B MDI T ABefiH, 76 50°C B AR it FE 1 he
RIGH—E /M AL BB W . El)E, #
WM ZE 60°C, FFFEMIRE T IR+F5h, U8R
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TP LB LR R TR, RGBT <
MR OWRVER: 3K, I AMEFETE 80°C T4 24h, it
0.18 mm i X, 3B HEZL ). 7 5lan 4 APP@
ALI(APP : MDI : AL Jii & b 5 9:1:2), APP@
AL2 (APP: MDI : ALJii & b 8 6:1: 1), APP@
AL3 (APP : MDI : AL Jit & [t 5 9 : 2 : 1) il APP@
AL4 (APP : MDI : AL i 12 : 3 : 1),

®1 EBHRE (APP) BUEELS
Table1 Formula of ammonium polyphosphate (APP)
modification

Formulation APP@ALI APP@AL2 APP@AL3 APP@ALA

APP/g 45 45 45 45
MDI/g 5 7.5 10 11.25
AL/g 10 7.5 5 3.75

Notes: MDI—4, 4'-methylenebiphenyl isocyanate; AL—Alkali
lignin.

1.2.2 il £ RPU LIk

AR RPU YIRS G M BT 77 R TER 2
IF H R4 LT o RPU W IR A9 1 45 38 B A 4
B we, A TUE AR A2 1500 r/min
R BECKE LY-4110, FHAAS . fEfb5R . 2 miis pE
AR 5 min i 25451 (B Y (A #53)-
B J5 o, A A B T Bk g, K PAPI
(B 4r) 5 A4 LL 25 3000r/min 1 3£ B i
10s, HCHOR P a0 TR G WA TR AR
IR A B BT, JPRP IR E T 80°C AkAR
k24 h, BEAN, LA Rk ) A H A A% 2H
BE WL 7K, 4 9l fir 45 4 Pure RPU, 25APP/RPU,
25APP@AL1/RPU., 25APP@AL2/RPU. 25APP@AL3/
RPU Fl 25APP@AL4/RPU, H: v 25 & 75 B 7 1Y
AN N LY-4110 A1 PAPT 245 2 114 25wt%.

*2 WHRESE (RPU) BXEAHMBES
Table 2 Preparation formula of rigid polyurethane (RPU) foam composites

Formulation Pure RPU 25APP/RPU 25APP@AL1/RPU 25APP@AL2/RPU 25APP@AL3/RPU 25APP@AL4/RPU
APP/g 0 50 0 0 0 0
APP@AL1/g 0 0 50 0 0 0
APP@AL2/g 0 0 0 50 0 0
APP@AL3/g 0 0 0 0 50 0
APP@AL4/g 0 0 0 0 0 50
LY-4110/g 100 100 100 100 100 100
AK-8805/g 2 2 2 2 2 2
LC/g 1.5 1.5 1.5 1.5 1.5 1.5
HFC-365mfc/g 33 33 33 33 33 33
PAPI/g 100 100 100 100 100 100

Notes: LY-4110—Polyetherpolyol; AK-8805—Silicone surfactant; LC—Dibutyltin dilaurate; HFC-365mfc—Foaming agent; PAPI—Poly-
methylene polyphenyl isocyanate; 25APP/RPU, 25APP@AL1/RPU, 25APP@AL2/RPU, 25APP@AL3/RPU, 25APP@AL4/RPU, the 25
indicates that the amount of flame retardant added is 25wt% of the total mass of LY-4110 and PAPI.

1.3 tEEENK 5 RIE
1.3.1 BRI B3 M 454

% M1 Regulus 8100 37 & it 49 4 Hi + W Tk 4%
(JSM-7600F, Japan Electronics Co., Ltd.) 7£ 3 kV /i
LR TSR APP@AL Fl1 APP BHAR I A9 R 1 TE 551
7 JC 2 Wk B R HH BB 1% {X (EDS Ultima Max 170,
Oxford Instruments Co., Ltd., Oxford, UK) i 473%
fE. 72 10kV BB B R T, & X ITER L
AR B B s o il ad ot & 5 1 X (Elementar-
UNICUBE, Germany) Jll & APP@AL Fl APP H' 1Y
B FVRC S i, 38 RO B A R IR R R SO
&k (US-Perkin Elmer-Avio 200 (OES)) il APP@AL
FI APP ()5 % it . APP Fll APP@AL [ % 1fi G & 41
B i X 4k 6 HF BB 3% (AXIS UltraDLD,
Shimazu Co., Ltd., UK) il i . {8 B 0 21 4l %

(FTIR) 53 BT #F £1 4F St 3% {1 (VIMR20-010-T, Bruker
Corporation, Karlsruhe, Germany) I # 17 . 4
KBr JE i, Jr PR N E N 1om™, AR
B9 40 U, FAHTL B E A 4 000~400 cm

1.3.2 YyHfEhe

il A7 T i 6 BE (SEM Phenom ProX,

Netherlands) A 10 kV (1) i # F2 H WL %8 RPU 7k Y
WAL, FrA AR B A B 4 o dl it 7 el de
HL (Instron 5966, USA) Lk 5 mm/minf) + 5 3k 3 &
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T 10% M9 B KER AT (N); Ap A bR B9 40 4 A8 48 vl
B (mm?),

WK 1) R BOH Aot it (HC-074-200, 3
) #EATIR . $% 18 ASTM C518—102Y #R i,
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FEE T WA SRR b, A5 AR A T B2 43 30l PR R 7
10°C(_FAR) F135°C(F )
1.3.3 JALEtkne
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i E AR BN (HC-2C, TLT %)) M, #
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ARIWOE-BIE . HEIE 2 #4800 AR 45 1SO 5660-15
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1.3.4 et
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Fig.1 SEM-EDS images of APP and APP@AL
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Table 3 Elemental C, P and N contents in APP and APP@AL

Samples C/wt% P/wt% N/wt%
APP 0 26.0 14.4
APP@AL1 13.8 19.5 11.9
APP@AL2 12.9 20.6 12.2
APP@AL3 11.6 22.1 12.8
APP@AL4 11.1 21.5 13.2

H1C. P. NJILE MR 11.6wt%. 22.1wt%
1 12.8wt%, APP T C. P. N & E451H owt%.
26.0wt% Fl 14.4Wt%. %45 R F£ W, APP@AL i
T CHAEE R A PLAN T A B, M S 2
APP@AL " P, N & TRk,

HE— 53 5 XPS F4F APP Fil APP@AL %) 2% Ifij
JCE S H, WK 20) s . AT 133, 190
399 eV 4b (1% I [l T APP 1Y) Py, Py, Fll Njgo Xf T
APP@AL, RETE AN BEMLEE ] Py M Py, 0, I EH
REW APP C B R AT AN C 8 20 E . A,
it BF 58 T APP Fll APP@AL 1 Ny XPS 8 3% . 40
&l 2(b) A1E 2(c) B 7, APP H Ny i X I 1) 16 B

2

g

£
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DL o3 M R AN REAE IR . 7F 401.2 eV AL I 45 & fig
XF N F NH,', JIf B 7E 399.2eV 4k 1 i 15 B F
—P—NH—P—JE A 1 () N, 7 APP L #4 & £ L
RAMEZ G, NH/fl —P—NH—P—H N 45
A ReETY g, 7F 399.8 eV Ak MY IR T 1Y 45 4 RE I
XIHHF O=C—NH—IE A H N (45 5 g, %45
SRR B S 7R APP BRI R TH AR T R AR S
FyU . g 5 % APP Fil APP@AL #47 FTIR M3k, 1
& 2(d) 7, 7 APP@AL %) FTIR &g, 1550 F1
1510 co™ Y W W04 o B T MDIL B 2R 3R 4R 3l , 7
1620 co™ B — A~ 0y W e g, X N T MDI
i) —N—(CO)—N— ¥R 31, 1650 cm™ 1) W i I
K HTREAM A C=0, UEBZANT N g B &k .

A DL B bras A, #2187 APP@AL 1 R &
P A% 7€ 45 14 B9 T2 CBL I (181 3). 76 APP #  Hh
A MDI 5, #B4r MDI i i —NCO 5 NH, " # &
1 4 7€ APP 2R 11 . 1 T MIDI A 25 [R] 457 B 280
TR X 658 1 19 S B2 I [R] - R I 0 Y —NCO J A1 43
HfE APP |, SXH K T R AR B & 07 . 4

(b)
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Fig.2 ((a)-(c)) XPS spectra of APP and APP@AL; (d) FTIR spectra of APP and APP@AL
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Fig.3 Schematic mechanism of APP@AL synthesis

A AL, B4 5 APP £ i il % 19 MDI & 4= |2
N, SRR A N S AR, DT R
A~ APP I FE 451, B8 1 APP@AL,
2.2 APP@AL RY# 312 14 8

RPU {1 ¥ 9 B B 3= 22 B e 1 6 UL 2% 5 ik
WZEH . 52l RPU AHEL, WS 25wt% APP J5 , il
TR 2 W% B2 T AR s TS il APP@AL J5, L
TR I 26 WL %% B 1 K, Hovh 25APP@AL3/RPU % W
L F] 52,0 kg/m® (£ 4), #F— 438 3 SEM M %
FE 2R T RO 548, JF B W A Image] X SEM
EIGHEAT ST 531, LABf E RPU YR L™ A= 1)
WA AL K/, 3 H YIEI A 46 RPU. 25APP/
RPU., 25APP@ALI/RPU,  25APP@AL2/RPU #
25APP@AL3/RPU i # # i1 41 4] 4 fr7n o 4l RPU
FESh WAL TR B H A A A M R, AL
KA s, V¥ 14% K 533 pm, 25APP/

RPU LR KN i T3z, JF & —Se il fLEE &
e 4R, K 4(b)~4(b,) 1IE SE A7 T 6 L BE N 1
APP #5 /b H R & R ALEE N, ANRE S 2 fil
Ao XS T APP Al RPU M IR SR A1 22, R
EATERSFLEED . H AV FLEESN R AE 1Y APP kL
ST IMALAIE K, SRR fLEE . R,
APP I IMA & SBOEFLEAN K. M7 APP@AL
B, AL E AR B RN, H  25APP@AL3/RPU
1 LA B /N A 444 pm, HALR/N A w35 .
X 53T APP@AL (1) R & iR /b 7¢ 5 RPU ik 5L ik
PAERL, BeTR4FH S5 fLRESE &, AN U
it Rt RSN RR e, B R 2 LA .

M F 4 HRT LIS B A5 FP RPU TR B A 41 R
SR, 546 RPUMHLL, APP WA & i kil
TR B 22 2% B B AR DL S FL RIS 80T M
ZBUE K. I APP@AL 5, LR B FLAR I ST U

F4 RPUERESMBNAERY. RUBE. SRRBMEFEE

Table 4 Cell diameter, apparent density, thermal conductivity and compression strength of RPU foam composites

Sample Cell diameter/um  Apparent density/(kg'm™) Thermal conductivity/(mW-m"-K™")  Compressive strength/kPa
Pure RPU 53380 50.5%+1.2 23.2+0.1 194+20
25APP/RPU 601+90 49.4+1.5 24.2+0.2 173125
25APP@AL1/RPU 455160 51.8+1.1 22.7+0.1 214+18
25APP@AL2/RPU  458+55 51.7+1.0 22.7+0.2 21514
25APP@AL3/RPU  444+65 52.0+0.9 22.5+0.2 228120
25APP@AL4/RPU 449170 51.9+1.0 22.6+0.2 221+21

Note: *—Average and standard deviations.
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Fig.4 SEM images of pure RPU ((a)-(a,)), 25APP/RPU ((b)-(b,)), 25APP@AL1/RPU ((c)-(c,)), 25APP@AL2/RPU ((d)-(d,)) and 25APP@AL3/RPU ((e)-(e,))
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Table 5 Test results of fire performance of flame-retardant RPU foam composites

HRR/(kW-m )

Sample LOI/% TTI/s THR/(MJm™®) SPR/(m*s™) TSP/m*> COY/(kg-kg"') Residue/%
PHRR MHRR
Pure RPU 403.8 253.1 18.5 6 56.0 0.0094 5.5 279.2 7.4
25APP/RPU 132.6 68.7 26.2 3 25.0 0.0034 2.1 54.2 25.4
25APP@AL1/RPU  149.2 58.6 26.8 5 19.1 0.0027 1.7 27.1 29.2
25APP@AL2/RPU  145.0 56.5 26.9 5 19.0 0.0026 1.5 26.5 28.5
25APP@AL3/RPU  140.5 50.0 27.0 5 18.9 0.0023 1.1 23.3 28.7
25APP@AL4/RPU  150.1 61.6 26.7 5 19.3 0.0025 1.3 25.8 28.0

Notes: PHRR—Peak heat release rate; MHRR—Mean heat release rate; LOI—Limiting oxygen index; TTI—Time to ignition; THR—Total
heat release; SPR—Smoke production rate; TSP—Total smoke production; COY—CO yield; Residue—Charcoal residue rate.
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Fig.6 Top view of char residual of RPU foam composites after cone

calorimeter (CONE) testing
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Fig. 7 Thermal stability of RPU foam composites under N, atmosphere: (a) TG; (b) DTG
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Table 6 Corresponding temperatures of RPU foam
composites at different pyrolysis stages and
the char residue at 800°C

Sample Tyo5/C Tson/ C Weoo/Wt%
Pure RPU 272 348 13.0
25APP/RPU 263 333 26.8
25APP@AL1/RPU 287 361 28.7
25APP@AL2/RPU 281 358 28.1
25APP@AL3/RPU 274 352 28.8
25APP@AL4/RPU 276 355 28.4

Notes: Ty and Tspy represent the temperature where 10wt%
and 50wt% of weight lost; Wy, represents the mass residual at
8007C.

2.5 APP@AL B FH AL &l

CONE F1 TG M 1A 45 R & W], RPU ¥ Ik h I
Jin APP@ALS3 fiE % B fif b 100 i) 44 B R A0, R AR 2K
KGR . R T i —2 5B APP@AL Xt i 4 1 BH 4%
ML B R0 . 2K F SEM W2 CONE iR 56 ) 45 1l ke
TR A OM LR, AN 8 iR . 4l RPU Y 5% 7% i
B W 4 (18] 8(a)), I UK I AS 25 48 0 1 fR 47
TEBIMBABER 5, 5%k s I Ik R e bk, 9F
H AT LLE 200 it fLA5 40 . AR 2, ALk
17 5 T — 2R EE K . 455 APP I BHERPIL
I3HT, YR IE A R APP A2 B IR, APP 1Y
PR VR TE i T 5 % ik 0T R A S R U AR . %
I Bl A B APP AN KRSt A AN BR SR IR, A 2
RR Y BOU BUBR S , ade s S5 AR i,
AT 35 B P47 R R e SE AR 1 25 2R . AR 8(b) HrmT

PLF H, 25APP/RPU H BLER 2 1 LA H 5 4 35 35
AR B A8/ A APP@AL J&, MK 414k
TR, RS EL, JLTRA LA,
4 & 8(c)~8(f) Ar7s » APP@AL PH B %R 42 7145 25
TR ABE SN RE 08 KR IEAER, B2 Ty
APP ] DIAE B IE AR R FEAE R, Wi = AR
] BELR SR, 5 RPU IR By k%2t

500 um 200 pm

20 Sufi
E|8 Pure RPU (a). 25APP/RPU (b). 25APP@AL1/RPU (c). 25APP@
AL2/RPU (d). 25APP@AL3/RPU (). 25APP@AL4/RPU (f)
FRAR Y SEM B4
Fig.8 SEM images char residual of pure RPU (a), 25APP/RPU(b),
25APP@AL1/RPU (c), 25APP@AL2/RPU (d), 25APP@AL3/RPU(e),
25APP@AL4/RPU (f)

K F L 2Ok ik — 0 i 55 APP@AL & & # F
B REERHL G (1 9), BT WL, 4 RPU 0 7R Fi BH ER 4k
FH Y RPU A1 BHE 1379 cm™ 1 1579 ecm™ 4k 52 P
AFFAEIE , A9 F DA A GHF, il H, DAY
5 G TR L (In/Ig) 46 75k 1) A s AL FERE
In/I HBAR, W FoR 5 )2 A B L5H . R4
K9, I/l {E#1f 25APP@AL3/RPU(4.3)< 25APP@



FEWEAE R IR BRI e 1 3R R LR R T 5 2 1 RE

231 -
b
Pure RPU @ 25APP/RPU ® 25APP@AL1/RPU ©
I,/1,=5.6 I/1=4.5
2 2 2
Z Z £
[} [} Q
i E £
2 000 1500 1000 500 2 000 1500 1000 500 2000 1500 1000 500
Raman shift/cm™ Raman shift/cm™ Raman shift/cm™
25APP@AL2/RPU (d) 25APP@AL3/RPU (e) 25APP@AL4/RPU ®
Iy/1=4.3 Iy/1=4.8
2 2 2
£ £ £
Q Q O
E i g
2000 1500 1000 500 2000 1500 1 000 500 2000 1500 1000 500

Raman shift/cm™

Raman shift/cm™

Raman shift/cm™!

I/Ig—Intensity ratio of D peak to G peak
9 RPU EIKRE SRR I 2O iE A

Fig. 9

AL2/RPU(4.4)<25APP@AL1/RPU(4.5)<25APP@AL4/
RPU(4.8)<25APP/RPU(5.6)<Pure RPU(6.0) 114 JIii J5 ,
25APP@AL3/RPU Y Ip/I H 5 ik , 3 W 25APP@
AL3/RPU 1) 5% i< b 7~ /I8 B RO e AR 1Y
B4R . TIL, AT AR L BUR E S RS A5
F 3 25APP@AL3/RPU H 1 R 4f 19 Bj K & 4 1
454 APP. APP@AL3 Fll AL 4 TG 45 54347 (1 10),
AL 9785 5% B¢ 8 (35 47.7wt%) GIE B LT LATE TFR o
i 2 R AR . N, AR, HHE T APP,

a

100 (@)
x 80 |
E
< 47.7wt%
2 \
E 60 —=— APP \
E —e— APP@AL3
= —a—AL
Q
& 40 |

0,
0l 19.3wt%. __
0 100 200 300 400 500 600 700 800
Temperature/'C

Raman spectra of char residual of RPU foam composites

APP@ALS3 %% ¢ & M\ 19.3wt% 14 Jii 3] 23.6wt%, 13
W] APP@AL 119 2R 2 ik 41 52 1F i 71 5 008 )2 1Y
APP Z (R fEAE VRRIAE F L 3w DA 2 ok ) o 55 Wl
i A6 58 TR 45 WA 78 R Ui T I8 B DA 3 T RS 1
K11 it — R B iR T APP@AL Y BHIAL ]
CHIPICERLEB AR T &K #AEH, 76 APP@AL
BRI b5 o3 it B v 23 A R MR AN R . R W
e AR R 45, X BB R W) I i fk RPU YA ™ £
JI 7K 7 T o8 e 0 5, [R) e 2R AR g AR T DL Ry

(b

172}

2

2

£

G

=}

a

<

& —u— APP
—o— APP@AL3
—a—AL

0 100 200 300 400 500 600 700 800

Temperature/C

5110 APP. APP@AL3 il AL 7£ N, 4 T #EN:: (a) TG; (b) DTG

Fig. 10 Thermal stability of APP, APP@AL3 and AL under N, atmosphere: (a) TG; (b) DTG



$232-

EaMB=ER

SRS E 2Ry s I, e HEE E 2 & ik
BBl BE A IR A TR, RPU I IR 32 5E Y % %

IR A BB Y, XG5 i)
N, A R 9 1 B A J Rl R B 55 A AR R b 1) A
b, BREEARWBE, S RPU YR BB
AN, APP@AL 4 fiff it B2 b 7= A= i 45 Fh & 85 H i
PO,e) 7] LA $E V0 IR AR BT &L H
HOs).

B (I PO,

Hi%E (: He | N G 2 WA A LR A

-’
:' N Gas-phase flame retardant

(¢}

. p
G PO++He wwst HPO-
HPO#+He wess H,+PO*

i
APP—o-E P -:l- + NH,+H,0
n

POs+HQs wst- HPO++Oe

HAEH , APP@AL 4 fift 2 FE AN AT K A4 (i
N,. NH;), #iRenl ARk, #— 048 m RPU
LR B Bl k% 4P . APP@AL HY [ AH B R AL 1 5
SR BE AL R A9 2H 5 W35 /0 T RPU 0 TR #A e 10
(] 0 AR B . £ B ITiR, APP@AL I R &
BANTE R LAAE R BB, APP N2 1T LUAE by 2 U5 A
SR, 77 A W I LA B8R T B 0 A Y g
JZ, i RPU IR E A R 47 (14 BELAR A4 A P R

i
1
" A
G i
. Qé{@. - ’
................ A
e ;
Co e ' |
o A
’
+ CP Condensed-phase flame retardant ‘
)
' i
' '
. I| '
[ ﬁ '
i
. ‘
i
i Metephosphoric Polyphosphorlc Pyrophosphorlc Char :
v acid acid acid

Matrix i i i Heat transfer

Smoke

o APP@AL @
~

E 11 APP@AL FHAAHLEI = &K

Fig. 11 Schematic illustration for the proposed flame-retardant mechanism of APP@AL

3 &it

(1) & T R # MR # (APP), F| A & (AL) M
A (4-5 TR T 3 %5 56 ) WY 4 (MIDI) i 2 il & 1 #%
TE 45 R 1 % ik 8 BH % 77 APP@AL (APP : MDI : AL
J9:2:1), M F APP, APP@AL I %% % &
19.3wit% 4 hn 2| 23.6wt%, Jit 2 1K REEAL, AR
FEPESR .

(2) APP@AL # 5 T RPU & & F B J7 27 Rl
IRPERE . APP@AL 5 RPU LA 2 ] 26 B Y BL 4110

FMAZETE, 5N 25wt%APP 1) RPU il 7K & &
BELAH LG, W8I0 25wt%APP@AL 19 RPU YU Ik & &
R AT R B R 4 5 31.8%, S R BUFRAR 7.0%.

(3) APP@AL £ T RPU & &+ KLY BHIATERE .
I 25wt%APP 1) RPU ML 7K & & A R I, 3
Jin 25wt%APP@AL [ RPU (I 7k & & ¥4 k1Y F i
PR B R S B BRI T 27.2% T 24.4%; [A]
B, L™ AT CO A i 4y ) B E PR AR T 47.6%
1 57.0%.



R

R 3R FE SRR ) o 2R A LB R A T 5 2% 1 RE

$233 -

(4) ¥ 5 45 ¥ 1) APP@AL, B & 54052 1T LIAE
KRG, O E ) APP ] LIAE K R IR SR
Z A EAE H = A PRI Z N, fff APP@AL H

BAl
AR

U 1) BELR R A 4 B

S Z ik
(1] MR, W, TOHIA, 4. BILRARE DR BRIk ik e 7).

(4]

¥k}, 2023, 52(5): 109-117.

SUN Junjie, YANG Sujie, HUANG Xinjie, et al. Advances in
flame retardants rigid polyurethane foam([J]. Plastics,
2023, 52(5): 109-117(in Chinese).

KK, HE s, IR, 45 ZREUEIER/ M BCR ARRARE &
AR A5 SRR 3 0 2 e ). SRRk 24, 2021,
38(8): 2505-2516.

ZHANG Bing, YANG Sujie, YANG Yadong, et al. Prepara-
tion and pyrolysis kinetics of melaminephytates/rigid poly-
urethane foam composites[J]. Acta Materiae Compositae
Sinica, 2021, 38(8): 2505-2516(in Chinese).

i, AW, AL, S S0 SRR AR ST
MR T, 2020, 35(3): 1-4.

WANG Xi, DONG Quanxiao, GU Xiaoyu, et al. Research

JE 7] R

progress on reactive flame retardant polyurethane(J].
Polyurethane Industry, 2020, 35(3): 1-4(in Chinese).
WA, 20, sRiK, S5, 8T U2 (b SRR B MIMUP #21L
TR A1 AR A BELRABE B SR S I R S 5 M R i 5 B p g 7],
HAMRIEER, 2021, 38(5): 1387-1397.

YANG Yadong, JIANG Haohao, ZHANG Bing, et al. Prepara-
tion and properties of flame retardant rigid polyurethane
foam composites based on microencapsulated ammoni-
um polyphosphate and microencapsulated expanded
graphite[J]. Acta Materiae Compositae Sinica, 2021, 38(5):
1387-1397(in Chinese).

ZHU M, MA Z, LIU L, et al. Recent advances in fire-retar-
dant rigid polyurethane foam[J]. Journal of Materials
Science & Technology, 2022, 112: 315-328.

TIAN F, MAO W, XU X. Effect of a layered combination
of APP and TBC on the mechanics and flame retardancy
of poplar strandboards[J].
Materials, 2023, 401: 132881.
YUANY, YU B, SHIY, et al. Highly efficient catalysts for re-

Construction and Building

ducing toxic gases generation change with temperature of
rigid polyurethane foam nanocomposites: A comparative
investigation[J]. Composites Part A: Applied Science and
Manufacturing, 2018, 112: 142-154.

CHENY, LI L, QI X, et al. The pyrolysis behaviors of phos-
phorus-containing organosilicon compound modified APP
with different polyether segments and their flame retar-
dant mechanism in polyurethane foam[]].

Composites

Part B: Engineering, 2019, 173: 106784.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

BTG, BENAE, SE48, S5, 0 B 76 RS W LA P B i
g 1], R A4 S50 H, 2022, 47(6): 67-73.

JIN Xinyi, WEI Lifei, DOU Juan, et al. Research on the app-
lication of halogen-free flame retardants in polymer flame
retardants[J]. Hi-Tech Fiber and Application, 2022, 47(6):
67-73(in Chinese).

TAO J, YANG F, WU T, et al. Thermal insulation, flame
retardancy, smoke suppression, and reinforcement of
rigid polyurethane foam enabled by incorporating a P/Cu-
hybrid silica aerogel[]]. Chemical Engineering Journal,
2023, 461: 142061.

ZHAO X, CHEN L, LI D F, et al. Biomimetic construction
peanut-leaf structure on ammonium polyphosphate sur-
face: Improving its compatibility with poly(lactic acid) and
flame-retardant efficiency simultaneously[J]. Chemical
Engineering Journal, 2021, 412: 128737.

TAN Y, SHAO Z B, CHEN X F, et al. Novel multifunctional
organic inorganic hybrid curing agent with high flame-
ACS Applied
Materials & Interfaces, 2015, 7(32): 17919-17928.

retardant efficiency for epoxy resin[J].

WAN M, SHI C, QIAN X, et al. Design of novel double-layer
coated ammonium polyphosphate and its application in
flame retardant thermoplastic polyurethanes[J]. Chemi-
cal Engineering Journal, 2023, 459: 141448.

GAO C, ZHOU L, YAO S, et al. Phosphorylated kraft lignin
with improved thermal stability[J]. International Journal
of Biological Macromolecules, 2020, 162: 1642-1652.

R, M, AT, 45 SRk RORBUR D R SR R Ee PR R 3L
B2 (7). SZERPRLEHE, 2024, 41(7): 3544-3556.

SONG Yan, LIN Ken, ZHOU Yutong, et al. Synergistic flame
retardant effect of lignin containing silicon-nitrogen with
ammonium polyphosphate on polylactic acid[J]. Acta
Materiae Compositae Sinica, 2024, 41(7): 3544-3556(in
Chinese).

LU W, YE J, ZHU L, et al. Intumescent flame retardant
mechanism of lignosulfonate as a char forming agent in
rigid polyurethane foam[J]. Polymers, 2021, 13(10): 1585.
ARAUJO T R, BRESOLIN D, DE OLIVEIRA D, et al. Conven-
tional lignin functionalization for polyurethane applica-
tions and a future vision in the use of enzymes as an
alternative method[J]. European Polymer Journal, 2023,
188:111934.

KT, BEIGRANT, B B2, 5. R BUR AR REIRIR R 5 1 E&i
FELBASR G R SR i A RHBELRAME RE R (). ZRAE Rk e

i, 2023, 51(6): 140-145, 149.

SHANG Xinyu, BI Xiaoke, TAN Haiyan, et al. Effect of lignin
compounded with pyrophosphorie acid piperazine intu-
mescent flame retardant on flame retardant properties of

epoxy resin[J]. Journal of Northeast Forestry University,


https://doi.org/10.3969/j.issn.1005-1902.2020.03.001
https://doi.org/10.3969/j.issn.1005-1902.2020.03.001
https://doi.org/10.3969/j.issn.1005-1902.2020.03.001
https://doi.org/10.1016/j.conbuildmat.2023.132881
https://doi.org/10.1016/j.conbuildmat.2023.132881
https://doi.org/10.1016/j.compositesa.2018.05.028
https://doi.org/10.1016/j.compositesa.2018.05.028
https://doi.org/10.1016/j.compositesb.2019.04.045
https://doi.org/10.1016/j.compositesb.2019.04.045
https://doi.org/10.3969/j.issn.1007-9815.2022.06.011
https://doi.org/10.3969/j.issn.1007-9815.2022.06.011
https://doi.org/10.3969/j.issn.1007-9815.2022.06.011
https://doi.org/10.3969/j.issn.1007-9815.2022.06.011
https://doi.org/10.1016/j.cej.2023.142061
https://doi.org/10.1016/j.cej.2021.128737
https://doi.org/10.1016/j.cej.2021.128737
https://doi.org/10.1016/j.cej.2023.141448
https://doi.org/10.1016/j.cej.2023.141448
https://doi.org/10.1016/j.cej.2023.141448
https://doi.org/10.1016/j.ijbiomac.2020.08.088
https://doi.org/10.1016/j.ijbiomac.2020.08.088
https://doi.org/10.3390/polym13101585
https://doi.org/10.1016/j.eurpolymj.2023.111934
https://doi.org/10.3969/j.issn.1000-5382.2023.06.022
https://doi.org/10.3969/j.issn.1000-5382.2023.06.022
https://doi.org/10.3969/j.issn.1000-5382.2023.06.022

-+ 234 -

EEMRER

[19]

[20]

[21]

[22]

[23]

[24]

[25]

2023, 51(6): 140-145, 149(in Chinese).

ZHANG S, LI S N, WU Q, et al. Phosphorus containing
group and lignin toward intrinsically flame retardant cellu-
lose nanofibril-based film with enhanced mechanical
properties(J]. Composites Part B: Engineering, 2021, 212:
108699.

WEI Y, ZHU S, QIAN Q, et al. Hexachlorocyclotriphos-
phazene functionalized lignin as a sustainable and effec-
tive flame retardant for epoxy resins[J]. Industrial Crops
and Products, 2022, 187: 115543.

American Society for Testing Material International.
Standard test method for measuring the thermal con-
ductivity: ASTM C518—10[S]. West Conshohocken: ASTM
International, 2019.

American Society for Testing Material International.
Standard test method for measuring the minimum oxygen
concentration to support candle-like combustion of
plastics (oxygen index): ASTM D2863—19[S]. West Con-
shohocken: ASTM International, 2019.

ISO. Reaction-to-fire tests-heat release, smoke production
and mass loss rate—Part 1: Heat release rate (cone calori-
meter method) and smoke production rate (dynamic mea-
surement): ISO 5660-1: 2015[S]. Geneva: ISO, 2015.

XU W, WANG G, ZHENG X. Research on highly flame-re-
tardant rigid PU foams by combination of nanostructured
additives and phosphorus flame retardants[J]. Polymer
Degradation and Stability, 2015, 111: 142-150.

B, HRT, REE, . RUERE D ZBURAE B X AT
IFERPERERIRE IR (7], ARl TRE24R, 2023, 8(3): 71-78.

[26]

[27]

(28]

[29]

(30]

MAO Wei, TIAN Feiyu, ZHU Chunfeng, et al. Effect of flame
retarding treatment with ammonium polyphosphite on
properties of poplar[J]. Journal of Forestry Engineering,
2023, 8(3): 71-78(in Chinese).

GONG Q, QIN L, WANG N. Combining hyperbranched
polyol containing three flame retardant elements, P, N and
Si, with expanded graphite to improve the flame retard-
ancy of bio-based rigid polyurethane foam[]J]. European
Polymer Journal, 2023, 196: 112307.

ZHANG C, ZHANG C, JIANG Z, et al. Design and prepara-
tion of flame-retardant cellulose fabric with low strength
loss using polycarboxylic acid as crosslinker[J]. Industrial
Crops and Products, 2022, 180: 114738.

XU W, WANG G, XU J, et al. Modification of diatomite with
melamine coated zeolitic imidazolate framework-8 as an
effective flame retardant to enhance flame retardancy and
smoke suppression of rigid polyurethane foam[]]. Journal
of Hazardous Materials, 2019, 379: 120819.

LIMKS, BEES T, SIN L T, et al. A review of application of
ammonium polyphosphate as intumescent flame retard-
ant in thermoplastic composites[J]. Composites Part B:
Engineering, 2016, 84: 155-174.

VARG, XA, AR, 46 K RUBHIRIR] 4] 45 FNBEIA DL ELATE
et (7], SRR, 2023, 51(8): 124-128.

HUANG Haoqi, DENG Junping, KANG Le, et al. Research
progress of preparation and flame retardant mechanism of
intumescent flame retardant[J]. Plastics Science and Tech-

nology, 2023, 51(8): 124-128(in Chinese).


https://doi.org/10.1016/j.compositesb.2021.108699
https://doi.org/10.1016/j.indcrop.2022.115543
https://doi.org/10.1016/j.indcrop.2022.115543
https://doi.org/10.1016/j.polymdegradstab.2014.11.008
https://doi.org/10.1016/j.polymdegradstab.2014.11.008
https://doi.org/10.1016/j.eurpolymj.2023.112307
https://doi.org/10.1016/j.eurpolymj.2023.112307
https://doi.org/10.1016/j.indcrop.2022.114738
https://doi.org/10.1016/j.indcrop.2022.114738
https://doi.org/10.1016/j.jhazmat.2019.120819
https://doi.org/10.1016/j.jhazmat.2019.120819
https://doi.org/10.1016/j.compositesb.2015.08.066
https://doi.org/10.1016/j.compositesb.2015.08.066

	1 实验材料与方法
	1.1 原材料
	1.2 实验方法
	1.2.1 制备APP@AL
	1.2.2 制备RPU泡沫

	1.3 性能测试与表征
	1.3.1 阻燃剂成分及结构
	1.3.2 物理性能
	1.3.3 燃烧性能
	1.3.4 热稳定性
	1.3.5 阻燃机制


	2 结果分析
	2.1 APP@AL成分及结构分析
	2.2 APP@AL的物理性能
	2.3 APP@AL的燃烧性能
	2.4 APP@AL的热稳定性
	2.5 APP@AL的阻燃机制

	3 结 论
	参考文献

