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Application progress of chitosan in intumescent flame retardants
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Abstract : As a natural biological matrix material, chitosan has high carbon content, strong char-forming ability, and a large
number of polar groups on its surface. During combustion, it generates non-flammable gases, thus possessing multiple synergistic
flame-retardant mechanisms such as gas-phase dilution, free radical capture, and catalytic char formation, which leads to its wide
application in intumescent flame retardants. To better understand the current application status of chitosan in intumescent flame retar-
dants, the structural characteristics of chitosan rich in hydroxyl and amino groups were first briefly described, and the flame-
retardant mechanisms of chitosan-based flame retardants in both gas and condensed phases was introduced. Subsequently, the
research status of unmodified and modified chitosan in the application of intumescent flame retardants were reviewed in detail. The
analysis shows that unmodified chitosan can serve as the carbon source in intumescent flame retardants, and its flame-retardant effi-
ciency can be optimized by compounding with flame retardants like ammonium polyphosphate and phytic acid. Fillers, as syner-
gists, can further enhance the flame-retardant performance of chitosan-based flame retardants. After modifying chitosan through
methods such as chemical grafting, electrostatic self-assembly, chelation with metal ions, chemical cross-linking, metal-organic
framework modification, and electrostatic adsorption, it exhibits excellent flame-retardant effects in composite materials such as
polyurethane, polylactic acid,and fabrics. Finally, the future development directions of chitosan flame retardants were prospected.
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Tab.1 Data of composite materials of CS and matrix materials in pyrolysis process

Samples LOI/% UL 94 PHRR/(kW:m™?) THR/MJ-m?)  Char residue rate/% References
TPS-FF 23 8.1(800 °C) [22]
TPS-FF/6% CS 45.5 V-0 10.3(800 °C) [22]
PP 18 1131.24 190.1 [23]
PP/CS/APP 28.1 567.25 107.9 23]
Wood 278.12 53.41 22.6(800 °C) [24]
Wood/CS-PA-GEL 45.15 44.2(800 °C) [24]

Notes: PHRR is peak heat release rate; THR is total heat release.
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Tab.2 Flame-retardant results of filler acting on CS-based intumescent flame retardant

Filler mass

PHRR/ THR/ Char residue

Samples fraction/% LOI/% UL %4 (W-m?)  (MI'm?) rate/% References
PP/APP/CS 0 28.1 567.25 107.9 [25]
PP/APP/CS/3%CMSs 3 315 324.75 52.89 [25]
WBEP-18%/CS/MFAPP 0 29 V-0 246 26.8 11.9(800 °C) [26]
WBEP-18%/CS/MFAPP/6%OMMT 6 31.8 V-0 235 26.6 23.9(800 °C) [26]
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Tab.3 Relevant parameters for application of chemically graft-modified CS in PU-type materials

Samples LOI/% UL %4 PHRR/(kW -m?) THR/(MJ+m™) TSP/m’ References
PU 18.2 878.4 92.3 7.1 [31]
Si-PU/40%(CS-APP)-NDY 26.3 V-0 399.6 43.7 6.8 [29]
PU/40%MF@(CS-APP) 28.4 V-0 290.5 30.8 6.3 [30]
TPU-SCS 29.5 V-0 206.2 [31]

Si-PU/40% CS-PMPI-MPP 26.5 V-0 421.4 26 4.8 [32]
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Tab. 4 Related parameters of application of chitosan CS modified by chemical grafting in PLA

Samples LOI/% UL 94 APHRR/% ATHR/% ATSP/% References
PLA 19.7 [37]
PLA/3% PA@TA-CS 26.9 V-0 9 13 [33]
PLA/4% PCR 26 V-0 20.5 3.7 —633.3 [34]
PLA/2% CAM 26 V-0 4 1 200 [35]
PLA/3% PhPCS 29 V-0 10.3 [36]
PLA/3% PhPNCS 27 V-0 [36]
PLA/11.25% AP/3.75% CS-TE 28.5 V-0 52.3 11.1 73.4 [37]

Notes: APHRR is change in peak heat release rate; ATHR is change in total heat release; ATSP is change in total smoke production
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Tab.5 Relevant parameters of chemically grafted chitosan applied in fabrics

Samples LOI/% UL %4 PHRR/(kW-m™?)  THR/(MJ-m?) References
PA6-control 18.5 502.7 40.8 [38]
PAG66-g-5CS-PAA 24 V-1 239.8 19.7 [38]
PA66-PA-CS-T 232 V-0 410 29.7 [39]
PA66-PA-CS-S 23.7 V-0 425 30.2 [39]
VE/mFF 1659 248.7 [40]
VE/mFE-NCSAPP 503 28.6 [40]
Cotton 18 146.6 7.4 [41]
Cotton/ATMP-CS@11.5 29.7 V-0 19.3 2.8 [41]
CF 18.5 268.2 10.2 [42]
CF/CS@APP 53.5 V-0 30.2 3.95 [42]
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PR K72 10 s P9 H AR, 78 UL 94 MK A s 5 v—0 4%, B
LOI {8 (35.1%) %% RPUF 2 1% 78.2%., RPUF 7E/#4%2)5 PHRR
o b2 WM, PHRR A THR 43 31 4 236.1 kW/m? il
45.8 MI/m’, i %5 LBL 41505 )2 13 i, RPUF-5BL /1 PHRR
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HI THR 23 5K 22 163.9 kW/m2 F139.0 MI/m?, 8] LBL 41
%R J2 BE B AIK RPUF 14 #40RE i o 38, 410l 4 B BE . Liu
ST YRR AL B (Ti,C,T ) R CS 1 5 iUk e Ak A2 2 4
R Tkt APP # 4TI REAL , 3145 T TPU/APP@CS@Ti,C
T EAME., APP@CS FI TiL,C,T A i b 4 9.5:0.5 1, &
A HPRE UL 94 38 H A 3] V-0 4%, PHRR, THR 4351 i 877
KkW/m?, 63 MI/m2[FAEE] 195 kW/m?, 17 MI/m?, & B A 5
BB RS M . Shi 4F9 4 T CS/52 M+ 6078 B il
T2 ¥ (APP@CS@MMT) A% 5¢ B BHAR R, I 5| A 2] TPU

. DRSS R, ok S AR PHRR, THR 43 B AIC T
62.58%,90.4% , APP [ Ak AL AE F AT CS@MMT 4 R IR] 2
A B R A S5

6. B 4 BEEIT0 T R R H Ao CS AR R BH
SRR T PU ZE PR, A Bk it R v A A DG B o T8 %)
FEAS L SR FH Ti,C,T R CS 3l aod iU 38 A 2 2 20 256 11 1%
X} APP EATIIREAL , 5 HR FHF TPU AR, AT HAB S A4
A, H PHRR AR ok, BB 8 D3 (ATHR ) gk ¢
RELTHEOR I i, 2RI AR B M RE RS e MR

+R6 FALHEEAENEER CSTE PU M RIA & AR EMEESE

Tab. 6 Related parameters of CS modified by electrostatic self-assembly in application of PU materials

Samples LOI/% UL %4 PHRR/(kW +m?) THR/(MJ-m™?) Char residue rate/% References
PUF 18.9 187 13.2 20.8(800 °C) [45]
PUF-CS-BP-9L 26.3 V-0 113.1 9.4 24.8(800 °C) [45]
FPUF 17.5 736 19.2 2.7(700 °C) [46]
FPUF-(CS-LS), 18 420 20.3 5.4(700 °C) [46]
RPUF 19.7 236.1 45.8 18.8(800 °C) [47]
RPUF-(CS/GO), 35.1 V-0 163.9 39 34.9(800 °C) [47]
TPU 877 63 5.16(700 °C) [48]
TPU/9.5APP@CS@0.5Ti,C,T, V-0 195 17 26.23(700 °C) [48]
TPU 524.18 85.8 0.85(900 °C) [49]
TPU/APP@CS@MMT 196.13 8.21 18.66(900 °C) [49]

| PUF/CS-BP-9L
[ | FPUF-(CS-LS),
RPUF-(CS/GO),
LOI% [ TPU/9.SAPP@CS
@0.5Ti,CT,
] TPU/APP@CS@MMT

V-0
/ UL 94 rating

/100
PHRR/(kW-m™)

THR/(MJ-m2) 0
&4 R 45 1 CS 7E PU SRR BHEAMERELE &4 L

Fig. 4 Comprehensive comparison of flame retardant properties of elec-

trostatic self-assembled CS in PU materials

222 AR g E 4R R B9 CSZE PLA # 8y bt A

Zhang ZLL APP A%, CS/IF BRI (AA) BUZ K A 52,
K FHE2H % vk A K kg T A% e B AR A AR B R
(APP@CS@AAs), i I T PLA LU3E m HpH B M. = )2
10%APP@CS@AA X [ A , {#f PLA/10%APP@CS@AA-
3BL E A UL 94353 V—-04% , 1T LOL{H 12 2 30.6%,
PHRR 1 THR 43 Bl FARK T 23.14%, 10.45%, s L (RS-
BELIAPE . Xu ZECIRLTEER A 4 CS FIFR JEBERR (CMP) A IR
BT —Fp R AL 2 Y RE A WS N CS/ICMP. H FHAL R
AR , AL 5] A BT 3 53 41 4% 19 CMP, & & #1 8} PLA/

4% CMP 3£ F| UL 94 V-0 2 A1 30.6% f4 1= LOI, H:PHRR,
THR A b T PLA 43 5% 16 T 14.66%, 11.03%. Jiang Z513%
FH R [ A5 A T AW AR APP@CS. LAR A AE A%
B PU N 3EFIAH , 38 i f g SR ) 45 T 359 PLA & &5 M 8.
PLA 7R L AGE G0 h b I ZL, i L4 ™ L, IR TP,
Kifi 25 BELAA ) 42 P 15 X — PR A5 3 2 i, X4 APP@CS JiT 1=
I3 B ANF 20% I, AN TR 3%, UL 94l bk 3] v—-
0 %% , It Bf LOT {1 ik #1] 29.5%, PHRR Al THR 43 51| &K T
27.52%,17.9%, HRIRE T PLA (UL EATERE . Fang %5918
it F AR B B CS R Jk = H R R (ATMP) b A
Bl 7 2 UL FLAE APP R AL I, B i A% o AL BH R 7
(APP@CS@ATMP). LI 35 g (AG) h & & # , 5
APP@CS@ATMP & £ il £ A= Wy e R Bk B BH A ) . g I
BT PLA, 28525 KAIE AG X = PLA BHAR Y BE 1 BT Rk A
N AR BHARFR 5 B AT 25 A 10 P HC B PEREAT TAR K
P& T, U HOR W N BT R 4> B 20% B K AR K I
(APP@CS@ATMP: AG=3: 1) i/ PLA/15APP@CS@ATMP/
SAG £ 8K A H) (9 5 5 A8 # 0, IF B UL 94 3 3k
2| V-04%%, LOI{H N 32.4%, t it PHRR , THR A% T PLA
FEAR T 59.23%,26.92% , 43 &4 w5 FLBELIA M R AN 74 1k
fit. Wang %% LL APP 4%, ol 1F L 47 (14 CS Al 470 H far 119
90K BRI A (HNT) Sy 7¢ , i ok A 4 %€ kil 4 1
=R A TR B 5T B R (APP@QCS@HNT), PLA/
17%APP@CS@HNT & 4 1 £ 1) LOL{E 2 29.4%, UL 94 il
RAPIRF V-0, H%E T PLA, E &4 8 # PHRR, THR R
T 49.22%,30.2% , 5% e 3 i 0.7% 1 5 40.8%., JL 7,
APP@CS@HNT i #E PLA &4 £ Fif ¢ it 1/ N7y 158 B, P
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I BB B 52, T PLA B4 1 gk — 25 B A , T
BAE I BB fE . Luo 2559 LB IL WL 42 JB A A LW
(NiCo-BH), BPA 1 CS b iUk} , & i T 4= ¥ 3 NiCo-BH,
BPA il CS 1 Ay £ BELIA 701 1) 2= 10 L7 285 ) 5Lt BELASR 591
(NiCo-BH@BPA@CS) . K iz B 77 i H F PLA | Bifi %
B 00 700 52 AN W, 526 14 RE I BEA 7 BEAS T DAk -
24 NiCo-BH@BPA@CS ¥ 78 i 1 735k 20% B, PLA/NiCo-
BH@BPA@CS & & # £l 19 UL 94 BH AP fig 35 2 v-0 4%,

LOIE W 32.5% , ik E| it K A1 BHE) /K-, PHRR, THR 43 31| f%
K7 19.9%,23.9%, F I AL A BHER PERE .

&7 AL S W CS 1 A [R] ek T BeAS 2 1) BRI 7 72
PLA [ 107 FH v i J 0 (R BELA PR R L He b CS I ATMP Ay
A AL )ZUURUE APP GHLI I, R 5 5407 AG B A IS
A= W FERE K OB, AR EL T AL BRI % B A MR
1 PHRR A 1 1 i K H. LOTE LA K ATHR 547 8 R4 TT,
J AR S BRLIA PR RE

F7 FIAFREEARKIER CSEPLA F R AR EXSH
Tab.7 Related parameters of CS modified by electrostatic self-assembly in PLA application

Samples LOI/% UL %4 APHRR/% ATHR/% Char residue rate/% References

PLA 20 0.7 [50]
PLA/10%APP@CS@AA-3BL 30.6 V-0 23.14 10.45 8.2 [50]
PLA/4% CMP 30.6 V-0 14.66 11.03 1.42 [51]
PLLA/CPU/APP@CS 29.5 V-0 27.52 17.9 [52]
PLA/15% APP@CS@ATMP/5AG 324 V-0 59.23 26.92 [53]
PLA/17% APP@CS@HNT 29.4 V-0 49.22 30.2 40.8 [54]
PLA/NiCo-BH@BPA@CS 325 V-0 19.9 239 24.7 [55]

[IPLA 1 PLA/CPU/APP@CS SR P A /N T 10 eom, [R] I HEREAR TR JZAHAL PET Ji Al

| PLA/CS@APP@AA-3BL [1PLA/15% APP@CS@ATMP/SAG
[ 1PLA/4% CMP PLA/17% APP@CS@HNT

PLA/NiCo-BH@BPA@CS
LOI/% @ @

35

Char residue rate/% N\
>» UL 94

rating

. 50/
\aso

ATHR/% 40 APHRR/%
5 R A AoV J5 A CS 76 PLA PR TEREZE G X LL

Fig. 5 Comprehensive comparison of flame retardant properties of

electrostatic self-assembled CS in PLA

223 FIA R B4R CSAE S 4 oy A
TERBEU) B BHAR R F | 72 2 41 25 H R (LBL) & % LAY
FRICHE T IEP N, Li AEY1E F LS A CSAE N BHAERF , # A
LUPIR YR HIAE CS FTLS A, B AT CS 2 5 i 15 i JHE
SLIRA ]/, 2 CS/LS 8 N T 1 50 45065 25.2% B, 3L
26% [ LOI fH , PHRR, THR #H . T 48 L9 7 B % T
16.48%, 1.28%, 245 FZ 411 £ 700 °CH , HFE % K 1 13% 58
2 27%, % CS/LS IR A6 I AR U BELIA M RSB R AT T
—E MYHER . ZEAF I AE R F A ) 5 PA AL CS Sy Jie it
J2)2 AL T2 RR A 8V T CS/PA 2R W SE BRI
TR =R BRI N AR IR 2 (PET) |, & CS/
APP 262 H0 1, JLBE AR 5, R 8 15 2Tk
JZ=BF, B PET-15BL ) LOI A ik 5] 28.3%, €. 35 EIXERL I

Y PHRR, THR [ 729.9 kW/m?, 35.7 MI/m?* 435I F% 25 350 kW/
m’, 23.8 MI/m’, B B B MERE . 700 °CTF BHKA LR )2
PET-15BL By % % R N 25.9%, 76155 F PET JAii (4 15.9%, %
P R AP AL AR AR J) o TRIRE LA PA #1 CS S J5 AL, Fang
SN v R N AR 25 80 L U 2 4V LOT {E U Fif
5 CS/PA TR Z AT, 40 R A0 20 J2 1, ZL911
LOI {H $2 7 & 29.2%, PHRR, THR 43 | & 195.88 kW/m® Fll
3.64 MI/m’ M H T AR IR Z LW 530 AR T 29.0% F149.2%,
[ TSP AL 1.49 m* B E 1.22 m?, PR 3R HE LA e g L
JRIMMIPERE . Fang Z5CLL CS I PA N A= W SEBH AR, B4 K
E (CNTs) FIA AT 3540 (GO IR BEAK B RL, R 22 4%
14 T BHARBY KRR 414 (CF/PA-GO/CS-CNTs), 3 3 JZFH
PR BUAR 29 LOTME i 18% T1 5 %1 31%, PHRR, THR 433l
FEAIRT 45.77%,29.69%, 75 @7~ H H AL 5 i B 1 ) [T B
H TSP AE 1 1.05 m*FEAEZ 0.19 m®, AR KR AR L Hgm k) 1A%
AU IR ZE TR, Chen 25991 CS NRRIR , APP J9 TR B FI &
W, Y AR B BH AR R, R 2 B A4 T APP/
CS FHARAE LY, APP F1 CS 1 TR A 2347 1) BEL AR 14 BB 42
15, PHRR, THR 235 R[4 T 75%,40%, 7E 700 °CF F5% 5%
FH 20.4% 1 55 36.8%. Wang 2“4 APP/Si & 3 R A i i v
S REH(AM)/CS &4 Rk RIBE AR i B B SV e, 15
J2 AM-CS/APP [ 41 % JZ il % 1 U8 1) LOT A R 31.5%, It
i i PHRR 24 98.6 kW/m?, THR 27 7.1 MJ/m?, 4 [t T-Ai 41

NI T 40% F160%, B T 48 5 U BHEA R, 51 A AM B
AT DAREAR BHR T 2 0 30 XU o X T 47 4625 414, Kundu
St ) S G, B8 v i T CS R PA N JEURE S 1 2 2 4 2 T
PAG6 219 L& 1 IR R S HK A 2 BHIA TR )2 o B U
i 54~ CS/PA AU A B4 T o £ 534K 5% B R 3675 1
W, BT A5 20 (PA66-5BL-B5W) 1 LOTE T & 22%, Jf:
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RENUF3E i UL 94 V-1 2%, AHN A9 PHRR TR T 17%, XA
RE/EH T H LG WAL/ R, i CS A PA66 LU LA
W R ARSI, I T ek, B T RIS I R, F
117 ol FEBH A B AS 31— 2 4Rk i o [ AE X T PAG6 21
Rahman 55 % Ff] CS/= H FUIE/IK 2 (CS/ME/UREA) F1 PA 1%
JEUURRI 51, 4 CSIGO YK E A M EHZ - T4 -TEL B
IHER(AA) AL PAG6 214 I 45 R MR AL W) 1Y
BEMEHAA-CS/GO)ik 5 2 M8 , L LOIE M 18.5% #2255
25%, FHREMAE T UL 94 V—12% ,PHRR i E &%, TR T4
56% ., BHIATEREFETH A RIET , 24355 700 °CHIFE A F h 3.25%
BN ZE 11.5%, e PRt A R 4T

&1 6,35 8 B g A9 T I [ 202 ek CS il A5 14 BH.
PRFIN. F T 20, Fe il A e A e s . 0 T2 ek
SEPL BN LA, DL CS T PA g A B BEAR ), R isETELA
CNTs Fl GO Mk L4 KA1 de}, 2R FH 2 25 20 24 12 il 4% BHLBR B
KLY, LOMERS 2R3 T, TSP AR ROR, 2B
RGP A BRARID IR RE , R R R 2 h 0% #2751 45% , 3L
TSR HER e,
2.3 H54EETES

CS 73 F &5 F8 v 8 A7 R 19 SE A g FL v i 4
T 5 AR T AR B, RRASAE S B R T 5 4w
FIE AR AE T, B, R 4R B T8 G ootk CS Rl RE 2
— P B WAL s . T T AR DL LR
AT AR I BRI SR B T 2

Gao ZE D 7N AR = Wi i (HCCP) Al X & KL PR A B2 (SA)
R, A RT S B BB R SCCP, 5 CS R 5 H 5
CU 4 N FTEBNIEIEPANY . 45530, in A BH %7
Ji , B4R PAN/SCCP@CS-Cu i LOIE i 17.1% 42T} =
33%,PHRR H 678.3 kW/m*F#{X %] 244.9 kW/m?, [F] i} TSP {H
H 1.759 m? &I 5] 0.464 m?, B 5 A9 BHARIM KA, . Tan
AR PN IR = BRI AT AL W) (SHCP) AT CS A4 Z2 F AR Ik &b

[ 1Cotton/CS/LS
[ IPET-(CS/PA),,
Polyester-cotton/(CS/PA),
PA-GO/CS-CNTs-CF3
I Cotton/(APP/CS),
Cotton/(AM-CS/APP),_
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Fig. 6 Comprehensive comparison of flame-retardant performance of

Char residue rate/% 45

electrostatically self-assembled modified CS in fabrics
iy, S Cu™ B, 0 5 R (PVA)E Tk . TERHLIATERE
J7 1, BCPE PVA & A R R PHRR A THR 43 51 B AR T
52.38% Fi124.22% , TSPAH T K& 1 91%, BT R 47 iy BEAR A
JETERE . AT T CS 5 Cu™ 25 Mt , Song ™LA CS It
BB S B IR ER N, 4 T CS 8k (Sn-CS), I44 L)
HTRALHEPVOE G MR BT, Z5 Mk
PVC/Sn-CS [ LOI{H FH 26.6% $& Tt 25 30.5%, PHRR,, THR 4}
AR T 30.46%, 18.23%, TSP {H H1 28.26 m* &1k 7] 13.41
m’, IR D0 5 A BEAR A o 75 22 15 51 800 °CHY, % ik
Al 10.53% 14 2 16.9% , R WIZBHEA I e 6% 15 58 PVC 1Y
PAErE. BT PATEE RN CS P E AT 548
BTG TR IR M 2% TE PR ER i (EP) A o iy SR R

*8 FIAFREAAERNEEN CSERY P AMNNEXSH

Tab. 8 Related parameters of CS modified by electrostatic self-assembly in fabric application

Samples LOI/% APHRR/% ATHR/% Char residue rate/% ATSP/% References
Cotton 18 13(700 °C) [58]
Cotton/CS/LS 26 16.48 1.28 27(700 °C) 20 [58]
PET 21 15.9(700 °C) [59]
PET-(CS/PA) 28.3 52.05 33.33 25.9(700 °C) [59]
Terylene-cotton blended fabric 17.3 0.3(700 °C) [60]
Polyester-cotton/(CS/PA),, 29.2 29 49.2 6.5(700 °C) 18.12 [60]
CF 18 0(800 °C) [61]
PA-GO/CS-CNTs-CF3 31 45.77 29.69 45.44(800 °C) 81.9 [61]
Cotton-control 20.4(700 °C) [62]
Cotton/(APP/CS), 75 40 36.8(700 °C) -22.22 [62]
Cotton 18.1 [63]
Cotton/(AM-CS/APP) 315 40 60 [63]
PA66-control 18.5 4.7(800 °C) [64]
PA66-5BL-B5W 22 17 11.7(800 °C) [64]
PA66-control 18.5 3.25(700 °C) [65]
PA66-g-AA-5BL-CS/GO 25 56 11.5(700 °C) [65]
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B 4 BE R SRR T, Wang 250158 F— Ay 28 40 1Y 30%, PHRR, THR 4351l 1 795 kW/m?, 96.7 MJ/m> &1k Z 500
I 2145 T PA-CS-Mn I AIBHIAT , 24 B 243 500 5% 19 kW/m?,85.5 MJ/m?, [f]i], H TSPAE 1 100 m*FEAKE] 60 m?, Ji
PA-CS-Mn Ji I F EP A, H LOI A i 19% $2 T 2 22%, B A5 0 BRI AR 1 B

PHRR, THR 73 Sl A T 38.25%, 3.33%, 7 P H 58 4 114 BEL ISR TEA LR AR B S5 E (R 9), il LATSH
Pk WuZE08 10- 52 35-9, 10- —&(-9-EAC-10-B 2 E-10-4 CS 5 &8 B TH A I 15 M BHEE R X PAN, EP 25 #4 & BH
L4 (DOPA)Y5 CS 4 it & 17 1) Hh B N A B CS 5k BH 1% 741 BRVERE A — o p T, b G LA A B R BHLAR R
CS-Co-DOPA (CCD), HKf H N T EP v, Il A TG 15348 5% SCCP, 5 CSHLR , 315 Cu™ 24, K4 H JHAE PAN v i ix
i CCD Ji , EP/CS-Co-DOPA [ UL-94 15 %] V—1 4%, LOI{i N WO BEA R R AR X T = 5 A A

9 CSELBEABLEARBS TR ARKMEXEH

Tab. 9 Related parameters of chelating CS with metal in the application of synthetic polymer materials

Samples LOI/% APHRR/% ATHR/% ATSP/% Char residue rate/% References

PAN 17.1 46.98(800 °C) [68]

PAN/SCCP@CS-Cu 33.0 63.9 73.62 48.48(800 °C) [68]

PVA 19.6 [69]

PVA/SHCP@CS-Cu 29.1 52.38 24.22 91 [69]

PVC 26.6 10.53%(800 °C) [70]

PVC/Sn-CS 30.5 30.46 18.23 52.55 16.9%(800 °C) [70]

EP 19.0 [71]

EP/PA-CS-Mn 22.0 38.25 3.33 [71]

EP/CS-Co-DOPA 30.0 37.11 11.58 40 [72]
2.4 ARACF IR PR AR 38 53 70 8, T A B £ e B9 TRT I, A i 2 D

CS KR IE AT LU S SR A L IS B RETIOE A oA R B i A TG , % ey (R 5
RS S, MR KA ™ NTT g e se Mo J7 3B T 0 EP BT — 5 B B 22
BRI CS A FiE R, SC i s Bk bl . eSS ST LU T e B | Fang 2501, 3-FR 488 A JL A
Sl B S, S ARSI E 0 S0 p—  ap GPTMS) o HLACHEAL 5 PA FICS i 4
BRI CS Sy PR =G FVRG s S i n e tom w20 I B BE 5 BT
SO T CS 4 T AR AH ELAR 07, 5 A 3853 i U B

e, AR E PRI . T VO A LUF LRI 23 B R Y
SR H TSP AYE 2.05 m*FERE] 1.78 m’, JR I T4
S A 1A STiaEili] AL 2.05 mFEAIRE) 1.78 m?, 3L 1 ks

HHITHEIMEEE e T HA B A BE kT

Zhang 50 L 53 £ 4 B (HNT) W AR L CS ik AOIIAPERE o BR T AR ST B BHAA I AR 1 éé%‘li)ﬁéﬂ%ﬁé 1
i)%?ﬂ] [El/fLﬂjE%'E(Fe 0 )ﬂ‘j'fé’ﬂ:ﬁu fﬁu%?*ﬁjﬁ*ﬂ-ﬁ*ﬂéw WUK‘HEE LOI ﬁ?%‘iu 31.5% 5 Zﬁ 4 Yjﬂ\]‘k%}ﬁ LOI fﬁm I% :}:
e (LB INT@CS@Fe,0,. I A ABIEP Spfrhy,  20% SUATRAFIIMIALE.
A2 EP o R R BL 043 B T3 0 = A RO 41 R 10 B2 1M o SRR CS Hil15 B9 BRI AL
JB 430 10% (19 HNT LS CS il Fe, 0, PO , (i L BHLAA 1 TR AR TERR I R P AR DG . AL SR RTE IR
REIAFIHE A, LOE T 2 31.3%, PHRR AH L T A s EAA R SHEM LT 23 [, 78 CS H I AGURBIRRMEEALT] , K 2 XT B
&7 31.99%, i1 T- HNT@CS@Fe,0, 44 >k Z= Ak k4RI 7E EP 2 SRPERESE T A R HE B .

F10 FIRLE BB R CSTERS THH®h AR AR 54

Tab. 10 Comprehensive comparison of flame retardant properties of CS after chelation with metals in epoxy resin

LOI{HiA% 34%, PHRR , THR 73 SIREAK T 46.24% F1121.58%,

Samples LOI/% UL 94 PHRR/(kW-m?)  THR/(MJ-m™) References
EP 211 866 (78]
EP/10%HNT@CS@Fe,0, 31.3 589 [78]
PET 21 253 6.44 [79]
PET-CS/PA-20 34 136 5.05 [79]
2.5 A MOF &k FRISRTAT, 5 CS S A= i A R BRI U CS #:(CHP), Hs

CS 7 F H A S TR R 26 T BE 141 T LS5 MOF 1 1Y AT BRI SR R (ZIF-8) LT T 4R 7E GO I, #i15 ZG, SR 4%
4 BB T oA MU R & A AR AR S, R e CS F CHP 5 ZG 4y % m A 3 PLA #£ 4K o | #1158 PLA/(CHP/ZIF-
T, i 0 R TH et A R BELR SR |, T X X — 8@GO)E A kL. SLInEE RR W, YU N 7341 4.2% 1)
T3 TS5 AR DG SCHREA T 4 CHP 5 55355 0.8% 1Y ZG 1, 52 A W4 R BRI BE B b,
T AFEER ] 292 R SRR B iR (3-HPP) >k el P CS HLOUMETF % 26%, H UL 94 i3k 3 V-2 2%, ILoh, 9k



252

AR

2025 4E, %5 53 4,45 8 1

ZG WREES F 8 A RO A, AT LA PLA HR A TR LT 1 e 7
S DT ZE B PRI AR A B2 1 PLA 55, B R B 38 106 LA 3t i
PLA (1 F1 2= R R L A 5 1 i 51 61.5 MPa, 76 R IEH:
BELIAPE A TR, 7 Pk A B R A . [RIRE I R 2 A ke
WA R ST R T O, T T SR S e 2R
WG 28R ZIF-67 T 383 CS 26T , #A[R el 4 in %) EP
i, Y CS-ZIF-67 ¥R Il 0T 1= 43 B0k 1) 5% B, I LOT {A ik 5]
27.6%, H. UL 94 3% 35 8] V-1 4%, PHRR, THR 43 5 F#AK T
32.93%,31.65%. BT ZIF-67 ;=4 (14 & S Ak W it W A

SCRRBURL , AR SR D, BRI E R G WITE T
TOMBCE M) AT TSPAE N R, B 31 m* FRES)] 14.2
m’ S5 RFH, BRI A, (45 EP [ BELIZA I 40 44 B
PR

F 11 B 45T R MOF itk CS il 45 1% BHLA 390 1+
PLA FIEP Ji7 , fE R AR P 0 AH DGR . o LuAs i, R
MOF #k: CS 45 1) BHAR 6 T PLA F1 EP A A4 BEAA
PERE YA — & M3 &, JE i/ F T EP BT 2 B B M B
Hhf

F 11 FIF MOF B4 /58 CSEAER QY b i AR AXSH
Tab. 11 Relevant parameters of application of CS modified by MOF in fiber fabrics

Samples LOI/% UL %4 PHRR/(kW-m™?)  THR/(MJ-m?) TSP/m’ References
PLA 21 [81]
PLA/(CHP/ZIF-8@GO) 26 V-2 [81]
EP 21.3 1254 99.2 31 [82]
EP/CS-ZIF-67 27.6 V-1 841 67.8 142 [82]

2.6 H R MEE

CSHTHEAREMNAIL., ARESAET..Z58E55
JEFAE, T G 1E HAaf A8 B T R 1E H (8 R (A
CS figfi 55t f Y ) ik 7 L | ) R A W AR ™. )
FIZARHEXT CS HEFT et , 2T Bk &2 A B R, L)
FEEPSCEA B B RA LR B RE . T IR ET X AR LU LA
AT TR AR I E — AT H i e o

Cui FF%R L U0IE i A BT — Fh L CS 4 i iR 4
(TSPP) Ay JE 5T 1 A Wy B 58 Ha £ T (TSPP-CS) o K A5 BH AT
TN EP &G w8}, 5 BHAAFR AR 22 (4 15, BELRATA) e
I A LA B W B B I, TR B 1 e 25 R s, BELA 1
BE W 4 . H ¥, EP/9.0%TSPP-CS /i LOI { ik #] 26.5%,
PHRR, THR # t. F EP [ AKX T 45.82%, 10.3%, TSP {H
34.94 m’ FEARE) 25.74 m®, PR IL IO S A BHAR I AR M o B
A 9.57% W4 2 18.4%, E @ Mt A AR 42Tt . Chen
ZEWIRL CS AT PA M IR, FI I CS FT PA 5 UREA fh i vt Wz i
YER L AETCA DL R 55 B 0 T — Rl B 4 A 4SS BH AR

R AN N 8K 7.5% PUCS 19 BP iU, LOT{E HH 22.2%
P55 32.2%, UL 94 I FLRALE S5 9t JC 32 5 31 V-0 ¢, It
iy PHRR, THR 43 %1 1 320.56 kW/m?, 117.9 MJ/m* [ {i% %
907.33 kW/m?, 106.03 MJ/m?, TSP 18 [l B¢ A %5 K15 B 1) %
I, W/ T 23.3%, Shi SR A PA Xt BiOCL #4144 , LU
3 e JA I T 0, B 5 e 2 1 RRE Pk o CS B a4 42 BiOCl
HUPA (B 22, il £ T — b 4% (2 BH #5551 (BiOCI@CS-PA) ,
AT PVC A BSR4 51 3% 119
BiOCI@CS-PA i, PVC & & # %} 1) LOI {H 2 /= £ 29.8%,
PHRR, THR {543 5| F5A% T 48.66%, 5.36%, TSP {H i 39.1 m?
FEARE 28.3 m*, PRI H R AR BRI AR BE

2 12 BEEIH YN T ) P E R B v CS A5 Y BELAA R
N T e o TR AR AR T AR DCRIE . &l
W B 2 1 CS A EP 1 PVC J7 11 3443 BRI A PE i 1 48 F .
o, L CS FITPA R JFURL, FIIFH CS 1 PA 5 UREA f i FL I
FHVEH , FETCA HLE R A5 T A i — R 8 4 26 1 o Lk
FIHIE TR ER RS TES %,

F——Fe RS RR 2 (PUCS), A R T EP Hh . &
F12 FIABHEREMBUIEERN CSESHB N FHR N AREEXSH
Tab. 12 Related parameters of CS modified by electrostatic adsorption in application of synthetic polymer materials
Samples LOI/% UL 94 APHRR/% ATHR/% ATSP% References
EP 222 [87]
EP/(TSPP-CS)-9.0% 26.5 45.82 10.3 26.33 [86]
EP/PUCS-7.5% 322 V-0 31.25 10.07 233 [87]
PVC 25.1 [88]
PVC/BiOCl@CSPA 28 V-0 48.66 5.36 27.62 [88]
3 HiERRE FI BT ER , BEE TR E RIS P CS 7ERHAA TR J= AT

CSYE LW A B E RIS h B Tz i . He
DD RE PR SRR REIE AT T 1 R s A A i
AR ST, T i 7 ILPHAAVERE . CSTERR MKW 3
B T S HRA T, SRR 1 22 0 e T Bk B i HLAERH
KRR T3 T PERE 18 RGUABELAN T, BiE T CS 7EFHAA

G ERIRIHT, A 2 PR IR I CS BEBH AR BT A
P T IR SR ERIE SRR

A, CSTERLIRSUA 7] ATE LA T AT AL

()£ BLARICER PR 7 1T, 22 SRR 0 28 14 B[R] 4 2
IR H AT X B D RBHAR TR AE CS HER R
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I A BIEFE , AEAN ] BELAA G 3% 18] B[R] AL A o AN 58 2= W, o5
WRARILP,N, Si 450 2 KA AE AR TC R TE CS A A
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QZ IR BT S, B 25 Ot B R i 22
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