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Abstract Hexachloro-cyclophosphazene(HCCP), a formaldehyde-free flame retardant
(FR), was steam-cured with triethanol amine(TEA) to impart durable flame-retardancy

to cotton fabrics. While the HCCP treatment alone showed very limited resistance to

repeated laundering cycles, the addition of TEA substantially improved the laundering

durability of the FR cotton up to twenty laundering cycles. The extended washing

resistance was accomplished by the increased nucleophilic substitution of unreacted
P-Cl groups in HCCP by the TEA resulting in the more densely crosslinked FR
networks. With increasing molar ratio of TEA to the HCCP up to 2, the flame

retarding effectivity and the synergistic effectiveness improved to 2.8 and 1.8

respectively. TGA and microscale combustion calorimetry verified the pyrolysis and

combustion behaviors of the FR-cotton, which showed lower maximum pyrolysis and

combustion temperatures together with substantially decreased peak pyrolysis and heat

release rate, synergistically yielding larger amounts of carbonaceous chars. The
formaldehyde-free HCCP and TEA can be a durable FR finishing agents for cotton
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fabrics acting through a solid-phase flame-retarding mechanism.

Keywords formaldehyde-free, durable, flame retardant, cotton, crosslink
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where,

W, : The weight of the untreated cotton

W, : The weight of the cured fabric after water rinsing
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Scheme 1. Crosslinked cotton fiber treated with HCCP and TEA.
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where,
Ry, Ry : The weight percentages of the residual carbonaceous

char of the treated and untreated fabrics after pyrolysis
respectively
F : The weight fraction of the cotton in the treated fabrics
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where,
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LOI(F) : The LOI of the fiber alone

LOI(F+FR), LOI(F+A), LOI(F+FR+A) : The LOIs of the fabrics
treated with flame retardant(FR), the additive(A), and both the
flame retardant and additive, respectively
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Figure 1. Effect of HCCP concentration on add-on and LOI.
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Figure 2. Effect of TEA concentration with 30% HCCP on
add-on and LOI.
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Figure 3. Synergistic effectiveness of HCCP and TEA treatment.

P-Clip AJgt ¥h3g 4 Q7] wizo] HCCPt TEAZTO] 7hw
YRS E 1:2 2 vloflA] 7Y &abAeQl oz FAEch

SFAIQE Figure 29 Zro] 1] TEAS Z7fstd LOI®F 1L
Argo] gashe Eﬂ o] HCCPo] 67] P-Cl7]7} &% TEAS}
Hro st M2 2 A RUO] 5|E2A|7]9QF o] o] ¥heEr & o

| di=olch

N

3.2 FT-IR1t SEM
HCCP 30%2t TEA 25.7%2 Wa7bsst HAlge] 2Ats
Higks Aol 2do® FA510] Figure 40 AAsHIC:
TEAS] 7S O-H ¥ C-H AIZXZo]| zzb 3,310cm '}
2.989cm™ ol AR W, HCCPO] P=Ni} P-Cl A 77t
1182cm™' ¥} 598cm ol ZQIE]9lct. YA7IeE W B¢
HCCP®} TEA m3r} 2% UeRGY, 7 xlgg} AT E 3
olA DAfe] wio] ~AHMERS Abdet 49 O-Het P

1184 594
‘ 1071913

Treated - Untreated

1189 1041 GTO
\

BRSNSy

3310 2989 1051
TEA

Hoep /\L}\/\
Cotton _Nf/\*-—-/ﬂ\

T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Treated Cotton

Absorbance

Wavenumber (cm™)

Figure 4. Infrared spectra of FR-finished cotton fabrics.
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Figure 5. SEM images of FR-cotton: (a) untreated, (b) HCCP 30%, and (c) HCCP 30%+TEA 25.7%.
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A Gl WAAslol Boioiste B ohek o Ay Sk

AgRAe J %%* 1 9 =2 HCCPe} ¥hgstoz ol & Fa7ted Az dsl 54 Weke €5F 471(TGA)
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Table 1. EA and ICP data of FR-finished cotton fabrics

Fabric “r"a‘::z’ P%) N N+P %  Add-on (%) LOI EFF SE
Cotton - - - - - 19.7 - -
H 300 0.0 7.0 14 8.4 310 36.8 24 -
H 300 + T 126 1.0 83 16 99 352 420 26 13
H 300 + T 257 20 11.0 25 135 48.1 50.9 28 18
After 20 laundering cycle
H 300 - 15 0.7 22 3.1 21.1 - -
H 300 + T 126 - 22 12 34 54 232 16 25
H 300 + T 257 - 32 14 46 14.1 28.1 26 6.0

E;’L:?O#/U 115, _2//7/ Xf/ 32_2/ X// 32
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Figure 6. TGA themodiagrams of FR-finished cotton fabrics.
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Table 2. TGA data of FR-finished cotton fabrics
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Figure 7. HRR curves of the FR-finished cotton fabrics.

(Table 3).

ojxjg] ©o] zof dEsiE 384°Coly, Ao wdiTe
169.5W/golal & HWAF 7.8k/goltt. ¥HA 30%HCCP A

Al23t 30%HCCP+25.7%TEAR #j2]dl Al2o] |0 I&
3 = 717} 313°Ce} 259°Co]9lil, Peak HRRS 717}
48.1W/gt 24.6W/gCId= H ol:= vlx|2] thy] ZH2} 729%9t
85% ¢ash Zojot. & WA ol A2 tiy] ZHzt
56%2} 77% rA4steich E5t HCCP A2] Al2a} 30%HCCP+
25.7%TEAZ A2 AF9] fhR7 Ao &2 o4 ¥ 6.5%
oA Zzh 37.0%2t 61.2%=2 S7istich. oA Hd7te2
U4t ot Ea W k. vh3of o5 Ao A4 REeof £k
£ darA & daFFE dardS SUsiinh

oot WErked Aes vty 22 e "geEd
ds F7IA sl E el Aobo] Zast AA| A4 Al
g 2r|For HarPle Jloz RAEY. B Vhy
sz A Qi Aas AF2A00 AR 425 aiuA
2 HPAIA a0 ozt & YAFS EYo=2H HARY 7t

v aTr
Age agHoT AR & Tk 2L X & AU

3.6 ME Wd
YA7tEE HEEo] Mgt Ude AATCC T™ 6140 2]

DTGA Char yield
Treatment F Nr
peak (°C) at 600°C (%)
Cotton 377 7 1.00 1.0
HCCP 342 18 0.69 37
H+T (1:1) 343 31 0.65 6.8
H+T (1:2) 294 39 0.52 10.7
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Table 3. The MCC data of the FR-finished cotton fabrics

Peak HR temperature Peak HRR THR Char residue
Treatment .
Q) W/g) (k/9) (%)
Cotton 384.1 169.5 7.8 3.6
HCCP 3133 48.1 34 37.0
H+T (1:1) 291.5 435 29 43.0
H+T (1:2) 259.2 24.6 1.8 61.2

g vk A= $ LOI WakE E5) AASICHFigure 8).

HCCPYF Majst A122 208] Algt % LOV 2112 74
of At gt Uldol Qigieh. SR 25.7%7bK] TEAS
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Figure 8. Effect of laundering cycle on the LOI of the
FR-finished fabrics.
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