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Abstract The durable FR treatments such Pyrovatex and Proban have been used for
cotton fibers, while the finishes involve toxic ammonia or formaldehyde release during

finishing process or finished products. In this study, ecofriendly flame-retardant treat-

ment of cotton fabrics was carried out using UV-curable formulations of Vinyl bi-

sphosphonic acid (VBPA), Acrylaminide and Triacryloylhexahydro-1,3,5-triazine, as a

monomer, a comonomer and a cross-linking agent respectively, which can introduce a

cross-linked copolymer networks. With an optimal finish formulation, the flame retard-

ancy of LOI 29.8 was maintained even after 10 laundering cycles. In TGA analysis,
the DTGA peak decreased from 389°C to 252°C and the amount of char yield in-
creased from 6.1% to 46.1% compared to the untreated cotton. In addition, MCC
analysis showed that Peak HR and THR decreased by 59.4% and 69.2% respectively,

compared to the untreated cotton. The pyrolysis and combustion behaviors of the
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Dyers and Finishers acrylamid

FR-treated cotton implied a condensed-phase flame-retarding mechanism.
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Figure 1. Synthesis of VBPA from HEDP.
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[e]
29 223514 Cyclophosphaz
ene SEAS o]&sh YA wdzpg*®, DMEPO] Ae]A
Hat2 o] g5t AR BArtEY, Wixm= LIPAIXS o] &
gt g2 ~of theh ofaxotutolzo] Rl etz ESFY)
RPIM HeHg oA HEAIS o] g3t WAlR] WvtgY =
WA g7k Qlct.

B AJoA= 1-Hydroxyethane-1,1-diphosphonic acid
(HEDP)2HE gHdst mAZEAF 95Xl Vinyl bisphospho
nic acid(VBPA)S o]&sto] ®AlE9] ZHy Yd7FH= &l

Poteick. TAHTSH AAmE A7isto] N-P 45t8e =qst
1 lEPES Pystel AU Iz MenRy
AT UA BN L EW BN B W, BUWA 2
PhaAe] WHeg Helstolnt. E5F AFW B AUy 2
Mg 53] 9 A5 L PI H5L BRI 3Y 7B
3 ANBY WANAASG DB SYSIUT YHERE
o Aaate 595t

21 A2 9 Al

A S0l AF8El 1-Hydroxyethane-1,1-diphosphonic
acid(HEDP, 60% &M)e} Wd/dat AEU-d = At
7huAlRb  7HeE WA= 1,3,5-Triacryloylhexahydro
-1,3,5-triazine(TAHT)2} Acrylaminide(AAm)+= Tokyo Che
mical Industry(TCI, Japan)ollxl AsEACt. Z7RAAZ
2-Hydroxy-1-[3’-(hydroxymethyl)phenyl]-2-methyl-1-prop

SHAMIFBSIEA] A HH A 15

anone(API-180)2 Shenzhen UV-ChemTech(China)oflA] -
ofste] ALgstelc. Weskgol AH8E AL AU % mus
WA 2(115g/m”) 24 Testfabrics(USA)|A A5 Qlct.

2.2 VBPA2| $Hd

o
WETEIH(MaXtir MSH500, DAIHAN, Korea)2 AR5t
HEDP 480985 100ml H]#ofA] 80rpm o2 7tAsIATt. A=
o4 Fslo] 200°C7HA] B 25°CH 228 & 2EE 9
StHAl 15AIREERE 7hdst 1E4HhsZ Bofl Vinyl
bisphos phonic acid(VBPA)S $Hd5H% THFigure 1).
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A TFAIQ VBPALE AAm % TAHTY] v]&& Eelsto
sgotn YPAAE ©EA FA tiH] 8%owm(on the
weight of monomer)2 A5Gt BAM| 2 Triton-X1005
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8,

A%) = (W, — )/ (7)< 100 (1)

where,
W; : The weight of the untreated fabric
W, : The weight of the finished fabric after rinsing
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300E, JASCO, UK)E Ab&sto] @atsteint. ®at ZAbARED]

Z()SM-6380, JEOL, Japan)O.2 1000818 BHS Z74s}o]
sebee walgel JhEA Aol e mW D4PAES 8

werles walgel @x A5 Felshl gisl BETEA
(TGA Q500, TA Instruments, USA)S AFg-5to] 20°C/min

71

o] 29 &wa AlRoA 600°CVIX|C

s Wetet ol tigh tlRsAle 40}04 47151
QIAEIAR]7} WAIRO] A2 ERIE A0 7]@% N2

71571 Y5l Residue number(Nr) Al(2)& AlLtstic,

R
Residue number(N, ) = (7f

)/R, (2)

where,

Ru, Rf © The percent weight of the residual carbonaceous

char of the untreated and finished fabrics after

pyrolysis respectively

F : The weight fraction of the fiber in the finished
fabrics

Arg2 UAl Aax IF
(PCFC, Fire Testing Technology Ltd, UK)S o|&3l H7}st
Atk 52 FEv 1'C/seco]l 2= HeJ= 75Cof|A] 900°C
PHRIOIEE. 74 QeFe 20/809] O,/N, £3F 7142 100cm’/
min© 2 ZFUsIYT, Alge] BA= 6+0.5mgolch. &-20] uh
2 dagy %% S A we 2w A W 4%
(Peak HRR) @ & 9=} THR)o| ZA4& ic}.

2247]

2.8 $HA|LAX| 0N B

Yertes wislee] Waans vl st SAMARS
ZX7|(Yasuda Seiki Seisakusho, Japan)E& ©o]&3sto] ISO
4589:2000%0l T2} Algrt AAE R|&sh7] 9ol Basgh 3
A AbA Ha] $=F]Q1 LOI(Limiting Oxygen Index)S &45}
Aot AR S (EFF)= WA7ts HAES 1% QAP) &F &
LOIo| Z7}agolct. A2aaKSE) Al3)oll wet WR|(FR)eH
7HAI(A) = KPJ HA=0] LOI gofl tigh FR E=(FR+A)

S 7t= Al |AZo] LOolo| w]o]o},
SE— [LOI(F+ FR+ A)— LOI(F)
" [LOIF+ FR)— LOIF)] + [LOI(F+ A)— LOI(F)
(3)

cm YRy wEks 3

where,

LOI(F) : The LOI of the fiber alone

LOI(F+FR), LOI(F+A), and LOI(F+FR+A) : The LOIs of
the fibers treated with FR, the additive (A), and both
the FR and additive, respectively

29 MEHLHTE AI™

oyt s WAEo] YAl AR A& 7|(Daelim, Korea)
o]8sfo] AATCC TM 61-2006 2A°] AAIE wlHol wla}
7tstgict. wrEeEl ekl (Laundering Cycle, LC)ol| w2
AR 5O WHEtE ZARSHI.
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Figure 2. Effect of Pl concentration on add-on and LOI of
FR-cotton fabric (VBPA 16.8%, AAm 15%, TAHT 7%).

Textile Coloration and Finishing, Vol. 34, No. 1



50 -
40 -
;@‘
0
-
30 =
20 4 —o— LOI(LC 0)
—e— LOI(LCH)
T T ‘ T T :
0 5 10 15 20 25 30 35

UV-LED Energy (Jlem?)

Figure 3. Effect of UV-LED Energy on add-on and LOI of
FR-cotton fabric (VBPA 16.8%, AAm 15%, TAHT 7%, Pl 8%).
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F2 gotE7] ¢Jsfl VBPA OfH] AAmo| ZH|S
TAHTS 15.4%(1.16mol)7}X] Z71A|7|HA
CHTable 1). TAHT= VBPA ] 1mol2
o} 50.98 1 =
AX]pE 2892 U WaE7T

A| ol/gollA FALIAXRSZE O o)t B7ISHA] odof o] EAfo] SHHA = dofEr] sl VBPA tjd] TAHT<]
Table 1. Effect of TAHT and AAm concentration on Add-on and LOI
Concentration (w/w%) Add-on (%) LOI (LC 0) LOI (LC 5)
0 35.0 46.5 23.7
[TAHT] 44 34.0 474 25.4
(VBPA 10.0%, AAm 17.9%, 8.8 37.0 491 26.3
PI 8%) 132 58.0 50.9 289
154 56.0 50.0 28.1
0 340 30.7 21.1
45 37.0 342 22.8
[AAM] 89 390 386 246
(VBPA 10.0%, TAHT 13.2%,
Pl 8%) 134 420 430 27.2
17.9 58.0 50.9 289
26.8 55.0 50.9 26.3
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Figure 5. SEM images of FR-finished cotton fabric; (a) untreated, (b) VBPA 16.8%, () VBPA 16.8% + AAm 15.0% and (d) VBPA

16.8% + AAmM 15.0% + TAHT 7.0%.

Zy)2 1002 VA 5 AAm ST= 26.8%(7.17mol)7}Hx]
HSHAZ|HA GA7TE-S AAsHICHTable 1). AAmi= VBPA
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Q.

r}22 VBPA thy] AAm@} TAHT 2u8]E ZzF 473} 1.00
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64%, SHAXEARIeE= 509, 108] Mg & SHAALAX]S7L
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Table 2. EA and ICP data of FR-cotton fabrics

Fabric P (%) N (%) N+P (%) Add-on (%) LOI (%) EFF SE
Cotton - - - - 193 - -
\ 5.8 1.0 6.8 1.1 30.7 1.8 -
V+A 7.7 34 1.1 36.0 45.6 34 -
V+A+T 8.2 6.0 14.2 64.0 50.9 39 19
After 10 laundering cycles

\ 03 0.0 0.3 12 19.3 - -
V+A 1.1 30 4.1 9.0 237 40 -
V+A+T 2.8 6.2 9.0 12.1 29.8 38 24

V : VBPA 125% ; V+A : VBPA 125% + AAm 22.4% ; V+A+T :

oF YRPERTYEACPIS AHgate] P aee
(Table 2). VBPA T=x]2]o] v]3§] AAm % TAHT
713519 Pel @l oF L4l F7lstgict. of
U kAl A7ke bR past =9eo] VBPAS] nAhg}
MARIRTE BN e S & 4 ck

3 VBPA T A3t 49 WARLE(ERF)} 18old u]
5 VBPASH AAm 2 TAHTZ 23t ®AlZe] 49 Waag

100 —

80 -

60 - S~

Weight (%)
/
!

40 A

——— Cotton

———— V16.8%

V 16.8% + A 15%
V16.8% + A 15% + T 7%
0 T T T T
100 200 300 400 500 600

20 A

Temperature ('C)

Figure 6. TGA themodiagrams of FR-finished cotton fabric.
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Figure 7. Differential TGA themodiagrams of FR-finished cotton
fabric.
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Table 3. TGA data of FR-finished cotton fabrics

o|8¢t HA =2 ZEUHF|E-Z2| Li7E LE7IS 7

. DTGA peak Char yield
Fabric F Nr LOI
(°C) at 600°C (%)
Cotton 389.1 6.1 1.00 1.0 193
Y 256.5 432 0.87 8.2 333
V+A 254.3 450 0.81 9.3 447
V+A+T 251.7 46.1 0.60 12.8 50.9

V : VBPA 16.8% ; V+A : VBPA 16.8% + AAmM 15.0% ; V+A+T :

—

TGA)S o]&sto] ZAFSIRICH VBPAQF AAm ¥ TAHT=Z 7}
5= HAE9 dXA5Q TGALt DTGA /42 72} Figure
62 Figure 70| AA|5tal Table 30f &2]styct.

o] AlE9] Ao FEel %=+ 389.1°Co]loLt VBPA
2 Aalst 4L 256.5°C2 3A 7Z+Astl AAmeF TAHTE F
7t A71sHH 251.7°C7HR] 7hAstyit). Ah elEo] How
Oj&xg] ©o] 6.1%0]A 46.1%71X] Z7Fst9itt. o= VBPAY]
TAHT 2 AAmME Z7}stH AA| 13Rgo] Z7tsto] Q19] sk
of F7t& ¥ otlz} HastgEo] FUIE0] dUFos W2
ol 2EoflA Qi gmuot 5 AadtgEs A
Hot. 22jne dEs] oM dErA0] ga A Tt vt
3= FAlsto] Ag=A A9 FRdl drE He oz
7t 279 Aol dakol tEEekE 42 FVRIR A
o7 WoEnh ESF XY WAE0] FAMAX]aE 19.39]
AL VBPATE A2jet 3¢ 30.701%0=H AAmyt TAHTE 77t
T8 SHAFAX] 27 50.92 F7Feict. O]A2] WAlE9] Nr O
| 7hs WAIEC] Nro] 12.88[17kA] S7tstgickTable 3).

O] VBPAZ} 11.2o|A EZsHEHA] QRS A/dste] A
220 g4 9l Tt B2 FRIgo 2N THdd 229 d=
Zo]1 A HIEF daol 7lofste] FEsl F2E HEAA

AR HekE o] Ik $EY WHYITE mek A4S o

ol
r

(a9

o

2
A
o
o
38,
£
>

3
A(Figure 8} SdiA  A|dh
Temperature), Z|CfZA4=(Peak Heat release Rate) ¥ &
vtdaK Total Heat Release)S 16191 Table 40] A2lskct.

VBPATH ®j2sto{ e 2| AEL7} Aoz o]l5stHA &
Lol tiE ZAste . ol 200°C o)/dollA] Ade <l

o
Aol @4 % sham ARgol] o] 7y B wo] Z4sh]

=
mhRolc. E3 AAmE F7Isto] Meldt 39 o Wi #Y
o] BE Z7lato] wet 400°C olste] A4 WAL ARiAlR

A AR o SEEFR A dastal IF A9 = 3

VBPA 16.8% + AAm 15.0% + TAHT 7.0%

Z7pstgct.

VBPAQ} AAm & TAHTE 2% A2|dt 74 264°CoflA A
40| hE Z23[9C). o3 VBPASH AAm % TAHT A%}
2 o gol =UE Q] 93t g4 U JtAg ghRolck
UHE) Bo] AfEALEE 152.6W/g0ln FUAFL 107
KJ/gOIQIA]2t, VBPA 12.5%, AAm 22.4% % TAHT 16.6%2
Helg walge] Aquasee) FUGFS 22 61.9W/gn
3.3K)/g0l Q=0 ol ulxf2] chel 22} 59.4%9} 69.2%4 2
A% Zolch. &7 Ale] = 0l el 2.7%014 33.9%2
Z7ksteict.

wfebA] 200°C ool AL PR W Qlite] D4

250

200

HRR (W/g)
g

—

o

S
L

50 -

0 200 400 600 800

Temperature (C)

Cotton

V 12.5%

—————— V 12.5% + A 22.4%

V 12.5% + A 22.4% + T 16.57%

Figure 8. HRR curves of the FR-finished cotton fabrics.
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Table 4 MCC data of FR-finished cotton fabrics

Fabric Peak HR Peak HRR THR Char residue
temperature (°C) W/g) (J/g) at 900°C (%)
Cotton 3779 152.6 10.7 2.7
\Y 3485 54.2 24 18.0
V+A 637.3 64.1 43 21.1
V+A+T 667.3 61.9 33 339

V : VBPA 12.5% ; V+A : VBPA 125% + AAm 22.4% ; V+A+T : VBPA 12.5% + AAm 224% + TAHT 16.6%

U b 9ol o5 At ALLESt TS YA FUY
ol Zasteiee & 4 drk E3 5000C ool Z7iAel
dado] WSHE e & & Yt o, ok 71BE AT )
AAolRIe] FRAD WP FuUjo} Sof Ashrge] oa
FLER B

3.6 WHIIBE HEEO| HEHITY

YE7rse wAEe] AEUAd2 AATCC T™ 61 Riof 9
sl 2o 102)7b<] ks Aot & LOI ¥ehs &3l Table 59
LHER A

VBPARH Xj2jgt 739 58] od wh=sto] AEsiis ., of
ARTaR| 27 19.3%2 AEildo] gigich VBPA 12.5%0
AAm 22.4%QF TAHT 16.6%2 Z7lsta w74skst 242, 103]
NEH S0z SHARTAR 47} 29.8%7H5] GAIE o] AEl4dS
Btk oy EEE vhsoll oJsll Y8 VBPAZE HRet 32

_,_,_4

P

SES FAJSE & 9l AAE oS AV 253HE &I =
2] VBPA-AAMO] E8 52 Zyp7|H AE8Xo] A7}6H
gk ESE IS EIE =2 TAHTZF Z7HH 358A0f 7t

Table 5. Laundering durability of flame-retardant fabrics

ERIEE R
AR Aol cher

g0l »2-87d0] et A Al ®3Ea 7

Aol BE 571 4 Q7] wheolth

%93 VBPAZ ALgsiol
UHABIC}. VBPARH ARg3lo]
2 Z7HAIe AlE 108] o

TAHTE. 3lolel Shgetd Has £544 Ve o

go] M 108] $ol= A

AhaA27t 29.8%7H8] 91 o]
Al e Bolg 4 gloict.

TGA 242 Eof vldje] Ax2 ol Wartge wA
Hof aRe) eEo] Zact R Hek2el 3712 =l
g, o]= TAHTY| 9Js] 7}u= VBPA-AAm I35SHA|7}
oM FEsiElol QAT ABUol AYF T Ag2Aol

kI 3R o

alt rlo rr rlo

5% vkE WS Ao RM ldy 2 I P

0
X

LOI
Fabric
LCO LC5 LC 10
Cotton 19.3 19.3 19.3
\Y, 30.7 19.3 19.3
V+A 447 24.6 237
V+A+T 50.9 30.7 29.8

V : VBPA 125% ; V+A : VBPA 12.5% + AAm 22.4% ; V+A

SrESMIIIS55(R] X MH X 1S

+T : VBPA 12.5% + AAm 22.4% +

TAHT 16.6%
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(2021).
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