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Abstract A flame retardant hexachlorocyclotriphos-
phazene (HCCP) diethylenetriamine ammonium
phosphoric acid and phosphoric acid ester (HPDPP)
with -N=P-(N);-, —P(=0)(OCHj;),, and reactive
-P(=0)(O"NH,"), groups was synthesized for cot-
ton fabrics. The results showed that the cotton fab-
rics treated with HPDPP had high flame retardance
and durability. The vertical flammability test (VFT),
thermogravimetric (TG) analysis, thermogravimetric-
Fourier infrared spectrometer (TG-FTIR) and cone
calorimetry tests showed that cotton fabrics treated
with HPDPP had high flame resistance, displaying
condensed phase flame retardance mechanism. The
Fourier transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD), scanning electron micro-
scope (SEM) and energy dispersive spectrometer
(EDS) implied that HPDPP molecular could enter the
inner amorphous space and graft on cotton fibers. The
mechanical properties of cotton fabrics treated with
HPDPP were well sustained. Moreover, the limiting
oxygen index (LOI) of cotton fabrics treated with
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40% HPDPP reached 41.3%, and after 50 launder-
ing cycles (LCs), it reached 29.7% according to the
AATCC 61-2013 3A washing standard (vigorous
washing), which suggested the flame retardance and
durability of treated cotton fabrics were improved
significantly. And the EDS of washed cotton fabrics
showed that the cotton fabrics treated with HPDPP
combined the lowest metal ions compared with cot-
ton fabrics treated with flame retardants with only
reactive ammonium phosphoric acid group, because
of the fact that besides the necessary reactive ammo-
nium phosphoric groups, the phosphoric acid ester
groups can not combine Ca’* and Mg?* etc. Thus,
introducing -N=P—(N);— groups and phosphoric acid
ester groups is an efficient method to significantly
increase the durability of the treated fabrics.
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Introduction

Cotton is omnipresent in our day-to-day life, espe-
cially in garments because of its soft hand, excel-
lent hygroscopicity and antistatic properties. How-
ever, because of its high flammability and low
limiting oxygen index (LOI), cotton materials rep-
resent a potential fire risk for goods and life. There-
fore, imparting flame retardance to cotton fabrics is
very important (Lokhande et al. 2022; Mayer-Gall
et al. 2015). Proban and pyrovatex CP are two of the
most widely used durable flame retardants for cotton
fabrics (Thi Hong Khanh and Huong, 2019), because
they can endow good flame retardance and remark-
able durability (Salmeia et al. 2016a). However, the
cotton fabrics treated with these two flame retard-
ants can release formaldehyde during use, which
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endangers people’s health and pollutes the environ-
ment (Barbalini et al. 2020; Vishwakarma et al.
2021).

Many reports introduced novel reactive groups
into flame retardant molecules to replace the reac-
tive P-CH,OH and N-CH,OH groups formed by
formaldehyde in proban and pyrovatex CP, to react
with cellulose to form covalent bonds between flame
retardant and cellulose. These novel reactive groups
mainly include olefin (Xu et al. 2022), monochlorotri-
azine (Chen et al. 2022; Zhou et al. 2022). However,
because of the bulk polymerization and less efficient
reaction of olefin group with the hydroxyl groups of
cellulose (PodkoS$cielna et al. 2022; Sun et al. 2022),
the cotton fabrics finished with these P-containing
olefin-based flame retardants only had a poor flame
retardancy (Manfredi et al. 2018). Simultaneously,
for flame retardants with reactive monochlorotria-
zine group, the finished cotton fabrics only showed
weak flame retardance because of the low grafting
efficiency between the monochlorotriazine group and
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cellulose (Salmeia et al. 2016b). Therefore, the prepa-
ration of formaldehyde-free and durable flame retard-
ants is still the focus of extensive research.

In recent years, biomass materials got more atten-
tion for preparing of flame retardants for cotton fab-
rics because of the advantages of using eco-friendly
materials. Several reports extracted biomaterials such
as DNA (Ortelli et al. 2019; Yu et al. 2021), phytic
acid (Li et al. 2022a), and a hydrophobic protein to be
directly used as flame retardants (Leong et al. 2021;
Tawiah et al. 2019a). Some biomass materials can be
used to synthesize flame retardants, such as amino
acid (Chen et al. 2021), protein (Bosco et al. 2013),
banana pseudostem (Kambli et al. 2018), polysaccha-
rides (Li et al. 2022b), and lignosulfonates (Angelini
et al. 2019; Li et al. 2020; Padhi et al. 2022; Tawiah
et al. 2019b). In fact, most of the treated cotton fab-
rics were not durable because of the lack of reac-
tive groups in the molecules to react with cellulose
to form covalent bonds (Fan et al. 2022; Khan et al.
2023; Wang et al. 2022).

In previous studies, some flame retardants with
reactive ammonium phosphoric acid groups (-P(=0)
(O™NH,"),) were developed for cotton fabrics. They
were grafted onto the cotton fabrics through the
P—O-C covalent bonds (Zheng et al. 2016; Jia et al.
2017; Ali et al. 2023), which increased the flame
retardance greatly and the durability to some extent
(Feng et al. 2017; Tian et al. 2019; Wan et al. 2020).
The treated cotton fabrics can only pass the AATCC
61-2013 1A washing standard 50 laundering cycles
(LCs) (careful/gentle hand washing), and can not pass
the more restrictive AATCC 61-2013 2A washing
standard 50LCs (home machine washing) (Liu et al.
2020). This should be that only C hydroxyl groups
in the cellulose will react with the flame retardant,
and the crystallinity of the cotton fiber is almost
70% which can not react with flame retardant. Thus,
there are not enough reaction sites on the cotton fib-
ers to react with the reactive ammonium phosphoric
acid groups of the flame retardant. Consequently, a
large number of reactive ammonium phosphoric acid
groups on the flame retardant do not react with cel-
lulose, and during the washing process, the NH,*
in (-P(=0)(O"NH,*),) groups in the flame retard-
ants grafted on cotton fibers are easily exchanged
with Ca’** and Mg®* etc. to form Ca (PO;)- and
Mg (PO;)- etc. groups (Ding et al. 2022a; Liu et al.
2022; Zhao et al. 2022a). The reactive ammonium

phosphoric acid groups will change to phosphoric
acid and polymetaphosphoric acid at high tempera-
ture, which can promote the char formation effi-
ciently to show flame retardance (Ding et al. 2022b;
Zhao et al. 2022b). However, the Ca (PO;)- and
Mg (PO;)- etc. groups only change to CaHPO, and
MgHPO, etc. at high temperature, which can not effi-
ciently promote the dehydration and char formation,
leading to a significant decrease in the flame retard-
ance of the treated cotton fabrics (Xu et al. 2021).

In this study, a novel flame retardant for cot-
ton fabrics is synthesized based on hexachloro-
cyclotriphosphazene (HCCP). The latter reacts
with diethylenetriamine (DETA) to introduce the
—N=P-(N);— groups, and introduced -PO(OH), and
—PO(OCH;), groups through formaldehyde (which
changes into —CH,— group and impossibly gener-
ates formaldehyde) in the flame retardant molecules,
—PO(OH), groups can react with cellulose to form
P-O-C covalent bonds. As all the phosphorus ele-
ments in the HCCP ring form —-N=P-(N);— groups
in the HPDPP flame retardant, which are very stable
and can not hydrolyze to combine metal ions, and the
phosphoric acid ester groups (-PO(OCHj;),) are also
relatively stable. Therefore, the ratio of phospho-
rus groups directly combining Ca?* etc. metal ions
or hydrolyzing to combine Ca** etc. metal ions sig-
nificantly decreased. It can be expected that the cot-
ton fabrics treated with this flame retardant based on
HCCP can have high durability and pass the more
restrictive AATCC 61-2013 3A washing standard 50
LCs.

Experiments
Materials

The pure cotton (164.8 g/m?) was purchased from a
textile market in Chongqing Chaotianmen (Chong-
ging, China). The hexachlorocyclotriphosphazene
(HCCP) was provided by Sigma Aldrich Trading Co.
(Shanghai, China). The diethylenetriamine (DETA),
phosphate, dicyandiamide, dimethyl phosphite, and
urea were provided by Tianjin Yongda Chemical
Reagent Co. Ltd (Tianjin, China). The formaldehyde,
sodium hydroxide, ethyl acetate, and isopropyl alco-
hol were provided by Chongqging Chuandong Chemi-
cal Co., Ltd (Chongging, China).
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HPDPP flame retardant

HCCP has very reactive phosphoryl halides (N-P-Cl/
N=P-CI) groups that can easily react with the -NH,
group. The HPDPP was synthesized through three
steps. DETA (17 g, 0.1722 mol), HCCP (10 g,
0.0287 mol), and ethyl acetate (110 mL) were first
agitated in a 250 mL round bottom flask which was
put in an ice water bath for 30 min, and then reacted
at room temperature for 20 min. After the reaction
finished, the ethyl acetate was separated using a rotary
evaporator to yield a white powder. Afterwards, the
white powder, phosphate (9.41 g, 0.1148 mol), dime-
thyl phosphite (23.68 mL, 0.2583 mol), and formal-
dehyde (39.24 mL, 0.3731 mol) were added to the
beaker, which was kept at 65 °C in a water bath to
react for 1 h. Finally, urea was put into the beaker,
heated at 140 °C in an oil bath to disintegrate it and
adjust the pH of the solution to 5-6, yielding a yel-
low viscous product. The latter was then purified
with isopropyl alcohol and dried. Finally, a flame
retardant hexachlorocyclotriphosphazene diethylen-
etriamine phosphoric acid ester ammonium phos-
phoric acid (HPDPP) was obtained. Because there
were many permutations and combinations for
(CH;0),P(=0)- and (HO),P(=0)- groups intro-
duced to the flame retardant molecules, every simi-
lar component should have similar flame retardance.
Scheme 1 only presented a possible production of
flame retardant compound.

Preparation of treated cotton fabrics

The cotton fabrics were immersed in a 20% NaOH
solution for 5 min, and washed with 2% acetic acid
solution and tap water to reduce their crystallinity and
thus increase the reaction sites. These pre-treated cot-
ton samples then served as control cottons.

The HPDPP was dissolved with deionized water to
prepare flame retardant solutions with mass concen-
trations of 20%, 30%, and 40%. 6% dicyandiamide
was added to the flame retardant solutions and used as
a catalyst. The pre-treated cotton fabrics were dipped
into the solutions with different concentrations of
flame retardant at a bath ratio of 1:20, and soaked in
a water bath at 70 °C for 1 h. Afterwards, the impreg-
nated cotton fabrics undergone two dipping and roll-
ing processes, and they were cured at 180 °C for
5 min. Finally, the samples were rinsed with running
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water and dried at 120 °C in an oven to reach a con-
sistent weight in order to obtain the HPDPP treated
cotton fabrics. Table 1 showed the weight gains (WG)
of cotton fabrics treated with different concentra-
tions of HPDPP solution, where FRC-20, FRC-30,
and FRC-40 represented cotton fabrics treated with
20%, 30%, and 40% HPDPP solution, respectively.
Scheme 2 showed the synthesis of the HPDPP flame
retardant and its grafting reaction with cotton fibers,
respectively.
The treated fabrics WG was calculated as:

WG = (W, — W)W, X 100% (1)

where W, and W, were the weights of the cotton fab-
rics before and after HPDPP finishing, respectively.

Characterization

'"H NMR, and *'P NMR spectra were used to deter-
mine the chemical structure of the flame retardants
using a 400 MHz nuclear magnetic resonance instru-
ment (AVANCE III, Switzerland).

The VFTs of the samples were conducted using
a YG815B vertical fabric flame retardant tester pro-
vided by Nantong Sansi Electromechanical Science
& Technology Co. Ltd. (Jiangxi, China), according
to the ASTM D6413-2015 standard. The LOIs were
determined using a JL-JF-5 Fully Automatic Oxygen
Index Tester provided by Beijing Beiguang Precision
Instrument & Equipment Co. Ltd (Beijing, China),
according to the ASTM D2863-2017 standard. The
washing fastness of the cotton fabrics treated with
HPDPP was determined according to the AATCC
61-2013 3A washing standard. 0.15% sodium dode-
cyl sulfate was configured as a detergent with running

Table 1 Vertical flammability of the cotton samples

Samples WG (%) After- After- Char
flame time glow time length
(s) (s) (mm)
Control cotton 0 12 16 0
FRC-20 12.67 0 0 55
FRC-30 15.86 0 0 45
FRC-40 17.37 0 0 42
FRC-40-50LCs 12.85 0 0 50
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Scheme 1 Synthesis reaction of HPDPP flame retardant

water, The washing temperature was 71 °C, and stainless steel ball was 6 mm). This method was used
the cylinder filled with 50 mL of washing liquid to evaluate the washing process under violent condi-
and 100 stainless steel balls (The diameter of the tions. It was important to mention that one specimen
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was similar to that produced by five home machine
washes at a temperature of 60+3 °C. Note that the
tester was provided by Wuxi Textile instrument Co.
Ltd. (Jiangsu, China).

Thermogravimetric (TG) analysis (Pyris 1-Perki-
nElmer Co. Ltd., USA) was used to analyze the ther-
mal degradation behavior of the control and treated
cottons under nitrogen and air atmosphere. The tests
conducted in the temperature range of 40-700 °C
with a heating rate of 20 K/ min. A thermogravi-
metric-Fourier infrared spectrometer (TG-FTIR)
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was used to examine the gas release from the con-
trol and treated cotton during pyrolysis with nitrogen
at 40-700 °C, a temperature increases of 20 K/ min.
The combustion heat release behaviors of the cotton
fabrics measured using an FTT 0007 cone calorim-
eter (6810, China) at 35 kW/m? heat flux based on the
ASTME1354 standard.

The surface micromorphologies of the cotton fib-
ers and carbon residue were observed by scanning
electron microscopy (SEM, Phenom ProX, Phe-
nom Scientific Co. Ltd., Netherlands) with Energy
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dispersive spectroscopy (EDS), at an acceleration
voltage of 10 kV. Fourier transform infrared spectros-
copy (FTIR, PE Co. Ltd, USA) was used to assess the
structures of the cotton fibers with a Spectrum GX
spectrometer in the range of 4000 cm™'-500 cm™.
The crystallinity was analyzed by X-ray diffraction
(XRD) at scattering angles ranging between 5° and
60° with a step size of 0.02° using a Rigaku XD-
3wide-angle instrument operating at 35 kV and 20
mA (Beijing Purkinje General Instrument Co. Ltd.,
Beijing, China).

The mechanical properties of the fabrics were
tested using a YMOO65A electronic fabric strength
tester according to the ASTM D5035-11 (2019)
standard (Nantong Hongda Experiment Instruments
Co. Ltd., China). A YG(B)022D automatic fabric
stiffness tester provided by Wenzhou Darong Textile
Machinery Co. Ltd., China, was used to study the
material stiffness with a moving speed of 120 mm/
min and a test angle of 45°, according to the ASTM
D1388-14 standard.

The content of formaldehyde remaining in the fab-
ric after treatment was measured using a TU-1810

4.79
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H;CO

0 N 1,07
! H;CO //
S u

HyCO
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UV-visible spectrophotometer provided by Beijing
General Analysis Instrument Co. Ltd., China, accord-
ing to the standard outlined in the GB/T 2912.1-2009
Water Extraction Method.

Results and discussion
NMR characterization of HPDPP

The NMR spectrum of HPDPP flame retard-
ant is shown in Fig. 1. '"H NMR (D,0, 400 MHz)
o (ppm): 4.79 (D,0), 3.89 (6 H, Hj), 3.60 (54 H,
Hy), 3.53(18 H, H;), 3.34 (30 H, H,, H,(,, H,)), 2.95
(24 H, H;, H,, Hg, Hy), 1.15 (5 H, H)); *'P NMR
(D,0, 400 MHz) &(ppm): 8.41 (P,), 6.14 (P,), 0.29
(P3), 0.07 (P,), — 10.51 (Ps). These data indicate that
HPDPP was successfully synthesized.

Structural characterization of cotton samples

Figure 2a presents the FTIR spectra of HPDPP, FRC-
40, and control cotton. The peaks at 3181 cm~! and

OCH,

H: N
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Fig. 1 Chemical structure of HPDPP flame retardant: | H NMR and *'P NMR spectra
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Fig. 2 a FTIR spectra of control cotton, FRC-40 and HPDPP flame retardant. b XRD of control cotton and FRC-40.

1401 cm™! in the spectrum of HPDPP correspond
to the vibration absorption of -NH,*. The peaks at
1470 cm™!, 912 ecm™!, and 767 cm™! are attributed
to the C-N, P-N, and P-C groups, respectively. The
control cotton and FRC-40 spectra show the charac-
teristic absorption peaks. More precisely, the wide
peak at 3453 cm™! is attributed to the O-H stretch-
ing vibration, and the absorption peaks at 2905 cm™!
and 1170 cm™" are attributed to the —-CH, and C—-O—-C
stretching vibrations, respectively. In the spectra of
FRC-40 and HPDPP, the appearance of new peaks at
1656 cm™!, 1187 cm™!, and 1039 cm™! is attributed to
the N-H, P=N, and P-O-C stretching vibration (Liu
et al. 2022b), respectively. Combining the durability
of FRC-40, it suggested that HPDPP grafted onto the
cotton fibers through P-O-C covalent bonds.

The diffraction peaks of the samples are presented
in Fig. 2b. The small diffraction peak at 12.36° cor-
respond to the (1-10) crystal plane of cellulose
II. The diffraction peaks at 14.91°, 16.8°, 22.86°,
and 34.74° correspond to the (1-10), (110), (200),
and (004) crystal planes of cellulose I, respectively
(French 2014). The shoulder at 20.34° corresponds
to the (012) and (102) reflections from cellulose 1.
Compared with control cotton, the characteristic dif-
fraction peak intensity of the HPDPP treated cotton
fabrics are clearly reduced. This implies that HPDPP
entered the amorphous space of the cotton fibers,
and reacted with cellulose, which affected its crystal
structure to some extent.
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Surface morphology and elemental analysis

The SEM images showing the surface morphology of
the untreated cotton fibers and HPDPP treated cotton
fibers, are presented in Fig. 3. It can be seen that the
surface of the pure cotton fibers has some wrinkles
and the fibers have some curls. The FRC-40 fibers
have a little swelling, which should be caused by the
HPDPP molecules enter into the amorphous space of
the cotton fibers. After burning (Fig. 3j-1), the surface
of the HPDPP treated cotton fabrics after the AATCC
61-2013 3 A washing standard 50 LCs retains the
complete structure. The treated cotton fibers retain
the structural integrity of the fabric despite of the par-
tial breakage, which suggests that the HPDPP acts as
a condensed phase flame retardancy mechanism.
Table 2 presents the elemental contents of cotton
fabrics treated with ammonium salt of diethylenetri-
aminepenta (methylenephosphonic acid) flame retard-
ant (ADTPMPA)(Zheng et al. 2018) and ammonium
salt of pentaethylenehexamine octa (methylene-phos-
phoric acid) flame retardant (APHOMPA)(Chen et al.
2020) with only ammonium phosphoric acid groups,
HPDPP with -N=P—(N);—, phosphoric acid ester, and
ammonium phosphoric acid groups, after AATCC
61-2013 1A/3A washing standard 50 LCs (washing
intensity: 1A <3 A). After AATCC 61-2013 1A/3A
washing standard 50 LCs, the total metal contents
of cotton fabrics treated with flame retardants with
phosphoric acid ester and ammonium phosphoric



Cellulose (2023) 30:10533-10550

10541

Table 2 LOIs, durability and elemental contents of HPDPP and other flame retardants treated samples

Samples Washing standard

(LCs)

Laundering cycles

LOI (%) Ca?* (%) Mg (%) Nat (%)

ADTPMPA*
APHOMPA*
HPDPP**

AATCC 61-2013 1A
AATCC 61-2013 1A
AATCC 61-2013 3A

40 LCs
50 LCs
50 LCs

26.7% 2.13 0.25 0.08
28.8% 1.06 0.19 0.07
29.7% 0.21 0.08 0.05

*Only with ammonium phosphoric acid group;

**With -N=P—(N);—, phosphoric acid ester, and ammonium phosphoric acid groups

C | 48.99%
O | 51.01%

42.4%
52.92%
2.55%
2.13%

m|Z[(O|N

43.25%
53.3%
1.51%
1.60%

= |20 |0

62.4%
30.1%
3.41%
4.08%

m[(Z|Oo|O

Fig. 3 SEM images and EDS data of control cotton a—¢, FRC-40 d—f, FRC-40 after 5S0LCs g—i, and FRC-40 after combustion j-1

acid groups are much lower than those of the cotton
fabrics treated with flame retardants only with ammo-
nium phosphoric acid groups. These are because dur-
ing the washing process, the NH,* in the unreacted
—-P=0 (O"NH,*), groups in flame retardant was eas-
ily exchanged by Ca**, Mg?*, and Na* etc. to form
Ca (POz)- and Mg (PO;)-, Na, (PO;)— etc. groups,
while these groups can not generate phosphoric acid

and polymetaphosphoric acid at high temperature to
promote the dehydration of cotton fabrics into char,
so the flame retardants containing only this —-P=0
(O™NH, ™), groups can only pass the AATCC 61-2013
1A washing standard 50 LCs (Careful/Gentle hand
washing). However, all the phosphorus elements in
the HCCP ring formed —N=P-(N);— groups in the
HPDPP flame retardant, which are very stable and
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can not combine the metal ions, and the phosphoric
acid ester groups are also relatively stable. Therefore,
the ratio of phosphorus groups directly combining
Ca®* etc. metal ions or hydrolyzing to combine Ca?*
etc. metal ions significantly decrease. As a result, the
durability of cotton fabrics treated with HPDPP flame
retardant increased greatly.

HPDPP thermal degradation behavior analysis

The impact of the HPDPP on the cotton fabrics ther-
mal decomposition behavior is measured using a TG
analyzer in N, and air atmosphere. The TG and DTG
curves are presented in Fig. 4a—d. Table 3 shows the
initial decomposition temperature (T,,), the maxi-
mum decomposition temperature (T,,.), and the
residue at 700 °C. Under nitrogen atmosphere, the
thermal decomposition process can be divided into
three stages. The control cotton and FRC-40 have
respectively a small weight loss at 40 to 322.9 °C
and 40 to 260.2 °C, which corresponds to the evapo-
ration of water due to moisture absorption(Nguyen
et al. 2020). Thermal degradation occurs from 322.9
to 382.9 °C for control cotton and from 260.2 to
304.9 °C for FRC-40 in the second stage. For control
cotton, it mainly decomposed into flammable gases,
resulting the high weight loss. For treated cotton, the
flame retardant decomposed to generate phosphoric
acid and polymetaphosphoric acid to promote the
char formation of cellulose, and decreased the genera-
tion of flammable gases compared with control cot-
ton, resulting the low weight loss, and showing flame
retardance. Such phenomena had been frequently
reported in other phosphorus-containing flame retard-
ant epoxy thermosets (Feng et al. 2018; Gholivand
et al. 2022; Huo et al. 2020; Nguyen et al. 2020). At
the third stage, when increasing the temperature to
700 °C, the residue further decreases. For FRC-40,
the residue is 33.39% at 700 °C, while for control
cotton, almost no residue is left. These results show

that HPDPP changes the pyrolytic pathway and sig-
nificantly improves the flame retardance of cotton
fabrics.

The degradation trend of cotton fabrics in the air
environment are nearly identical to those in N,. Only
in the third stages, due to the fact that oxygen in air
can oxidize the residue, the weight of the samples
more rapidly decreases compared with those under
nitrogen environment. However, the FRC-40 still has
a residue of 10.78% after high temperatures. These
results imply that the cotton fabrics treated with
HPDPP have high flame retardance.

TG-FTIR analyses

TG-FTIR is used to investigate the differences of the
pyrolysis volatile gases of control cotton and FRC-40
at high temperature. Figure 5 show the 3-dimensional
(3D) TG-FTIR spectra of the cotton samples pyroly-
sis process. Six FTIR spectra of typical pyrolysis
volatilization products versus time are also listed in
Fig. 6. It can be seen that the peak absorption of pyro-
lytic volatiles reached around 14.4 min and 9.7 min
for the control cotton and FRC-40, respectively.
These pyrolysis volatilization products were mainly
divided into inflammable gases and flammable vola-
tiles. The H,O (3567 cm™") absorption peaks reduced
and CO, (2356 cm™') absorption peaks enhanced
compared with the control cotton. The absorption
intensities of carbonyl compounds (1713 cm™") sig-
nificantly decreased, and the absorption peaks of
hydrocarbons (2975 cm™!) and ethers (1067 cm™)
almost disappeared. The new ammonia (1507 cm™!)
absorption peak in the modified cotton was attributed
to the thermal decomposition of the elemental N-con-
taining flame retardant at high temperatures (Lu et al.
2023). Therefore, this indicated that treated cotton
decomposed earlier than control cotton at high tem-
perature, and released much less combustible gaseous
substances in the pyrolysis process than the control

Table 3 TG and DTG data

Samples N, Air
of control cotton and FRC-
40 under N, and air Tonset max Residue at Tonset Thax CC) Residue
°O) °O) 700 °C (%) °O) at 700 °C
(%)
Control cotton 322.9 353.9 0 310.3 3554 0
FRC-40 260.2 300.8 33.39 262.4 294.1 10.78
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Fig. 4 TG and DTG curves of control cotton and FRC-40 under N, (a, ¢) and air (b, d)

cotton, which showed the flame retardant changed the
pyrolysis pathway. It was consistent with TG results
that the flame retardant promoted the cellulose to
form lots of char residue to get flame retardance.

Cone calorimetry

To simulate the burning of the textile in a real fire,
cone calorimetry tests were conducted on control
cotton and FRC-40. The heat release rate (HRR)
and total heat release (THR) versus time profiles
upon exposure to heat flux at 35 kW/m? are shown
in Fig. 7. Table 4 presents some of the key relevant
parameters for assessing the fire hazard of cotton

fabric materials. After ignited, the control cotton
burned rapidly with a peak heat release rate (pHRR)
and THR value of 156.7 kW/m? and 4.2 MJ/m?,
respectively. As for FRC-40, the pHRR and THR are
significantly lower than control cotton with 23.8 kW/
m? and 2.5 MJ/m?, respectively. The ratio of pHRR to
Toure 1s the flame growth rate (FGR), which relates
the material size to thermal reaction ability, the
higher its value, the greater the fire hazard. Moreover,
the total smoke production (TSP) of FRC-40 increase,
which can attributed to the HPDPP that promoted
dehydration of cotton fabric into char, and inhibited
the oxidative degradation of cotton at high tempera-
ture, resulting in incomplete oxidative decomposition
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Peaktime: 14.4min

Fig. 5 3D-FTIR spectra of control cotton (a) and FRC-40 (b)

of cellulose, which exhibits reduced pHRR and THR,
as well as increased smoke emission. Compared with
control cotton, the CO,/CO ratio of FRC-40 decreases
significantly, which means the combustion efficiency
decreased gradually. This indicates that the forma-
tion of a char layer makes treated cotton fabrics burn
less adequately (Piao et al. 2022). In addition, it can
be clearly seen from Table 4 that the FRC-40 has a
much lower probability of catching a fire, which can
not be ignited, but the TTI of the control cotton fab-
ric is 10 s, with 9.5% and 2.5% residue remaining at
the end of the test, respectively. Thus, the fire safety
performance of treated cotton fabrics is the best, per-
forming excellent flame retardancy (Luo et al. 2022).

VFT and LOI analysis

Figure 8a and Table 1 show the vertical flame test
graphs and relative data for cotton fabrics, respec-
tively. For the control cotton, the cotton fabric is eas-
ily ignited, there is almost no char residue left after
burning, just a little ash exists. In addition, the after-
flame time and after-glow time are respectively 12
and 16 s in Table 1. However, in the case of treated
cotton fabrics, the samples do not continuously burn
removed of the fire source, and they retain an intact
char frame structure. It can be observed from Fig. 8a
and Table 1 that the concentration of the HPDPP
solution increases, the char length of the HPDPP

@ Springer

Absorbance
0.08000

0.07035
0.06070
0.05105
0.04140
Peaktime:9.7min 0.03175
|
0.02210
0.01245
0.002800

~0.006850

~0.01650

treated cotton fabrics is steadily reduced, FRC-40 is
just 42 mm, and FRC-40-50LCs is 50 mm, which is
significantly less than the standard (150 mm). In con-
clusion, the cotton fabrics treated with HPDPP are
greatly improved with self-extinguishing behavior.
Also, they do not exhibit after-glow time and after-
flame time upon vertical flammability tests.

The LOI is the volume fraction concentration of
oxygen in a mixture of oxygen and nitrogen when the
polymer is just able to support its combustion. The
control cotton LOI is approximately 17.7%. Figure 8b
shows the LOIs of the HPDPP treated cotton fabrics
after different laundering cycles. The LOI of FRC-40
can reach 41.3%, and it decreases to 29.7% after 50
LCs according to the AATCC 61-2013 3A washing
standard. The LOI of FRC-30 is 26.5%, and that of
FRC-20 is 26.1% after 30 LCs. In comparison, the
APHOMPA treated cotton fabrics after 50 LCs is still
28.8% when using the AATCC 61-2013 1A washing
standard (Chen et al. 2020), while the HPDPP treated
cotton fabrics can meet the more restrictive require-
ments of the AATCC 61-2013 3A washing standard
and could be considered as durable flame retardant
fabrics.

The high durability of the cotton fabrics treated
with HPDPP is consistent with the analyses presented
in Sect. 1. Because all the phosphorus elements in the
HCCP ring of HPDPP are only combined with the N
element, the -N=P—(N);— structure is very stable and
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Fig. 6 FTIR spectra of 6 typical pyrolysis volatiles
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Table 4 The calorimetry test data of cotton samples does not hydrolyze. In addition, although there are

Samples Control cotton FRC-40-0LCs some phosphoric acid groups in HPDPP, only a small
proportion of them will hydrolyze and combine metal

TTI(s) 10 ions, which results in reducing the flame retardance.

PHRR (kW/m?) 156.7 238 However, many tests showed that the cotton fabrics

Tourr (3) 31 37 treated with HPDPP have high durability and flame

THR (MJ/m?) 42 2.5 retardancy.

EGR (kW/(m’s)) 5.055 0.643

TSP (m?) 0.074 0.447

CO,/CO (kg/kg) 30.79 2.281

Residue (%) 2.5 9.5

o
o

160 5 Control cotton
o A ——FRC-40

Control cotton
~FRC-40

2.5 MJ/m?

Heat Release Rate (kW/m?)
Total Heat Release (MJ/m?)

=20 1 1 1 1 1 L 1 1 1 1

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)

Fig. 7 a HRR and b THR curves of control cotton and FRC-40 in cone calorimetry test
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Fig. 8 a VFT results of (a) control and treated cottons. b LOI of treated cotton under different laundering cycles (LCs)
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Table 5 Tensile strengths and bending lengths of the cotton
samples

Samples Tensile strength (N)  Bending length
(mm)
Warp Weft Warp Weft
Control cotton 642 610 21.4 20.4
FRC-20 497 447 21.3 22.0
FRC-30 475 426 22.7 21.3
FRC-40 472 440 22.5 234

Samples mechanical properties analysis

The tensile strength and bending length of the cot-
ton fabrics with different add-on levels were tested
to evaluate the impact of HPDPP on the inherent
properties of cotton fabrics (Table 5). As the con-
centration of the HPDPP solution increases, the ten-
sile strength of the treated cotton fabrics gradually
decreases. Compared with control cotton, the tensile
strengths of treated cotton fabrics show a decrease
in the warp and weft directions, respectively. These
phenomena should be the —P=(0O"NH,"), groups
generate -P=0(0OH), groups in the grafting process
(180 °C for 5 min), which generate acids to damage
the cotton fabrics. The bending length is propor-
tional to the soft hand of cotton materials, and the
bending lengths of the treated cotton fabrics only
increased slightly compared with control cotton,
which does not affect the use of the cotton fabric in
the textile market.

Formaldehyde content

The formaldehyde content of treated cotton fabrics
is measured according to the GB/T2912.1-2009
standard. Figure 9 shows pictures of extracts from
the control cotton and cotton fabrics treated with
HPDPP after color development with acetylacetone.
It can be seen that the cotton fabrics treated with
HPDPP extract do not display any substantial color
development. The residual formaldehyde content in
the cotton fabrics is less than 20 mg/kg and can be
assessed as “not detected”. This is because the for-
maldehyde finally changed to —CH,, and it is impos-
sible for —-CH, to return to formaldehyde.

The control cotton The treated cotton

= ’.’
‘_.,_‘- —
i "

Fig. 9 Pictures of control cotton and treated cotton after color
development

Conclusion

In this paper, HPDPP with -N=P—(N);—, phosphoric
acid ester, and reactive ammonium phosphoric acid
groups is successfully synthesized for cotton fab-
rics to obtain a high durable reactive flame retard-
ant without formaldehyde. The treated cotton fabrics
have extremely excellent flame retardancy and dura-
bility. In addition, the 30% and 40% HPDPP treated
cotton fabrics could pass the AATCC 61-2013 3A
washing standard 50 LCs. The TG and cone calo-
rimetry tests shows a condensed phase flame retard-
ance mechanism. The obtained cotton samples have
high durability due to the formation of P-O-C cova-
lent bonds between the flame retardant and cellulose,
the —-N=P—(N);— group deriving from HCCP and
the phosphoric acid ester group can not hydrolyze to
combine metal ions. The results show that HPDPP
can be considered as a highly durable flame retardant.
Finally, the HPDPP flame retardant molecule intro-
ducing -N=P-(N);—, phosphoric acid ester groups,
and reactive ammonium phosphoric acid groups can
significantly improve the durability of cotton fabrics.
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