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Abstract A new and versatile method to covalently
functionalize cellulose in cotton and Nylon/cotton
(Nyco) blends with plant-based renewable material,
phytic acid to impart flame retardant characteristics
that is durable is presented. This involves functional-
ization of 1,1’-carbonyldiimidazole to the cellulose
structure of cotton followed by the attachment of
diamine and phytic acid through carbamate bonds. In
the vertical flame test, phytic acid functionalized
cotton and Nyco fabrics exhibit self-extinguishing
behavior, whereas control samples burned completely.
Pyrolysis combustion flow calorimetry confirmed that
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phytic acid functionalized cotton and Nyco fabrics
showed a reduction in the heat release capacity and the
total heat release. In this short communication, we
present synthesis, chemical characterization using
Fourier transform infrared spectroscopy and Scanning
electron spectroscopy, Energy dispersive spec-
troscopy and study of thermal and flame retardant
properties using thermogravimetric analysis, Pyrolysis
combustion flow calorimetry and Vertical flame test of
phytic acid functionalized cotton and Nyco fabrics.
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Introduction

The inherent flammability of some natural, as well as
synthetic fabrics, makes their usage limited to only
certain kind of applications. For instance, cotton,
polyesters, and aliphatic polyamides (Nylon) com-
monly used for soldier apparel, which are inherently
flammable. Thus, there is a significant need to impart
fire retardancy to the fabric without compromising its
durability and other physical properties such as
breathability and mechanical strength. It can be
addressed through different pathways, including
incorporation of flame retardant (FR) additives into
the fibers during manufacturing stage, surface modi-
fication of existing fibers with FR materials, and
integrating inherently fire-resistant polymers.

Among all the techniques, for producing a flame
retardant fabric, surface modification techniques have
attracted considerable attention in recent years
because they are efficient and convenient (Narkhade
et al. 2016; Galina et al. 2013; Yu-Chin et al. 2011).
Notably, surface coating by layer-by-layer (LbL) (Li
et al. 2010) assembly and plasma treatment involved
surface modifications (Edwards et al. 2012; Lam et al.
2011; Tsafack and Levalois-Griitzmacher 2007) have
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Vertical Flame Test

recently been proven to be more popular in fabricating
FR coatings on different fabrics. However, these
surface coatings interact with the surface of the fabric
through weak and non-covalent bonds that are not
stable during washing (multiple laundry cycles) of the
fabric. Therefore, to avoid these less durable, non-
covalent interactions as well as to attach additional
functional groups covalently on the surface of the
fabric, new chemical methods should be introduced.

On the other hand, the best-known approach for the
surface modification of cellulose is the condensation
reaction of available hydroxyl groups in the cellulose
structure of cotton (Kadla and Gilbert 2000; Klemm
et al. 2005). In the past few years, phosphorous
containing compounds have shown remarkable flame
retardancy to cotton fabrics (Gao et al. 2015; Jia et al.
2017a, b). Phytic acid with 28% phosphorous content
has proven its potential as a flame retardant to cotton
and other fabrics which is evidenced by the previous
literature (Cheng et al. 2016a, b; Feng et al. 2017; Liu
et al. 2018). To mention a few, Zhou et al. (2015)
prepared flame retardant polyaniline paper composite
using phytic acid as a doping acid, Laufer et al. (2012)
prepared flame retardant cotton using phytic acid/chi-
tosan and Wang et al. (2015a, b) using phytic acid/
nitrogen-containing silane hybrid via layer-by-layer
technique.

In this work, we developed a permanent surface
chemical functionalization on cotton and Nyco fabrics
via covalent bonds unlike most common surface
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coating methods done through electrostatic interac-
tion, which are weak and non-durable. Here, we used
1,1’-carbonyldiimidazole (CDI) reagent as an activat-
ing agent for hydroxyl functional groups of cellulose
in the fabric followed by addition of nucleophile such
as ethylenediamine to bring amine functional groups
onto to the surface of the fabric. Finally, the coupling
between newly introduced amines of the fabric and
acid groups of the phytic acid gave strong and
stable carbamate bonds while imparting flame-retar-
dant properties to the fabric. We have characterized
these functionalized fabrics using attenuated total
reflectance—Fourier transform infrared spectroscopy
(ATR-FTIR) spectroscopy, scanning electron micro-
scope (SEM) and energy dispersive X-ray (EDX)
spectroscopy. Furthermore, we have studied the
thermal degradation behavior and flammability prop-
erties using thermogravimetric analysis (TGA), Pyrol-
ysis combustion flow calorimetry (PCFC) and
flammability properties using vertical flame test
(VFT) according to ASTM D6413 test method.

Experimental section
Materials

All chemicals and solvents purchased were used
without further purification. 1,1’-Carbonyldiimidazole
(CDI) was purchased from ICN Biomedical Inc.
Ethylenediamine (EDA), aqueous 50% phytic acid
solution (PA), and anhydrous dimethylformamide
(DMF) were purchased from Sigma-Aldrich. Cotton
and Nyco fabrics were obtained from US Army
Natick.

Functionalization of fabric with CDI (2 and 6)

In a typical procedure, each fabric sample (1 x 1
inch) was taken into a 20 mL glass vial which contains
4 mL of anhydrous DMF solvent. To this reaction vial,
100 mg of CDI was added followed by shaking the
reaction vial a few times in the first 30 min of the
reaction and then left for 12 h at room temperature. At
the end of this reaction time, DMF solvent was
decanted from the reaction vial and fabric was washed
with acetone (3 x 10 mL) to remove unfunctional-
ized CDI followed by drying the fabric sample at

90 °C for four hours to obtain CDI functionalized
cotton fabric, 2 and CDI functionalized Nyco fabric, 6.

Functionalization of fabric with Ethylenediamine
(3 and 7)

CDI functionalized fabric (1 x 1 inch) was taken into
a 20 mL glass vial which contains 4 mL of anhydrous
DMF solvent. To this reaction vial, 0.5 mL of
ethylenediamine was added followed by shaking the
reaction vial intermittently in the first two hours of
reaction then left it for five hours at room temperature.
Then the solvent was decanted from the reaction vial
and fabric was washed with acetone (3 x 10 mL)
followed by drying the fabric sample at 90 °C for four
hours to yield the EDA functionalized cotton fabric, 3
and EDA functionalized Nyco fabric, 7.

Functionalization of fabric with Phytic acid (4
and 8)

EDA functionalized fabric (1 x 1inch) was dipped in
5 mL solution of 25% aqueous phytic acid solution for
five minutes, followed by drying in an oven at 80 °C
for 12 h. At the end of the drying period, the fabric
swatches were cooled down to room temperature and
then washed with distilled water (3 x 50 mL) fol-
lowed by drying the fabric sample at 90 °C for four
hours to obtain PA functionalized cotton fabric, 4 and
PA functionalized Nyco fabric, 8.

Characterizations

Fourier-transform infrared spectroscopy was carried
using a Nicolet 4700 Fourier-transform infrared
spectrometer (Thermo-Scientific) equipped with
attenuated total reflectance (ATR) accessory to char-
acterize the functionalized fabrics over a range of
4000—400 cm™". Each spectrum was obtained with 16
scans at a resolution of 4 cm™'. Thermal degradation
studies of the fabrics were conducted using a TGA
Q50 (TA Instruments). Around 5 mg was heated at a
rate of 20 °C/min from room temperature to 800 °C
under nitrogen atmosphere. Pyrolysis combustion flow
calorimetry (PCFC) was performed to study the heat
release characteristic of the fabrics according to
ASTM D7309. Around 3 mg of sample was heated
from 80 to 750 °C at a heating rate of 1 °C/s under the
nitrogen/oxygen flow rate of 80/20 mL/mL. The
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oxygen consumption was measured and used to
calculate heat release rate (HRR), heat release capac-
ity (HRC), and total heat release (THR). All the
samples were tested at least three times. The vertical
flame test was performed according to ASTM D 6413.
The fabrics of size 12 x 3 inches fitted in a metal
frame were ignited from the bottom with 12 s ignition
time at a distance of 0.75 inches from the burner. The
distance between the ignition spot of the fabric and the
farthest point that the flame reached was measured as
char length. Surface morphology of fabrics was
observed using an SEM (JEOL JSM-6390). A thin
layer of gold was deposited on the surface of all
samples before imaging. Residue analysis was per-
formed on the samples using energy-dispersive X-ray
spectroscopy (EDX).

X-ray photoelectron spectroscopy (XPS) analysis
was carried out on a Nexsa X-Ray Photoelectron
Spectrometer (Thermo Fisher Scientific) using
monochromated Al Ko X-ray source (hv = 1486.6
eV). All the XPS survey spectra were energy refer-
enced to C1 s at 284.8 eV. XPS peak fit software was
used for curve fitting and background subtraction for
all the scanned surveys. The breaking strength of the
fabrics was determined using the Instron universal
testing machine according to the ASTMD5034. The
durability of flame retardant on the fabric was
evaluated by performing the normal home laundry
cycles according to the AATCC 135-2004 standard.
The pH values of the fabrics were measured according
to ISO 3071:2005.

Results and discussion
Functionalization of cotton and Nyco fabrics

The functionalization of cotton fabric (and Nyco
fabric) was carried out through three consecutive
reaction  steps. As shown in  synthesis
scheme (Scheme 1), in the first step, the reaction
occurred between hydroxyl groups of cotton fabric
(and cotton part of Nyco fabric) and the reactive
carbonyl group of CDI resulted in the formation of
carbamate bonds on the surface of the fabric. In this
reaction, some of the hydroxyl groups of the cotton
fabric (and cotton part of Nyco fabric) were substi-
tuted by one of the imidazole groups of CDI.
Successful formation of carbamate in the fabrics 2
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and 6 was confirmed by the ATR-FTIR spectra
(Figs. 1, 2), with the appearance of newly formed
carbamate characteristic carbonyl stretching band at
1761 cm™"' apart from retaining other stretching
frequencies from the control fabric such as
1632 cm™' corresponding to the carbonyl amide
stretching. Furthermore, we observed around 10%
(for Nyco-7%) weight gain to the functionalized
cotton fabric swatch compared to the weight of control
fabric. In the second step, to introduce amine
functional groups onto the surface of the CDI func-
tionalized fabric, we used EDA as a nucleophilic
reagent in excess. One of the EDA primary amine
groups has replaced the imidazole group in the fabric 2
and 6 to afford EDA functionalized fabric 3 and 7 and
assuming the other primary amine group in EDA are
still available for further chemical reactions. We have
further confirmed the conversion of this reaction by
using ATR-FTIR spectra (Figs. 1, 2) of the function-
alized fabrics. The FTIR spectra of 3 and 7 possessed
the characteristic urethane peaks at 1702 cm™" (car-
bonyl urethane stretching) and 1530 cm™' (C-NH
vibration) and moreover the carbonyl stretching peak
at 1761 cm™" related to the starting CDI functional-
ized fabrics vanished completely which all together
clearly indicated the successful completion of these
reactions on the fabric surface. However, in the case of
the third step, the final reaction to make PA function-
alized fabric 4 and 8, we could not observe any clear
distinction of IR peaks between EDA functionalized
fabrics and PA functionalized fabrics. This could be
because of many of the characteristic IR bands of PA
groups merging with the starting EDA functionalized
fabric IR peaks. However, there is a significant weight
gain (cotton-12% and Nyco-8%) observed in the PA
functionalized fabrics. The final step which is reaction
between the amine groups and phytic acid to form
phosphoramide was proved using a model reaction
between orthophosphoric acid and propyl amine under
same conditions (Supporting Information). Function-
alization of the fabrics with phytic acid led to decrease
in the pH of the fabrics. The pH values were found to
be 7.1 and 3.6 for cotton control and PA treated cotton
fabric. The decrease in the pH value after functional-
ization can be attributed to the presence of free
phosphoric acid group in phytic acid. The pH values of
Nyco control and PA treated Nyco fabric were found
to be 6.9 and 4.0 respectively.
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Scheme 1 Schematic
representation for possible
chemical functionalization
of cotton and Nyco fabrics;
reagents and reaction

OH OHOH OH

conditions: (i) 1,1’- Cotton
Carbonyldiimidazole, DMF, or
r.t.,, 12 h; (ii) Nyco

Ethylenediamine, DMF, r.t.,
5 h; and (iii) Phytic acid,
80 °C, 12 h
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Fig. 1 FTIR-ATR spectra
of (i) cotton fabric, (ii)
cotton fabric with CDI
functionalization (iii) EDA
functionalized cotton fabric,
and (iv) PA functionalized
cotton fabric
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Fig. 2 FTIR-ATR spectra
of (i) Nyco fabric, (ii) Nyco
fabric with CDI
functionalization, (iii) EDA
functionalized Nyco fabric,
and (iv) PA functionalized
Nyco fabric
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Thermogravimetric analysis

Thermal degradation behavior and thermal stability of
the functionalized cotton and Nyco fabrics were
investigated using TGA Q50 (TA Instruments) under
nitrogen atmosphere. The TGA decomposition graphs
comprising the data of weight loss versus temperature
and their derivative plots for cotton and Nyco fabrics
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are shown in Figs. 3 and 4. All the functionalized
cotton and Nyco fabrics showed the lower onset
degradation temperatures than the control fabrics due
to the presence and degradation of newly introduced
functional groups. The control cotton fabric has
followed a single degradation step which is due to
the dehydration reaction between hydroxyl groups

leading to the char formation and/or direct
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Fig. 3 Thermogravimetric analysis (TGA) curves of (1) Cotton fabric, (2) CDI functionalized cotton, (3) EDA functionalized cotton

and (4) PA functionalized cotton fabric under N, atmosphere
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Fig. 4 Thermogravimetric analysis (TGA) curves of (5) Nyco fabric, (6) CDI functionalized Nyco, (7) EDA functionalized Nyco, and
(8) PA functionalized Nyco fabric under N, atmosphere

decomposition of the cellulose structure to generate flow calorimetry (PCFC) which evaluates the com-
flammable volatiles (Soares et al. 1995). The PA bustion parameters based on consumption of oxygen
functionalized cotton followed the degradation pattern during the non-flammable combustion process. The
similar to the control but with lower degradation essential parameters obtained from this technique are
temperature and higher amount of char residue. The furnished in Tables 3 and 4. The heat release capacity
presence of the phosphate group in PA structure (HRC) and total heat release (THR) values gives
releases phosphoric acid which promotes the char information about the heat release characteristics of
formation by catalytic dehydration as reported earlier the material. The cotton fabric functionalized with PA
(Cheng et al. 2016b). The formed char acted as a showed lowest heat release capacity of 36 J/g K and
barrier between the surrounding atmospheric oxygen lowest total HR value of 0.6 kJ/g which are remark-
and the fabric making it self-extinguishing thus flame ably lower than that of control cotton fabric. This
retardant. result suggests that the functionalization of PA to
In the case of Nyco fabric, a two-step degradation cotton fabric led to the significant reduction of about
was observed owing to its 50:50 nylon and cotton. The 86.7% for HRC and 94% for THR. In the case of Nyco
Nyco fabric functionalized with PA went through a functionalized with PA, a significant reduction in HRC
three-step degradation process. The first degradation at and THR values was observed. These results indicate
around 300 °C corresponded to the phosphate groups in that functionalized cotton and Nyco fabrics have better
the PA structure. Char residue was increased by 18% for heat release properties compared to control fabrics.
PA functionalized Nyco fabric compared to the control
Nyco. However, this improvement is less compared to Vertical flame test
that of functionalized cotton fabric. Since Nyco is a
50:50 blend of cotton and nylon 66 and the function- In order to evaluate the flammability behavior of the
alization of PA is only for cotton part of Nyco, the nylon fabric, vertical flame test (VFT) was performed on
66 part thermally degrades completely leaving less char control as well as phytic acid functionalized cotton and
residue. All the corresponding data of cotton and Nyco Nyco fabrics (12 x 3inches). In VFT, the sample size
fabrics are tabulated in Tables 1 and 2. within the frame was 12 x 3 inches. A Bunsen burner
was used for sample ignition. The flame height was 1.5
Pyrolysis combustion flow calorimetry inches, and the distance between the lower edge of the
sample and the burner was 0.75 inches. The ignition
The flammability characteristics of functionalized and time was 12 s. The images taken after the VFT of
control fabrics were studied using a small-scale control and PA functionalized fabrics are shown in
flammability technique called Pyrolysis combustion Fig. 5. Both the control fabrics (cotton & Nyco) burnt
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Table 1 TGA results of control and functionalized Cotton fabrics

Fabric codes Ton (°C)? Tyax (°C)° Char residue at 700 °C (%)

1 373 398 7.1

2 347 392 12.5

3 366 396 11.8

4 239 299 39.0

?Onset decomposition temperature

"Maximum decomposition temperature

Table 2 TGA results of control and functionalized Nyco fabrics

Fabric codes Ton (°C) Tmax (°C) Char residue at 700 °C (%)
*Timax *Tomax “Tamax

5 370 398 457 - 10.9

6 346 394 460 - 9.5

7 366 398 457 - 12.5

8 282 300 398 471 12.9

“Maximum decomposition temperature in first step degradation

"Maximum decomposition temperature in second step degradation

“Maximum decomposition temperature in third step degradation

‘“’represents not available

Table 3 Heat Release properties of functionalized cotton
fabrics

Fabric codes HRC (J/g K) Total HR (kJ/g)
1 258 10.0
2 207 10.0
3 275 13.7
4 36 0.6

Table 4 Heat Release properties of functionalized Nyco
fabrics

Fabric codes HRC (J/g K) Total HR (kJ/g)
5 354 18.4
6 284 15.6
7 299 18.0
8 229 12.3

away completely on exposure to ignition, leaving
behind some amount of char only in the case of Nyco.
Interestingly, when the PA functionalized fabrics
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(cotton & Nyco) were tested according to the same
standards, they self-extinguished within 2 s after the
ignition source was removed. The average char
lengths for three replicants of the cotton and Nyco
fabrics functionalized with PA are 4.66 and 6.26
inches, respectively. The VFT results indicate that
phytic acid functionalized cotton and Nyco fabrics are
self-extinguishing which is a critical step going
forward with this chemical functionalization method.

Scanning electron microscopy

Surface morphologies of control and phytic acid
functionalized fabrics were examined by scanning
electron microscope (SEM). The different magnifica-
tion images were taken for clear observation before
and after burning of the fabrics and are depicted in
Fig. 6. From the Fig. 6, we can say that there is no
difference in the thickness of fabrics surfaces between
control and functionalized fabrics since the function-
alization occurred through covalent bonds and it is a
conformal level functionalization unlike non-covalent
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Fig. 5 Post vertical flame Fabric Code - 1 4 4 4
test images of phytic acid Char length - 12inch 4.5inch 4.75inch 4.75 inch
functionalized cotton (top
row) and Nyco fabrics
(bottom row) including their
control fabrics

Fabric Code - 5 8 8 8
Charlength - 12inch 6.1 inch 6.6 inch 6.1 inch

Fig. 6 Low magnification SEM images of fabric samples. (A) Cotton control fabric, (B) Phytic acid functionalized cotton fabric before
burning, (C) Phytic acid functionalized cotton fabric after burning

surface coatings most of them are physical adsorp- millimeters. Moreover, burned sample surface mor-
tions, and thickness increases from microns to phology of treated fabric indicates the formation of
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inorganic  phosphate/polyphosphate  based char
formed by the catalyzing action of phytic acid on
carbonization of cotton fibers which prevented the
functionalized fabric from burning (Schartel 2010).

EDX analysis

The elemental compositions were estimated by per-
forming EDX spectra analysis of phytic acid func-
tionalized cotton fabric before and after burning the
fabrics. The EDX spectra of the fabrics are shown in
Fig. 7, along with the elemental composition details.
The presence of phosphorous composition indicated
the functionalization of PA to the fabric where control
fabric showed just background noise. As expected, the
carbon content increased after burning the sample
because of char formation with a decrease in the
oxygen content which is lost as volatile gases. In
addition to that, importantly, there is no significant

Fig. 7 EDX spectra: A P
(A) control cotton fabric,
(B) phytic acid
functionalized cotton fabric
before burning, and

(C) phytic acid
functionalized cotton fabric
after burning in VFT

amount of change in the phosphorous content, which
indicated its total contribution to the char formation
upon heating.
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Fig. 8 XPS survey spectrum of phytic acid functionalized
cotton fabric
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Fig. 9 Deconvoluted XPS survey spectra of A Cls, B N1s, C Ols and D P2p of phytic acid functionalized cotton fabric

XPS analysis

X-ray photoelectron spectroscopy was performed to
investigate the chemical environments on the surface
of the treated fabric to a depth of a few micrometers.
The XPS survey spectrum of phytic functionalized
cotton fabric is shown in Fig. 8. In the full survey
spectrum, the peaks with binding energies in the range
of 282-292, 396406, 528-538, and 130-138 eV were
identified as carbon (Cls), nitrogen (Nls), oxygen
(O1s) and phosphorous (P2p) respectively. The peak
deconvolution for high resolution reveals the different

chemical environments corresponding to the elements.
The high-resolution spectrum (Fig. 9) of Cls can be
deconvoluted into five signals: C1-284.79, C2-286.29,
C3-286.76, and C4-289.21 eV. The binding energies
corresponding to C1 and C3 can be assigned to C-C/
C-H, and C-O bonding in the cellulosic structure of
cotton, whereas, the functionalization through CDI
introduces C-N and —-NH-C=0(O)- (Carbamate
linkage) binding to the surface which can be identified
as C2-286.29 and C4-289.21 eV, respectively (Li
et al.2013; Liu et al. 2013). The binding energy at
289.21 eV further confirms the covalent attachment
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Fig. 10 Breaking strength of treated and untreated fabrics

A

———

Fig. 11 Post vertical flame test images of (A) Phytic acid
treated cotton fabric after 1 laundry cycle, (B) after 5 laundry
cycles, and (C) Phytic acid treated nyco after 1 laundry cycle

through carbamate bonding (Ireni et al. 2016). Sim-
ilarly, the Ol s high-resolution spectrum (Fig. 9)
deconvoluted into three signals: O1-530.91, O2-
532.66, and 03-532.69 eV. The O1 peak corresponds
to —C=0 and —P=0 present in the carbamate linkage
and phytic acid, whereas O2 and O3 correspond to the
—C-0/-P-0 and —C-OH/-P-OH respectively (Zhao
et al. 2008; Zheng et al. 2015). Moreover, the
convolution spectra of N1s (Fig. 9) and P2p suggests
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the attachment of phytic acid through the P-N bond.
The deconvolution spectra of N1 s showed three
peaks: N1-399.89, N2-401.07, and N3-401.55 eV
corresponded to the nitrogen environment in amine,
urethane and phosphoramide [-NH-P=O(OH)-O-]
group, formed between the amine and phytic acid
(Yu et al. 2014). The P2p spectra (Fig. 9) deconvo-
luted to two peaks: P1-133.43 and P2-134.14 eV. The
lower binding energy peak P1 corresponds to phos-
phate group in phytic acid, and higher binding energy
peak P2 corresponds to phosphoramide group (Wang
et al. 2013, 2015a, b; Wu et al. 2015). In overall, the
XPS spectrum of treated fabric further evidenced the
functionalization to the surface resulted through
carbamate and phosphoramide bonding.

Tensile test and Laundry performance

Tensile test was performed to determine the breaking
strength of the phytic acid treated and untreated cotton
and Nyco fabrics using Instron universal testing
machine. The breaking strength values of the fabrics
are shown in Fig. 10. Breaking strength of the phytic
acid treated cotton fabric (95 N) was reduced by
around 40% to that of cotton control (165 N). The
reduction in strength can be due to the increased
loading of the flame retardant onto the fabric and
reaction conditions for its treatment. Besides, phytic
acid treated Nyco fabric also followed a similar trend
for breaking strength.

The treated fabrics were subjected to home laundry
procedure to evaluate the flame retardant performance
after washing. For durability studies, five normal home
laundry cycles were performed for phytic acid func-
tionalized cotton fabric according to the AATCC 135,
and the flame retardant performance was evaluated
through the vertical flame test. No significant change
was observed in the flame retardant behavior of treated
cotton even after five home laundry cycles in terms of
char length. Char lengths for PA treated cotton fabric
after one and five laundry cycles were found to be 4.5
and 4.75 inches, which are similar to the unlaundered
PA treated cotton fabric. However, PA treated Nyco
fabric was burnt completely in the vertical flame test
after one home laundry cycle. The Post VFT images
after laundry are shown in Fig. 11.
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Conclusions

In conclusion, for the first time, cotton and Nyco fabric
have been successfully functionalized covalently
using phytic acid. The functionalized fabric was
characterized using various techniques, and the fire-
retardant behavior was evaluated. The new chemical
functionalization of fabric through CDI chemistry
successfully incorporated phytic acid, which acted as a
flame retardant molecule to the fabric. Phytic acid
functionalized fabrics showed better thermal and
flame-retardant properties than the control samples.
We are currently working on improving the durability
and commercial viability of this covalent functional-
ization strategy towards durable flame-retardant cot-
ton and Nyco fabrics. This unique functionalization
method also opens up a way to attach molecules of
interest on these fabrics for multifunctional properties
such as anti-microbial, insect repellency, etc.
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