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A B S T R A C T

Cotton was chemically modified with N-acryloylglycine (NAG) via oxo-Michael addition under basic conditions 
at 50 ◦C, producing COT-g-NAG3 and COT-g-NAG6 with 3 % and 6 % add-ons, respectively. The goal was to graft 
onto cotton an analogue of the glycine-based M-GLY polyamidoamine flame retardant repeat unit. Solid-state 
NMR confirmed the presence and quantity of grafted NAG. SEM and X-ray diffraction analyses showed that 
the grafting process preserved the fiber morphology and crystalline structure. Thermogravimetric analysis 
revealed enhanced thermo-oxidative stability between 350 and 450 ◦C, compared to virgin cotton. Flame 
retardant performance was evaluated through horizontal (HFST) and vertical flame spread tests (VFST). In VFST, 
neither sample self-extinguished, but both retained substantial char. In HFST, COT-g-NAG3 showed a reduced 
burning rate (0.18 vs. 0.98 mm/s), while COT-g-NAG6 self-extinguished, leaving 79 wt.% residue, compared to 1 
% for untreated cotton. Combustion residues exhibited a porous char typical of intumescent materials, like that 
observed in M-GLY coatings. These results confirm that NAG grafting imparts effective flame retardancy by 
inducing intumescence, without compromising cellulose integrity. The covalent nature of the grafting also en
hances wash durability, minimizing leaching and environmental release. This strategy highlights the promise of 
amino acid-based acrylamides for the tailored-design of flame retardant cotton fabrics.

1. Introduction

Cotton is a highly flammable cellulosic textile. With a low limiting 
oxygen index (LOI) value of 16–18 % (Li et al., 2022), cotton is highly 
susceptible to ignition when exposed to heat sources like flames, sparks, 
hot surfaces or high heat flux. Studies indicate that most indoor fires are 
linked to the spread of cotton fabric fires (Qi et al., 2023a). While fire 
retardant treatments can reduce cotton’s flammability, untreated cotton 
can ignite easily and burn quickly. This raises concern for fire safety 
because cotton fibers are widely used in the production of soft, breath
able textiles, including underwear, bed lines, and healthcare fabrics for 
hospitals, protecting garments, upholstery fabrics, just to mention a few 
(Dong et al., 2018; Sau-Fun et al., 2011; Shin et al., 2016). Over the past 
50 years, phosphorylated compounds like tetrakis(hydroxymethyl) 
phosphonium salts (Proban®) and N-methyloldialkyl phosphonopro
pionamides (Pyrovatex®) have served as the primary flame retardants 
for cotton (Horrocks, 2011). However, many of these compounds have 

significant environmental consequences, as they release formaldehyde 
during both production and use, and produce fumes and smoke when 
activated (Salmeia et al., 2017). This is why nowadays international 
regulations mandate the use of halogen- and formaldehyde-free for
mulations according to the European directives and REACH regulation 
(Chivas et al., 2009; De Smet et al., 2015). In recent years, various 
categories of flame retardants have been investigated, including organic, 
inorganic, and hybrid systems, as discussed in greater detail in Section 
3.6. However, some of them still raise concerns related to toxicity, either 
due to the use of environmentally harmful intermediates or the release 
of toxic decomposition products (Horrocks, 2011, 2020). Moreover, in 
many cases, the high concentrations of additives required risk compro
mising the chemical and physical properties of cotton. Current strate
gies, aimed at enhancing the efficacy and environmental sustainability 
of flame retardants, focus on finishing cotton fabrics by grafting flame 
retardants onto cellulose, providing durable solutions (Attia & Morsy, 
2016; Dong et al., 2018; Feng et al., 2017; Jiang et al., 2015; Mengal 
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et al., 2016; Qi et al., 2023b; Rosace et al., 2018; Xie et al., 2013).
Linear polyamidoamines (PAAs) obtained from the aza-Michael 

polyaddition of α-amino acids with N,N’-methylenebisacrylamide 
(Ranucci & Manfredi, 2019) have demonstrated dual functionality as 
both intumescent flame retardants (Forte et al., 2021) and photo
stabilizers (Alongi et al., 2024; Treccani et al., 2025) for cotton fabrics, 
combined with environmental compatibility (Alongi et al., 2022; 
Ranucci et al., 2024; Treccani et al., 2024). When applied to cotton via 
aqueous deposition and drying, coatings based on α-amino 
acid-derived-PAAs effectively prevent ignition and suppress flame 
spread under horizontal flame spread tests (HFSTs) (Beduini et al., 
2021), and in special instances also in vertical flame spread tests 
(Beduini et al., 2019). However, PAAs are highly water-soluble and are 
quickly washed out from cotton during laundering. It is therefore 
considered essential for enhancing the physico-chemical properties of 
cotton, particularly thermo-oxidative stability, to establish procedures 
for covalently bonding PAAs or PAA fragments to cotton surface, 
thereby improving their durability through repeated wash cycles. This 
approach helps reduce leaching during laundering or use, thereby 
minimizing environmental release and contributing to greater sustain
ability by lowering the overall environmental footprint of the textile.

The hypothesis guiding this study is that the oxo-Michael addition of 
N-acryloylglycine to the hydroxyl groups of cellulose would introduce 
small organic moieties on the cotton surface capable to mimic the 
structure and the thermal decomposition behavior of the repeat unit of 
the glycine-based PAA known as M-GLY (Figure S1 in Supplementary 
Material). M-GLY is used as a reference compound in this work, due to its 
simple structure and well-established flame retardance efficacy. M-GLY 
does not ignite upon 10 s flame exposure but forms a protective carbo
naceous crust that shields the underlying material (Manfredi et al., 
2018). In HFSTs tests it self-extinguishes at add-ons of 4 – 7 %, 
depending on the fabric density. Residues show intumescent bubbling. 
Cone calorimetry confirms delayed ignition, reduced peak heat release 
rate and effective heat of combustion, and significantly lower CO and 
CO₂ emissions. In VFSTs, no extinction occurs up to 20 % M-GLY add-on, 
though treated fabrics retain substantial char. However, incorporating 
CaCl2 at a 1:3 wt ratio enables 7 % M-GLY coatings to inhibit cotton 
ignition even in VFSTs, producing only minor afterglow and leaving an 
82 % % residual mass (Alongi et al., 2023). The current design is based 
on the premise that the proposed chemical modification of cellulose 
would result in grafted moieties containing the same key functional 
groups found in the M-GLY repeat unit, namely a secondary amide and a 
carboxyl group, which are considered responsible for its intumescent 
behavior.

Notably, the grafting of acrylamide onto cotton through oxo-Michael 
addition under strongly basic conditions, which activate the cellulose 
surface, has been previously reported (Song et al., 2008). Building on 
this foundation, the present study aims to optimize a synthetic method 
for the covalent grafting of N-acryloylglycine onto cotton and to eval
uate the resulting material’s thermal stability and combustion behavior.

2. Materials and methods

2.1. Materials

Acryloyl chloride (99 %, MW 90.50), glycine (GLY, >99 %, MW 
75.07), sodium hydroxide (NaOH, > 99 %, MW 40.0), D2O (99.9 %), DCl 
(35 wt.% D2O solution), fuming hydrochloric acid (HCl, ≥ 37 % in 
water) were purchased from Sigma-Aldrich (Milan, Italy). Cotton fabric 
(COT, 100 %) with area density 250 g m− 2 was purchased from Fratelli 
Ballesio S.r.l. (Turin, Italy).

2.2. Methods

2.2.1. Synthesis of the N-acryloylglycine - NAG
Glycine (10.5 g, 140 mmol), and sodium hydroxide (5.6 g, 140 

mmol) were dissolved in distilled water (25 mL) and maintained under 
stirring at − 18 ◦C in a dry ice bath. Acryloyl chloride (12.7 g, 11.4 mL, 
140 mmol) and NaOH (5.6 g, 140 mmol in 25 mL of distilled water) were 
added dropwise to the sodium glycinate solution ensuring the reaction 
temperature remained between − 5 and 0 ◦C. After the addition was 
complete, 2,6-di-t‑butyl‑p-cresol (10 mg) was added and the reaction 
mixture gradually brought to room temperature and stirred for an 
additional 5 h. After this time, it was acidified to pH 2.0 with 12 M HCl 
(35 mL, 420 mmol) and stored at 4 ◦C for 15 h. The resulting precipitate 
was filtered and dried under reduced pressure in a desiccator containing 
KOH, yielding a white powder. Yield 8.4 g (46.5 %). The final product 
was analyzed by 1H-, 13C-, COSY- and HSQC- NMR in D2O.

2.2.2. N-acryloylglycine grafting onto cotton fabrics - COT-g-NAG
A dried cotton fabric (30 mm x 60 mm, average mass 0.450 g) was 

impregnated with 750 µL of an aqueous solution containing N-acryl
oylglycine and NaOH using an electronic micropipette. Two different 
concentrations of N-acryloylglycine – 30 wt% and 50 wt% – were used. 
The specific amounts of N-acryloylglycine, NaOH, and water in each 
solution are listed in Table 1.

The fabric was then placed in a polypropylene pouch (50 mm x 90 
mm), which was sealed with polyethylene terephthalate strips using a 
hot press at 150 ◦C and then kept at 50 ◦C in an oven for 24 h. After this 
time, the fabric was extracted from the pouch and maintained at 50 ◦C 
for further 3 h in air. It was then washed by immersing in distilled water 
at 45 ◦C, then in 0.01 M HCl at room temperature, and finally in water 
(100 mL, 30 min each) maintaining the extracting liquid under vigorous 
stirring. The extracted cotton strip was finally dried, first in air at room 
temperature, then in an oven at 80 ◦C for 20 min.

The amounts of reagents used for the preparation of NAG-grafted 
cotton samples, designated as COT-g-NAG3 and COT-g-NAG6, are 
shown in Table 1.

The total dry solid add-ons (Add-on, wt%) were determined gravi
metrically according to Eq. (1). 

Add − on% =
Wf − Wi

Wi
× 100 (1) 

where Wi is the weight of the dried sample before treatment and Wf the 
weight of the dried sample after treatment.

2.2.3. Thermo-oxidation of cotton and COT-g-NAG6 fabrics
Untreated cotton and COT-g-NAG6 samples (30 mm × 60 mm each) 

were placed in porcelain crucibles and heated in air using a 21HT Fra
telli Galli oven (Fizzonasco, Italy) at a rate of 10 ◦C min⁻¹ up to 350 ◦C. 
The samples were held at this temperature for 2 min before being 
transferred to open air.

Table 1 
Amounts of the reagents used in the synthesis of COT-g-NAG samples. a).

Sample N- 
acryloylglycine

NaOH b) NaOH c) H2O Add-on 
d)

(mmol) wt 
%

(mmol) (mmol) wt 
%

(mL) (%)

COT-g- 
NAG3

2.0 30 2.0 0.75 3.4 0.50 3

COT-g- 
NAG6

3.3 50 3.3 0.75 3.6 0.25 6

a) Average mass of the cotton strips: 450 mg. b) Suitable to neutralize N- 
acryloylglycine. c) Suitable to activate cotton. d) Add-on, calculated according 
to Eq. (1), ± 0.5 %. The final add-on values reported have been arbitrarily 
corrected by approximately +1.5 wt% to account for the equivalent weight loss 
observed in unmodified cotton treated with sodium hydroxide under the same 
conditions used in the grafting process.
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2.2.4. Characterization techniques
The chemical structure of N-acryloylglycine (NAG) was assessed by 

1H-, 13C-, COSY- and HSQC–NMR, collecting spectra in D2O at pH 4.0 
and at 25 ◦C using a Bruker Advance DPX-400 NMR spectrometer 
(Milan, Italy) operating at 400.13 MHz. Parameters: scan number 32, 
relaxation delay, d1, 10.0 s, receiver gain automatically measured and 
set by the instrument.

The morphology of virgin cotton and COT-g-NAG samples was 
examined by electron microscopy. A strip of cotton fabric (5 mm x 5 
mm) was platinum metallized and then analyzed with a Zeiss field- 
emission scanning electron microscope (FE-SEM), model ZEISS-SIGMA 
300 operating at 8.5 mm working distance and 5 kV beam voltage 
(Zeiss, Ramsey, NJ, USA).

The X-ray diffraction (XRD) spectra of virgin cotton and COT-g-NAG 
samples were recorded using a Miniflex 600 diffractometer with Cu Kα1 
radiation at 1.5405 Å, at 40 kV voltage and 15 mA current (Rigaku 
Europe SE, Germany).

The thermal stability of COT-g-NAG samples was assessed by ther
mogravimetric analysis in nitrogen and air from 30 to 800 ◦C, at 10 ◦C 
min− 1 heating rate, with a 50 mL min− 1 gas flow, using a TGA 2 Star 
System (Mettler-Toledo, Milan, Italy).

Virgin cotton and COT-g-NAG samples (30 mm x 60 mm) underwent 
combustion tests performed by applying a 20 ± 5 mm butane flame 
directly to the short side of specimens for 3 s in horizontal configuration 
(HFSTs). Cotton strips were fixed to a metallic frame and tilted at an 
angle of 45◦ along their long axis. The total combustion time (s), rate 
(mm s-1), char length (mm) and residual mass fraction (RMF,%) were 
assessed. Each test was performed in triplicate.

Solid-state NMR (ssNMR) spectra were carried out on a Bruker 
AVANCE NEO NMR spectrometer operating at Larmor frequencies of 
500.13, 125.77, and 50.68 MHz for ¹H, ¹³C and 15N nuclei, respectively. 
The instrument was equipped with a double-channel (H/F–X) 4 mm CP- 
MAS probe. All experiments were conducted under magic-angle spin
ning (MAS) at a spinning rate of 15 kHz and under high-power decou
pling from ¹H.

The ¹H–¹³C cross-polarization (CP) experiments were performed on 
COT-g-NAG3 and COT-g-NAG6 using a contact time of 2 ms, a recycle 
delay of 5 s, and acquiring 6000–10,000 scans. A nearly quantitative 13C 
NMR spectrum was measured on COT-g-NAG6 by applying the 
composite-pulse multiple cross-polarization (multiCP) sequence devel
oped by Duan and Schmidt-Rohr (2017) with a recycle delay of 5 s, 10 
repolarization delays of 1.8 s and 1H and 13C spin-lock time of 0.5 ms in 
each CP block, with 3200 transients averaged. The acquisition param
eters were optimized on the basis of preliminary experiments. It must be 
pointed out that multiCP technique has been proved to be quantitative 
differently from the standard CP experiment.

The ¹H–¹5N CP experiment was performed using a contact time of 2.5 
ms, a recycle delay of 4 s and acquiring 130,000 scans.

The chemical shift scale was referenced to the signal of adamantane 
at 38.48 ppm for 13C and calculated from the same value for 15N, using 
the unified scale recommended by IUPAC (Harris et al., 2008).

3. Results and discussion

The workflow of the synthetic process used for chemical modifica
tion of the cotton surface with NAG-derived moieties is presented in 
Fig. 1. The process consists of five steps: (1) drying cotton strip to 
determine the initial weight; (2) impregnation of cotton strip with an 
NAG/NaOH solution of suitable concentration; (3) insertion into a 
sealed PP pouch; (4) reaction at 50 ◦C; (5) washing with water, 0.01 M 
HCl, water at room temperature to pH 7.0. The description of the syn
thetic process will start from the synthesis of NAG.

3.1. Synthesis of N-acryloylglycine

N-acryloylglycine (NAG) was synthesized through a water-based 
process, by reacting glycine with acryloyl chloride in the presence of 
NaOH, in a 1:1:1 molar ratio (scheme in Fig. 2a), maintaining the re
action temperature between − 5 and 0 ◦C. The structure of NAG was 
determined through 1H- and 13C- (Fig. 2b and c), COSY- and 
HSQC–NMR spectroscopy (Figures S2a and S2b) and found to align 
with the expected structure.

3.2. Functionalization of cotton surface with N-acryloylglycine

NAG was grafted onto cotton through an oxo-Michael reaction at 
moderate temperature (Scheme 1), inspired by a reported procedure for 
the oxo-Michael addition of acrylamide on cotton involving the activa
tion of cotton fibers with a sodium hydroxide solution (Song et al., 
2008). Part of the NaOH hydroxide served to neutralize NAG, while the 
remainder acted to activate cellulose hydroxyl group. Care was taken 
not to exceed 3.5 wt% NaOH in the reacting solution, as concentrations 
above 7–10 wt% (2–2.5 M) can cause significant cellulose swelling and, 
under specific conditions, partial solubilization, particularly in low 
molecular weight or amorphous regions (Cai & Na, 2005; Isogai & 
Atalla, 1998).

Cotton samples grafted with different NAG add-ons – 3 % and 6 % – 
were obtained using two different NAG concentrations, as shown in 
Table 1, where samples are designated as COT-g-NAG3 and COT-g- 
NAG6, respectively. Notably, the gravimetrically determined add-on 
values, calculated according to Eq. (1), have been arbitrarily corrected 
by approximately +1.5 wt% to compensate for the equivalent weight 
loss observed in unmodified cotton treated with sodium hydroxide 
under the same conditions used in the grafting process. Higher add-on 
levels were not explored in this study, as the design strategy was 
intentionally focused on minimizing add-on, targeting only the cellulose 
surface rather than the bulk. This approach was adopted to preserve key 
physicochemical properties, such as color, mechanical strength, and 
tactile qualities (handle).

The surface of the COT-g-NAG cotton samples was analyzed using 
FT-IR/ATR spectroscopy (see Section 2 of the Supplementary Material 
for description of the methodology, and Figure S3 and Table S1 for the 
collected results), alongside virgin cotton for comparison. In addition to 

Fig. 1. COT-g-NAG preparation steps: cotton drying (1); impregnation of cotton with a 30 % or 50 % NAG aqueous solution containing enough NaOH to neutralize 
NAG and maintain a residual concentration of 3.5 wt.% to activate the cotton hydroxyl groups (2); insertion of NAG-treated cotton in a PP pouch (4); thermal 
treatment (4); and washing (5).
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Fig. 2. Synthesis of N-acryloylglycine (a). 1HNMR (b) and 13CNMR (c) spectra of N-acrylolyglycine in D2O.
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the characteristic absorption bands of the cellulose backbone, such as 
the broad peaks at 3300 cm⁻¹ and 1100 cm⁻¹ corresponding to O–H and 
C–O stretching, respectively, the COT-g-NAG spectra displayed distinct 
and increasingly intense diagnostic peaks. These included the amide 
N–C––O stretching band at 1635 cm⁻¹, which partially overlaps with 
the O–H bending of water, and the amide N–H bending band at 
1570–1585 cm⁻¹, both indicative of NAG incorporation.

Fig. 3 compares the 13C CP-MAS spectra of COT-g-NAG3 and COT-g- 
NAG6 (Fig. 3b) acquired under the same experimental conditions in 
comparison with that of pure cotton (Fig. 3a). The intense signals in the 
region between 60 and 110 ppm are ascribed to C-1 – C-6 of the β-D- 
glucopyranose units (Fig. 3a). Weak signals are observed at 33, 37, 45, 
and 176 ppm. The signal occurring at 33 ppm is present also in pure 
cotton and can be attributed to wax residues naturally present on the 
fibre surface (He et al., 2021). The remaining weak signals are 
compatible with the carbon atoms of grafted NAG, specifically the 
methylene carbon in the alpha position relative to the carbonyl group of 
the amide moiety (37 ppm), the methylene group bonded to the amide 
nitrogen atom and the carboxylic group (45 ppm) and the carbonyl 
groups of the amide and carboxylic moieties (176 ppm). The methylene 

carbon atom of grafted NAG is expected to resonate in the 50–60 ppm 
range, giving rise to a signal that remains hidden by the much more 
intense signal from cellulose C-6 in cotton. Notably, no signals due to 
unreacted alkenyl carbon atoms of NAG are observed at 129–130 ppm 
(see the 13C CP-MAS spectrum of NAG in Figure S4), confirming that the 
oxo-Michael addition reaction has occurred. Based on the data obtained, 
the grafting site of NAG on cotton could not be conclusively identified, 
as the carbon directly involved in the grafting is expected to give rise to a 
signal that overlaps that due to cellulose C-6 carbon atom. This issue 
does not undermine the overall conclusion regarding the success of the 
grafting process, since unbound NAG is highly water-soluble and is 
rapidly removed during the washing procedure, as confirmed by control 
tests showing that NAG was efficiently extracted from NAG-impregnated 
cotton after only a few water wash cycles.

To obtain further evidence regarding the grafted group, the ¹⁵N CP- 
MAS spectrum of COT-g-NAG6 was recorded. It exhibits a signal at 
110 ppm, which is consistent with the chemical shift of glycine nitrogen 
participating in an amide bond, confirming that no other reaction 
involving the amide group or directly linked carbons has taken place 
(Figure S5) (Ikura et al., 1990; Kricheldorf & Hull, 1980). The com
parison of signal intensities due to grafted NAG in the CP-MAS spectra of 
COT-g-NAG6 and COT-g-NAG3 (Fig. 3b) indicates a greater add-on for 
COT-g-NAG6, consistent with the larger value determined gravimetri
cally for this sample.

To quantitatively estimate the add-on in COT-g-NAG6, we could not 
rely on the integral of the signals at 37 and 45 ppm due to their overlap 
with the signal of waxes at 33 ppm. Therefore, we used the signal at 176 
ppm, which is less affected by overlap issues. Due to the non- 
quantitative nature of the standard CP-MAS spectrum, we applied the 
nearly quantitative multiCP method and recorded the spectrum shown 
in Fig. 4. The add-on was estimated by using the integral of C-1 carbon 
atom of a β-D-glucopyranose unit in cotton and the integral of the 
grafted NAG signal at 176 ppm to obtain the relative molar amounts of 
β-D-glucopyranose units and grafted NAG moieties. The add-on amounts 
to 4.0 ± 0.5 %. This procedure led to a slightly lower add-on value 
compared to that determined gravimetrically. However, the latter is 
influenced by the imprecision arising from the need to account for the 
weight loss observed in virgin cotton following sodium treatments.

To obtain further evidence regarding the grafted group, the ¹⁵N CP- 
MAS spectrum of COT-g-NAG6 was recorded. It exhibits a signal at 

Scheme 1. Surface functionalization of cotton with N-acryloylglycine. The 
grafting at C-6 is the most likely since the reactivity order in the Michael re
action is C-6 > C-2 > C-3 (Aziz et al., 2022).

Fig. 3. 13C CP-MAS spectra of: (a) pure cotton; (b) COT-g-NAG3 (black line) and COT-g-NAG6 (red line). The spectra were scaled to match the intensities of the cotton 
signals. The asterisk marks spinning sidebands.
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110 ppm, which is consistent with the chemical shift of glycine nitrogen 
participating in an amide bond, confirming that no other reaction 
involving the amide group or directly linked carbons has taken place 
(Figure S5) (Ikura et al., 1990; Kricheldorf & Hull, 1980). X-ray 
diffraction (XRD) patterns of cotton and COT-g-NAG samples were 
compared to evaluate structural changes induced by the strongly basic 
conditions employed in the grafting process. (Fig. 5). According to the 
literature reports, the XRD spectrum of untreated cotton showed char
acteristic strong and broad diffraction peaks at 15.21◦, 16.76◦ and 
22.98◦, corresponding to the (100), (010), (110) crystal facets of cellu
lose (Table 2) (French, 2014; Zhao et al., 2007). Moreover, a shoulder 
around 20◦ ascribed to the (012)/(102) facets, and a less intense peak 
centered at 35.08◦ corresponding to the (2–1–1)/(210)/(201) crystal 

Fig. 4. 13C multi CP-MAS spectrum of COT-g-NAG6. The asterisks mark spin
ning sidebands.

Fig. 5. Comparison of XRD spectra of cotton and COT-g-NAG samples.

Table 2 
Position of XRD signals and crystallographic parameters of COT and COT-g-NAG samples.

Sample 2θ d (nm) Crystallinity 
index (%)

Assignment 100 010 110 100 010 110 -
COT 15.21 16.76 22.98 0.294 0.267 0.197 64
COT-g-NAG3 15.12 16.84 22.94 0.295 0.266 0.198 62
COT-g-NAG6 15.28 16.73 23.02 0.292 0.268 0.197 61

Fig. 6. FE-SEM micrographs of the virgin cotton (COT) and COT-g-NAG fabrics 
with different NAG add-ons. Magnifications: 1000 × (a, c, e) and 2500 × (b, 
d, f).
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facets were identified. The absence of significant shifts in the diffraction 
peak positions of the COT-g-NAG samples, along with minimal changes 
in crystallinity index (62 % for COT-g-NAG3 and 61 % for COT-g-NAG6 
vs. 64 % for untreated cotton), indicates that the chemical process 
adopted did not substantially alter the crystalline structure of cotton.

3.3. Morphological analysis

The surface morphology of COT-g-NAG samples was examined using 
field-emission scanning electron microscopy (FE-SEM). Fig. 6 presents 
micrographs of COT-g-NAG3 and COT-g-NAG6 at magnifications of 1000 
× and 2500 × acquired at an accelerating voltage of 5 kV. This voltage is 
ideal for surface imaging of non-conductive materials and textiles with 
irregular morphology, as it enhances resolution by minimizing beam 
penetration and maximizing surface signal generation. It also reduces 
charging effects, allowing for clearer imaging of non-conductive samples 

Fig. 7. TG curves in nitrogen (a) and in air (b) of cotton and COT-g-NAG samples.

Table 3 
Comparison between the thermal data of untreated cotton and COT-g-NAG 
fabrics.

Sample Tonset10 % 
a) 

(◦C)
Tmax1

b) 

(◦C)
Tmax2 

b) 

(◦C)
RMF800 

c) 

(%)
Nitrogen

COT 330 352 - 4.5
COT-g-NAG3 

d) 293 361 - 13.0
COT-g-NAG6 

e) 280 344 - 15.0
Air ​ ​ ​ ​
COT 310 327 523 0
COT-g-NAG3 

d) 287 339 418 1.0
COT-g-NAG6 

e) 274 333 409 3.0

a) Onset decomposition temperature a 10 % weight loss. b) Temperature of 
maximum weight loss.
c) Residual mass fraction at 800 ◦C. d) Add-on: 3 %. e) Add-on: 6 %.

Fig. 8. FE-SEM micrographs at 250x (a,c), 5000x (b,d) and 50.0000x (e) magnifications of virgin cotton and COT-g-NAG6 samples heated in air up to 350 ◦C.
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without the need for conductive coating. The images indicate that 
chemical modification did not noticeably alter the fiber morphology of 
cotton. In both samples, the fibers retained the characteristic spiral 
structure of cellulose fibrils, along with inherent inhomogeneities due to 
their natural origin. The surfaces appeared uniformly flat and smooth, 
with no observable fractures or signs of erosion.

3.4. Thermogravimetric analysis

The thermal stability of COT-g-NAG samples was assessed using 
thermogravimetric analysis (TGA) under both inert (nitrogen) and 
oxidative (air) atmospheres and compared to that of unmodified cotton 
under the same conditions. The TG thermograms and corresponding 
thermal data are presented in Fig. 7 and Table 3, respectively. Notably, 
the thermograms of COT-g-NAG3 and COT-g-NAG6 were largely similar, 
differing primarily in the decomposition onset temperature at 10 % 
weight loss (Tonset10 %), which varied by 13 ◦C. This suggests that the 
degree of surface modification had only a minor effect on the thermal 
behavior. Consistent with the literature reports, virgin cotton showed a 
main decomposition step in 250–400 ◦C range, with a maximum weight 
loss around 350 ◦C in nitrogen and 330 ◦C in air (Portella et al., 2016; 
Shafizadeh & Sekiguchi, 1983). In both atmospheres, Tonset10 % was 
largely anticipated in COT-g-NAG samples with respect to cotton. 
However, their thermal stability above 400 ◦C was significantly higher, 
as was the thermo-oxidative stability in the 350 – 450 ◦C range. The 
consistency of these findings with previous results on 
polyamidoamine-treated cotton (Manfredi et al., 2018) supports the 
hypothesis that oxidation in COT-g-NAG samples also promotes the 
formation of a thermally stable carbonaceous char, likely driven by 
intumescence (Vandersall, 1971).

To test this hypothesis, virgin cotton and COT-g-NAG6 samples were 
subjected to thermo-oxidation by heating in air up to 350 ◦C, and the 
morphologies of the resulting oxidation products were examined using 
FE-SEM analysis. Notably, the selected thermo-oxidation temperature 
lies just above cotton’s maximum weight loss temperature, where sub
stantial thermal decomposition of cellulose occurs (Fig. 7b). Previous 
studies have shown that, in air, M-GLY-treated cotton retains signifi
cantly more residual mass than both untreated cotton and samples tested 
under inert conditions at this temperature – an effect attributed to 
intumescence (Manfredi et al., 2018). However, above 450 ◦C, oxidative 
degradation progressively reduces the char residue. As the same trend 
was observed in the TG profiles of COT-g-NAG samples, 350 ◦C was 
selected as the reference thermo-oxidation temperature to evaluate their 
intumescent behavior.

Notably, the oxidation of untreated cotton yielded a fine, impalpable 
powder devoid of any fibrous structure, whereas COT-g-NAG6 produced 
a larger, more cohesive residue that retained the original fabric texture. 
As shown in Fig. 8, the morphology of oxidized cotton confirms the 
macroscopic observation of texture loss. In contrast, the COT-g-NAG6 
residue preserves the fibrous structure and is characterized by fibers 
covered with submicrometric bubbles, indicative of intumescence.

3.5. Combustion tests

The combustion behavior of COT-g-NAG samples was assessed by 
horizontal flame spread tests (HFSTs). Combustion data are shown in 
Table 4. Representative snapshots of combusted COT, COT-g-NAG3 and 
COT-g-NAG6 fabrics are shown in Fig. 9. All data indicate that both COT- 
g-NAG samples achieved self-extinguishment, although with different 
combustion and incandescence times. Moreover, COT-g-NAG6 left a 
more substantial RMF than COT-g-NAG3 (79 %vs 32 %). In the latter 
case, however, a substantial reduction in the burning rate was observed - 
0.18 mm s-1 compared to 0.98 mm s-1 for virgin cotton - along with a 
significantly increase in the RMF (32 %vs. 1 %).

FE-SEM micrographs of the combustion residues of COT-g-NAG6 
showed that the burnt areas of the self-extinguished fabrics maintained 
overall the original texture, even if the residues consisted of partially 
consumed fibers (Fig. 9a). Interestingly, higher magnifications revealed 
that combustion residues exhibited dense intumescent bubbles (Fig. 9b 
and c).

3.6. Intumescent flame retardancy behavior of NAG-functionalized cotton

The flame retardant mechanism of NAG-functionalized cotton can be 
attributed to its intumescent behavior. Morphological analysis by SEM 
of both the thermo-oxidation product of COT-g-NAG6 at 350 ◦C (Fig. 8) 
and the combustion residue of the same sample subjected to combustion 
through horizontal flame spread tests (Fig. 9) reveals a distinct intu
mescence phenomenon characterized by the presence of diffuse sub- 
micrometric bubbles. It is well established that intumescence is associ
ated to the formation of carbonaceous residues (chars) deriving from the 
dehydration of cellulose, which expands upon heating due to the release 
of non-flammable gases – such as water, carbon dioxide, and ammonia – 
that dilute reactive radicals in the gas phase (Alongi et al., 2015). Char 
acts as a thermal barrier by limiting heat and mass transfer between the 
solid and vapor phases. In COT-g-NAG samples, the release of these 
gases results from the thermal decomposition of carboxyl and amide 
groups, as previously observed and experimentally confirmed for cotton 
impregnated with the polymeric flame retardant M-GLY, of which NAG 
is a structural mimic (Forte et al., 2021). Furthermore, the 
acid-catalyzed nature of intumescence is well documented (Antal and 
Varhegyi, 1995), and the NAG-derived residues grafted onto cotton 
clearly exhibit the ability to establish acid–base equilibria.

Intumescent flame retardants have proven to be extremely effective; 
however, these are not the only available solutions. Table 5 summarizes 
flame retardant categories from the literature, highlighting the most 
effective systems and their modes of action – physical, chemical, or both. 
Physically acting flame retardants absorb heat, release inert gases, and 
form protective layers, while chemically active ones quench reactive 
radicals or promote cellulose dehydration and char formation. Intu
mescent and phosphorus-based flame retardants exhibit dual function
ality by promoting both flame inhibition and the formation of a 
protective char layer.

Compared to other formulations, which often suffer from well- 
known limitations – such as poor durability (e.g., coatings), potential 

Table 4 
Combustion data of COT-g-NAG fabrics.

Add-on 
a) 

(%)

Combustion time in the presence of flame (s) 
b)

Combustion time in the presence of incandescence (s) 
b)

Char length c) 

(mm)
Burning rate d) 

(mm s-1)
RMF e) 

(%)

COT 0 55 4 60 0.98 1
COT-g- 

NAG3

3 20 306 60 0.18 32

COT-g- 
NAG6

6 34 27 33 0.55 79

a) Add-on ± 0.5 %. b) Average time ± 1 s. c) Calculated with respect to the total combustion time. d) Calculated with respect to cotton burning rate. e) Residual mass 
fraction ± 0.5 %.
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Fig. 9. Snapshots from horizontal flame spread tests on COT-g-NAG and virgin cotton fabrics (a). FE-SEM micrographs of the combustion residues of the COT-g-NAG6 
sample from horizontal flame spread tests (b: 10000x and c: 30000x). Scheme of flame retardancy mechanisms of NAG (d).
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release risks during application or use (e.g., Proban® and Provatex®), or 
scalability issues (e.g., DNA and proteins) – the strategy of modifying the 
cotton surface by the approach proposed in this work stands out as 
particularly promising. This is largely due to the significantly lower add- 
on levels required, as well as the method’s ability to preserve essential 
physicochemical properties, including color, mechanical strength, and 
tactile qualities. Additionally, the combustion gases do not contain 
harmful nitrogen-, phosphorus-, or sulfur-based oxidation products.

4. Conclusions

This study demonstrates that grafting N-acryloylglycine (NAG) onto 
cotton via oxo-Michael addition introduces organic moieties structurally 
analogous to the repeat unit of the flame retardant polyamidoamine M- 
GLY. M-GLY is known for altering the thermal decomposition profile of 
cotton and enhancing its flame resistance by inducing intumescence. 
The grafted NAG moieties were expected to mimic these effects. Grafting 
was achieved by treating cotton with NaOH at moderate temperature, 
activating cellulose hydroxyl groups to react with the acrylamide double 
bonds of NAG via 1,4-nucleophilic addition. The grafting level was 
concentration dependent. Solid-state 13C and 15N NMR confirmed suc
cessful reaction, with disappearance of the alkenyl signals indicating 
complete conversion of the acrylamide groups. Although overlap with 

cellulose C-6 prevented unambiguous identification of the grafting site, 
NMR-derived add-on estimates matched gravimetric data within 
experimental error. X-ray diffraction showed minimal disruption to 
cellulose crystallinity, and SEM analysis revealed no fiber damage 
notwithstanding the strongly basic conditions adopted in the chemical 
modification process. Thermal analysis indicated enhanced stability 
between 350 - 450 ◦C and signs of intumescence, aligning with the 
flame-retardant behavior of M-GLY. Flame spread tests showed that 
cotton grafted with 6 % and 3 % NAG self-extinguished, leaving 79 % 
and 32 % residual mass, respectively.

Overall, this work confirms that NAG grafting imparts flame 
retardancy to cotton, even at low add-on levels, by inducing intumescent 
behavior above its maximum weight loss temperature (350 ◦C), without 
compromising cellulose integrity. The adopted approach enhances the 
durability of the flame retardant against repeated washing, unlike con
ventional formulations. By minimizing leaching during laundering and 
use, this strategy reduces environmental release and contributes to 
greater sustainability by lowering the textile’s overall environmental 
footprint. These results highlight the potential of amino acid-based ac
rylamides for cotton functionalization and open avenues for the tailored 
design of flame retardant textiles.
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