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Abstract  In this study, a novel strategy is proposed 
to prepare eco-friendly flame-retardant cotton fab-
rics, where chloroacetic acid (MCA) and L-glutamic 
acid (L-Glu) are used as raw materials to enhance the 
chelation ability between carboxyl groups (-COO-) 
and calcium ions (Ca2+). The morphological and 
structural characterizations of the prepared cotton 
fabrics indicate that the three free hydroxy groups (2, 
3, 6) in the cellulose macromolecule are chemically 
modified to graft a large number of carboxyl groups, 
and Ca2+ ions are successfully chelated on the sur-
face of cotton fabric. The thermal stability of cotton 
fabrics is greatly improved in both air and nitrogen 
atmosphere. The residual mass of flame-retardant cot-
ton fabric (COT-Glu–Ca) is much higher than that of 
original cotton fabric, increasing from 0.03% to 5.6% 
in air and from 8.1% to 28.2% in N2, respectively. At 

the same time, the limiting oxygen index (LOI) of 
COT-Glu–Ca fabric is as high as 33.6%. The prepared 
flame-retardant cotton fabric can undergo vertical 
combustion tests with a char length of only 53 mm, 
and afterflame and afterglow are not observed, which 
proves that the grafted cotton fabric had a good 
flame retardancy due to a series of modifications and 
adsorption of Ca2+ ions. The properties of the cot-
ton fabric, including tensile strength, whiteness, and 
moisture absorption, are all retained at a satisfactory 
level. Overall, this study provides a promising strat-
egy for manufacturing eco-friendly, phosphorus-free, 
halogen-free, and fire-resistant cotton fabrics with 
enhanced metal ion chelation ability.
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Introduction

Cotton fabrics are very popular due to their excep-
tional properties, such as softness, comfort, strong 
moisture absorbance, skin friendliness, and high 
breathability (Li et al. 2017; Tian et al. 2022). In fact, 
cotton is the most prevalent natural cellulose textile 
used in clothing, home furnishings, and industrial 
applications. However, cotton fabrics are highly flam-
mable, with a limiting oxygen index (LOI) of 18% 
and an ignition temperature of only 350  °C (Rosace 
et  al. 2017; Shariatinia et  al. 2015), which is much 
lower than that of other common textile materials. 
Thus, in the event of a fire, cotton fabrics can eas-
ily ignite and burn rapidly, posing a serious threat to 
human life and property (Luo et al. 2020). Therefore, 
it is essential to apply flame retardants onto the sur-
face of cotton fabrics to improve their fire retardancy.

Currently, several flame retardants are utilized 
in cotton fabrics, including halogen-, phosphorus-, 

nitrogen-, silicon-, and boron-based compounds, 
metal compounds, and collaborative flame retardants 
(Chen et  al. 2021). Among them, phosphorus-con-
taining flame retardants, such as Proban® and Pyro-
vatex CP®, are widely used due to their dual func-
tionality of flame retardancy and plasticization, high 
efficiency, low toxicity, less smoke, halogen-free or 
low halogen content, and high thermal stability. How-
ever, phosphorus-based flame retardants block the 
hydroxy groups in cellulose macromolecules, which 
significantly reduces other textile properties such 
as gas permeability, comfort, flexibility, and so on. 
Additionally, the excessive use of organophosphate 
flame retardants can lead to environmental pollu-
tion, threatening human health (Wei et al. 2015; Yang 
et  al. 2021). Therefore, it is imperative to establish 
an effective method for manufacturing eco-friendly 
flame-retardant cotton fabrics.

Notably, intrinsically flame-retardant alginate fib-
ers, such as sodium alginate, zinc alginate, barium 
alginate,  copper alginate and calcium alginate fib-
ers (Liu et al. 2015b; Lv et al. 2012), do not contain 
phosphorus and halogens and have impressive flame 
retardancy. Alginate, which is composed of two 
repeating monomeric units: α-1, 4-L-guluronate (G) 
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and β-1, 4-D-mannuronate (M) (Chen et al. 2012), is 
a natural non-toxic copolymer (Agulhon et al. 2012) 
and has similar macromolecular structure as cotton 
cellulose (French 2017). Alginate fibers are produced 
through the wet spinning of sodium alginate into a 
coagulation bath of various metal ions, which may 
form a specific network structure between uronic acid 
residues and metal ions. Zhang et  al. (2012) inves-
tigated the effect of divalent metal ions, including 
Zn2+,Cu2+, and Ba2+, on the flame retardancy and 
pyrolysis products of alginate fibers. They found that 
the addition of these ions enhanced the char forma-
tion and flame retardancy of alginate fibers. Liu et al. 
(2016) examined the effect of reaction time on the 
flame retardancy and thermal stability of zinc alginate 
film, and the results revealed that zinc ions had a cat-
alytic effect during the pyrolysis process, favoring the 
decarboxylation of alginate, thereby accelerating the 
thermal degradation process of alginate and improv-
ing the flame retardancy of alginate.

Kabir et  al. (2020) presented a review of the 
alginate/polymer-based materials as flame retard-
ants, focusing on their synthesis, structure, proper-
ties, and applications. It was noted that the thermal 
stability of alginates can be enhanced by crosslink-
ing using suitable intercalating metals and more 
thermally stable graft copolymers. Metal ions have 
also been introduced into other textile materials. 
Qu et  al. (2022) prepared a biomass-based flame 
retardant using bio-material glycine and aspartic 
acid as raw materials. Glycine and aspartic acid 
were converted into sodium carboxylates (glycine-
Na and aspartate-Na), which were then grafted onto 
the molecular chain of lyocell cellulose by formal-
dehyde to prepare flame-retardant lyocell fabrics. 
The modified fabrics showed self-extinguishing 
characteristics and formed a greater amount of 
char residue containing Na2CO3 during combus-
tion. Zhang et  al. (2021) developed an innovative 
eco-friendly biomass-based coating using tannins 
(TA), tartaric acid (TE), and Fe2+ to endow cotton 
fabrics with excellent flame retardancy. The treated 
samples exhibited a LOI value of 27%. Therefore, 
metal ions can lower the fabric’s decomposition 
temperature and have a catalytic effect, improving 
the combustion performance of the textile material.

Herein, inspired by the alginate fibers, a novel 
eco-friendly flame-retardant is prepared for cot-
ton fabrics using chloroacetic acid (MCA) and 

L-glutamic acid (L-Glu) as raw materials. Spe-
cifically, MCA is grafted onto C6 hydroxy group 
of cotton fabric to form carboxymethyl cellu-
lose (COT-CMC). Subsequently, the C2–C3 bond 
of cellulose is oxidized by sodium periodate ( 
NaIO4) to form dialdehyde carboxymethyl fabric 
(COT–DCMC), and then L-Glu is cross-linked 
with the aldehyde groups to form fabric with poly-
carboxylic group (COT-Glu) to introduce a large 
number of carboxyl groups, which further absorb 
Ca2+ ions to form a protective network structure 
on the cotton fabric. The proposed modification 
strategy forms more rigid metal oxides/carbides 
as a non-flammable char residue barrier after heat-
ing, and the resultant cotton fabric is eco-friendly, 
non-toxic, halogen-free, phosphorus-free, and 
fire-resistant. The morphological, structural, and 
mechanical properties of the fabric are analyzed by 
a variety of techniques, such as Fourier-transform 
infrared (FTIR) spectroscopy, X-ray photoelec-
tron spectroscopy (XPS), X-ray diffraction (XRD), 
scanning electron microscopy (SEM), energy dis-
persive X-ray spectroscopy (EDS), and thermo-
gravimetric/differential thermogravimetric (TG/
DTG) analysis.

Experimental

Materials

Sodium hydroxide (NaOH) was obtained from 
Jiangsu Tongsheng Chemical Reagent Co., Ltd. (Yix-
ing, China). MCA (ClCH2COOH) was procured from 
Shandong West Asia Chemical Industry Co., Ltd. 
(Shandong, China). Sodium Periodate (NaIO4) was 
obtained from Shanghai Shanpu Chemical Co., Ltd. 
(Shanghai, China). L-Glu (C5H9NO4) was bought 
from Bide Pharmatech Ltd. (Shanghai, China). Gla-
cial acetic acid (CH3COOH) was purchased from 
Sinopharm Chemical Reagents Co., Ltd. (Shanghai, 
China). Glycerol (C3H8O3) and anhydrous calcium 
chloride (CaCl2) were procured from Sinopharm 
Chemical Reagents Co., Ltd. (Shanghai, China). All 
the chemical reagents were analytically pure and 
were used without further purification. Cotton fabric 
(linear density: 20 tex × 20 tex; fabric density: 300 
yarns/10  cm × 300 yarns/10  cm; weight: 112  g/m2; 
plain weave) was obtained from the Shanghai Textile 



	 Cellulose

Vol:. (1234567890)

Industry Technical Supervision Institute (Shanghai, 
China).

Grafting modification and Ca2+ chelation of cotton 
fabrics

The modification and Ca2+ ion chelation processes 
of cotton fabric are illustrated in Scheme  1. Firstly, 
the cotton fabric (300  mm × 89  mm) was immersed 
in NaOH solution (24 wt%, bath ratio: 1:25) under 
continuous stirring for 10  min at room temperature. 
Excessive NaOH was decomposed by 24 wt% acetic 
acid solution. Subsequently, the sample was stirred 
for 10 min, washed, and then dried in an oven at 60 ℃ 
to synthesize alkali-treated cotton fabric (COT-M). 
Secondly, the COT-M was immersed in 25 wt% aque-
ous MCA solution under continuous stirring at 40 °C 
for 4 h, which was then washed and dried at 60 °C for 
2  h under vacuum to obtain carboxymethylated cot-
ton fabric (COT-CMC). Thirdly, the COT-CMC was 
continuously oxidized by 0.2 mol/L sodium periodate 
solution under vigorous stirring in dark at 40 °C for 
1 h and then immersed in 0.1 mol/L glycerol solution 
(bath ratio of 1:17) under stirring at room temperature 
for 30 min, followed by drying to obtain an oxidation 

product, named COT-DCMC. Subsequently, the 
COT-DCMC sample was immersed into 50 mmol/L 
L-Glu solution for 1 h, followed by washing and dry-
ing to obtain the grafted fabric (COT-Glu). Finally, 
the COT-Glu fabric was soaked in 200  g/L CaCl2 
solution for 1 h of chelation reaction and then washed 
with deionized water to remove unreacted CaCl2. 
After drying, the flame-retardant cotton fabric (COT-
Glu–Ca) was obtained. The weight gain (WG) of the 
flame-retardant sample was calculated as follows:

 where m0 and mFR represent the weight of the cotton 
fabric before and after the flame-retardant treatment, 
respectively.

Characterization

The chemical structure and elemental composi-
tion of the modified cotton fabric were examined by 
FTIR spectroscopy (NEXUF-670 FTIR spectrometer, 
Nicolet, USA) and XPS (ESCALAB 250Xi spec-
trometer, Thermo Fisher, UK). The crystal structure 
of the cotton fabric at each modification step was 

WG (% ) = (mFR - m0)/m0 × 100

Scheme 1   Schematic illustration of the modification process of flame-retardant cotton fabrics
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investigated using XRD (X’Pert3 Powder X-ray dif-
fractometer, PANalytical, Holland) with Cu Ka radia-
tion (λ = 0.15418 nm) over a 2θ (Bragg angle) range 
of 10–80° with a scan step size of 0.026°. The surface 
morphology of the cotton fabric at each modification 
step and the residue after vertical combustion were 
observed by SEM (Nova NanoSEM 450 field emis-
sion scanning electron microscope, FEI, USA) with 
an acceleration voltage of 5  kV, while the elements 
on the surfaces of samples were analyzed by EDS 
(Aztec X-MaxN80 energy spectrometer, Oxford, UK) 
equipped in the SEM apparatus. The samples were 
cut into a size of 5 mm × 5 mm and glued to the spe-
cial stage with a conductive adhesive, and gold sput-
ter coating was performed for 45 s before the exami-
nation. The thermal stability of the samples were 
examined by TG analysis (STA6000 simultaneous 
thermal analyzer, Perkin Elmer, USA). The tempera-
ture range was 40–800 ℃ in N2 and air, with a heating 
rate of 10 ℃/min.

The flame resistance and durability of cotton fabric 
were evaluated by LOI and vertical combustion tests. 
The LOI of cotton fabric was measured by HC-2 oxy-
gen index tester (Ruixinjie Instrument, China). The 
size of the cotton fabric was 150 mm × 50 mm. The 
LOI test was carried out by adjusting the O2 flow rate. 
The vertical combustion test was performed using a 
YG(B)815D-I fabric flame resistance tester (Darong 
Textile Standard Instrument, Wenzhou, China). 
The size of the cotton fabric was 89 mm × 300 mm. 
The tensile strength of cotton fabric was measured 

using a YG(B) 026D-250 strength tester (Darong 
Textile Standard Instrument, Wenzhou, China) 
under normal conditions. The sample was 200  mm 
(warp) × 50  mm (weft), tested along the warp direc-
tion three times. The whiteness of cotton fabric was 
tested on a WSD-3 automatic whiteness meter (Kang-
guang Instrument, China). The wettability of samples 
before and after modification was evaluated by static 
contact angle measurements on a JC2000D3 tester 
(Zhongchen Digital Technic Equipment Co., Ltd, 
Shanghai, China). According to the AATCC 61–2013 
standard, the durability test was performed by a SW-
12AII washing fastness testing instrument (Darong 
Textile Standard Instrument, Wenzhou, China). The 
fire-proof cotton fabric was repeatedly washed in a 
500  mL rotating closed stainless-steel canister con-
taining  0.15 wt% soap powder at 49  °C (bath ratio 
of 1:50, 15 min for a cycle). The white soap powder 
was manufactured from the Shanghai Textile Industry 
Technical Supervision Institute, China.

Result and discussion

FTIR spectroscopic analysis

The FTIR spectra of the samples at each modification 
step are shown in Fig. 1. Compared to the control cot-
ton sample (COT), the peak around 3336 cm−1, which 
is attributed to the stretching vibration of the hydro-
gen bonded –OH group (Li et  al. 2017), becomes 

Fig. 1   FTIR spectra of different samples (left) and their local magnifications (right): (a) COT, (b) COT-M, (c) COT-CMC, (d) COT-
DCMC, (e) COT-Glu, and (f) COT-Glu–Ca
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broader and stronger in cellulose, indicating that the 
number of free hydroxy groups on the cotton cellulose 
gradually increase through the chemical reaction with 
MCA and L-Glu. The peaks at approximately 1429 
and 1367 cm−1, which are assigned to CH2 deforma-
tion vibration and C–H bending vibration (Castellano 
et al. 2019; Li et al. 2017), are significantly changed 
(Fig.  1, curve (b)), suggesting that the crystallinity 
of cellulose is reduced after treatment with NaOH 
(Abidi, 2014). Meanwhile, the peaks near 1057 and 
1107  cm−1, which are attributed to C–O–C stretch-
ing vibrations (Lin et al. 2019), are much weaker than 
those of the pristine fabric, indicating that the carbon 
background is destroyed to a certain extent.

After reaction with MCA, a new peak appears at 
approximately 1726  cm−1, which corresponds to the 
C = O stretching vibration of carbonyl groups (Liu 
et  al. 2016; Shariatinia et  al. 2015), confirming that 
the MCA monomers are grafted onto the macromol-
ecules of cotton fabric. Nevertheless, the intensity of 
the peak ascribed to aldehydic carbonyl groups sig-
nificantly decreases in the spectrum of COT-DCMC 
(Fig.  1, curve (d)). This is because the band around 
896  cm−1 is assigned to the formation of hemiac-
etal/acetal bonds between the aldehyde groups and 
adjacent hydroxy groups (Kang, 2002; Liu et  al. 
2017; Zhang et  al. 2020). These results show that 
the aldehyde groups are introduced into the struc-
ture by selective periodate oxidation. Compared to 
curve (d), the characteristic peak corresponding to 
the aldehyde group becomes much weaker in curve 
(e). Further, the two peaks near 1643 and 1427 cm−1 
are ascribed to the asymmetric stretching vibration 
and symmetric stretching vibration of COO − groups 
(Leal et  al. 2008; Li et  al. 2015; Liu et  al. 2015a), 
respectively. Therefore, it can be inferred that alde-
hyde groups react with amine groups of L-Glu, and 
the carboxyl groups in COT-Glu exist in the form of 
carboxylates with higher intensity. Furthermore, the 
peak at 1645  cm−1 is assigned to the amide I band 
(C = N stretching vibration) (Yue et al. 2014), which 
overlaps with the asymmetric stretching vibration 
peak of COO − groups. The absorption bands around 
1645, 1427, and 1052 cm−1 are remarkably enhanced 
in curve (f) as compared to those in curve (e), which 
further verifies that a large number of carboxylic 
groups are introduced into the cotton fabric, moreover 
those undergo the chelation reaction with Ca2+ ions 
(Li et al. 2015; Wang et al. 2019b).

XPS analysis

To further verify the surface chemical composition of 
flame-retardant cotton fabric and the chelating effect 
of Ca2+ with carboxyl group in the cellulose, the 
wide-scan XPS spectra of the samples at each modi-
fication step were obtained. All five samples show 
the presence of C and O (see wide-scan spectra in 
Fig. 2), while new peaks of N 1 s and N 1s, Ca 2p are 
observed in the wide-scan XPS spectra of COT-Glu 
and COT-Glu–Ca, respectively. The high-resolution 
C1s spectra of the five samples are also shown in 
Fig. 2.

For the COT-M sample, the three peaks at 284.6, 
286.4, and 287.7 eV are assigned to the C−C/C−H, 
C−OH, and O−C−O bonds, respectively (Castel-
lano et al. 2019; Miao et al. 2021). However, the peak 
shapes in the C 1s spectrum of COT-CMC (Fig. 2b) 
are significantly different from that of the COT-M 
sample (Fig.  2c). A new peak at 288.9  eV assigned 
to ester bonds (-COO) is detected (Liu et  al. 2022), 
and the C−OH peak becomes much higher and 
stronger, indicating that a larger amount of MCA is 
grafted on the alkali-treated cotton fabric. Further, 
the C–OH ratio in the COT-DCMC sample becomes 
significantly smaller than that in the COT-M and 
COT-CMC samples, and the peak at 287.1 eV corre-
sponding to the carbon atoms in O-C-O or C = O after 
oxidation slightly shifts (0.6 eV) toward lower bind-
ing energy, suggesting that the hydroxy groups at the 
C2-C3 position are oxidized by NaIO4 to form alde-
hyde groups. After grafting with L-Glu, Fig. 2d), the 
two new peaks observed at 285.6 eV and 284.0  eV: 
one is associated with the inherent C–N bond in 
L-Glu (Wang et  al. 2019a), and the other is related 
to the Schiff base reaction between the amino and 
aldehyde groups to generate C = N, thereby achieving 
the expected design. After chelation with Ca2+ ions, 
the peaks of C–OH, C–N, and C = O/C–O–C become 
significantly weaker, which indicates that a calcium 
carboxylate (–COOCa1/2) network is formed on the 
surface of cotton fabric.

In the high-resolution N 1s spectrum (Fig. 3a), the 
peaks at 399.4 eV and 400.4 eV are attributed to C–N 
(Liu et  al. 2022; Qu, 2022) and C = N (Xiao et  al. 
2021), respectively. Meanwhile, the peaks related 
to –NH2 group are not detected, indicating that the 
–NH2 group reacts with the -C = O group to form new 
chemical bonds and is completely consumed. After 
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Fig. 2   Wide-scan XPS spectra of the samples at each treat-
ment step: (i) COT-M, (ii) COT-CMC, (iii) COT-DCMC, (iv) 
COT-Glu, and (v) COT-Glu–Ca. Deconvoluted high-resolution 

C1s XPS spectra of: (a) COT-M, (b) COT-CMC, (c) COT-
DCMC, (d) COT-Glu, and (e) COT-Glu–Ca
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chelation with Ca2+ ions (Fig. 3a), the intensity and 
width of the peak related to the –C-N bond slightly 
increase, while the peaks corresponding to –C–N and 
–C = N bonds are slightly shifted toward higher bind-
ing energy, indicating that Ca2+ ions are adsorbed on 
the treated samples by carboxyl groups. Moreover, the 
Ca 2p spectrum shows doublet peaks of Ca 2p3/2 at 
347.7 eV and Ca 2p1/2 at 351.3 eV, which is consist-
ent with an earlier study (Wang et al. 2019b). Over-
all, the XPS results indicate that –COO- successfully 

coordinates with the Ca2+ ions adsorbed on the sur-
face of the modified cotton fabric through its carbox-
ylic oxygen atoms.

XRD analysis

Figure 4 shows the XRD patterns of COT, COT-M, 
COT-CMC, COT-DCMC, COT-Glu, and COT-
Glu–Ca samples. The diffraction peaks of pristine 
cotton cellulose (curve (a)) are approximately located 
at 2θ = 14.8°, 16.2°, 22.6°, and 34.1°, which cor-
respond to the reflections from the (1–10), (110), 
(200), and (004) crystallographic planes of cellulose 
I, respectively (Lu et al. 2018; Xing et al. 2020). For 
alkali-treated sample, the strengths of the peaks at 
14.8°, 16.2° and 22.6° dramatically decrease. The 
peak around 22.6° for cellulose II plane (020) is close 
to that for cellulose I plane (200) (Kafle et al. 2014). 
Meanwhile, the diffraction peak around 20° for cellu-
lose II (110) plane is becoming increasingly apparent 
due to the varying amounts of preferred orientation 
(French 2014). Furthermore, a peak appears around 
12.0°, which corresponds to the cellulose II plane 
(1–10) (Jin et  al. 2016). Therefore, the structure for 
cotton fabric modified with 24 wt% NaOH solution is 
partially transformed from cellulose I to cellulose II. 
Compared to curve (b), the peaks at 22.6° in curves 
(c ~ e) have slightly shifted, which may be that the 
carboxylate and aldehyde groups are introduced to the 

Fig. 3   Deconvoluted high-resolution N 1s and Ca 2p XPS spectra

Fig. 4   XRD patterns: (a) COT, (b) COT-M, (c) COT-CMC, 
(d) COT-DCMC, (e) COT-Glu, and (f) COT-Glu–Ca
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crystal surface of cellulose II (Mendoza et al. 2019). 
Moreover, the relative intensity of the peak in curve 
(f) shows almost no change compared to curve (e). It 
may be inferred that interaction between Ca2+ ions 
and COO- only occurs on the surface of COT-Glu 
(Hong et  al. 2016; Pinto et  al. 2012). These results 
could further demonstrate the successful modification 
of the cotton fabric.

SEM and EDS analysis

The morphology of cotton fibers is examined by 
SEM images, and the evolution of the fabric from 
initial form to final char residue is shown in Fig.  5. 
The surface of the original cotton fabric is appla-
nate and smooth, and no other substances are found. 
After alkaline treatment, the fiber surface of the cot-
ton fabric becomes smoother and plump. The surface 
morphology of cotton slightly changes and a thin film 
appears after MCA grafting and NaIO4 treatment. 

Fig. 5   SEM images 
of cotton fabric dur-
ing grafting and chela-
tion: (a) COT × 5000, 
(b) COT-M × 5000, (c) 
COT-CMC × 5000, (d) 
COT-DCMC × 5000, (e) 
COT- Glu × 5000, (f) COT- 
Glu–Ca × 5000, (g) Char 
layer of COTGlu–Ca × 500 
and (h) Char layer of COT- 
Glu–Ca × 5000
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After L-Glu and CaCl2 treatment, the surface of cot-
ton fabric becomes rough, and tiny white particles 
are observed, indicating the successful grafting of 
L-Glu on the cellulose macromolecule and the effec-
tive adsorption of Ca2+ ions on the surface of cotton 
fabric. Combined with XPS and FTIR spectroscopic 
analysis, it is confirmed that the cotton fabric is effec-
tively modified and chelated.

The chemical compositions of cotton fabrics before 
and after treatment are analyzed by EDS. The atomic 
weight ratios of cotton fabrics obtained by EDS are 
shown in Fig.  6. The COT-CMC and COT-DCMC 
fabrics only contain C and O elements, mainly from 
cotton fabric and MCA, while the COT-Glu samples 
contain not only C and O but also N from L-Glu, 
which confirms that L-Glu is successfully grafted on 
the cotton fabric. Additionally, Ca(II), with a weight 
percentage of 10.14%, is detected in COT-Glu–Ca, 
illustrating that Ca2+ ions are adsorbed on the sur-
face of cotton fabric. As shown in Fig. 6e and f, the 
calcium side peak near 0.3  keV overlaps with the 
C peaks. For the char layer, the atomic weight ratio 
of O decreases and that of N and Ca2+ increases, 

suggesting that Ca2+ ions play an important role in the 
condensed-phase flame retardants. A protective film 
of calcium carbonate is formed by the oxidation of 
calcium ions, which helps in isolating the air, block-
ing heat, and mass transport during combustion. The 
atomic percentages of C and O in the carbon layer 
are significantly reduced after combustion, which is 
ascribed to the generation of a large amount of non-
flammable gases (H2O, CO2, etc.) during combustion. 
The increase in the atomic percentage of Ca2+ in the 
carbon layer (from 0.51 to 11.15 wt%) is also attrib-
uted to the enhanced condensed-phase flame retardant 
effect, which may have been caused by the thermal 
decomposition product -COOCa1/2.

Thermal stability analysis

The TG and DTG curves of the original and final 
treated cotton fabrics in air and N2 are presented in 
Fig. 7, and the relevant data are listed in Table 1. The 
final modified sample (COT-Glu–Ca) shows three 
weight loss stages in air. The first weight loss stage 
is in the range of 43.0–167.0  °C with 8.7% weight 

Fig. 6   EDS analysis of cotton fabrics: (a) COT, (b) COT-CMC, (c) COT-DCMC, (d) COT-Glu, (e) COT-Glu–Ca,and (f) carbon 
residues of COT-Glu–Ca
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loss, which is related to the evaporation of water 
absorbed onto the cotton fabric. The second step, in 
the range of 221.5–416.6  °C, shows rapid pyrolysis 
with the maximum weight loss rate (Rmax) of 4.4% 
at 291.3 °C, which is much lower than the Rmax of 
30.4% for COT at 339.4  °C. This is ascribed to the 

decarboxylation, dehydration, and glycosidic bond 
breaking of modified cotton fabric (Hou et al. 2018; 
Liu et  al. 2016), which result in the formation of 
intermediate products, accompanied by the release 
of H2O and CO2. The last stage is in the range of 
416.6–567.0  °C. This stage includes the further 

Fig. 7   TG and DTG curves of raw cotton sample (COT) and final treated cotton fabric (COT-Glu–Ca): (a) TG in air, (b) TG in N2, 
(c) DTG in air, and (d) DTG in N2

Table 1   TG data of control 
cotton fabric (COT) and 
modified cotton fabric 
(COT-Glu-Ga) in air and N2

Atmosphere Sample Tonset (℃) Tmax (℃) Rmax (%/min) Residual mass 
at 800 ℃ (wt%)

Air COT 314.9 339.4 30.4 0.03
COT-Glu–Ga 221.5 291.3 4.4 5.6

N2 COT 325.1 358.3 24.9 8.1
COT-Glu–Ga 217.4 287.8 3.7 28.2
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Fig. 8   Vertical combustion 
process of four types of 
fabric at different times: (a) 
COT, (b) fire-proof cotton 
fabric (COT-Glu–Ca), (c) 
fire-proof cotton fabric 
COT-Glu–Ca after five 
washing cycles, (d) washed 
and re-chelated COT-
Glu–Ca
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decomposition of intermediate products and the for-
mation of calcium oxide and stable char, which attach 
to the fabric surface as a protective layer. At 800 °C, 
the residual carbon content is 5.6 wt% compared to 
the almost zero content for COT. Obviously, the onset 
temperature of thermal decomposition (Tonset) of 
COT-Glu–Ca is nearly 95 °C lower than that of COT 
fabric because the calcium ions can catalyze the deg-
radation of modified cotton fabrics at lower tempera-
tures (below 200 °C) (Liu et al. 2014). 

In N2, the thermal decomposition process of cot-
ton fabrics before and after flame retardant treatment 
shows only one major weight loss stage, except loss 
of adsorbed water. The maximum decomposition tem-
perature (Tmax) of COT-Glu–Ca is 270.5  °C, which 
is much lower than that of COT (358.3  °C). This 
prominent decrease is due to the introduction of car-
boxylic acid groups that cause the fibers to undergo 
thermal decomposition reactions such as decarboxy-
lation in advance. In addition, it is clear from Fig. 7 
and Table 2 that in N2 atmosphere, the carbon residue 
of the COT-Glu–Ca sample is 28.2 wt.%, which is 
248.1% higher than that of the COT fabric (8.1 wt.%). 
Meanwhile, the carbon residue content of the COT-
Glu–Ca sample in N2 is remarkably higher than that 
in air because the thermal oxidation of cotton fabric 
in N2 atmosphere is inhibited.

In summary, the difference in the thermal decom-
position properties between COT and COT-Glu–Ca is 
obvious, and COT-Glu–Ca has a lower thermal deg-
radation temperature, a smaller maximum weight loss 
rate, and a higher amount of carbon residue. These 
phenomena prove that the introduction of carboxyl 
and calcium ions into the cellulose molecules can cat-
alyze the formation of more char residue to inhibit the 
combustion of fibers in condensed phase. Therefore, 
the thermal stability and flame retardancy of cotton 
fabric are distinctly improved.

Flame resistance analysis

The vertical combustion process and LOI of COT, 
COT-Glu–Ca, COT-Glu–Ca after five washing 
cycles, and washed and re-chelated COT-Glu–Ca 
are shown in Fig. 8 and Table 2. It can be seen that 
the combustion characteristics of the four samples 
are significantly different. The control cotton fab-
ric (COT) burns violently, rapidly, and completely, 
leaving a lot of loose ash, while the modified fab-
ric (COT-Glu–Ca) does not burn obviously and 
forms a complete char layer after combustion. The 
vertical combustion effect of COT-Glu–Ca dramati-
cally increases in comparison with the original cot-
ton fabric, which is also reflected in the different 
images of the char layer and the decrease in char 
length, afterflame time, and afterglow time. In other 
words, the synthesized flame-retardant cotton fabric 
could undergo vertical combustion tests. Moreo-
ver, the char length is only 53  mm, and smoke is 
not produced. Therefore, it can be inferred that the 
modified cotton fabric with the specific egg-box 
structure formed by the chelation between several 
–COO− and Ca2+ ions served as the protective layer 
to prevent the heat from entering the inner fibers, 
endowing the modified cotton fabric with outstand-
ing flame retardancy. Further, the flame retardancy 
of the fabric after washing is investigated. After five 
cycles of washing, the COT-Glu–Ca fabric burns 
slowly and does not form a complete char layer 
during combustion. However, if the washed COT-
Glu–Ca is chelated with Ca2+ ions again, the fabric 
regains excellent flame retardant properties. This 
further proves that the cotton fabric grafted through 
a series of modifications and Ca2+ crosslinking has 
a good flame retardant effect.

It can be seen in Table  2 that the LOI of COT-
Glu–Ca reaches 33.6%, which is 15.8% higher than 

Table 2   LOI and vertical 
combustion characteristics 
of four types of fabrics in 
air

Sample LOI (%) Afterflame 
time (s)

Afterglow 
time (s)

Char length (cm)

COT 17.8 3.8 7.5  ≥ 30
COT-Glu–Ca 33.6 0 0 5.3
COT-Glu–Ca washed in 5 cycles 20.9 5.2 42.9  ≥ 30
Washed and re-chelated COT-

Glu–Ca
31.7 0 3.2 5.9
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that of the original cotton. However, the LOI of COT-
Glu–Ca after five washing cycles decreases to 20.9%, 
while that of washed and re-chelated COT-Glu–Ca 
recovers to 31.7%, indicating its excellent and recov-
erable flame resistance.

The Ca2+ ions on the fiber surface can react with 
the released CO2 at high temperature to generate 
CaCO3/CaO, which covers the surface of the burn-
ing fabric, establishing an effective barrier between 
the condensed phase and the fire source. As shown 
in the SEM images, a thick layer of solid residues is 
formed, which prevents the transmission of heat and 
oxygen to achieve flame retardancy (Liu et al. 2014; 
Zhang et al. 2022). At the same time, the decompo-
sition of CaCO3 absorbs a lot of heat from the sur-
rounding environment to reduce the temperature on 
the fiber surface, and noncombustible gases such as 
CO2 and NH3 are produced due to the presence of 
N and C, which dilutes O2 required for combustion. 
Besides, Ca2+ ions can catalyze the decarboxyla-
tion of the fabric and promote the formation of char 
layer, thereby protecting the internal fibers. The cal-
cium ions and carboxyl groups play a flame retard-
ant role in the condensed phase, greatly improving 
the flame retardancy of the cotton fabrics. Notably, 
Kabir et  al. (2020) reported that higher bond ener-
gies typically lead to increased char formation due to 

the better preservation of the molecular structure, so 
carbon–nitrogen double bonds (C = N) are preferable 
for char formation to improve the flame retardancy of 
flammable materials.

Tensile strength test, Whiteness, and Hydrophilicity

The tensile properties of cotton fabrics are also 
tested to investigate the effect of modification on the 
mechanical properties, and the results are shown in 
Table 3. The breaking strength of the original cotton 
in the warp direction is 368.4 N, which increases by 
17.59% after treatment with 24 wt% NaOH solu-
tion. When cotton is grafted with MCA, the tensile 
strength increases to 466.8 N. This is because the 
macromolecular structure of cotton fiber is not sig-
nificantly damaged by alkaline treatment and MCA 
grafting, while the density of the alkalized fabric is 
increased by 20% with respect to the raw fabric, so 
the breaking strength is obviously enhanced. After 
sodium periodate treatment, the tensile strength of 
cotton fabric is reduced by 36.1% because the C2–C3 
bonds are fractured due to the selective oxidation of 
sodium periodate, damaging the original macromo-
lecular structure of cotton fabric to a certain degree 
(Yue et al. 2014). The breaking strength of the fab-
ric treated with L-Glu is further reduced, which is 

Table 3   Whiteness and tensile properties of cotton fabric after each treatment step

Sample Breaking strength (N) Breaking elonga-
tion (mm)

Elongation (%) Work of fracture (J) Whiteness 
index (%)

COT
COT-M
COT-CMC
COT-DCMC
COT-Glu

368.4 ± 24.2
433.2 ± 31.7
466.8 ± 26.8
298.2 ± 20.0
308.4 ± 18.3

22.59 ± 0.70
15.28 ± 0.51
34.69 ± 1.25
20.83 ± 0.83
31.43 ± 1.18

22.29 ± 0.69
15.08 ± 0.50
34.11 ± 1.18
20.98 ± 0.84
31.86 ± 1.19

0.46 ± 0.03
0.44 ± 0.05
0.87 ± 0.01
0.41 ± 0.04
0.59 ± 0.02

85.14
82.27
/
/
/

COT-Glu–Ca 309.6 ± 17.6 32.63 ± 1.39 32.17 ± 1.37 0.64 ± 0.03 81.62

Fig. 9   Water contact angle 
images of cotton fabric 
before and after modifica-
tion: COT (left) and COT- 
Glu–Ca (right)
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related to the acid resistance of cotton fabric. How-
ever, the strength of COT-Glu–Ca fabric is only 
slightly higher than that of COT-Glu because of 
the formation of intramolecular and intermolecular 
network structure between –COO- and Ca2+, which 
results in hindered slippage between the macromo-
lecular chains of fibers during the stretching process 
to some extent (Luo et  al. 2020). In summary, the 
mechanical properties of fabrics after and before 
modification are almost the same, which meets the 
strength requirement in practical applications.

The whiteness of the control cotton sample is 
85.14%, which decreases by just 3.37% and 2.96% 
after treatment with 24 wt% NaOH and CaCl2, 
respectively, indicating that the whiteness of the 
cotton is effectively retained after treatment. In 
addition, the WG is tested, which exhibits an 
increase of 10.26% after modification.

According to the contact angle test (Fig.  9), the 
water contact angle of cotton fabric is 0°, showing 
excellent hydrophilicity, which remains the same 
after modification (COT-Glu–Ca). The wetting time 
of both original cotton fabric and flame-retardant 
fabric is approximately 1 s, indicating that the wet-
tability of the fabric remains almost unchanged after 
flame-retardant modification. The above results fur-
ther suggest that the chelation of calcium ions with 
–COO- endows the cotton fabric with excellent 
flame retardancy, while the other properties of the 
fabric are not affected.

Conclusions

A novel halogen-free flame-retardant cotton fabric that 
does not release formaldehyde during use and produc-
tion is synthesized, which forms a unique skeleton 
network structure covering the surface and interior of 
cotton cellulose to enhance the connection between the 
macromolecules. This modification strategy dramati-
cally improves the flame-retardant effect as well as the 
self-extinguishing property of cotton fabrics during 
combustion, whose LOI value is up to 33.6% and the 
char length is only 53 mm after 12 s of burning. The 
gases produced from thermal decomposition react with 
the chelated Ca2+ ions to prevent the transmission of 
heat, flame, and oxygen and to inhibit the internal fibers 
from thermal decomposition. The final cotton fabric not 
only exhibits outstanding fire retardancy but also retains 

whiteness, breaking strength, and good hygroscopicity. 
Overall, this work establishes an effective approach for 
the fabrication of flame-retardant cotton fabrics without 
halogen, phosphorus, and formaldehyde without alter-
ing their intrinsic properties.
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