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A B S T R A C T

A phosphorus- nitrogen- and sulfur (P/N/S)-containing oligomeric flame retardant for cotton, designated DVP- 
CYSS, was synthesized via the polyaddition of divinyl ethylphosphinate with cystamine. Each repeat unit in
corporates a disulfide linkage, two amine groups, and a phosphinate group. This molecular design aimed to 
evaluate whether integrating functionalities known to promote char formation in cotton into a single polymeric 
repeat unit could generate synergistic effects and thereby enhance flame retardant performance. Field Emission- 
Scanning Electron Microscopy observations indicated that the mechanical integrity of the cotton fibers is largely 
preserved upon deposition of DVP-CYSS at a 12.0% add-on. The flame retardant performance of DVP-CYSS was 
evaluated using multiple combustion tests, with M-CYSS, a disulfide-containing polyamidoamine lacking phos
phorus groups, used as a benchmark. In vertical flame spread tests, DVP-CYSS outperformed M-CYSS, achieving 
higher efficacy and completely suppressing afterglow at add-ons between 8.0% and 16.0%. In horizontal flame 
spread tests, DVP-CYSS inhibited cotton combustion at a 10.0% add-on, whereas M-CYSS underwent thermo- 
oxidation for approximately 60 s. Oxygen-consumption cone calorimetry showed that DVP-CYSS reduced the 
peak heat release rate of cotton by 24% and the total smoke release by 65%, while yielding a 9% residual mass, in 
contrast to the negligible residue observed for untreated cotton. Elemental analysis of chars by Energy Dispersive 
Spectroscopy showed that, while sulfur content decreased, likely due to S–S bond cleavage followed by oxidation 
and volatilization, phosphorus remained largely in the char, likely contributing to its action in the condensed 
phase.

1. Introduction

The demand for efficient and environmentally sustainable flame re
tardants (FRs) has significantly increased in recent years due to growing 
restrictions on halogenated systems and concerns about their toxicity 
and persistence in the environment [1,2]. In this context, polymers and 
additives containing phosphorus (P), nitrogen (N), and sulfur (S) have 
emerged as promising alternatives, offering multifunctional flame 
retardant mechanisms and synergistic effects that act both in the 
condensed and gas phases.

Phosphorus-based moieties are well recognized for their ability to 
promote char formation and stabilize the condensed phase [3,4]. During 
combustion, phosphorus species catalyze dehydration and cross-linking 
reactions, leading to the formation of a coherent and insulating char 
layer that slows heat, oxygen and mass transfer [5–7]. Nitrogen 

functionalities enhance the release of flame-diluting nitro
gen-containing gases such as NH₃ during degradation, which dilute 
flammable volatiles and oxygen in the flame zone while improving char 
cohesion [8]. Sulfur-containing groups, primarily acting through 
gas-phase radical scavenging [9], generate species such as SO₂ and thiyl 
radicals upon thermal decomposition. These species suppress 
flame-propagating radicals, thereby interrupting combustion, and are 
also believed to promote cross-linking reactions that strengthen the 
condensed-phase char [10].

The incorporation of P, N, and S within a single polymer framework 
produces notable synergistic effects [11–16]. In a previous study, a 
P/S/N-based polyamidoamine PAA) incorporating a disulfide group and 
two phosphonate groups per repeat unit was synthesized via the reaction 
of N,N′-methylenebisacrylamide with tetraethyl(((disulfanediylbis 
(ethane-2,1-diyl))bis(azanediyl))bis(ethane-2,1-diyl))bis(phosphonate) 
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[17]. This PAA outperformed a reference N/S disulfide-containing PAA, 
prepared from N,N′-methylenebisacrylamide and cystine, coded M-CYSS 
[18,19], in horizontal flame spread tests, and in smoke suppression and 
total gas release reduction. These results motivated the design of a new 
cystine-based P/N/S flame retardant, designated DVP-CYSS, obtained 
from the polyaddition of cystamine with divinyl ethylphosphinate, 
which was previously shown to react under mild conditions with pri
mary amines [20]. Its flame retardant performance on cotton was 
compared to that of the P-deprived PAA, M-CYSS, which had previously 
shown flame suppression in vertical tests but required add-ons ≥16.0%. 
Both DVP-CYSS and M-CYSS contain a disulfide group per repeat unit; 
however, DVP-CYSS additionally bears a phosphinate group, whereas 
M-CYSS has two carboxylate groups. Consequently, M-CYSS serves as a 
useful benchmark for evaluating the effectiveness of incorporating 
phosphinate groups into PAA repeat units to enhance flame retardancy. 
Notably, dialkyl phosphinates with short alkyl chains exhibit hydro
phobic character, high thermal stability (>350 ◦C), and excellent flame 
retardant performance [3,21–25]. In addition, diethyl vinylphosphinate 
has been shown to confer flame retardancy when incorporated via 
radical copolymerization with styrene, methyl methacrylate, acryloni
trile, and acrylamide [26,27].

These premises highlight the strong potential of DVP-CYSS as 
halogen-free flame retardant for cotton in applications demanding 
smoke suppression, low gas emission, and high material performance.

2. Materials and methods

2.1. Materials

Cystamine (>98%), triethylamine (>99%), diethyl ether, dichloro
methane, anhydrous sodium sulfate, deuterium oxide (D2O, >99%), 
vinyl magnesium bromide (1 M THF solution), ethyl dichlor
ophosphinate (>96%) were supplied by Sigma-Aldrich (Milan, Italy). 
Cotton (COT) with an area density of 240 g•m− 2 was purchased from 
Fratelli Ballesio S.r.l. (Turin, Italy).

2.2. Synthesis of ethyl divinylphosphinate

In a three necked flask equipped with an addition funnel, ther
mometer, and nitrogen inlet, a 1 M THF solution of vinyl magnesium 
bromide (60 mL) was added dropwise to a stirred solution of ethyl 
dichlorophosphinate (4.89 g, 30 mmol) in THF at – 78 ◦C in an acetone/ 
dry ice bath.

The resulting solution was kept at – 78 ◦C for 1 h and quenched by 
addition of EtOH (10 mL). The reaction mixture was gradually returned 
to room temperature and the solvent evaporated under reduced pres
sure. The residue was purified through flash chromatography on silica 
gel using DCM/EtOH (97/3) as eluent providing the title compound 
(3.42 g, 23.4 mmol) in 78% yield.

The compound was found to be stable when dissolved in D2O at room 
temperature for 4 days. The 1H-NMR and 31P- NMR spectra are reported 
in Figure S1a and S1b, respectively, in Supplementary Materials.

2.3. Synthesis of DVP-CYSS

In a screw cap vial ethyl divinylphosphinate (1.00 g, 6.84 mmol) was 
dissolved in water (0.5 mL). Cystamine (6.84 mmol, 1.04 g) was 
weighed in a separate vial, dissolved in water (0.5 mL) and transferred 
to the vial containing divinylphosphinate. Additional water (1.3 mL) 
was used to wash residues of cystamine and added as well to the vial in 
order to maintain the desired 1:1 stoichiometric ratio. The reaction was 
stirred at 25 ◦C in the dark for 96 h. The crude was thus transferred into a 
one necked flask to evaporate water at reduced pressure to generate a 
viscous yellow syrup 1.99 g, 98% yield.

2.4. Synthesis of M-CYSS

M-CYSS was synthesized following the procedure previously re
ported [28]. Briefly, N,N’-methylenebisacrylamide (1.55 g, 10.00 
mmol), L-cystine (2.41 g, 10.00 mmol) and lithium hydroxide mono
hydrate (0.86 g, 20.00 mmol) were dissolved in H2O (4 mL), heated 
under stirring to 50 ◦C until the complete dissolution of monomers. The 
reaction mixture was cooled to 25 ◦C and left at this temperature in the 
dark for 2 days. Afterward, it was diluted to 10 mL with water, and the 
pH was adjusted to 8.5 using a 1 M HCl solution. The product was finally 
isolated by freeze-drying, affording a nearly quantitative yield.

2.5. Treatment of cotton fabrics with DVP-CYSS and M-CYSS

Strips of cotton fabric, cut to specific sizes according to the me
chanical and combustion test requirements (see Sections 2.7 Character
ization methods and 2.8 Combustion tests of DVP-CYSS-treated cotton 
fabrics), were dried at 100 ◦C for 2 min and subsequently weighed. 
Samples were then impregnated with aqueous solutions of DVP-CYSS or 
M-CYSS of suitable concentration, drying at 100 ◦C for 2 min. The 
concentrations of the impregnating solutions and the final add-ons were: 
8.0, 10.0, 12.0 and 16.0% for depositing 8.0, 10.0, 12.0 and 16.0% add- 
on.

The total dry solid add-ons (Add-on %) were determined by weighing 
each sample before (Wi) and after drying following impregnation (Wf). 
The add-ons were calculated according to Eq. (1): 

Add − on % =
Wf − Wi

Wi
× 100 (Eq. 1) 

Treated-cotton fabrics were coded with the prefix COT/ followed by 
the code of the DVP-CYSS or M-CYSS employed. Therefore, COT/ DVP- 
CYSS and COT/M-CYSS stands for cotton samples treated with DVP- 
CYSS and M-CYSS, respectively.

2.6. Thermo-oxidation of COT/DVP-CYSS fabrics

COT/DVP-CYSS samples (30 mm × 60 mm each) were placed in 
porcelain crucibles and heated in air using a 21HT Fratelli Galli oven 
(Fizzonasco, Italy) at a rate of 10 ◦C min⁻¹ up to 350 ◦C. Samples were 
held at this temperature for 2 min before being transferred to open air.

2.7. Characterization methods

2.7.1. NMR analyses
NMR (Nuclear Magnetic Resonance) analyses of divinylphosphinate 

and DVP-CYSS were performed in D₂O and CDCl₃. All spectra were ac
quired on a Bruker Avance 600 MHz spectrometer operating at 298 K. 
One-dimensional ¹H and ³¹P spectra, as well as two-dimensional ¹H–¹³C 
HSQC (Heteronuclear Single Quantum Coherence), HMBC (Hetero
nuclear Multiple Bond Correlation), and ¹H–¹⁵N HMBC experiments, 
were recorded for structural characterization.

For ³¹P NMR experiments, a spectral width of 300 ppm (from − 150 to 
+150 ppm) was used, with a relaxation delay of 10 s. ¹⁵N experiments 
were acquired using a spectral width of 160 ppm (from − 10 to +150 
ppm). Water suppression was achieved using the excitation sculpting 
technique.

1H DOSY (Diffusion-Ordered SpectroscopY) NMR experiments were 
carried out using a 2D DOSY pulse sequence from the standard Bruker 
library, employing a stimulated echo sequence with bipolar gradient 
pulses for diffusion and excitation sculpting with gradients for water 
suppression. The diffusion delay (Δ) was set to 150 ms, and the gradient 
pulse duration (δ) was 1 ms. Also, 31P DOSY NMR spectrum was ac
quired using 2D DOSY pulse sequence from the standard Bruker library, 
employing a stimulated echo sequence and INEPT for polarization 
transfer. DOSY data were processed using the standard Bruker Dynamic 
Center procedure.
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2.7.2. Whiteness index
The whiteness index (WI) was determined on 30 mm x 60 mm 

specimens, according to the ISO 2469 standard [29], using a 
SA0835/OWM SAMA whiteness meter (SAMA Tools, Viareggio, Italy). 
each measurement was repeated ten times, and the mean value was 
reported together with the corresponding standard deviation (σ) as 
experimental error.

2.7.3. Thermogravimetric analysis
Thermogravimetric analysis (TGA) of untreated cotton (COT) and 

DVP-CYSS- and M-CYSS treated cotton fabrics (COT/DVP-CYSS and 
COT/M-CYSS, respectively) was carried out under inert (N₂) and 
oxidative (air) atmospheres using a TA Q500 analyser (TA Waters, 
Milan, Italy) with a gas flow of 20 mL min⁻¹. Measurements were per
formed from 50 to 800 ◦C at a heating rate of 10 ◦C min⁻¹ on samples (~5 
mg) placed in open alumina crucibles.

2.7.4. Scanning electron microscopy
Surface morphology was observed by field-emission scanning elec

tron microscopy (FE-SEM, ZEISS SIGMA 300, Zeiss, Ramsey, NJ, USA) 
operated at 5 kV accelerating voltage and 8.5 mm working distance after 
platinum sputter-coating. Elemental analysis was assessed by energy- 
dispersive X-ray spectroscopy (EDS) using scanning electron micro
scope (ZEISS EVO 15, Zeiss, Ramsey, NJ, USA) equipped with an Oxford 
Instruments Ultim Max 40 detector (Jena, Germany). Fabric samples (5 
mm × 5 mm) were mounted on aluminium stubs and sputter-coated 
with platinum prior to analysis. The elemental composition deter
mined by EDS was obtained as the average of five independent 
measurements.

2.7.5. Mechanical testing
Tensile tests were performed on cotton specimens 15 mm x 100 mm 

in length according to the ISO13934 standard [30]. Analyses were 
performed using an Instron 5966 (Instron, High Wycombe, UK) instru
ment equipped with wave clamps; setting: 10 mm min -1 strain rate, and 
2 N preload. The test was repeated on 10 specimens. The values of 
Young’s modulus, force at break, and elongation at break (%) are re
ported as the mean ± standard deviation (σ) of these tests.

2.7.6. Combustion tests of DVP-CYSS-treated cotton fabrics
Horizontal flame spread tests (HFSTs) and Vertical flame spread tests 

(VFSTs) were carried out by applying a 20 ± 5 mm long butane flame to 

the short edge of 30 mm × 60 mm specimens according to the ISO 3795 
[31] and ISO 15025 [32] standards, modified in terms of cotton size 
specimens and flame application time. In the horizontal configuration, 
each specimen was positioned on a metallic frame tilted at a 45◦ angle of 
along its longitudinal axis and then ignited for 3 s. In the vertical 
configuration, the butane flame was applied for 2 s to the center of the 
short edge of the specimens. All combustion tests were tripled and the 
total combustion time (s) and residual mass fraction (RMF, %) were 
determined.

The resistance of square fabric samples (100 mm × 100 mm) to a 35 
kW•m-2 irradiative heat flux was investigated using an oxygen- 
consuming cone calorimeter (Nose-lab ATS advanced, Milan, Italy). 
Measurements were performed in the horizontal configuration accord
ing to a previously reported procedure [33], optimized based on the ISO 
5660 standard [34]. Parameters such as the time to ignition (TTI, s), 
time to flameout (TTF, s), heat release rate peak (pkHRR, kW•m-2), total 
heat release (THR, MJ•m-2), total smoke release during non-flaming 
phase (TSR(NFP), m2 m-2), total smoke release during flaming phase 
(TSR(FP), m2 m-2), and residual mass fraction (RMF, wt.%) were deter
mined. Each test was performed in triplicate, and the standard deviation 
was calculated.

Prior to the combustion tests, all specimens were conditioned to 
constant weight in a climatic chamber at 23 ± 1 ◦C and 50% relative 
humidity for 48 h.

3. Results and discussion

3.1. Synthesis and structural elucidation of DVP-CYSS

The P/N/S-containing oligomer coded DVP-CYSS was obtained by 
the aza-Michael polyaddition of cystamine with divinylphosphinate in a 
1:1 molar ratio (Scheme 1). The 2:1 ratio of N–H to double-bond reactive 
functions in the monomer mixture suggests the formation of an oligo
meric product, even though the four cystamine N–H groups are unlikely 
to be equally reactive, since the first addition converts a primary amine 
into a less reactive, sterically hindered secondary amine. Accordingly, 
complementary NMR techniques were used to determine the chemical 
structure of DVP-CYSS. Specifically, 1H, 1H–13C HSQC, 31P, and 1H–15N 
HMBC spectra were acquired.

In the 1H and 1H–13C HSQC spectra (Fig. 1a and b), the signals of the 
ethyl groups are clearly identifiable at 1.26/16.2 ppm and 4.04/61.6 
ppm, respectively. The signals of the CH₂ protons α to the 31P appear in 

Scheme 1. Synthesis of DVP-CYSS.
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the range 1.9–2.1 ppm, with 13C chemical shifts at 23.5 and 27 ppm. The 
nitrogen-bound CH₂ protons are observed between 2.77 and 3.16 ppm, 
with 13C chemical shifts between 32.6 and 54.5 ppm. The 1H spectrum 
shows good resolution, without line broadening typically observed for 
high-molecular-weight polymers due to shorter T₂ relaxation time and 
free induction decay. Notably, the 31P spectrum displays two sets of 
signals at 60.5 and 51.8 ppm in a 1:1 integral ratio, suggesting the 
presence of two different phosphorus species in the molecule (Fig. 1c).

DOSY spectra enabled estimation of the molecular size of DVP-CYSS 
from the measured diffusion coefficient (D), using the empirical 

relationship D = K⋅Mw⁻⁰⋅⁴⁹, which is applicable for water soluble mac
romolecules [35]. The K coefficient was estimated as 1.05 × 10⁻⁸ m² s-1 

from a calibration curve ranging from the monomer to polylactic acid 
polymers up to 49000 Da. DOSY spectra were recorded for both 1H 
(Fig. 1d) and 31P nuclei (Fig. 1e). The diffusion coefficient of DVP-CYSS 
was measured as D = 3.16 × 10⁻¹⁰ m² s-1, while divinyl ethyl phosphi
nate showed a significantly higher diffusion coefficient (D = 9.13 ×
10⁻¹⁰ m² s⁻¹). Application of the above empirical correlation yielded an 
estimated molecular weight of approximately 1270, indicating a low 
polymerization degree.

Fig. 1. ¹H NMR (a), ¹H–¹³C HSQC (b), ³¹P NMR (c) spectra of DVP-CYSS. ¹H–¹³C HSQC spectrum shows one-bond correlations between proton and carbon nuclei. ¹H 
DOSY NMR spectrum (d) of DVP-CYSS recorded using a stimulated echo pulse sequence with bipolar gradient pulses. ³¹P DOSY NMR (e) spectrum of DVP-CYSS 
recorded using a stimulated echo pulse sequence with INEPT for non-selective polarization transfer and decoupling during acquisition. ¹H–¹⁵N HMBC spectrum 
(f) of DVP-CYSS, showing long-range correlations between proton and nitrogen nuclei. All spectra were recorded in D₂O at 25 ◦C on a Bruker Avance 600 MHz 
spectrometer.
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Further structural information was obtained from the 1H–15N HMBC 
spectrum (Fig. 1f), which revealed three distinct 15N resonances at 27.3, 
38.9, and 46.1 ppm, corresponding to primary, secondary, and tertiary 
amines, respectively. To obtain a semi-quantitative estimate of the 
relative amounts of these nitrogen environments, the 15N projection of 
the HMBC spectrum was analyzed. Each 15N signal gives rise to a set of 
cross-peaks with 1H, and by integrating these signals, it is possible to 
estimate the relative distribution of the nitrogen atoms. Although this 
approach is not fully quantitative due to differences in magnetization 
transfer and relaxation times, it provides a reliable indication of relative 
abundances. Normalization of the integrated intensities yielded an 
approximate ratio of 3:6:1 for primary, secondary, and tertiary amines, 
respectively.

Combining the information from the 1H-15N HMBC and 31P spectra, 
and 1H integrations, a plausible structural hypothesis for the obtained 
oligomer is shown in Scheme 1. The tertiary nitrogen resonance points 
to a branched structure, but the specific site of branching along the main 
oligomer backbone could not be conclusively assigned. The observation 
of two sets of well-resolved ³¹P NMR signals indicates the formation of 
structurally and conformationally distinct oligomers during the syn
thesis. All detected species are fully consistent with the NMR data and 
can be considered structurally correlated to the scaffold depicted in 
Fig. 1.

3.2. Morphological and mechanical characterization of DVP-CYSS- 
treated cotton fabrics

The morphology of COT/DVP-CYSS samples was observed by FE- 
SEM and compared with that of untreated cotton (Fig. 2a-f). Both un
treated and treated fibers exhibited predominantly smooth surfaces. At 
higher magnification, a thin polymer coating was observed on the sur
face of COT/DVP-CYSS fibers (Fig. 2f). EDS analysis confirmed a ho
mogeneous distribution of DVP-CYSS, as shown by the even distribution 
of carbon (C), oxygen (O), nitrogen (N), sulfur (S), and phosphorous (P) 
elements (Fig. 2g-i).

The FT-IR spectrum of COT/DVP-CYSS was essentially superimpos
able to that of pristine cotton (Fig. S2), likely due to the localization of 
the DVP-CYSS coating within the deeper layers of the cotton fibers.

Notably, the whiteness index of cotton showed a slight decrease after 
DVP-CYSS treatment, declining from 77.6 ± 0.53 to 74.4 ± 1.09.

The effect of the DVP-CYSS coating on the mechanical properties of 
cotton was evaluated through tensile tests performed on samples with a 
12.0% add-on. Table 1 reports the tensile parameters observed, 
compared with those of pristine cotton. As shown, only negligible dif
ferences were detected, demonstrating that the mechanical response of 
cotton was not affected by the presence of DVP-CYSS.

3.3. Thermal characterization of DVP-CYSS-treated cotton fabrics

The thermal stability of untreated and DVP-CYSS-treated cotton 
fabrics was investigated by TGA under nitrogen and air in the 50-800 ◦C 
range (Fig. 3). The Tonset10%, Tmax and RMF values are reported in 
Table 2. In nitrogen (Fig. 3a), COT, COT/DVP-CYSS and COT/M-CYSS, 
where M-CYSS is the flame retardant benchmark used in this study, 
showed a single main weight loss event. Untreated cotton remained 
thermally stable up to 300 ◦C, with approximately 80% of the total 
weight loss occurring between 300 and 375 ◦C, as expected [36]. 
DVP-CYSS-treated cotton fabrics significantly anticipated cotton 
decomposition, as clearly demonstrated by the Tonset10% and Tmax values 
(Table 2). However, compared with untreated cotton, the 

Fig. 2. SEM magnifications of untreated cotton (COT, a, c and e at 500x, 1000x and 5000x magnifications, respectively) and cotton treated with DVP-CYSS with a 
12.0% add-on (COT/DVP-CYSS, b, d and f at 500x, 1000x and 5000x magnifications, respectively). SEM micrograph of COT/DVP-CYSS (g, at 2500x magnifications) 
with corresponding elemental analysis (h) and elemental maps of C (red), O (green), P (petrol blue), and S (purple) (i).

Table 1 
Tensile stress-strain results of untreated and DVP-CYSS-treated and cotton 
samples.

Sample Young’s modulus ± σ 
(MPa)

Force at break ±
σ (N)

Elongation at break 
% ± σ

COT 140.6 ± 5.06 223.6 ± 12.7 52.2 ± 1.59
COT/DVP- 

CYSS
143.8 ± 4.24 205.5 ± 10.8 47.8 ± 1.66
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COT/DVP-CYSS samples produced a significantly higher amount of 
thermally stable char above 300 ◦C, with RMF values remaining nearly 
constant up to 800 ◦C. This behavior closely resembles that observed for 
M-CYSS At 800 ◦C, the RMF values were indeed 27.5 and 23.5% for 
COT/DVP-CYSS and COT/M-CYSS, respectively, compared with only 
4.5% for untreated cotton.

In air (Fig. 3b), the TG thermogram of untreated cotton displays two 
main weight-loss events, occurring between 300 and 375 ◦C and be
tween 375 and 500 ◦C. Similar to its behavior in nitrogen (Table 2), 
untreated cotton remains thermally stable up to 300 ◦C, losing about 
85% of its weight above this temperature. However, due to thermal 
oxidation, its RMF decreases to negligible levels as early as around 550 
◦C. In the cases of the DVPCYSS- and M-CYSS-treated cotton fabrics, the 
TG curves are almost superimposable up to 300 ◦C, but they differ 
significantly at higher temperatures. In fact, COT/DVP-CYSS undergoes 
a second decomposition step between 300 and 600 ◦C, characterized by 
a slow weight loss with a Tmax₂ at 490 ◦C, while COT/M-CYSS rapidly 
decomposes in the 300-500 ◦C range, exhibiting its intrinsic intumescent 
behavior, as expected [18,19], with a Tmax₂ at 496 ◦C.

A plausible hypothesis is that the oxidation behavior of COT/DVP- 

CYSS is influenced by DVP-CYSS promoting cotton dehydration, a pro
cess recognized as the prevailing char-forming mechanism [36], thereby 
inhibiting depolymerization. To test this hypothesis, COT/DVP-CYSS 
was subjected to thermo-oxidation by heating in air at 300 ◦C, and the 
morphology of the resulting oxidation product examined using FE-SEM 
(Fig. 3c and e) and EDS analysis with elemental mapping of C, O, P, and 
S (Fig. 3f and g). Comparison of the FE-SEM images of the 
thermo-oxidation residues of COT (Fig. 2) and COT/DVP-CYSS (Fig. 3) 
reveals that the native cotton texture is largely retained after oxidation, 
indicating that depolymerization plays a negligible role, as it normally 
results in fiber fibrillation. Elemental analysis confirmed the presence of 
P and S in the oxidized residue at 300 ◦C, in addition to C and O. 
Interestingly, although the C, O, and P contents remain nearly un
changed, the sulfur content decreases by approximately 50%. This 
observation may suggest that part of the S forms volatile 
sulfur-containing degradation products released into the gas phase, 
while P mainly remains in the condensed phase. Notably, unlike 
M-CYSS, no intumescence was observed, indicating that DVP-CYSS fol
lows a distinct thermo-oxidative pathway.

3.4. Combustion tests of DVP-CYSS-treated cotton fabrics

The combustion behavior of COT/ DVP-CYSS was investigated by 
Vertical Flame Spread Tests (VFSTs), Horizontal Flame Spread Tests 
(HFSTs), and oxygen-consumption cone calorimetry tests. The results 
were compared not only with those of COT, but also of COT/M-CYSS, 
whose performance in this respect had already been studied [18].

3.4.1. Vertical Flame Spread Tests
In VFSTs, untreated cotton showed rapid burning behavior and 

completely decomposed, leaving no residues at the end of the test. 
(Fig. 4a). Cotton samples treated with M-CYSS and DVP-CYSS at 
different add-ons, namely, 8.0, 10.0, 12.0 and 16.0% were compared 
(Fig. 4b and c). Although a 16.0% add-on of M-CYSS was previously 
shown to inhibit cotton combustion and DVP-CYSS proved also effective, 
a marked divergence emerged at a 12.0% add-on: COT/DVP-CYSS pre
vented ignition, whereas COT/M-M-CYSS did not.

Add-ons lower than 12.0%, namely 10.0 and 8.0%, for COT/DVP- 

Fig. 3. TG and DTG thermograms of untreated cotton (COT) and cotton treated with DVP-CYSS (COT/DVP-CYSS, add-on: 12.0%) and M-CYSS (COT/M-CYSS add-on: 
12.0%) under nitrogen (a) and air (b). SEM micrographs of the COT/DVP-CYSS residue at 300 ◦C (c-e, at 1000x, 2500x, and 500x magnifications, respectively), and 
EDS analysis (f) with elemental maps of C (red), O (green), P (petrol blue), and S (purple) (g).

Table 2 
Thermal data of COT/ DVP-CYSS and COT/M-CYSS samples in nitrogen and air 
by thermogravimetric analysis.

Sample T onset10% ( ◦C) 
(a)

Tmax1 ( ◦C) 
(b)

Tmax2 ( ◦C) 
(c)

RMF (%) 
(c)

Nitrogen
COT 330 353 - 4.5
COT/DVP- 

CYSS
249 308 - 27.3

COT/M-CYSS 269 320 - 23.5
Air
COT 317 327 509 0
COT/ DVP- 

CYSS
251 301 490 1.9

COT/M-CYSS 254 318 496 2.8

a) Onset decomposition temperature at 10 % weight loss. b) First temperature at 
maximum weight loss rate. c) Second and third temperature at maximum weight 
loss rate. d) Residual mass fraction at 800 ◦C.
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CYSS showed comparable performances: the flame slid along the sur
face, reached the clamps in about 15 s, hence achieving the self- 
extinguishment, and left residues of 65 and 58% (Table 3), respec
tively, with no afterglow observed. Conversely, COT/M-CYSS at a 12.0% 

add-on achieved self-extinguishment but in exhibited a prolonged 
afterglow (150 s), while at 10.0 and 8.0% it did not self-extinguish, as 
the specimen was consumed by a long and persistent afterglow.

At the end of the tests, a COT/DVP-CYSS specimen with a 10.0% add- 
on was examined by FE-SEM. Similarly to the residue observed after 
thermo-oxidation at 300 ◦C (Fig. 3c, d and e), the fabric texture was 
preserved throughout (Fig. 4c, d and e); however, in this case, some 
bubbles were observed across the surface.

Regarding the elemental analysis of the residue left by COT/DVP- 
CYSS (add-on: 10.0%) after VFSTs, EDS analysis confirmed a homoge
neous distribution of carbon (C), oxygen (O), nitrogen (N), sulfur (S), 
and phosphorous (P) elements, consistent with the chemical composi
tion of DVP-CYSS (Fig. 4f and g).

3.4.2. Horizontal Flame Spread Tests
COT and COT/DVP-CYSS were tested in the horizontal configura

tion, and representative snapshots from the HFSTs are shown in Fig. 5. 
The main combustion parameters are summarized in Table 4. When 
exposed to the flame, untreated cotton burned slowly (53 s) and 
completely, leaving a residual mass fraction below 1%. In contrast, DVP- 
CYSS effectively inhibited cotton combustion at a 10.0% add-on, 
whereas M-CYSS underwent thermo-oxidation for approximately 60 s, 
as previously reported [18]. At the end of the tests, the residue from the 
COT/DVP-CYSS specimen was analyzed by FE-SEM. Consistent with 
observations after thermo-oxidation at 300 ◦C (Fig. 3c–e) and after 
VFSTs (Fig. 4c–e), the fabric texture remained largely intact (Fig. 5b–e). 
EDS analysis revealed a uniform distribution of carbon (C), oxygen (O), 
nitrogen (N), sulfur (S), and phosphorus (P), in agreement with the 
chemical composition of DVP-CYSS (Fig. 5f and g).

3.4.3. Oxygen-consumption cone calorimetry tests
COT/DVP-CYSS cotton samples were subjected to an irradiative heat 

flux of 35 kW•m-2 in an oxygen-consumption cone calorimeter and 
compared to untreated cotton. Combustion parameters including time to 
ignition (TTI), time to flameout (TTF), heat release rate peak (pKHRR), 

Fig. 4. Snapshots of vertical flame spread tests of untreated cotton (COT, a), and cotton treated with M-CYSS and DVP-CYSS at different add-ons (b). SEM mi
crographs of COT/DVP-CYSS with a 10.0% add-on (c, d and e, at 250x, 1000x and 5000x magnifications, respectively) with corresponding elemental analysis (f) and 
elemental maps of C (red), O (green), P (petrol blue), and S (purple) (g).

Table 3 
Combustion data of untreated, DVP-CYSS and M-CYSS-treated cotton fabrics in 
VFSTs.

Sample Add- 
on (a) 

(%)

Flaming 
combustion 
time (b) (s)

Afterglow 
(combustion 
time, s) (c) (s)

Extinguishment RMF 
(d) 

(%)

COT - 41 YES NO <1
COT/ 

DVP- 
CYSS

16.0 0 NO YES 100

COT/ 
DVP- 
CYSS

12.0 0 NO YES 100

COT/ 
DVP- 
CYSS

10.0 15 NO YES 65

COT/ 
DVP- 
CYSS

8.0 17 NO YES 58

COT/ 
M- 
CYSS

16.0 1 YES (100) YES 90

COT/ 
M- 
CYSS

12.0 0 YES (150) YES 80

COT/ 
M- 
CYSS

10.0 7 YES (223) NO 50

COT/ 
M- 
CYSS

8.0 15 YES (80) NO 30

(a) Add-on ± 0.5.0. (b) Combustion time ± 1 s. (c) Combustion time ± 1 s. (d) RMF 
± 1.0%
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total heat release (THR) and residual mass fraction (RMF) are summa
rized in Table 5, while the corresponding HRR curves are displayed in 
Fig. 6.

Untreated cotton exhibited an intense flaming combustion, and after 
flameout, occurring at approximately 80 s, it was completely consumed 
due to pronounced afterglow. In contrast, at a 12.0% add-on, COT/DVP- 
CYSS burned more rapidly, resulting in a shorter TTI, but also reached 
TTF sooner (17 vs. 26 s and 49 vs. 78 s for COT/DVP-CYSS and COT, 
respectively), while showing a 24% reduction of cotton pkHRR and no 
evidence of afterglow. Notably, following flameout, combustion of COT/ 
DVP-CYSS progressed slowly till the set end of the test (150 s), still 
without afterglow, and left a final RMF of about 9%, compared to < 1% 
for untreated cotton (Table 5).

In addition, the total smoke release during the initial non-flaming 
phase (TSR(NFP)) and during the flaming phase (TSR(FP)) was collected 
and reported in Table 5. DVP-CYSS coating significantly reduced the 

smoke released during cotton combustion in both the absence and 
presence of flame, as indicated by the TSR(NFP) and TSR(FP) values. As 
regard CO and CO2 emissions, the yield values measured by the ana
lyzers were negligible for both untreated and treated cotton fabric.

At the end of the tests, the residue of the COT/DVP-CYSS specimen 
was analyzed by FE-SEM. As observed in the residue after thermo- 
oxidation at 300 ◦C (Fig. 3c–e), as well as after VFSTs (Fig. 4c–e) and 
HFSTs (Fig. 5b–e), the fabric’s texture remained largely intact 
(Fig. 6b–e). EDS analysis revealed a uniform distribution of carbon (C), 
oxygen (O), nitrogen (N), sulfur (S), and phosphorus (P), consistent with 
the chemical composition of DVP-CYSS (Fig. 6e–f).

3.4.4. Progression of char composition in COT/DVP-CYSS combustion
EDS analyses of combusted COT/DVP-CYSS samples, obtained 

through controlled oxidation at 300 ◦C, VFSTs, HFSTs, and oxygen- 
consumption cone calorimetry tests, consistently showed a uniform 
elemental distribution, including not only carbon and oxygen, but also 
sulfur and phosphorus. The elemental compositions of COT/DVP-CYSS 
chars obtained under varying combustion conditions are shown in 
Table 6. It should be noted that the data presented in this table were 
obtained from samples with 12.0% DVP-CYSS add-on, the same 
composition used in the combustion tests, except for the VFST entries, 
where a 10.0% add-on was used. This was necessary because the sample 
with a 12.0% add-on did not combust, and there was insufficient char to 
carry out the analysis. The comparison of the elemental composition 
obtained from EDS analysis of an COT/DVP-CYSS sample with the 
theoretical composition of uncombusted samples containing 10.0% and 
12.0% add-on shows substantial agreement between experimental and 
theoretical values. The only notable exception is the carbon content (C 
%), which is known to be problematic to determine accurately, espe
cially for porous samples, due to the low atomic number of carbon. 
Overall, the elemental composition after oxidation follows a similar 
trend across all samples. Carbon content (C%) increases substantially 

Fig. 5. Snapshots of horizontal flame spread tests for untreated cotton (COT) and cotton treated with DVP-CYSS (COT/ DVP-CYSS, add-on: 10.0%) (a). SEM mi
crographs of the COT/DVP-CYSS residue at the end of the test (b-d, at 250x, 2500x, and 5000x magnifications, respectively). SEM magnification (e, 250x) and EDS 
analysis (f) with elemental maps of C (red), O (green), P (petrol blue), and S (purple) (g).

Table 4 
Combustion data of untreated, DVP-CYSS and M-CYSS-treated cotton fabrics in 
HFSTs.

Sample Add- 
on (a) 

(%)

Flaming 
combustion 
time (b) (s)

Afterglow 
combustion 
time (c) (s)

Extinguishment RMF 
(d) 

(%)

COT - 53 - NO <1
COT/ 

DVP- 
CYSS

10 0 0 YES 100

COT/ 
M- 
CYSS

10 0 62 YES 90

(a) Add-on ± 0.5%. (b) Combustion time ± 1 s. (c) Combustion time ± 1 s. (d) RMF 
± 1.0%

Table 5 
Combustion data of untreated and DVP-CYSS-treated cotton fabrics by oxygen-consumption cone calorimetry (35 kWm-2).

Sample TTI (a) (s) TTF (b) (s) pkHRR (c) (kW•m-2) (reduction, %) THR (d) (kW•m-2) TSR(NFP) 
(e) (m2•m-2) TSR(FP) 

(f) (m2•m-2) (reduction, %) RMF (g) (%)

COT 26 ± 4 78 ± 5 110 ± 6 3.80 ± 0.14 0 5.8 ± 1.7 1.14 ± 0.55
COT/DVP- 

CYSS
17 ± 2 49 ± 3 84 ± 4 (24) 3.62 ± 0.29 0.5 ± 0.2 2.1 ± 0.3 (-63) 8.95 ± 1.21

(a) TTI: Time to ignition. (b) TTI: Time to flameout. (c) pKHRR: Heat release rate peak. (d) THR: Total heat release. (e) TSR(NFP): Total smoke release during non-flaming 
phase. (f) TSR(FP): Total smoke release during flaming phase. (g) Residual mass fraction.
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after combustion, reflecting both the loss of oxygen-containing func
tional groups, possibly due to decarboxylation and/or dehydration, 
evidenced by the decrease in O%, and aromatization, particularly pro
nounced in the VFST residue, which experienced the most severe com
bustion conditions. Simultaneously, sulfur content (S%) decreases, 
indicating the release of sulfur-containing fragments due to S–S bond 
cleavage and oxidation. In contrast, phosphorus content (P%) increases, 
demonstrating that phosphorus remains stably incorporated in the ar
omatic char.

4. Conclusions

This study demonstrated that the novel P/N/S-containing oligomer 
DVP-CYSS provides significantly improved flame retardant protection 
for cotton compared with the phosphorus-free S/N polyamidoamine M- 
CYSS. DVP-CYSS effectively suppressed combustion in both horizontal 
and vertical flame spread tests, achieving extinguishment at lower add- 
on levels and preventing ignition under conditions where M-CYSS- 
treated samples still burned and exhibited prolonged afterglow.

Oxygen-consumption cone calorimetry further confirmed the 
enhanced fire performance, with DVP-CYSS markedly reducing the main 
combustion parameters and increasing the residue mass fraction 
compared with untreated cotton. Analysis of the char composition 
indicated partial loss of sulfur due to disulfide bond cleavage and 
oxidation, whereas phosphorus remained largely in the residue, sug
gesting a predominant role in condensed-phase stabilization.

Overall, these results highlight the beneficial synergy among phos
phorus, nitrogen, and sulfur in improving the flame retardancy of cot
ton, demonstrating the effectiveness of the DVP-CYSS oligomer as a 
multifunctional flame-retardant system.

It should be noted that the washing durability of DVP-CYSS is limited 
due to its high solubility in aqueous media. However, the performance 
observed in DVP-CYSS-impregnated cotton systems could be translated 
to chemically modified cotton via covalent grafting of DVP-CYSS or its 
analogues, representing a promising strategy to enhance treatment 
durability.

Fig. 6. HRR curves of untreated cotton (COT) and cotton treated with DVP-CYSS (COT/DVP-CYSS, add-on: 12.0%) obtained using an oxygen-consumption cone 
calorimeter under a heat flux of 35 kWm-2 (a). Digital image and SEM micrograph of COT/DVP-CYSS residue at the end of the test (b and c, 250x magnification). SEM 
micrograph (d, 500x magnification) and EDS analysis (e) with elemental maps of C (red), O (green), P (petrol blue), and S (purple) (f).

Table 6 
COT/DVP-CYSS char composition under varying combustion conditions (a).

Sample origin Add-on 
(%)

RMF (b) 

(%)
C% O% S% P 

%

Theoretical values (c, d) 10 - 44 45.5 2.0 0.9
Theoretical values (c, d) 12 - 44 44.8 3.5 1.1
COT/DVP-CYSS 12 - 51.4 43.7 3.3 1.5
Combustion at 300 ◦C 12 55 53.4 42.4 2.0 1.6
VFSTs 10 65 71.6 22.0 1.8 3.9
Oxygen-consumption cone 

calorimetry
12 9.0 59.9 26.9 1.6 8.8

HFSTs 12 100 63.7 27.4 1.4 6.5

(a) Experimental values are the average of 5 independent measurements. (b) 

Residual mass fraction. (c) Uncombusted sample. (d) Theoretical values have been 
calculated considering the raw formula of the DVP-CYSS repeat unit, that is 
C10H23N2O2PS2 (MM 298.40) and the theoretical add on (either 10.0 or 12.0%).
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