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Abstract In the present study, DOPO-based alkox-
ysilane (DOPO-ETES) and amido alkoxysilane
(DOPO-AmdPTES) were synthesized by one-step and
without by-products as halogen-free flame retardants.
The flame retardants were applied on cotton fabric
utilizing sol-gel method and pad-dry-cure finishing
process. The flame retardancy, the thermal stability
and the combustion ehaviour of treated cotton were
evaluated by surface and bottom edge ignition flame
test (according to EN ISO 15025), thermogravimetric
analysis (TGA) and micro-scale combustion calorim-
eter (MCC). Unlike CO/DOPO-ETES sample, cotton
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treated with DOPO-AmdPTES nanosols exhibits
self-extinguishing ehaviour with high char residue, an
improvement of the LOI value and a significant reduc-
tion of the PHRR, HRC and THR compared to pristine
cotton. Cotton finished with DOPO-AmdPTES reveals
a semi-durability after ten laundering cycles keeping
the flame-retardant properties unchanged. According
to the results obtained from TGA-FTIR, Py-GC/MS
and XPS, the major activity of flame retardant occurs
in the condensed phase via catalytic induced char for-
mation as physical barrier along with the activity in the
gas phase derived mainly from the dilution effect. The
early degradation of CO/DOPO-AmdPTES compared
to CO/DOPO-ETES, triggered by the cleavage of the
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weak bond between P and C=0, as the DFT study indicated,
the fire resistance of cellulose.
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Introduction

Restricting and banning of halogenated flame retard-
ants over the last two decades moved the research-
ers and manufacturers towards various alternatives
to meet the governmental regulations and laws in
regard to human security, environmental impact and
sustainability (Lu and Hamerton 2002). Among those
alternatives, phosphorus containing flame retardants
(FRs) play a crucial role, providing gas-phase activ-
ity similar to halogenated substances (Schartel 2010).
Depending on the phosphorus oxidation state, their
thermal decomposition into PO and PO, radicals ena-
bles high energy H and OH radicals to be captured,
causing a decrease of heat release and thus, halting
flame propagation (Kundu et al. 2020b). Through-
out the investigation of organophosphorus FRs, the
phosphinic acid ester 9, 10-dihydro-9-oxa-10-phos-
phaphenanthrene-10-oxide (DOPO) and its deriva-
tives became the focal point of interest (Saito 1972;
Liang et al. 2012; Zhang and Yang 2011; Wu et al.
2020). Showing excellent fire retardation properties
for polymers, such as highly flammable polyurethane
foam (Konig and Kroke 2012) or intensely smoke
producing epoxy resins (Bifulco et al. 2022; Schifer
et al. 2007; Yu et al. 2010; Zhang et al. 2020a; Peng
et al. 2016; Qian et al. 2013), DOPO-derivatives have
proven to be valuable additives in various polymer
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and composite related applications (Gu et al. 2020;
Chen et al. 2014; Zhang et al. 2016a, b; Qian et al.
2012). As Zhang et al. demonstrated, DOPO-deriva-
tives can effectively introduce flame-retarding prop-
erties to epoxy resins in add-ons as low as 2.5 wt.%,
increasing LOI and promoting a self-extinguishing
effect in the UL-94 test (Zhang et al. 2011). The low
add-on required for a flame retarding effect qualifies
DOPO and its derivatives to be implemented into
high-performance composite materials, such as car-
bon fibre reinforced epoxy resins for aviation (Per-
ret et al. 2011b) as well as automotive applications
(Perret et al. 2011a) or silver nanowire reinforced
epoxy composites with enhanced thermal conductiv-
ity (Feng et al. 2018). Likewise, DOPO-derivatives
can be added to polymer blends for melt-spun syn-
thetic fibers (Vasiljevi¢ et al. 2019), be introduced
as a comonomer into the polymerization reaction of
polyamide 6, yielding an intrinsic flame-retardant
yarn(Coloviéet al. 2021) or be UV-grafted onto syn-
thetic fibre surfaces (Kundu et al. 2017). The syn-
thetic versatility of DOPO to form various flame-
retardant additives can further be underlined by
examples of DOPO-substituted pentaerithrol and
cyanuric acid derivatives (Miiller et al. 2013), just
to name two of the most prominent DOPO-based FR
in recent literature. As for most textile applications,
a treatment of semi-finished products is preferred,
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which needs to fulfill high demands regarding the
treatment procedure (i.e., use of water/non-toxic sol-
vents), unadulterated optical appearance and feel, as
well as durability (washing, weathering, UV-resist-
ance) (Salmeia et al. 2016; Nazir et al. 2021). Hence,
a chemical immobilization of the FR on the textile
surface is required, which can be achieved using dif-
ferent approaches including UV-curable FRs (Mayer-
Gall et al. 2015), sol-gel technique (Wang et al.
2016; Kanat and Eren 2019; Zhang et al. 2020b) and
crosslinking reaction between ammonium phosphate
groups and cellulose using dicyandiamide as catalyst
(Gu et al. 2021; Chen et al. 2022). Recently, a new
methodology has been reported on the formation of
physical networks via in-situ crosslinking reaction to
produce a durable (Nazir et al. 2021) or semi-dura-
ble (Zilke et al. 2022) flame-retardant finishing. The
utilization of DOPO-based silans and their applica-
tion via pad-dry-cure procedure has previously been
demonstrated for cotton (Hu et al. 2011), polyester
(Wang et al. 2011), silk (Liu et al. 2018), and poly-
amide (§ehic’ et al. 2016; Kundu et al. 2020a) textiles.
For polyamide and cotton, DOPO-ethyl trialkox-
ysilane (DOPO-ETMS/-ETES) are among the most
frequently investigated silane-based flame-retardants
(Kundu et al. 2020b; Sahyoun et al. 2015; Chernyy
et al. 2015; Vasiljevi¢ et al. 2015). Chernyy et al.
reported a synergistic effect between P an Si regard-
ing char formation, however, during vertical flamma-
bility tests, high loads of DOPO-ETMS were required
to achieve sufficient flame suppression (Chernyy
et al. 2015). Similar results have been reported by
Vasiljevi€ et al., attributing the flame retarding mech-
anism of DOPO-ETMS to the aforementioned radi-
cal scavenging gas-phase activity, as well as the solid
phase phosphorylation of cellulose which, in synergy
with the formation of silicon oxide, builds up a pro-
tective char layer on the substrates surface (Vasiljevié
et al. 2015). On the contrary, the high thermal degra-
dation temperature of DOPO-ETMS results in a late
onset of the flame retarding response, thus limiting
the FRs effectiveness (Qian et al. 2012).

Herein we report the synthesis of a novel DOPO-
based silane, containing an additional amido func-
tionality, which shows an overall increased perfor-
mance in terms of flame retardation and protective
char formation, compared to the literature-renowned
reference, DOPO-ETES. The investigated flame-
retardant finishing was applied to cotton and the

coated cotton fabrics were characterized. The thermal
stability, fire retardancy, pyrolysis behavior in both
gas and condensed phase, as well as corresponding
flame-retardant mechanism were also investigated.

Experimental
Materials

Commercial woven cotton fabric (CO, plain weave,
170 g/m?, white) was purchased from wfk Testgewebe
GmbH, Briiggen, Germany. 9,10-Dihydro-9-oxa-
10-phosphaphenanthrene-10-oxid (DOPO, 97%) was
purchased from TCI Europe N.V. (Zwijndrecht, Bel-
gium). Vinyltriethoxysilane (VTES, 98%) and 3-iso-
cyanatopropyltriethoxysilane (ICPTES, 95%) were
purchased from abcr GmbH (Karlsruhe, Germany).
2,27-Azobis(2-methylpropionitrile) (AIBN, 97%) and
triethylamin (Et;N, 99%) were purchased from Merck
KGaA (Darmstadt, Germany). Tetrahydrofuran (THF,
99.9%), dichloromethane (DCM, 99.9%) and ethanol
(EtOH, 99.8%) were purchased from Fisher Scien-
tific GmbH (Schwerte, Germany). Before use, THF
and DCM were dried using molecular sieve 4 A pur-
chased from Sigma Aldrich (St. Louis, USA).

It should be noted that the flame retardant, DOPO-
ethyltriethoxysilane (DOPO-ETES), was prepared
similarly as described elsewhere (Vasiljevi¢ et al.
2015), and the new compound, DOPO-amidopro-
pyltriethoxysilane (DOPO-AmdPTES) was prepared
in small quantity in our lab. The production of both
FRs were scaled up and donated by abcr GmbH
(Karlsruhe, Germany) with the article numbers
AB582754 and AB582755.

Synthesis and characterization of flame retardants

Synthesis of DOPO-ethyltriethoxysilane
(DOPO-ETES)

As we stated above, the DOPO-ETES flame retard-
ant was prepared similarly as described elsewhere
(Vasiljevi¢ et al. 2015). Typically, 20.65 g of DOPO
(96 mmol, 1 eq.) was dissolved in 100 mL dry THF
at 80 °C in a 250 mL two-necked round-bottom flask
with a magnetic stirrer, reflux condenser and nitro-
gen inlet. After complete solubilization of DOPO,
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Scheme 1 Synthesis and mechanism route of DOPO-ETES and DOPO-AmdPTES

27.27 g of vinyltrietoxysilane (VTES) (96 mmol,
1 eq.) was added and the mixture was stirred for
15 min under saturated nitrogen atmosphere. 0.80 g
of AIBN (5 mmol, 0.05 eq.) predissolved in 50 mL
dry THF was slowly added into the reaction vessel
and kept overnight at 80 °C. The product was puri-
fied by removing the solvent using a rotary evapora-
tor yielding a light-yellow liquid product (95% yield).
The schematic process of the reaction mechanism is
presented in Scheme 1. The structure of DOPO-ETES
was confirmed by NMR, FT-IR and ESI-MS (see
supplementary information, Fig. S2, S3, S4 and S5).

'H-NMR (300 MHz, CDCly): & [ppm]=0.83
(m, 2H, CH,-Si), 1.15 & 1.22 (t, J=7 Hz, 9H,
CH;), 2.07 (m, 2H, CH,-P), 3.73 (m, 6H, CH,-0),
7.20 (d, J=7.7 Hz, 1H, CH,,), 7.23 (t, J=6.7 Hz,
1H, CH,,), 7.36 (t, J=7.7 Hz, 1H, CH,,), 7.49 (td,
J=29, 74 Hz, 1H, CH,,)), 7.68 (td, J=1.1, 7.5 Hz,
1H, CH,,), 7.82 (dd, J=0.9, 7.5 Hz, CH,,), 7.89 (d,
J=82Hz, 1H, CH,)), 7.93 (d,J=7.9 Hz, 1H, CH,,).

BC-NMR (75 MHz, CDCL): & [ppm]=1.87
(d, CH,-Si), 18.32 (s, CH;), 22.57 (s, CH,), 58.72
(s, CH,-0), 120.52 (d, CHy,), 122.37 (d, C-P, C)),
123.91 (d, CH,,), 124.58 (s, CH,,), 125.25 (s, CH,,),
128.40 (d, CH,,), 130.15 (d, CH,,), 130.63 (s, CH,,),
133.21 (d, CH,p), 13593 (d, C, 137.14 (s, Cy,
149.31 (d, C).

3IP.NMR (122 MHz, CDCl,): & [ppm]=39.66 (s,
1P).

FT-IR (ATR) [cm!]: 780 (Ar C-H, sp’, bend),
910 (P-O-Ph), 1078 (Si-0O), 1195 (alkoxy C-0),

@ Springer

1274 (P=0), 1432 (C-H, sp’, bend), 1478 (P-Ph),
1595 (Ar C=C, P-Ph), 2924 (C-H, sp’, stretch), 3066
(C-H, spz, stretch).

High Resolution ESI-MS: calculated for m/z
[M +Na]*: 429.1258, found: 429.1262.

Synthesis of DOPO-amidopropyltriethoxysilane
(DOPO-AmdPTES)

In a typical experiment, dry DCM (100 mL), DOPO
(21.62 g, 100 mmol, 1 eq.), ICPTES (23.99 g,
100 mmol, 1 eq.) and TEA (400 mg, 4 mmol) as a
catalyst were charged to a tow-necked round-bottom
flask with a magnetic stirrer and nitrogen inlet. The
reaction solution was purged for 20 min with nitro-
gen and sealed under nitrogen. The reaction was
carried out overnight at room temperature under
stirring. The product was purified by removing the
solvent using a rotary evaporator yielding a white
solid product (41.6 g, 99% yield). The schematic
process of the reaction mechanism is presented in
Scheme 1. The structure of DOPO-AmdPTES was
also confirmed by NMR, FT-IR and ESI-MS (see
supplementary information, Fig. S6, S7, S8 and
S9) 'H-NMR (300 MHz, CDCl,): & [ppm]=0.67
(t, J=7.5 Hz 2H, CH,-Si), 1.24 (t, J=7 Hz, 9H,
CH;), 1.74 (quint, J=7.5 Hz, 2H, CH,), 3.37
(q, J=7.5 Hz, 2H, CH,-NH), 3.82 (q, J=7 Hz,
6H, CH,-0O), 7.23 (d, J=7.5 Hz, 1H, CH,,), 7.26
(t, J=7 Hz, 1H, CHAr), 7.37 (t, J=7.5 Hz, 1H,
CHAr), 7.52 (td, J=1.1, 7.5 Hz, 1 H, CH,,), 7.75
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(td, J=1.1, 7.5 Hz, 1H, CH,,), 7.90 (dd, J=1.2,
8 Hz, 1H, CH,,), 7.96 (d, J=8.1 Hz, 1H, CH,,),
8.02 (d, J=7.9 Hz, 1H, CH,,).

BC-NMR (75 MHz, CDCl,): & [ppm]=7.75 (s,
CH,-Si), 18.26 (s, CH;), 22.70 (s, CH,), 42.04 (d,
CH,), 58.41 (s, CH,-0), 119.94 (d, CH,,), 121.12
(d, C-P, Cp, 121.55 (s, Cp), 123.62 (d, CH,),
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and DTG curves measured under a N, atmosphere and (F)
DSC curves of both flame-retardant polymers
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FT-IR (ATR) [cm™']: 780 (Ar C-H, sp?, bend), 937
(P-O-Ph), 1073 (Si-0), 1195 (alkoxy C-0), 1255
(P=0), 1432 (C-H, sp’, bend), 1478 (P-Ph), 1521
(Ar C=C, P-Ph), 1654 (N-C=0), 2883 (C-H, sp’,
stretch), 2974 (C-H, spz, stretch), 3256 (2° N-H).

High Resolution ESI-MS: calculated for m/z
[M+Na]*: 486.1472, found: 486.1486.

Sol-gel coating protocol

For the sol-gel coating on the studied fabric, sol solu-
tions were first prepared via dissolving the precur-
sors silane into a mixture of water and ethanol (v/v,
1:1) at three different concentrations. The pH of the
sol solutions was adjusted to 4-5 with a few drops of
concentrated acetic acid (Fig. 1C). The mixture was
stirred for 72 h prior to the coating procedure. The
sol solution was applied to the fabric samples by the
pad-dry-cure method using a simple standard labora-
tory padding machine and an oven. This includes full
immersion at room temperature for 10 min followed
by a wet pick-up, drying and curing at 130 °C for
20 min. The samples were then rinsed with tap water
for 5 min to remove excess materials. The washed
fabric was dried at ambient conditions. To determine
the loading of flame retardants, the weight of samples
was recorded before and after the sol application. The
samples were left for 24 h under standard atmospheric
conditions (60+2% relative humidity and 20+ 1 °C)
prior to weight measurement. The mass add-on value
(%) was calculated using the following equation:

Add-on (%) = (m;—my)/mg, % 100 (1)

where m; and m, correspond to the weights of the
fabric pieces before and after sol finishing.

Measurement and characterization

Proton, carbon and phosphor nuclear magnetic
resonance ('H-, 3C- and *'P-NMR) analyses were
recorded on a Bruker DMX-300 instrument (Bremen,
Germany) at 75, 122 and 300 MHz, respectively,
using deuterated chloroform (CDCl;) solvent. The
chemical shifts were reported in part per million
(ppm). Spin multiplicity is shown by s=singlet,
d=doublet, t=triplet, q=quartet, quint =quintet.
Fourier transform infrared spectroscopy (FT-
IR) spectra were acquired using an IR Prestige-21
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(Shimadzu Deutschland GmbH, Duisburg, Germany)
at the attenuated total reflection (ATR) mode in the
range of 600-4000 cm™' with an average of 32 scans.
A golden gate equipped with a diamond crystal (Spe-
cac Ltd, Orpington, UK) and resolution of 4 cm™ was
used.

Thermogravimetric analyses (TGA) analyses were
performed using Discovery TGA 55 (TA Instruments,
Hiillhorst, Germany) from 40 to 800 °C. Approxi-
mately 10 mg of dried sample (24 h at 60 °C) was
placed in a platinum crucible. The temperature was
first held at 40 °C for 5 min to erase the thermal his-
tory and then heated at the heating rate of 20 °C/min
under both air and nitrogen atmosphere with a gas
flow rate of 90 mL/min. To analyze the smoke gases
released during the decomposition, TGA was coupled
with the FT-IR spectrometer described above via gas
cell.

Differential Scanning Calorimetry (DSC) analyses
were carried out using a DSC Q20 (TA Instruments,
New Castle, USA) calorimeter under N, as purge gas
with a flow rate of 50 mL/min. Each sample (~ 4 mg)
was placed into a perforated aluminum pan and the
thermal properties were recorded between 50 °C and
600 °C with a heating rate of 20 °C/min. The samples
were dried for 24 h at 60 °C prior to analysis.

Micro-scale combustion calorimeter (MCC)
measurements were conducted using a Fire Test-
ing Technology Ltd. (East Grinstead, UK) following
ASTM D 7309 Method A. For each run, the sample
was first pyrolyzed up to 750 °C with a heating rate
of 1 °C/s in a stream of N, flowing at a rate of 80 mL/
min. Then the obtained volatile thermal degradation
products were combusted at 900 °C in a combustion
chamber after mixing with a stream of pure O, at a
flow rate of 20 mL/min. The recorded data were ana-
lyzed using Origin 2018b software (OriginLab Coop-
eration, Northampton, USA). Each sample was run in
triplicate and the values obtained are average of three
measurements.

Pyrolytic degradation products were analyzed
using a TDS-GC/MS system with a pyrolysis module
PM1 (Agilent Technologies model GC 7890B MSF
5977B, TDS 3 and PM1, Gerstel GmbH & Co. KG,
Miihlheim an der Ruhr, Germany). The textile sam-
ples were pyrolyzed for 1 min at 700 °C in a sample
tube placed in the thermal desorption system (TDS).
The temperature of the cooled injection system (CIS)
was set at —50 °C. With a heating rate of 12 °C/s the
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cryofocused pyrolysis products were heated to 300 °C
and introduced into the GC with He as a carrier gas.
The pyrolysis mixture was separated in a capillary
column (HP Ultra 2) with a heating rate of 10 °C/min
starting from 50 to 300 °C. Analytes were ionized by
electron ionization (EI) at 70 eV and scanned in the
positive mode in the mass range of m/z 35-620. Data
were analyzed using OpenChrom (Wenig and Oder-
matt 2010) and compounds were identified by the uti-
lization of NIST Standard Reference Database Num-
ber 69 (William 2022), MassBank (Schulze 2006),
and SpectraBase (Wiley and Sons 2000). Peak areas
were determined using Agilent MassHunter.

Scanning electron microscopy was performed
using an S-3400 N II SEM (Hitachi HighTech Europe
GmbH, Mannheim, Germany) operated at an accel-
erating voltage of 10 kV. The surface of the samples
was sputtered with gold in vacuum for 4 min using
a Quorum Emitech K500X sputter coater (Ashford,
Kent, UK).

X-ray photoelectron spectroscopy (XPS) meas-
urements were conducted using a PHI 5000 Versap-
robe II. Monochromatic Al-anode with a Ka line at
1486.6 eV was utilized with a beam size of 100 pm,
dual beam charge neutralization and an electron emis-
sion angle of 45°. The recorded XPS spectra were
corrected to the Cls signal of 284.8 eV (related to
hydrocarbons) and fitted using a baseline correction
of Shirley function and Voigt line profile by mean of
Casa XPS software.

Dynamic light scattering (DLS) was performed to
determine the size distribution of the sol nanoparti-
cles using a Zetasizer 1000 apparatus (Malvern Pan-
alytical Ltd, Malvern, UK). The sample was diluted
by a factor of 1000 to minimize the agglomeration.
Measurements were conducted at an angle of 90° and
a temperature of 25 °C.

Flame tests were performed according to
EN ISO 15025:2016 (protective clothing-protection
against heat and flame-method of test for limited
flame spread, 10 s ignition) using Gester flammability
tester (Model GT-C35B) following both procedures,
A for surface ignition (flame height 25 mm) and B
for bottom edge ignition (30°, flame height 40 mm).
Passing requirements were assessed following
ISO 11611:2015. The limiting oxygen index (LOI)
was determined by igniting 5 samples with dimension
of 5% 10 cm according to ISO 4589-2. The flame was

applied to the upper edge of the samples in a glass
tube containing O,/N, mixture.

The washing durability of finished cotton samples
was assessed by measuring the weight loss (%) and
the phosphorus content (%) after 1, 3, 5 and 10 wash-
ing cycles using a linitester devise (Heraeus-Original
Hanau, Germany) according to ISO 105-C08:2010 at
40 °C using ECE non-phosphate detergent.

Theoretical calculation

The main goal of the modelling work is to try to
understand the mechanism of flame-retardants
degradation under escalated temperature. To this
end, molecular dynamic simulations using the
DFTB + simulation package were performed (Houra-
hine et al. 2020). The 30b-3-1 parameter sets were
used (Gaus et al. 2014). Firstly, the experimental
structures of the two molecules were relaxed using
geometry optimization tool. Grimme’s DFT-D3
method was employed to account for dispersion cor-
rection. The relaxed structures were employed for
equilibration via MD simulation. Structures were
equilibrated at 300 K for 10 ps, followed by an NVT
ensemble simulation at 400, 500, 600 and 700 K. The
time step of MD simulation is 0.5 fs with a duration
20 ps at each temperature. The bond lengths of each
system were evaluated over the temperature range
between 25 and 800 K, and within 20 temperature
steps.

Results and discussion

Characterization of DOPO-ETES and
DOPO-AmdPTES nanosols

As shown in Scheme 1, the DOPO-based FRs were
prepared by the P-H addition of DOPO to the dou-
ble bond in VTES or to the isocyanate functional
group in ICPTES. The formation of DOPO-ETES
and DOPO-AmdPTES are proven by the disap-
pearance of the P-H characteristic peak in DOPO,
which can be confirmed with 'H-NMR, 3'P-NMR
and FTIR techniques. Specifically, the signal peak
observed in the *'P-NMR spectra for both FRs with
a chemical shift from 6=14.59 ppm of pure DOPO
to 6 =39.66 ppm for DOPO-ETES and 6=12.11 ppm
for DOPO-AmdPTES confirms the complete reaction
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of DOPO (Fig. 1A). The 'H-NMR spectra of both
FRs are shown in Fig. S2 and S6, respectively. The
disappearance of the P-H peak at §=8.77 ppm of
DOPO (Fig. S1) are clearly indicative of the FRs for-
mation. Besides, the '>*C-NMR spectra (Fig. S3 and
S7) and MS spectra (Fig. S5 and S9) are further proof
the quantitative preparation of both DOPO-ETES and
DOPO-AmdPTES.

The chemical structure of the flame retardants
DOPO-ETES and DOPO-AmdPTES after sol-gel
process was examined using '"H-NMR and *'P-NMR
and FTIR techniques. Specifically, the signal peak
observed in the *'P-NMR spectra for both FRs with
a chemical shift from 8=14.59 ppm of pure DOPO
to 8=39.66 ppm for DOPO-ETES and 6=12.11 ppm
for DOPO-AmdPTES confirms the stability of both
compounds after sol-gel process (Fig. 1A).

The chemical structure of the final products after
sol-gel was also verified by FTIR spectroscopy,
as shown in Fig. 1C. The absence of peak around
2385 cm™! that correspond to the stretching vibration
of P—H bond (Vasiljevi¢ et al. 2015) confirms the suc-
cessful addition reaction occurred between DOPO
and VTES or ICPTES. In addition, the N=C=0
absorption band around 2270 cm™! has also been van-
ished (Hu et al. 2011). The broad band in the range
of 3200-3600 cm™! for both FRs is ascribed to the
OH stretching of Si—~OH. The characteristic peak at
1195 cm™! can be attributed to the stretching vibra-
tions of P=0. The peaks at both 910 and 891 cm™" for
DOPO-ETES and DOPO-AmdPTES, respectively,
correspond to the stretching vibrations of P—O-Ph,
and the absorption band at 1595 cm™ for DOPO-
ETES and at 1535 cm™ for DOPO-AmdPTES is
related to the existence of P-Ph bonds. The vibrations
peak at 750 cm™! belongs to aromatic hydrogen. The
bands at 2924 and 3066 cm™! are attributed to C-H
stretching vibrations in the aliphatic hydrocarbons.
The peak at 1659 cm™' assigns to the H-N absorption
of DOPO-AmdPTES, while the band at 1715 c¢cm™
corresponds to C=O stretching. Moreover, the
absorption peak within the range of 1039-1095 cm™
can be attributed to the asymmetric stretching of the
Si—O-Si and Si—O-C, which confirms the formation
of silica network upon the sol-gel reaction.

The silica nanoparticles resulted from sol-gel
process (Fig. 1B) of both FRs was evaluated using
dynamic light scattering (DLS) as shown in Fig. 1D.
DOPO-ETES nanoparticles reveal an average
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hydrodynamic diameter of 331 nm after 72 h, while
the average size of the DOPO-AmdPTES nanoparti-
cles at the same time is around 366 nm. This differ-
ence can be attributed to the spacing between DOPO
and silane moieties of DOPO-AmdPTES which leads
to less hindrance or more flexibility during conden-
sation reaction resulting in higher degree of polym-
erization. At the same time, the presence of amide
groups may form a bigger hydration shell during the
DLS measurement. The TGA and differential thermo-
gravimetry (DTG) curves of the nanoparticles meas-
ured under the nitrogen atmosphere are shown in
Fig. 1E. DOPO-ETES possesses an initial decompo-
sition temperature (Tsq, the temperature at 5% weight
loss) of 276 °C, whereas DOPO-AmdPTES exhibits
a Tsq of 258 °C. Compared to DOPO, which exhib-
its a Tyq, around 220 °C (Xie et al. 2020), both FRs
show a higher Ts,,. However, DOPO-ETES possesses
a higher thermal stability compared with DOPO-
AmdPTES under a N, atmosphere, which is also
confirmed by the DSC measurement (Fig. 1F). This
difference in the thermal degradation of both FRs
can be attributed to the different bond energies of
P-C (for DOPO-ETES) and -P-CO-NH (for DOPO-
AmdPTES). The char yield (at 800 °C) of DOPO-
ETES (42%) is higher than that of DOPO-AmdPTES
(35%), which is associated with their molar mass and
hence the Si content.

Surface characterization of coated cotton

The nanosol coating of the flame retardants on the
cotton substrate was carried out using pad-dry-cure
method at different nanosol concentrations. Since
the condensation reaction of the silanol groups is
not fully completed in solution, it is driven to com-
pletion after coating, between the nanosol particles
or between the silanol groups and cotton, at a curing
temperature of 130 °C yielding a siloxane polymer
network on cotton.

Scanning electron microscopy was carried out
to observe the surface morphologies of control
and coated fabric with an add-on value of ~27 wt%
(Fig. 2). The control fabric shows a smooth surface
compared to the treated samples. Unlike the sample
coated with DOPO-AmdPTES, treated cotton with
DOPO-ETES lead to morphological changes in the
surface, where a thick layer was observed. Mean-
while, the cross-sectional images reveal a compact
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Fig. 2 Scanning electron microscopy (SEM) top view (a—c)
and cross sectional (al-cl) images of cotton samples before
and after nanosol coating. (below) X-ray photoelectron spec-

structure of the fibers indicating a deep finishing of
the FRs. The X-ray photoelectron spectroscopy was
operated to verify the chemical composition origi-
nated from the coating (Fig. 2). Compared with the
pure cotton, Si and P elements are detected for
both FRs and additionally N element for DOPO-
AmdPTES. The chemical composition is summarized
in XPS figures, with 5.46% Si and 3.29% P appear-
ing in the surface of cotton coated with DOPO-ETES

Binding Energy [eV]

Binding Energy [eV]

troscopy (XPS) survey spectra of pristine and coated cotton
with the elemental compositions of the surface

sols and 2.48% Si and 3.14% P for the surface with
DOPO-AmdPTES.

Thermal decomposition behavior

Pristine and coated cotton samples were evaluated
with thermogravimetric analysis (TGA) in a nitro-
gen and air atmosphere with an add-on value of
~27 wt%, as illustrated in Fig. 3. The onset degrada-
tion Temperature (Tsq), the maximum degradation
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Fig. 3 Thermogravimetric analysis (TGA) and the corresponding differential (DTG) curves of pristine and coated cotton samples
measured under nitrogen (a, b) and air (¢, d) atmosphere at a heating rate of 20 K/min

Table 1 Thermogravimet-
ric analysis (TGA) data of

Under nitrogen

Under air

pristine and coated cotton Tsq (°C) T (°C)  Residue Tsq (°C) T (°C)  Residue
under nitrogen and air (wt%) at (Wt%) at
atmosphere 800 °C 800 °C
Cotton (CO) 3334 384.3 74 312.1 361.5 0.3
373.2
CO/DOPO-ETES 320.4 360.5 18.8 312.1 341.3 7.8
518.7
CO/DOPO-AmdPTE  248.9 2922 30.1 249.2 287.7 9.5
531.1
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rate temperature (T,,,,) and the char residue at 800 °C
are listed in Table 1. The main thermal decomposi-
tion of uncoated cotton under nitrogen atmosphere
was observed in the temperature range of 300420 °C
due to the trans-glycosylation of cellulose result-
ing in aliphatic char and volatiles (Shen and Gu
2009). An additional thermal decomposition stage
was observed under air atmosphere for pristine cot-
ton and the residual char rate (0.3%) was lower com-
pared with the nitrogen atmosphere (7.4%) indicating
a complete thermo-oxidative degradation of cotton.
Compared to pristine cotton, the application of nano-
sol coatings result in a decrease of both Ts, and
Thaxe Which serves to form a protective layer acting
as a barrier to mass/heat transfer. However, the sam-
ple coated with DOPO-AmdPTES possesses much
lower Tsg, than that of DOPO-ETES under both nitro-
gen and air atmospheres for the same add-on value,
although the XPS data showed higher content of P
and Si elements for the cotton treated with DOPO-
ETES nanosols. This observation can be attributed to
the catalytic effect between cotton fiber and DOPO-
AmdPTES resulted from the worse thermal stability
of (P-CO-NH) bonds compared to (P-CH,) bonds
of DOPO-ETES as the thermal decomposition of the
FRs (see Fig. 1E) exhibit a significant variation in
Tsq and T,,,,, which confirms our previous assump-
tion. However, the Tsy and Tmax of cotton treated
with DOPO-AmdPTES are in the same range of those
obtained from cotton treated with polyphosphate-
based flame retardants reported in the literature (Jime-
nez et al. 2016). This early or fast thermal decomposi-
tion allows the P to catalyze the pyrolysis of cellulose
and thus promote char formation. Indeed, the resid-
ual char rate of treated cotton fabrics with DOPO-
AmdPTES nanosols at 800 °C is higher than that of
DOPO-ETES under air atmosphere and this differ-
ence becomes more noticeable under nitrogen atmos-
phere (see Table 1). It should also be noted that the
cotton fabric treated with DOPO-AmdPTES nanosols
undergoes a similar thermal decomposition behav-
ior under air and N, atmosphere in the temperature
range of 300-420 °C, unlike the cotton treated with
DOPO-ETES. For instance, the T, of CO/DOPO-
AmdPTES was 248.9 °C and 249.2 °C under N, and
air atmosphere, respectively. While the Ts, of CO/
DOPO-ETES reduced by 8 °C under the air atmos-
phere. Similar behavior was also observed for T,,,;
of both FRs. The abovementioned results indicate that
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Fig. 4 Microscale combustion calorimetry (MCC) curves of
pristine and coated fabrics

the treated cotton with DOPO-AmdPTES nanosols
has a better flame-retardant effect than that treated
with DOPO-ETES. It is presumed that the mecha-
nism of thermal degradation is strongly correlated
with the bonding nature of DOPO subunit as well as
the formation of the physical barrier (charring and
Si0,) that prevent mass, heat and flammable transfer
gases.

Microscale combustion calorimeter (MCC) (Xu
et al. 2022) was used to fully characterize the com-
bustion behavior of cotton fabrics. Figure 4 shows the
heat release rate (HRR) curves of pristine and treated
cotton. The corresponding combustion data were also
presented in Table 2.

The peak HRR (PHRR) value of cotton fabrics
decreases by 30.4% and 61.7% after treating with
DOPO-ETES and DOPO-AmdPTES nanosols,
respectively. Similar results were also observed for
the heat release capacity (HRC) and total heat release
(THR). As shown in Table 2, the THR of cotton fab-
ric treated with DOPO-ETES is 8.9 kJ/g and 2.8 kJ/g
for the sample coated with DOPO-AmdPTES, which
are lower than that of pristine cotton 10.6 kJ/g. In a
similar manner to TGA results, a significant dif-
ference in the pyrolysis behavior between the flame
retardants was observed. The cotton treated with
DOPO-AmdPTES has lower PHRR, HRC and THR
values than cotton treated with DOPO-ETES. More-
over, the temperature at peak HRR (TPHRR) is
also much lower, which is consistent with the TGA
results. As we stated above, this behavior is ascribed
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Table 2 Microscale HRC THR PHRR Torre Residue
combustion calorimetry J/gK Kl/g Wig °C %
(MCC) results
Cotton (CO) 222.1+14 10.6+0.3 222.1+1.5 388.1+04 8.9+0.8
CO/DOPO-ETES 171.8+2.9 8.90+0.1 154.6+1.2 3448405 255+13

17.20+1.7 441.8+2.5
CO/DOPO-AmdPTE 102.0+0.2 2.80+0.1 85.00+2.7 288.0+0.6 36.9+0.9
17.00+£0.2 449.6+1.3

to the faster decomposition of coated fabric with Table 2 demonstrates that about 26% and 37% of
DOPO-AmdPTES which improves the char yield and residue can be maintained after MCC test of cotton
thus inhibiting the release of combustible volatiles. treated with DOPO-ETES and DOPO-AmdPTES,
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Fig. 5 Digital photographs of untreated and treated cotton fabrics after flame test with surface and bottom edge ignition according to
EN ISO 15025 (left). After-flame time and LOI plotted as a function of the add-on value (right)
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respectively, indicating the preponderance of con-
densed phase reaction mechanism of fire resistance. It
should be noted that an additional peak appears with
a PHRR of 17 W/g and TPHRR above 445 °C for
both coated samples. This could be attributed to the
pyrolysis of polysiloxane at high temperature.

In sum, the significant reduction of the thermal
decomposition indexes for CO/DOPO-AmdPTES
compared to CO/DOPO-ETES, were mainly due to
the charring process caused by early decomposition
of flame retardants that catalyzed the dehydration of
cellulose, and at the same time boosting the forma-
tion of a silicon-rich barriers to reduce heat release
and lower the flammability in the gas phase.

Flame retardancy

In addition to the LOI test, the flame retardancy of
textiles was evaluated using a standardized flame test
according to EN ISO 15025 with surface and edge
ignition methods. The criteria for passing the flame
test for both methods are the after-flame time to be
less than 2 s and no dripping or hole formation after
exposing to a 10 s flame. Figure 5 displays digital
images of the untreated and treated cotton samples
after the burning test at different add-on values and
the after-flame time of both ignition methods and
the LOI values were also illustrated as a function of
weight gain. The untreated cotton was ignited and
fully consumed during both surface and edge flame
tests. The treated cotton samples with DOPO-ETES

were ignited after flame application with an increase
of the after-flame time as the weight gain increases.
The flame of the surface ignition test spreads only to
the upper edge with a decrease in the igniting area as
the add-on value increased. While the burning tests
with bottom edge ignition result only in char residual
increased at greater weight gain. The increment of
after-flame time with edge ignition is less than that
of surface ignition test indicating a higher burning
growth rate. In contrast, the flame resistance of cot-
ton treated with DOPO-AmdPTES is significantly
improved with self-extinguishing behavior (after-
flame time less than 2 s and no hole formation) at a
weight gain higher than 27% for both ignition meth-
ods (see also videos in supplementary information).
The after-flame time is decreased with an increase of
the content of DOPO-AmdPTES resulting in a low
char length. It should be noted that the cotton sam-
ples treated with both flame retardants did not exhibit
after-glow time upon flame burning tests, unlike the
untreated cotton which has an after-glow time of
34.1 s and 28.3 s for surface and bottom edge igni-
tion methods, respectively. The LOI values of treated
cotton fabrics increases with the increase of the add-
on values of both FRs (see Fig. 5). Samples treated
with DOPO-AmdPTES show a higher LOI values
compared to those treated with DOPO-ETES at the
same weight gain. For instance, the LOI value at a
weight gain of 27% was 23% for cotton finished with
DOPO-ETES and around 28% for cotton treated with
DOPO-AmdPTES.

Fig. 6 Weight loss and
phosphorus-content of cot-
ton finished with DOPO-
AmdPTES after different
washing cycles according
to ISO 105-C08:2010
(left). Digital photographs
of cotton fabrics treated
with DOPO-AmdPTES
and washed 10 times after
flame test with surface igni-
tion method according to
EN ISO 15025 (right)
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The washing durability of the best performance
flame retardants (DOPO-AmdPTES with an add-on
value of 35% and LOI value of 28.5%) was evalu-
ated by measuring the change in weight gain (weight
loss %) and P-content (%, obtained by ICP-OES)
after 1, 3, 5 and 10 washing cycles using a linitester
machine according to ISO 105-C06 standard. As
shown in Fig. 6, the influence of the washing cycles
on the add-on value and hence the P-content can be
separated into two regimes. In the first regime (after
one washing cycle), the coated cotton displays the
greater weight loss of about 8% with a decrease of
the phosphorus mass fraction from 2.8% to 2.2%. In
contrast, the phosphorus content is slightly decreased
in the second regime which associated with the slight
increase of the weight loss after ten washing cycles.
The LOI value of cotton fabric after 10 laundering
cycles was slightly decreased to 27.2%. The flame
retardancy of the washed sample was also evaluated
using surface ignition method (Fig. 6). The treated
cotton with DOPO-AmdPTES exhibits self-extin-
guishing behavior after 10 washing cycles indicating
a semi-durable flame-retardant finishing. In addition
to the hydrophobicity nature of DOPO and silane
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Fig. 7 2D mappings and corresponding 3D diagrams of the pyrolysis volatiles obtained from TG-FTIR analysis
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moieties, the durability of the DOPO-AmdPTES
flame retardant can be also attributed to the covalent
bonds formed between the free silanol groups of the
flame retardant and cotton fiber during the thermal
curing step, as well as the possible hydrogen-bonding
of amido linkages or between the amide units and
cellulose.

Gas phase analyses

Thermogravimetric analyzer coupled
with a Fourier-transform infrared spectrometer
(TG-FTIR)

The gaseous pyrolysis products of the pristine cot-
ton and cotton treated with both DOPO-ETES and
DOPO-AmdPTES were evaluated by TGA-IR tests.
Figure 7 displays the three-dimensional diagrams
and the corresponding two-dimensional mappings of
the pyrolysis volatiles produced during the thermal
degradation of the samples under a nitrogen atmos-
phere. The TGA-IR spectra at absorbance maxima are
shown in Fig. 8.

The peak signal at maxima of both flame retardants
is shifted to lower time/temperature compare with the
spectrum of control cotton, which is ascribed to the
earlier depolymerization and dehydration of cellulose
induced by acid catalyst. Obviously, the absorbance
maxima of cotton treated with DOPO-AmdPTES
appears at a lower temperature (287 °C) than that
treated with DOPO-ETES (348 °C). Typical thermal
degradation products of the pristine cotton can be
classified as nonflammable gases including gaseous
water (3450-3700 cm™') and CO, with stretching and
binding vibrations around 2357 and 575 cm™, respec-
tively. While, peaks at 2630-3030 cm™, 2183 cm™,
16001875 cm™ and 1068 cm™ correspond to com-
bustible volatiles of hydrocarbons (~CH,, —CHj;), car-
bon monoxide, carbonyls (C=0) and ethers (C-0-C),
respectively.

Compared with the pristine cotton, a new weak
peak can be observed at 898 cm™ in the spectra after
decomposition for treated cotton assigned to P-O
stretching, revealing that the DOPO-based flame
retardants may also exhibit a gas phase mechanism
in addition to the condensed-phase action. Figure 7
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Fig. 9 Absorption intensities at a specified wavenumber of typical gaseous volatiles during thermal degradation (obtained from
TGA-FTIR tests) of pristine and treated cotton
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«Fig. 10 Total ion chromatogram (TIC) obtained by pyroly-
sis gas chromatography mass spectrometry (Py-GC/MS) of
untreated and treated cotton fabric with DOPO-ETES (A) and
DOPO-AmdPTES (B) at 700 °C

clearly indicates that the peak absorption intensities
of flammable and nonflammable gases at maxima
for cotton treated with DOPO-AmdPTES are weaker
than those for the pristine cotton and cotton treated
with DOPO-ETES.

For further investigation, the intensity of pyrolysis
products at a specified wavenumber was also analyzed
as a function of both time and temperature (Fig. 9) to
determine the influence of the DOPO based flame
retardants on the pyrolysis volatiles of cotton. Unlike
the cotton treated with DOPO-ETES, the decompo-
sition time and hence the pyrolysis temperature of
treated cotton with DOPO-AmdPTES are reduced by
at least 10 min and approximately 100 °C. The peak
intensity of volatiles, in absorption FTIR spectros-
copy, is proportional to its concentration according
to Beer-Lambert law. Thus, the significant reduction
of peak absorption intensities of combustible gases
during the degradation of cotton treated with DOPO-
AmdPTES is due to the lowered amounts of released
flammable volatiles, revealing that DOPO-AmdPTES
nanosols restrains the cellulose decomposition. For
instance, the peak intensities of carbonyls and alkyls
are reduced by about 60%, while that of ethers is
lower by 75% relative to pristine cotton. Moreover,
the liberation of nonflammable volatiles (H,O and
CO,) can be observed over the whole degradation
time, which is clearly indicative of dehydration and
decarboxylation of cellulose promoting the char-for-
mation. In contrast, the peak intensities of the flam-
mable volatiles of cotton treated with DOPO-ETES is
not significantly reduced compared to uncoated cot-
ton indicating an entire combustion of cellulose. It is
worth noting that the signal of hydrocarbons for the
treated cottons show an additional absorption peak
start at 14 min (360 °C) which can be attributed to the
decomposition of flame retardants during the forma-
tion of SiO, and graphitic char.

Unlike DOPO-ETES, the TGA-FTIR analysis indi-
cates that DOPO-AmdPTES effectively improves the
fire resistance of cellulose by inhibiting the forma-
tion of combustible volatiles along with the release of
nonflammable gases that dilute the density of pyroly-
sis products in the gaseous phase. In addition to the

physical effect mode of action, the detection of phos-
phorous-containing compounds in the gas phase may
also indicate their chemical contribution of extin-
guishing the flame by reducing the concentration of
free radicals. At the same time, the early decomposi-
tion of DOPO-AmdPTES flame retardant also facili-
tates and promotes the char-formation of cellulose in
the condensed phase.

Pyrolysis—gas chromatography-mass spectrometry
(Py-GS/MS)

Pristine cotton undergoes a thermal degradation
through an intermediate state called activated cel-
lulose (Arseneau 1971), where the degree of polym-
erization decreases without mass loss. The further
decomposition of this activated cellulose involves
two competitive mechanisms, namely dehydration
and depolymerization (Tsuge et al. 2011; Kawamoto
2016).

In order to investigate the main pyrolysis volatile
products resulting from untreated and treated cotton
in the pyrolysis process, pyrolysis gas chromatog-
raphy and mass spectrometry (Py-GC/MS) analyses
were conducted at 700 °C for 1 min. The total ion
chromatograms (TIC) demonstrating the peaks of
different retention times are shown in Fig. 10. The
mass spectra fragmentation pattern of the peaks
was identified using three different databases (NIST
Standard Reference Database Number 69, Mass-
Bank and SpectraBase) and the major characteristic
compounds with their relative percentage are sum-
marized in Table S1.

The degradation via dehydration leads to the for-
mation of anhydrocellulose and aromatic char with
a consecutive release of water and small molecule
gases. In depolymerization, the degradation reac-
tion originates from the heterolytic cleavage of
acetal bonds of the glycosidic units to form levo-
glucosan (LGA, 16) as an intermediate of pyrolysis
products. Levoglucosan exhibits further decomposi-
tion steps rereleasing several flammable fragments
and tar including compounds, such as aldehydes,
ketones, acids, ethers, furans and furfural (Fig. 11)
(Shen and Gu 2009; Shafizadeh 1968). Therefore,
reducing the production of LGA inhibits the forma-
tion pathway towards combustible substances.

Unlike CO/DOPO-ETES sample, the peak num-
bers of cotton treated with DOPO-AmdPTES were
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Fig. 11 Proposed pathways
of cellulosic pyrolysis with
compounds detected by

pyrolysis / dehydration

pyrolysis gas chromatogra-
phy mass spectrometry (Py-
GC/MS) measurements

%ﬁw

1 4-glycosidic bond cleavage
and/or ring opening

LGA Glucopyranose

Ring
16 opining

-3H,0

; ;
0.
o OH
HOQ R L) o

OH

HO OH
Glucofuranose

_'V 13

\o

" \ /g ‘

: QO ~—
0.

dramatically reduced and the percentage areas of
volatile products were significantly decreased along
with the release of nonflammable small molecules.
The peak of the intermediate compound (LGA 16)
that appeared at about 19.3 min was reduced by
32% for CO/DOPO-AmdPTES compared to control
cotton, while the relative percentage of LGA pro-
duced from the pyrolysis of CO/DOPO-ETES was
increased by 13%. The pyrolysis of DOPO-finished
cotton produced new degradation products includ-
ing levoglucosenone (LGO 11), aromatic com-
pounds (15, 17, 19, 20, 21, 22) as well as DOPO
(23) and DOPO derivatives (24, 25, 26, 27), which
reveals the change of the degradation pathways. In
particular, LGO, with 20% yield, displays the high-
est intensity peak within the TIC spectrum of CO/
DOPO-AmdPTES. LGO can either be generated
in direct pathway from the polymer chain of cellu-
lose via pyrolysis/dehydration process, or through
indirect pathway by a dehydration process of
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anhydrosugars, such as LGA and 1,6-anhydro-$-D-
glucofuranose (AGF 18) in the gas phase (Fig. 11)
(Kandola et al. 1996). However, the high yield of
LGO production indicates a phosphor-based cata-
lytic dehydration of CO/DOPO-AmdPTES (Kudo
et al. 2021), which promote the formation of an inert
char protecting the textile from further degradation.

Besides, the new observed peaks including
biphenyl (15), o-hydroxybiphenyl (17) and the rear-
ranged aromatic compounds (19, 20, 21 and 22) are
mainly attributed to the decomposition products of
DOPO derivatives, which results in the liberation
of POx moieties that either initiate and enhance the
char formation of cotton in the condensed phase or
behave as radical scavenger in the gas phase delay-
ing the decomposition process. DOPO (23) and its
derivatives (24, 25, 26 and 27) were also detected as
pyrolysis products and even though a Am of 47 u (PO
splitting-off) was detected in all DOPO mass spectra,
a contribution of PO-radicals in the gas phase during
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CO/DOPO-ETES

CO/DOPO-AmMdPTES

Fig. 12 SEM top view and cross-sectional images of burned cotton samples finished with DOPO-ETES (a, al, b, b1) and DOPO-

AmdPTES (¢, cl, d, d1) at two different scale bars (500 and 20 p)

pyrolysis cannot be proven using Py-GC/MS. Draw-
ing conclusions from fragmentation reactions by elec-
tron ionization about pyrolysis fragmentation is com-
plex and needs further investigations (Moldoveanu
1998). However, the low relative area percentages of
DOPO derivatives and their pyrolysis products indi-
cate the domination of the condensed phase activity
of the flame retardants, which is nicely supported by
the char analysis in the next subsection.

Condensed phase analyses
Scanning electron microscopy (SEM)

Scanning electron microscopy images of the char
residues for treated cotton are obtained after being
subjected to the surface ignition test. The untreated
fabric was completely consumed during burning
without residual char. As observed in Fig. 12, the
surface of the fabrics finished with DOPO-ETES
shows a dense morphology indicating that the sam-
ple undergoes a combustion reaction with oxygen and
flammable gas. It should be noted that the after-burn
residues of CO/DOPO-ETES maintains an intact char
skeleton to some extent, although the sample can-
not pass the burning test. The structure of the cot-
ton fabric treated with DOPO-AmdPTES retains its
skeleton completely and forms compact char layer
along with scattered bubbles appear on the surface
of fabric as a result from the escape of volatile and
non-volatile gases during combustion process. This

observed morphology suggests an intumescent action
of DOPO-AmdPTES flame retardant, which prevents
the mass and heat transfer between the burning mate-
rial and the flame zone resulting in self-extinguish-
ing behavior. However, no morphological difference
was observed for the cross-sectional images of both
flame retardants except that the thickness of the cot-
ton sample treated with DOPO-ETES after burning is
less than that of CO/DOPO-AmdPTES which may be
related to the degradation of the fabric.

XPS analysis of charred textile samples

XPS analysis was further performed on the char resi-
dues of treated cotton samples in order to explore
the elemental composition and the form of chemical
bonds and their corresponding results are demon-
strated in Fig. 13. The char residues of treated cot-
ton are comprised of carbon, oxygen, phosphorus
and silicon elements. Char residues of the fabric
coated with DOPO-AmdPTES exhibits an additional
peak assigned to nitrogen element. However, the
presence of phosphorous in the char residues con-
firms the validity of the condensed phase activity of
DOPO derivatives via phosphorylation during the
flame-retardants decomposition. The results of the
elemental composition show a higher carbon content
of CO/DOPO-AmdPTES residues than that of CO/
DOPO-ETES indicating its improvement of charring
ability, which is consistent with the results obtained
from the TGA measurement. In contrast, the P and Si
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Fig. 13 High resolution XPS spectra of the char residues of treated cotton with flame retardants after burning test

content of CO/DOPO-ETES residues is much higher, flame retardant via acid catalyzed dehydration result-
although the sample did not pass the burning test. ing in less charring and more flammable volatiles and
These observations can be explained, as mentioned hence complete combustion of cellulose.

before, due to the stability of DOPO-ETES towards The deconvoluted Cls spectrum of cotton treated
the thermal degradation which delays its activity as with DOPO-ETES shows two characteristic peaks
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at 284.6 eV assigned mainly to both C-C and C=C,
while the peak at 286 eV corresponds to C-O, C-N
and C-P linkages. For the residues of treated cotton
with DOPO-AmdPTES, the additional weak peak
centered at a binding energy of 288.4 eV should be
ascribed to C=0, which may correspond to the struc-
ture of the flame retardant or to dehydrated units of
cellulose. The high resolution Ols spectra consist of
three peaks corresponding to double-bonded oxy-
gen in P=0 groups and C=0 groups (only for CO/
DOPO-AmdPTES residues) at a binding energy of
531.2 eV and a single-bonded oxygen in C-P-O,
C-O-C and Si-O-Si at around 532.6 eV. The third
peak of Ols spectra, with a binding energy around
533 eV (for CO/DOPO-ETES) and 533.5 eV (CO/
DOPO-AmdPTES), are the contribution of both dou-
ble- and single-bonded oxygen in O-C-O, O-P=0
as well as SiOx of silica char. The deconvoluted P2p
region spectrum of CO/DOPO-AmdPTES shows two
peaks at 133.2 eV assigned to O=P-O group formed
during the thermal degradation of DOPO, while the
signal at 134.1 eV is attributed to the structure of
pyrophosphoric acid and metaphosphoric acid in
P-O-P and PO;, respectively. Similar linkages were
also observed for the P2p survey of CO/DOPO-ETES
char, except that the linkages of P-O-P and PO; can
be fitted in two different peaks at a binding energy
of 134.2 and 135.2 eV. The char formation of silica
for both flame retardants was also confirmed through
the Si2p spectra, which both show a binding energy
around 103 eV representing the Si—-O-X groups
(where X=Si, P or C). In addition, the 0.96 at.% of

Fig. 14 Schematic repre-
sentation of the molecular
dynamic simulations
performed for the studied
flame retardants using
DFTB + simulation package
in the temperature range of
25450 °C

DOPO-ETES

DOPO-AmdPTES

N element in the residues of CO/DOPO-AmdPTES,
which displays a broad peak in the binding energy
rang of 397-404 eV, reveals the presence of nitrogen
compounds in the char residues in the form of N-P
and N-C linkages as well. So, the abovementioned
results indicate that DOPO silanes more likely con-
duce to the production of phosphorus-based acid cat-
alysts, which act as dehydrating agents towards car-
bonaceous char formation. Additionally, the carbon
char layers are further enhanced by the formation of
thermally insulated silicon oxide barriers. The results
also indicate the presence of nitrogen in the residual
carbon of CO/DOPO-AmdPTES, which enhance the
formation of intumescent char as depicted in the SEM
images.

Molecular dynamics (MD) simulation &
flame-retardant mechanism

In order to get an insight into the thermal degrada-
tion of the flame retardants, a molecular dynam-
ics (MD) simulation study was performed using
DFTB +simulation package. For simplification,
the triethoxysilane moieties were omitted from the
structures prior to simulation. Before the MD simu-
lation, the flame-retardant molecules were geometri-
cally optimized to obtain the lowest energy points
and the optimized bond lengths. The obtained results
are consistent with the crystal structure of DOPO
reported in the literature (Schifer et al. 2007; Wein-
ert and Déring 2021) for which P-C,,=1.78-1.79 A,
P-0=1.62 A, P=0=1.54-157 A, P-CH,=1.8 A,

T T T
200 300

MD-Temperature [°C]
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P-CO=1.86 A, C=C=14 A. The bond angle
between carbon atoms in the benzene rings is ranging
between 119.1° and 120.4° and the O-P-C,, bond
angle is around 100.3° and 102° for DOPO-ETES
and DOPO-AmdPTES, respectively. Figure 14 dis-
plays the lowest energy structures of both molecules
and their corresponding MD-temperature after MD
simulations in the temperature range of 25-450 °C.
Our MD simulations clearly indicate that the first
bond dissociation originates between the DOPO and
alkyl for ETES or amido-carbonyl for AmdPTES as
the temperature increases. The bond dissociation
energy of P-CO bond for DOPO-AmdPTES was
calculated to be around 339 kJ/mol which is lower
than that of P-CH, for DOPO-ETES (around 427 kJ/
mol) at 25 °C. This observation emphasizes that the
decomposition of DOPO-AmdPTES flame retard-
ant will begin at a lower temperature compared to
DOPO-ETES (see also the simulation videos in sup-
plementary information), which is in line with the
experimental results obtained from TGA and MCC.
Consecutively, DOPO fragments in both flame retard-
ants undergo further decomposition at higher temper-
atures where the single bond between the phosphorus
and the carbon atom of the aromatic ring are segre-
gated followed by a dissociation of the P-O bond
releasing a P=0 molecule (Fig. 14). These dissocia-
tion pathways are in good agreement with the results
observed in Py-GC/MS study. It should be noted that
the decomposition temperatures obtained from MD
simulation are lower than that of the experimental
results which could be attributed to the fact that the

Condensed phase

5 @ A 0=p—d
R —
“o—PugR—0"" R, R,
Ho ° on ) )
2SI SIS
o oo o
& 0°0%0
H 3
DOPO-ETES

Si. Si. 1
“0|0|os|o”

>,

DOPO-AmdPTES

simulation was performed for isolated single mol-
ecule under steady conditions that differ from the
experimental ones.

According to the analysis of the experimen-
tal results and based on the study of density func-
tional theory, the possible flame-retardant mecha-
nism of DOPO-ETES and DOPO-AmdPTES are
shown in Fig. 15. The flame retardancy of treated
cotton is mainly attributed to the flame-retarding
effect in condensed phase and much less or neg-
ligible activity in the gaseous phases. Due to the
early decomposition of the DOPO-AmdPTES
flame retardant in comparison to DOPO-ETES,
CO/DOPO-ETES exhibited a relatively poor flame
retardancy. In the gas phase, the Py-GC/MS as well
as TGA-FTIR experiments suggested the release of
phosphorous (PO) free radicals into the gas phase
from the decomposition of DOPO moieties during
the pyrolysis of both flame retardants (Qian et al.
2013, 2012). These radicals behave as scavengers
and trap the active H and OH radicals, diluting
the gas phase and hence preventing the continuous
burning. Meanwhile, less flammable gasses were
produced in the case of cotton treated with DOPO-
AmdPTES due to the dilution of the gas phase with
nonflammable gasses combined with the formation
of carbon layer at the early decomposition stage
induced by the acid catalyzed dehydration of cel-
lulose. Combined with the early thermal decom-
position of DOPO-AmdPTES, the water produced
during the cellulose pyrolysis also play a signifi-
cant role of the phosphate/polyphosphate formation

Gas phase

{ ‘H CH; 'OH CHO
R

‘CH,~CH, O Q 23, 24, 25, 26, 27
CH=CH,
= )
R
OO

v\A

H h l c CQO

Fig. 15 Structural charts of possible flame-retardant degradation mechanism of DOPO-ETES and DOPO-AmdPTES
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after the first and second bonds dissociation of FRs
(see Fig. 14) rather than the formation of PO free
radicals resulting in high phosphorous contents in
the residual char. In the condensed phase, the high
char yield obtained from the TGA experiment, sup-
ported by high phosphorous contents of the char
residues, strongly indicate the formation of dense
carbon layers (Fig. 15¢) induced by the polyphos-
phoric acid (Fig. 15a) during the decomposition
of phosphorus-containing components (Lewin and
Weil 2001). Additionally, the presence of silicon
atoms was also beneficial to the enhancement of the
char layers by the formation of silicon dioxide net-
works (Fig. 15b). The detection of nitrogen atoms
in the condensed phase of the residual char of CO/
DOPO-AmdPTES sample can be rationalized by the
presence of phosphorus oxynitride (Fig. 15d) which
occurs during the degradation process. The result-
ing protective layers effectively shielded the sub-
strate from air, heat and mass transmission during
cellulose pyrolysis. In conclusion, in contrast to cot-
ton coated with DOPO-ETES, the flame retardancy
of coated fabric with DOPO-AmdPTES, has been
greatly improved, which is attributed to its earlier
onset degradation.

Conclusion

In summary, flame retardants derived from two dif-
ferent silane compounds bearing DOPO were synthe-
sized and coated on the surface of cotton fabrics via
sol—gel method in order to investigate their efficiency
in fire safety. The morphological structure and the
elemental composition of the modified fabric were
investigated by SEM and XPS. Flame test with sur-
face and bottom edge ignition method, according to
EN ISO 15025, and MCC were applied to evaluate
the flame retardancy of the pristine and treated fab-
rics. Unlike DOPO-ETES, the results showed that
the after-flame time decreases as a function of the
weight percentage of DOPO-AmdPTES and endows
cotton with self-extinguishing behavior. The peak at
heat release rate (PHRR), total heat release (THR)
and heat release capacity (HRC) of the flame retard-
ants were significantly reduced compared to control
sample. The treated cotton with DOPO-AmdPTES
showed a semi-durability up to 10 washing cycles
maintaining its flame retardancy. In addition, the

thermal stability of untreated and treated cotton were
investigated by TGA which indicated a reduction in
the initial decomposition temperature of CO/DOPO-
AmdPTES sample by at least 85 °C compared with
CO/DOPO-ETES sample that only underwent a
reduction of 13 °C. Meanwhile, the residual char of
the treated sample was enhanced for finished samples
under both nitrogen and air atmospheres. Moreover,
the flame-retardant mechanism was evaluated from
both gas and condensed phases via real time Fou-
rier transform infrared spectroscopy (TGA-FTIR),
pyrolysis—gas chromatography-mass spectrometry
(Py-GC/MS), SEM and XPS, and the experimental
results were also supported by a simulation study
using density-functional theory (DFT). The results
of the abovementioned methods confirmed that the
main mechanism of the studied FRs is related to the
condensed phase mode of action triggered by acid
catalyst, where the decomposition of CO/DOPO-
AmdPTES ahead of DOPO-ETES as well as pristine
cotton, and hence catalysis of char formation, play the
key role for excellent flame retardancy.
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