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ABSTRACT

Linear polyamidoamines containing disulphide groups (SS-PAAs) were prepared by polyaddition
of L-cystine with 2,2-bisacrylamidoacetic acid (B-CYSS), N,N'-methylenebisacrylamide (M-
CYSS) and 1,4-bisacryloylpiperazine (BP-CYSS). They were evaluated as flame retardants for
cotton, alone or with cellulose-derived nano-graphene oxide (nGO) carbon dots, to assess whether,
due to their potential as radical scavengers, the latter would improve the already good performance
of SS-PAAs. In vertical flame spread tests (VFST), cotton treated with 1% nGO burned as quickly
as cotton, whereas B-CYSS, M-CYSS and BP-CYSS extinguished the flame at add-ons > 12, 16
and 20%, respectively. Probably, the gaseous products of SS-PAA thermal degradation quenched
the radicals involved in oxidation. Cotton treated with 8, 12 and 15%, respectively, of B-CYSS,
M-CYSS and BP-CYSS burned completely, but further addition of 1% nGO either inhibited
ignition or shortly extinguished the flame, demonstrating synergism between the two components.
Synergism was confirmed by assessing the synergism effectiveness parameter for the residual
mass fraction (RMF) and by comparing the calculated and experimental TG curves in air for the
cotton/SS-PAA-nGO systems. In cone calorimetry tests, the presence of nGO did not improve the
already good performances of SS-PAAs, supporting the hypothesis that the action of both takes

place in the gas phase.

Keywords: Disulphide-containing polyamidoamines; PAAs; Graphene oxide; Functional

coatings; Intumescent flame retardants; Cotton.



1. Introduction

Linear polyamidoamines (PAAS) are bioinspired polymers discovered in the late 1960s and later
years extensively studied.1-3 They are prepared by Michael-type polyaddition of prim- or bis-sec-
amines with bisacrylamides. The reaction is preferably carried out in water at room temperature
with neither organic solvents, nor added catalysts, nor by-products. All PAAs necessarily bear tert-
amine and amide functions in the main chain. However, the Michael-type addition reaction is
remarkably specific and allows to adopt many functional amines as monomers, obtaining PAAS
assembling different additional functions either in the main chain or as side substituents. In
particular, the polyaddition of bisacrylamides with several natural
o-amino acids was performed and led to a new family of bio-inspired PAA-related polymers
named polyamidoamino acids (PAACs).4-s PAAs carrying functions typically present in
intumescent flame retardant formulations can be obtained. Recently, in fact, many PAAs have
shown potential as surface confined flame retardant agents (FR) for cotton.e The best ones
extinguished the flame in horizontal flame spread tests (HFST) at 4-12% add-ons. However, none
of them extinguished the flame in vertical flame spread tests (VFST) at add-ons as large as 35%.
Keratin, the collective name of disulphide-containing animal proteins abundant in skin and hairs,
is well-known for its flame retardant properties. This suggested that the introduction of disulphide
groups in PAAs (SS-PAAs) could endow similar properties.io SS-PAAs had previously been
evaluated as bio-reducible biomedical polymers.11, 12 Subsequently, it was found that at moderate
add-ons (12-20%) several SS-PAAs extinguished the flame not only in horizontal, but also in
vertical flame spread tests, a performance seldom, if ever, reported for fully organic FR. The

remarkably increased flame retardant potency of SS-PAAs was attributed to their ability to evolve,



as keratin, sulphur-containing thermal decomposition products quenching the radicals involved in
oxidation.13, 14

Recently, graphene and micro- and nanosized graphene oxide (GO and nGO, respectively) are
receiving considerable attention in several fields, including also flame retardancy.is-18 Graphene
oxide is the common name indicating the non-stoichiometric compounds prepared by oxidation of
graphite. Polystyrene mixed in bulk with GO 45-500 um in size modified with organofunctional
silane gave very good results in HFST but performed poorly in VFST.19 The effect of GO addition
into polycarbonate (PC), acrylonitrile-butadiene-styrene and high-impact polystyrene on the
flammability of the resulting nanocomposites was also investigated. It was reported that GO-PC
composites demonstrated very fast self-extinguishing times in vertical open flame tests.2o nGO
introduced into a polymer matrix performed as FR better than layered aluminosilicate clays.21
Possibly, this result was due to the nanosized dimensions of the GO particles employed, allowing
better dispersion inside the polymer mass. GO was suggested to act as FR because of its property
of intumescing on heating.19 However, radical scavenging is a well-documented GO property;22
therefore, it can be reasonably assumed that the FR activity of the GO was due, in addition to
intumescence, to its ability to entrap the radicals that sustained the combustion process. This ability
is considered to play a paramount role also in the FR performances of keratiniz and SS-PAAS.10
This led us to hypothesize that the addition of small amount of nGO could increase the flame
retardant performances of PAAs and, especially, SS-PAAs. To verify this hypothesis, HFST and
VFST were performed with SS-PAA treated cotton fabrics after the addition of minor amounts of
nGO derived by carbonization of a-cellulose. For comparison purpose, the FR performances of

the same amount of nGO without SS-PAAS were also assessed.



2. Experimental section

2.1 Materials

L-Cystine (CYSS, >98.0%), N,N’-methylenebisacrylamide (M, 99%), lithium hydroxide
monohydrate (LiIOH.H20, 98%), HCI (37% aqueous solution), H2SO4 (95-98%), HNOs3 (70%), o-
cellulose (commercial grade containing 3% of pentose) and D20 (99.9%) were purchased from
Sigma-Aldrich and used as received. Aqueous solutions were prepared using HPLC water. 2,2-
Bisacrylamidoacetic acid (B, 98%)23 and 1,4-bisacryloylpiperazine (BP, 97%)24 were synthesized
as previously described. Cotton fabric (COT) having an area density of 200 gm-2 was purchased

from Fratelli Ballesio S.r.1. (Torino, Italy).

2.2 Characterizations

The chemical structure of synthesized SS-PAAs was assessed by 1H nuclear magnetic resonance
(NMR), collecting spectra in D20 at 25 °C using a Bruker Avance DPX-400 NMR spectrometer
operating at 400.13 MHz. The thermal stability of SS-PAAs, nGO and treated fabrics was assessed
by thermogravimetric analysis (TGA) in nitrogen and air from 50 to 800 °C upon 10 °C min-1
heating rate, using a TGA/DSC 2 Stare System produced by Mettler-Toledo and placing samples
(5 mg for fabrics and 2 mg for powders) in open alumina pans, in either inert or oxidative
atmosphere under 50 mL min-1 gas flow. The surface morphology of untreated and treated cotton
fabrics was analysed by a LEO-1450 VP scanning electron microscope (SEM) operating at 15 mm
working distance, under 5 kV beam voltage. Fabric pieces (5 x 5 mmz2) were fixed to conductive
adhesive tapes and gold-metalized. SS-PAAs, nGO and treated fabrics were analysed by attenuated
total reflectance (ATR) Fourier transform infrared spectroscopy (FT-IR). FT-IR/ATR spectra were

recorded between 4000 and 600 cm-1 range (32 scans and 4 cm-1 resolution), at room temperature,



by a Perkin-Elmer Frontier FT-IR/FIR spectrophotometer, equipped with a diamond crystal having

a penetration depth of 1.66 um.

2.3 Synthesis of disulphide-containing polyamidoamines (SS-PAAs)
B-CYSSi2 and BP-CYSS12 were essentially prepared as previously described. Briefly: B-CYSS.
2,2-Bisacrylamidoacetic acid (1.980 g; 10 mmol) and LiOH monohydrate (0.420 g; 10 mmol) were
dissolved in water (4 mL). CYSS (2.430 g; 10 mmol) and LiOH monohydrate (0.840 g; 20 mmol)
were added to the solution. The reaction mixture was homogenized by gently stirring for 1 h, and
then maintained at 25 °C for three days with occasional stirring. It was then diluted to 50 mL with
HPLC water and the pH adjusted to 4.5 with 37% HCI. The final product was retrieved by freeze-
drying.

1H NMR (D20, 400 MHz), § (ppm): 2.52-2.90 (m, CH2CONH); 3.25-3.48 (m, CH:S,

CH2N); 3.90-4.10 (br s, CHCH2S); 5.50-5.60 (br s, NHCHCOOH); 5.70-5.75, 6.10-6.25 (m,

CH=CHy). M., =1200 determined by 1H NMR from the number of terminal groups.
BP-CYSS. 1,4-Bisacryloylpiperazine (1.942 g; 10 mmol) was dissolved in water (4 mL) and CYSS
(2.400 g; 10 mmol) and LiOH monohydrate (0.840 g; 20 mmol) were added to the solution. The
reaction mixture was homogenized by gently stirring for 1 h, and then maintained at 25 °C for
three days with occasional stirring. After this time, it was diluted to 50 mL with water and the pH
adjusted to 4.5 with 37% HCI. The final product was retrieved by freeze-drying.

1H NMR (D20, 400 MHz), & (ppm): 2.92-3.34 (m, CH2CONH); 3.33-3.44 (m, CHCH2S); 3.36-

3.40 (m, CHCH2NH); 3.47-3.61 (m, CHCH2S); 4.00-4.05 (m, NHCHCOOH).

M., >10000



M-CY SS was synthesized by following the same procedure described for BP-CYSS and using the
following amounts of reagents: M-CYSS: M (1.541 g; 10 mmol), CYSS (2.403 g; 10 mmol) and
LiOH monohydrate (0.839 g; 20 mmol).

1H NMR (D20, 400 MHz), & (ppm): 2.43-2.52 (m, CH2CONH); 2.78-3.00 (m, CHCH2S and

CHCH:2NH); 3.36-3.42 (m, NHCHCOOH); 4.53-4.70 (m, NHCH2NH).

M, >10000

2.4 Synthesis of graphene oxide type carbon dots (nGO)

Nano-graphene oxide (nGO) type carbon dots were synthesized from a-cellulose by microwave-
assisted hydrothermal process according to previously reported process.2s Briefly, the
hydrothermal carbonization of a-cellulose was done in a Milestone flexiWAVE microwave oven.
a-cellulose (2 g) was put into a microwave vial together with H2SO4 (20 mL; 0.1 gmL-1). The oven
was heated to 200 °C over a 20 min time period and then kept at 200 °C for 2 h. Carbon spheres
(CS) were separated by filtration, purified by washing with deionized water followed by drying in
the vacuum oven at 25 °C for three days. CS were transferred into nitric acid (10:1, w/v) solution
in a round-bottom flask and sonicated in a bath for 30 min. The solution was heated 60 min at 90
°C under magnetic stirring. Deionized water (150 mL) was added to stop the reaction. Vacuum
distillation was applied to remove the aqueous solution and the brownish nGO was obtained after

freeze-drying. Detailed synthesis and characterization were previously described.2s

2.5 Impregnation of cotton fabrics
Cotton fabric samples of 20 x 50 mm:2 size were first impregnated two or three time with a 8 wt.-

% aqueous SS-PAA solution (6 and 9 pHs for B-CYSS and BP-CYSS, and M-CYSS, respectively)



and then with a 1.0 wt.-% nGO solution. After each deposition, samples were dried for 2 min at
90 °C. The total dry solid add-ons on cotton fabrics (Add-on, wt.-%) were determined by weighing
each sample before (Wi) and, after drying, (Wr) after impregnations, first with the PAA solution
and then with the nGO solution. The add-ons were calculated according to the following equation
(Eq. 1):

i

x 100 (Eq.1)

1

Add Wr -
on=—

Strips of SS-PAA, nGO and SS-PAA-nGO treated cotton will be coded as COT/SS-PAA,

COT/nGO and COT/SS-PAA-nGO, respectively.

2.6 Combustion tests

For cotton fabrics, combustion tests in horizontal and vertical configurations were carried out by
applying a 20 + 5 mm long methane flame for 3 s on the short side of 20 x 50 mmz specimens. In
horizontal configuration, the sample was positioned in a metallic frame tilted by 45° along its
longer axis and then burnt. In vertical configuration the methane flame was applied for 3 s on the
centre of the short side of specimens. All specimens were conditioned to constant weight at 27 +
1 °C at 70% relative humidity and tests were triplicated. Total combustion time (s) and rate (mm
s-1), and residual small fraction (RMF, wt.-%) were assessed.

The resistance to 35 kWm-2 irradiative heat flux of square fabric samples (100 x 100 mmz) was
investigated using oxygen consuming cone calorimeter (Fire Testing Technology). Measurements
were carried out in horizontal configuration, following the procedure described elsewherezes
optimising the I1SO 5660 standard.27 Parameters such as the time to ignition (TTI, s), total heat

release (THR, MJ m-2) and peak of heat release rate (PHRR, kW m-2) were measured. Average



carbon monoxide [CO] and carbon dioxide [CO2] yields (both expressed in kg kg-1), and residual
mass fraction (RMF, wt.-%) were assessed as well. In order to establish an efficiency ranking of
the SS-PAAs under study, the fire performance index (FPI), that is, the TTI to PHRR ratio, was
calculated: the higher the FPI, the more efficient was the flame retardant system.2s Prior to
combustion tests, all specimens were conditioned to constant weight at 23 £ 1 °C for 48 h at 50%
relative humidity in a climatic chamber. The experiments were performed in triplicate for each

sample calculating the experimental error.

3. Results and discussion

3.1 Synthesis of SS-PAAs

The SS-PAAs considered were prepared following the synthetic process reported in Scheme 1.
They were obtained in a single step by the polyaddition of L-cystine with 2,2-bisacrylamidoacetic
acid (B-CYSS), N,N'-methylenebisacrylamide (M-CYSS) and 1,4-bisacryloylpiperazine (BP-
CYSS), according to typical Michael-type polyaddition conditions leading to PAAs, i.e., in water,
at pH 9-10 and at room temperature.1-3
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Scheme 1. Synthesis of SS-PAAs.
3.2 Thermal stability of SS-PAA

Figure 1 shows the TG thermograms of B-CYSS, M-CYSS and BP-CYSS carried out in both
nitrogen and air in between 50-800 °C temperature range. Tonsetion, Onset decomposition
temperature at 10% weight loss, Tmax, temperature at maximum weight loss rate, and RMF,
residual mass fraction measured at 750 °C, are reported in Table 2. As previously observed with
sulphur-deprived PAAs studied as FR for cotton,s all SS-PAAs exhibited complex multimodal
weight-loss curves in both nitrogen and air (Figure 1). For all SS-PAAs, the TG patterns in air
were similar to those in nitrogen up to at least 400 °C. However, the values of both Tonseti0% and
Tmax1 in the series were rather different demonstrating that the type of bisacrylamide affected the
thermal stability of SS-PAAs. The stability of all three PAAs was fairly high, as the RMF values
found at 750 °C were 54-24% in nitrogen and 48-14% in air. In all cases, they were considerably
higher than those of sulphur-deprived PAAs (29-7% in nitrogen versus 13-0% in air),s supporting
the hypothesis that disulphide groups exerted a quenching effect on radical oxidation.is Among
SS-PAAs, B-CYSS was the most thermally stable in both nitrogen and air. Based on Tonset10%,
Tmaxt and Tmaxz values, the relative thermal stability was B-CYSS > M-CYSS > BP-CYSS. As
previously observed,io SS-PAAs showed lower weight loss in air than in nitrogen due to their
intumescence in the 350-400 °C range (Figure 1). The relative thermal stability was B-CYSS > M-
CYSS >BP-CYSS. In B-CYSS, the presence of an additional carboxyl group probably contributes
to stabilization biasing the retro-Michael reaction by protonating the amine moiety of the repeat
unit. Little difference is observed between the thermal stability of M-CYSS and BP-CYSS, the
latter exhibiting a larger weight loss at T > 200 °C, possibly due to the lower concentration of SS

groups deriving from the larger molecular mass of the repeat unit.
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Figure 1. TG thermograms of SS-PAA and nGO in nitrogen and air.

Table 2. Thermal data of SS-PAA and nGO in nitrogen and air by thermogravimetric analysis.

SS-PAA  Tonsetionea [°C]  Tmaxib [°C] Tmaxee [°C] RMF at 750 °Cd [%)]
Nitrogen

B-CYSS 216 200/230/251¢ - 54
M-CYSS 195 174/260e - 33
BP-CYSS 188 162/216e - 24
nGO 131 150/252¢ - 23
Air

B-CYSS 207 200/228/251¢ 488 48
M-CYSS 171 221/228/250e 457 29
BP-CYSS 170 173/214/258¢/316e 515 14
nGO 85 176¢/270 480 0

a Onset decomposition temperature (temperature at 10% weight loss). b First temperature at maximum weight loss
rate from dTG curves. ¢ Second temperature at maximum weight loss rate from dTG curves. 4 Residual mass fraction

at 750 °C. « Main decomposition event.

3.3 Thermal stability of nGO
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The thermal stability of nGO alone was poor and it started losing weight already at low
temperature. This was in agreement with previous studies, in which the early weight loss was due
to the degradation and release of the oxygenated functional groups.2e This was further supported
by the increased thermal stability and decreased weight loss when nGO was reduced to decrease
the number of oxygen functionalities.so The low thermal stability was also utilized for the

production of reduced GO with lower degree of oxygenation by thermal treatment.s:

3.4 Characterization of SS-PAA and nGO treated cotton fabrics

Cotton fabrics were first impregnated with SS-PAA aqueous solutions to different add-ons, then
with an aqueous nGO suspension, and finally dried. In all cases, the nGO content was 1%. Table
3 lists the different compositions under investigation.

The SS-PAA flame retardants studied in this work are water soluble and if deposited as thin films
on cotton fabrics are almost completely washed away with water after a few washing cycles.
Chemically grafting SS-PAAs on cotton surface would obviously impart durability. In this regard,
the Authors have already devised a synthetic strategy that, however, will be applied to previously
optimized systems. Optimizing systems is precisely the aim of this paper. In this paper, in fact, the
interaction of different SS-PAA/nGO systems with cotton, the understanding of the effect of the
SS-PAA structure, of the SS-PAA/nGO ratio and of the deposition sequence on flame retardancy
will be studied. Different behaviors of the SS-PAA/NGO systems will be identified provided that
the add-ons of the FR components are precisely defined, and this condition can only be attained

adopting the impregnation method.
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Table 3. Cotton fabrics treated with SS-PAA, nGO and SS-PAA/nGO combination.

Sample PAA-SS add-on [%] nGO add-on[%] Final add-on [%]
COT/B-CYSS_12 12.0 - 12.0
COT/M-CYSS_16 16.0 - 16.0
COT/BP-CYSS_20 20.0 - 20.0
COT/B-CYSS_8 8.0 - 8.0
COT/M-CYSS_12 12.0 - 12.0
COT/BP-CYSS_15 15.0 - 15.0
COT/nGO - 1.0 1.0
COT/B-CYSS_8-nGO 8.0 1.0 9.0
COT/M-CYSS_12-nGO  12.0 1.0 13.0
COT/BP-CYSS_15-nGO 15.0 1.0 16.0

Fabrics were first characterized by FT-IR/ATR spectroscopy (Figure S1 in Supplementary
Material). The FT-IR/ATR spectra of SS-PAA treated cotton revealed diagnostic bands ascribed
to the three components, namely 3330 (v O-H), 2925, 2850 (vas and vs CH2), 1370 (& C-H), 1310
(6 O-H), 1020 (v C-0), and 894 cm-1 (p C-H) for cellulose, 1600 (v C=0) and ~ 1520 cm-1 (3 N-
H), less evident in the spectrum of treated cottons, as regards SS-PAAs (green, blue and azure
asterisks in Figures S1 for B-CYSS, M-CYSS and BP-CYSS, respectively) and 1700 cm-1 (v
COOH) for nGO (red asterisks).

Figure 2 reports the SEM micrographs of untreated cotton, COT/B-CYSS_8, COT/nGO and
COT/B-CYSS_8-nGO fabrics as an example of SS-PAA treated fabrics. The SEM micrographs of
COT/M-CYSS_12, COT/ M-CYSS_12-nGO, COT/BP-CYSS_15 and COT/BP-CYSS_15-nGO
are reported in Figures S2 and S3. After treatment with SS-PAAs or nGO, fibres maintained the
natural spiralization and inhomogeneities of cellulose fibrils of cotton. In the presence of only SS-

PAA:s, the surface of fibres appeared smoother and the interstitial spaces were uniformly filled.
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When cotton was treated with only nGO, a very thin coating covering the singular fibres was
observed. SEM observations did not show particular differences in the morphology of cotton fibres

when both SS-PAAs and nGO were deposited.

COT/B-CYSS_8
.~

Figure 2. SEM micrographs of untreated-, B-CYSS (8% add-on), nGO (1% add-on) and

B-CYSS_nGO (8+1% add-on) treated cotton fabrics.

14



3.5 Thermal stability of SS-PAA and nGO treated cotton

SS-PAA treated cotton started decomposing (Figure 3) at lower temperatures compared with

untreated cotton (300-400 °C) in both nitrogen and air. The samples formed a higher amount of a

thermally stable residue compared with untreated cotton (Table S1). In nitrogen, the residue

remained almost constant by further heating, whereas it was oxidized in air. The presence of only

nGO did not significantly change the thermal degradation of cotton (Figure 3).
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Figure 3. TG thermograms of SS-PAA and nGO treated cotton in nitrogen and air. Add-on

values: COT/B-CYSS 8%, COT/M-CYSS 12%, COT/BP-CYSS 15%, and COT/nGO 1%.

Both in nitrogen and air, cotton treated with SS-PAA/NGO mixtures showed thermal pathways

similar to those of SS-PAAs up to 350 °C (Figure 4). At higher temperatures, in the case of B-

CYSS, in air, the char formed at 350 °C was slightly higher in the presence of nGO. Conversely,

the residue left by M-CYSS and BP-CYSS was lower for nGO-based coatings with respect to those

deprived ones.
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Figure 4. TG thermograms of SS-PAA-nGO treated cotton in nitrogen and air.

It may be noticed that above 350 °C the thermal degradation of COT/SS-PAAs-nGO is faster than
that of COT/SS-PAAs. This might be explained as follows. It is well-known that nGO are effective
radical scavengers.22 On the other hand, the first step of the thermal decomposition of PAASs is the

retro-Michael reaction, giving rise to unsaturated functions that on further heating evolve to
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aromatic thermally stable structures responsible for char formation. This mechanism probably
involved radicals. Therefore, the presence of nano-sized solid radical scavengers biases the
formation of polycyclic aromatoid structures, and facilitated degradation on further heating. This
phenomenon is less evident in the case of COT/B-CY SS-nGO because its add-on was considerably
lower.

In order to investigate the synergism of the SS-PAAs/nGO combination on cotton flame
retardancy, the experimental TG curves of the COT/SS-PAA/NGO systems were compared with

the theoretical TG curves calculated by the additive calculation rule, according to Eq. 2:

Whiena = WeorXcor + Wss—paaXss—paa + WncoXnco (Eq. 2)

where Whlend, Weot, Wss-paa and Whnco represent the weight of the blend and of the different
components and Xcot, Xss-pAa, and Xnco the relative amounts of cotton, SS-PAA and nGO in the
blend, respectively.

It can be observed (Figure 5) that in the range 200-320 ° C the experimental curves have moved
towards significantly lower temperatures than those calculated, independently of the type of SS-
PAA. On the contrary, in the range 320-420 ° C (320-530 °C in case of M-CYSS) the experimental
curves have moved towards higher temperatures compared with the calculated ones. In fact, the
theoretical and experimental curves are never overlapping, demonstrating that interactions
between the components occurred. Consequently, the amount of char produced in the latter range

of temperature was constantly higher, explaining the synergism in flame retardancy effectiveness.
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Figure 5. Comparison between experimental (coded as exp) and calculated (coded as calcd)
TG thermograms of SS-PAA-nGO treated cotton fabrics in air. a): B-CYSS, b) M-CYSS and ¢)

BP-CYSS.

3.6. Vertical flame spread tests

In VFST untreated cotton burned vigorously and completely, leaving no residue (Figure 6 and
Table 4). In the same tests, B-CYSS, M-CYSS and BP-CYSS inhibited ignition at 12, 16 and 20%
add-ons, only showing afterglow (Figure S4). At lower add-ons, 8, 12 and 15% for B-CYSS, M-
CYSS and BP-CYSS, respectively, all samples burned, leaving a small residue (Figure 6 and Table

4). Cotton treated with 1% nGO completely burned as the untreated cotton.
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i
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Figure 6. Snapshots of untreated, SS-PAA- and nGO treated cotton in vertical flame spread

tests.

Table 4. Combustion data of SS-PAA- and SS-PAA-nGO treated cotton fabrics from vertical

flame spread tests.

Sample Notes Total combustion | Extinguishment | RMFb
[YES/NO] [wt.-%)]
timea | rate
[s] [mm s-1]
COoT Flaming 32 1.6 NO 1
COT/B-CYSS 12 No flaming, only | 99 0.3 YES 72
afterglow

19



COT/M-CYSS_16 No flaming, only |27 0.3 YES 87
afterglow

COT/BP-CYSS_20 No flaming, only | 28 0.2 YES 89
afterglow

COT/B-CYSS_8 Flaming 60 0.8 NO 23

COT/M-CYSS_12 Flaming 90 0.6 NO 42

COT/BP-CYSS_15 Flaming 79 0.6 NO 43

COT/nGO Flaming 29 1.7 NO 2

COT/B-CYSS_8-nGO No flaming, only | 10 0.8 YES 91
afterglow

COT/M-CYSS_12-nGO | No flaming, only | 15 0.3 YES 96
afterglow

COT/BP-CYSS_15-nGO | No flaming, only | 26 0.2 YES 93
afterglow

SE B-CYSS-nGO - - - - 2.7

SE M-CYSS-nGO - - - - 2.3

SE BP-CYSS-nGO - - - - 2.1

a2 S; b+l wt.-%.

The addition of 1% add-on nGO reduced the minimal SS-PAA add-ons necessary to extinguish
the flame down to 8, 12 and 15% for B-CYSS, M-CYSS and BP-CYSS, respectively, as
demonstrated by the snapshots reported in Figure 7. Interestingly, these results were only obtained
for samples in which nGO were added the last, after SS-PAA deposition.

In a previous work,10 the FR effectiveness of SS-PAAs in VFST was ascribed to the thermal
decomposition of the disulphide groups producing sulphur containing volatiles capable to quench

the flame propagation in the gas phase. Most probably, these volatiles were thiyl radicals.s2 The
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trend of the minimum add-ons required for flame extinguishment of cotton treated with the three
SS-PAAs follows the trend of SS-PAA thermal stability, as shown in Figure 1 (see above).

The synergism between SS-PAAs and nGO can be explained considering the radical scavenging
properties of nGO (see above).22 The fact that, to be effective, nGO must be added the last, that is,
as the top layer of the treated cotton, suggests that they work in the gas phase being drag by the

evolving volatiles, thus enhancing their radical quenching ability in the gas phase.

COT/B-CYSS_8 COT/M-CYSS_12 COT/BP-CYSS 15
-nGO -nGO -nGO

11

Afterglow Ignition

End

Figure 7. Snapshots of SS-PAA-nGO treated cotton in vertical flame spread tests. Add-on

values: COT/B-CYSS-nGO 8+1%; COT/M-CYSS-nGO 12+1%; COT/BP-CYSS-nGO 15+1%.
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As already discussed in the literature,ss, 34 synergistic effects between additives are defined to be
superior to the superposition of the effects of each additive taken independently. In this work, in
order to quantify the synergism between SS-PAAs and nGO, the synergism effectiveness (SE)
parameter, described by Lewinss-39, already applied for cotton fabrics\4o and defined according to

the following equation (Eq. 3), was calculated (Table 4):

- (Fp) 4., - (FP), (Eq. 3)
((Fp), - (Fp) )+ ((Fp), - (Fp),))

where (Fp) is a given flammability parameter (from flammability or combustion tests), (Fp)p is
the flame-retardant property of the polymer alone (cotton), (Fp)s is that of the polymer and flame
retardant (cotton treated with SS-PAA), (Fp)s is that of the polymer treated with the synergist
(cotton treated with nGO), and (Fp)fr+s is that of the full formulation comprising flame retardant
and synergist (i.e. cotton treated with SS-PAA and nGO). In particular, SE >1 means that synergy
is occurring; 0< SE <1 points out a simply additive effect; finally, SE <0 implies antagonism.

The SE values were calculated only in case of RMF, because in case of combustion times and rates
these values would be of little significance, since the COT/SS-PAA-nGO samples did not ignite.
Consequently, only a minimal portion of the sample burned and the combustion time of this
minimal portion was much lower than that of the untreated cotton, which burned completely.

However, the RMF SE values were higher than 2, demonstrating the synergism existence.

3.7 Horizontal flame spread tests
In HFST, untreated and nGO treated cottons burned vigorously and completely, without leaving
any residue (Figure 8 and Table 5). The synergism between SS-PAAs and nGO was observed in

particular for B-CYSS. With 1% nGO, B-CYSS content was reduced from 12 to 8% add-on for
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extinguishing flame. Moreover, cotton fabrics treated with 12 and 15% add-ons of M-CYSS and

BP-CYSS, respectively, ignited cotton but soon extinguished the flame. After adding 1% nGO,

they did not even ignite.

COT/B-CYSS_12

COT-B-CYSS_8

COT/M-CYSS_16

i [ ——

COT/nGO

COT/M-CYSS_12

COT/BP-CYSS_20

COT/BP- CYSS_1 5

COT/B-CYSS_8-nGO COT/M-CYSS_12-nGO COT/BP CYSS_15-nGO

WV —

Figure 8. Snapshots of untreated, SS-PAA, nGO- and SS-PAA-nGO treated cotton in horizontal

flame spread tests.

Table 5. Combustion data of SS-PAA- and SS-PAA-nGO treated cotton fabrics from horizontal

flame spread tests.

Sample Notes Total combustion | Extinguishment | RMFb
[YES/NQO] [wt.-%]
timea | rate
[s] [mm s-1]
COT Flaming 52 1.0 NO 1
COT/B-CYSS 12 No flaming, | 40 0.2 YES 93
afterglow
COT/M-CYSS_16 No flaming, | 7 0.3 YES 96
afterglow
COT/BP-CYSS 20 No ignition 0 0 YES 99
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COT/B-CYSS 8 Flaming 58 0.1 NO 27
COT/M-CYSS_12 Flaming 19 0.2 NO 91
COT/BP-CYSS_15 Flaming 35 0.1 NO 88
COT/nGO Flaming 44 11 NO 1
COT/B-CYSS_8-nGO No flaming, 19 0.2 YES 96
afterglow

COT/M-CYSS_12-nGO | No ignition 8 0.3 YES 96
COT/BP-CYSS_15- No ignition 22 0.2 YES 95
nGO

SE B-CYSS-nGO - - - 3.7
SE M-CYSS-nGO - - - 11
SE BP-CYSS-nGO - - - 11

ax2s:pxl wt.-%.

The RMF SE values were in all cases higher than 1, demonstrating the synergism existence.

3.8 Cone calorimetry tests

In order to simulate a realistic fire scenario, oxygen consumption cone calorimetry tests were
performed by exposing cotton fabrics treated with SS-PAAs, nGO and SS-PAA/nGO to a 35
kWm-2 heat flux. This experimental condition is usually found in developing fires, capable of
bringing the sample surface to approximately 520 °C.28 Samples underwent thermo-oxidative
degradation and released combustible volatile gases, leading to ignition of material and then
combustion. Combustion parameters such as time to ignition (TTI), peak of heat release rate
(PHRR), and total heat release (THR) are reported in Table 6. Figure 9 shows the heat release rate
(HRR) curves of: a) COT/B-CYSS_8 and COT/B-CYSS_8-nGO, b) COT/M-CYSS and COT/M-
CYSS 12-nGO, and c) COT/BP-CYSS 15 and COT/BP-CYSS_15-nGO, respectively. The HRR
curve of COT treated with only 1 wt.-% nGO is not visible in Figure 9 since overlapped with that
of untreated cotton. In agreement with the results of the flame spread tests, also the combustion

parameters reported in Table 6 show that the presence of nGO did not affect cotton combustion.
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On the other hand, all SS-PAAs reduced the PHRR value of cotton by 46, 52 and 50% for B-
CYSS, M-CYSS and BP-CYSS, respectively. As previously observedio with different SS-PAAs,
the TTI was not altered in the well-ventilated combustion scenario of cone calorimeter.
Apparently, this is in contrast with the remarkable FR efficiency of SS-PAAs in VFST, but
confirms the hypothesis that the action mode of both SS-PAAs and SS-PAA/nGO systems takes
place in the gas phase, the former evolving sulphur volatiles quenching radicals, hence
combustion, and nGO reinforcing the radical quenching activity by being drag in the gas phase
owing to their nanometric dimensions. To this purpose, it should be reminded that the nGO action
took place mainly when nGO were added on the top of the SS-PAA-treated cotton. Accordingly,
the FPI values of SS-PAA-treated cotton were always higher than that of cotton, demonstrating
their efficacy in flux irradiative combustion tests.2s However, the addition of 1% nGO did not

significantly change the FPI values. The same observation holds true for PHRR and RMF values.

120 . ; . : 120 . . . . . : 120 . ; : : . :
—coT a) —coT b) ——coT c)
1004 COT/B-CYSS_8 | 1004 ——COT/M-CYSS_12 | 1004 COT/BP-CYSS_15
COT/B-CYSS_8-nGO —-=COT/M-CYSS_12-nGO COT/BP-CYSS_15-nGO
o 804 o 804 — 80
£ € £
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o 404 L € 40 L € 404
I I : T
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Figure 9. Heat release rate curves of: a) COT/B-CYSS_8 and COT/B-CYSS 8-nGO, b)
COT/M-CYSS and COT/M-CYSS _12-nGO, and ¢) COT/BP-CYSS 15 and COT/BP-CYSS_15-
nGO.

Table 6. Combustion data of cotton fabrics treated with SS-PAA and SS-PAA/nGO from cone

calorimetry tests.

Sample TTla | PHRRb | APHRR | FPIc THRd RMFe

[s] [KWm-2] | [%] [sm2 kW-1] | [MIm-2] | [wt.-%)]

COoT 12+4 | 11646 | - 0.10+0.05 | 2.2+0.1 |-

COT/nGO 11+3 | 1136 | - 0.10+0.01 | 2.3+0.1 |-
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COT/B-CYSS_8 15+1 | 63+4 -46 0.24+0.01 | 2.1+0.1 | 5.5+0.5
COT/B-CYSS_8-nGO 16+1 | 65+3 -44 0.25+0.01 | 2.4+0.1 | 5.5+0.5
COT/M-CYSS_12 12+1 | 56+3 -52 0.22+0.01 | 2.2+0.1 | 5.0+0.5
COT/M-CYSS_12-nGO | 14+1 | 5443 -53 0.22+0.01 | 3.1+0.2 | 5.0+0.5
COT/BP-CYSS_15 19+1 | 58+3 -50 0.32+0.02 | 2.7+0.1 | 5.0+0.5
COT/BP-CYSS_15-nGO | 18+1 | 60+3 -49 0.30+0.02 | 2.9+0.1 | 5.0+0.5

a Time To Ignition; v Peak of Heat Release Rate; ¢ Fire Performance Index = TTI/PHRR; 4 Total Heat

Release; « Residual Mass Fraction.

The release of [CO] and [CO2] was monitored during combustion tests, and their average yield
reported in Table 7. B-CYSS, M-CYSS or BP-CYSS significantly reduced both [CO] (by 51, 38
and 36%, respectively) and [COz2] yields (by 19, 20 and 23%, respectively) of cotton. The addition
of 1% nGO slightly increased [CO] and [COz2] yields (2-3%), therefore seemingly reduces
performance of SS-PAAs. This may be explained by the fact that nGO will ultimately burn
producing both CO and COs.

Table 7. [CO] and [COz2] yields of cotton fabrics treated with SS-PAA and SS-PAA/nGO from

cone calorimetry tests.

Sample [CO] A[CO] | [CO2] A[CO2]
[kg kg-1] [%] | [kakg1] |[%]
COoT 0.0650+0.0003 | - 1.90+0.09 | -
COT/nGO 0.0690+0.0004 | - 2.04+0.10 | -
COT/B-CYSS_8 0.0319+0.0016 | -51 1.54+0.08 | -19

COT/B-CYSS_8-nGO 0.0341+0.0017 | -48 1.60+0.08 | -16

COT/M-CYSS_12 0.0406+0.0020 | -38 1.52+0.08 | -20

COT/M-CYSS_12-nGO | 0.0413+0.0021 | -36 1.56+0.08 | -18

COT/BP-CYSS_15 0.0471+0.0026 | -28 1.46+0.07 | -23
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COT/BP-CYSS_15-nGO | 0.0481+0.0024 | -26 1.50+0.08 | -21

4. Conclusions

The addition of 1% cellulose-derived nGO to SS-PAA treated cotton fabrics significantly reduced
the minimum add-ons needed to extinguish the flame both in vertical and, albeit to a minor extent,
in horizontal flame spread tests, whereas nGO alone was completely ineffective. The discovery of
this significant synergism had great practical relevance, since it opened the way to a highly
effective, non-toxic and environmentally friendly set of flame retardants for cotton and, possibly,
for other ignitable materials.

Contrary to the results of VFST and HFST, the oxygen consumption cone calorimetry tests did not
reveal any significant synergism between SS-PAA and nGO, suggesting that the synergism
observed in VEST and HFST occurred in the gas phase. During the warm-up phase, the SS-PAAs
developed volatile sulphur-containing compounds that not only extinguished the radicals involved
in the combustion, but also dragged the nGO, known as radical scavengers, into the gas phase. In
fact, nGO exerted their synergistic effect with FR with SS-PAAs only if they were added last to
the cotton samples already treated with SS-PAAs. The ventilation in cone calorimetry tests
obviously interfered with FR activities occurring in the gas phase.

As final consideration, the results obtained demonstrate that the research reported in this paper
complies with most principles of green chemistry. In fact, the SS-PAA synthesis was performed
in concentrated aqueous solution (30-40% w/w) and at room temperature without adding
auxiliaries since the reaction is autocatalytic; moreover, it was a polyaddition and did not release

by-products. One of the monomers was a natural amino acid, and the other a commercial product.
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Both did not require previous derivatization. As for nGO, they were obtained by hydrothermal

treatment of renewable sources with an effective microwave reaction.
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