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ARTICLE INFO ABSTRACT

Keywords: Polyamidoamine (PAA)/sodium montmorillonite (MMT) nanocomposite coatings were investigated as flame
Polyamidoamines retardants for cotton to ascertain whether the addition of clay improved the efficacy of PAAs thanks to its ability
MMT to act as insulating shield during combustion. Three amphoteric PAAs were obtained by reacting N,N’-methyl-
Zl:x:):retardancy enebisacrylamide with natural a-amino acids, namely glycine (M-GLY), arginine (M-ARG) and glutamic acid (M-

GLU). These PAAs act as intumescent flame retardants for cotton performing well in horizontal flame spread tests
(HFSTs) but failing to inhibit combustion in vertical flame spread tests (VFSTs). All three PAAs have been proven
to form strong interactions in water with MMT via their protonated tert-amine groups. The presence of 12.5 %
MMT did not significantly change the thermal and thermo-oxidative stability of PAA coatings, while 2 % MMT
add-on affected those of both untreated and PAA-treated cotton fabrics. In HFSTs, substituting 2 % MMT for PAA
did not significantly change the flame retardant efficacy of the coatings. In VFSTs, the 2 % MMT/14 % PAA
combination inhibited cotton ignition, regardless of the PAA structure, while in the 2 % MMT/11 % PAA
combination M-GLU protected cotton from ignition, M-ARG extinguished the flame and M-GLY burned
completely. By further reducing the PAA content to 8 %, only M-GLU quenched cotton combustion, leaving an
RMF of 82 %. The fact that neither MMT nor PAAs alone induced flame extinguishment at the same add-ons used
in the adopted formulations suggests a synergistic behavior of MMT and PAAs.

Nanocomposite coatings

1. Introduction Montmorillonite (MMT), a multilayered aluminosilicate clay bearing

sodium or calcium ions in the interlaminar space, is a widely used

Flame retardants (FRs) for textiles have been studied since the 1950s.
Due to the numerous fields of application of textiles, including protec-
tive garments, automotive, transportations, they are still of industrial
relevance. FRs for cotton have been the most widely investigated [1-7].

Inorganic nanoparticles have emerged as promising flame retardant
candidates, especially when applied as coating on textiles [8,9]. One of
their advantages, compared to traditional FRs, is the small amount of
material required to effectively coat the fabrics and exert their function.
In addition, they can be applied using different deposition procedures,
including nanoparticle adsorption, in situ synthesis of nanoparticles
through sol-gel process [10-15], and Layer-by-Layer (LbL) deposition
[16-19]. The mechanism of action of flame retardant nanocomposite
coatings, as in bulk nanocomposites, is based on the accumulation,
during the combustion process and consequent overheating of textile, of
nanoparticles on the coating surface, forming an inorganic barrier that
protects the underlying polymer and favors char formation [20-23].

* Corresponding author.
E-mail address: jenny.alongi@unimi.it (J. Alongi).
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nanosized inorganic filler present in the flame retardant formulations for
polymers. During burning, MMT produces an SiO, covering, which plays
a dual role of insulating and shielding the polymer. This barrier prevents
heat, oxygen, and mass transfer, altering the degradation pathways of
polymers, and limiting the mobility of polymer chains [24,25]. MMT can
help to reduce heat release, smoke release, and the rate of production of
toxic gases from composites during burning [26-28].

To achieve satisfactory flame retardant efficiency, MMT and organ-
ically modified MMT are normally combined with several conventional
FRs, including halogenated compounds, metal hydroxides, and P-con-
taining compounds [27]. This combination turned out be successful
particularly for thermoplastics since the addition of layered silicate
prevents polymer melt dripping during burning hence fire spreading. In
these cases, the synergism between MMT and the FR has been proposed.
However, synergy is not always established between MMT and FRs. The
possibility of synergism, antagonism or simply cooperation taking place
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Fig. 1. Repeat units of: M-GLY (a), M-ARG (c) and M-GLU (e). Ionic species distribution at pH 4.0 for: M-GLY (b), M-ARG (d) and M-GLU (f).
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Fig. 2. Scheme of interactions occurring between PAAs and sodium montmorillonite on cotton fabrics. The structure of M-GLU is shown as an example.

Table 1
PK, values, IP and net charge values of PAAs’ repeat units.

Repeat Unit PK, values P Net charge at pH 4
M-GLY ¥ PKacoorn = 1.90 4.8 +0.005
PKanrs = 7.70
M-ARG P PKa.coon = 2.2 9.7 +1.02
PKa Nr3 = 6.4
PKa guanidine > 10
M-GLU © PR ocovii = 232 3.3 ~0.35
PKacoon = 4.28
PKangs = 7.78

® and ® Data from [35]. © See Figures S1 and S2 in Supplementary Materials.

depends on the configuration of the combustion test, as observed in
polypropylene/MMT nanocomposites [28,29] and on the concentration
of MMT, as found in polyamide 6/MMT nanocomposites [30].

In the last decades, academic and industrial research efforts have
been focused on the development of non-toxic flame retardant formu-
lations, and different bio-based compounds have been investigated as
“green” flame retardant additives with good char-forming ability [31].
In this context, polyamidoamines (PAAs) may represent a new family of
“green” polymeric FRs for cotton. PAAs are synthetic, biocompatible,
and degradable polymers synthesized by the aza-Michael polyaddition
of primary amines or secondary diamines to bisacrylamides [32-34].
PAA synthesis takes place in water, at room temperature, without add-
ing catalysts and releasing by-products; therefore, PAA preparation can
be considered “green” and easily scalable. Many PAAs were studied as
flame retardants for cotton fabrics [35,36]. In particular, the PAAs
deriving from the polyaddition of N,N’-methylenebisacrylamide with
different natural a-amino acids turned to be particularly effective [37].
These PAAs extinguished the flame in Horizontal Flame Spread Tests
(HFSTs) but failed to suppress the flame in the more drastic Vertical
Flame Spread Tests (VFSTs), even at add-ons of 20 % or more. Never-
theless, the PAA obtained from the polyaddition of l-cystine with N,
N’-methylenebisacrylamide (M-CYSS) was proven to extinguish the
flame in VFSTs at 16 % add-on [38], probably due to its ability to cap-
ture radicals present in the gas phase. However, its performance in
HFSTs was significantly less efficient than other previously tested
non-sulfur PAAs.

In previous work, an amphoteric, predominantly cationic PAA
bearing one guanidine residue per repeating unit was shown to form
stable ionic interactions in aqueous media with MMT and, in cross-

linked form, to form composite hydrogels with it [39]. On the other
hand, all a-amino acid-derived PAAs are amphoteric and present a
pH-dependent ionic species distribution [40]. At pH 4.5, at which PAAs
are deposited onto cotton, they bear approximately 100 % protonated
tert-amine groups in the backbone, while the carboxylate pendants are
negatively charged. It can therefore be assumed that they too can create
strong interactions with MMT. The aim of this work is to demonstrate
the occurrence of strong ionic interactions between a-amino acid-derive
PAA flame retardants and MMT, to study the effect of these interactions
on the thermal-oxidative stability of cotton fabrics and verify if their
combination can give rise to a synergistic effect in terms of flame
retardancy.

2. Experimental part
2.1. Materials

N,N’-methylenebisacrylamide (M, 99 %), l-glutamic acid (GLU, 99
%), glycine (GLY, 99 %), l-arginine (ARG, 99 %), lithium hydroxide
monohydrate (LiOHeH20, 98 %), 1 M HCI, were supplied by Sigma-
Aldrich (Milan, Italy) and sodium montmorillonite (MMT) by BYK ad-
ditives Inc. (Texas, USA). Cotton (COT) with an area density of 240 gm ™
2 was purchased from Fratelli Ballesio S.r.1. (Turin, Italy).

2.2. Synthesis of polyamidoamines

Synthesis of M-GLY. M-GLY was synthesized following a previously
reported procedure [35]. In brief, M (4.00 g, 25.94 mmol), glycine (1.95
g, 25.94 mmol) and LiOHeH,0 (1.11 g, 25.94 mmol) were dispersed in
H50 (11 mL) and heated under stirring up to 45 °C until complete
dissolution of all monomers. The reaction mixture was then maintained
at 25 °C for 5 days in the dark. After this time, it was diluted to 70 mL
with water, and the pH adjusted to 4.00 with 1 M HCL. The final product
was retrieved by freeze-drying. The yield was nearly quantitative.

M-ARG and M-GLU were synthesized following the same procedure
described for M-GLY, using the following amounts of the reagents [35,
37]. M-ARG: M (4.00 g, 25.94 mmol), and l-arginine (4.52 g, 25.94
mmol), dissolved in HoO (13 mL); reaction time 10 days. M-GLU: M
(4.00 g, 25.94 mmol), l-glutamic acid (3.82 g, 25.94 mmol), and lithium
hydroxide monohydrate (2.22 g, 51.88 mmol) dissolved in H20 (5 mL),
reaction time 10 days.



A. Beduini et al.

Polymer Degradation and Stability 225 (2024) 110764

) sy~ krrOH mcsoys N I~y -
H H & H H OH
M GLY M-GLY o
NH; o] 0
b) VLN/\NJ\/ . OH H,0, 45 °C, 10 days MNAN K
H H o H H OH
H,N_ _NH o)
NH HoN \“/ NH
NH
M ARG M-ARG
o 0 NH, LIOHH,0, H,0 0 0
2% 112
45°C,10d
C) \/U\N/\NJJ\/ " OH ays NLN/\NJJ\/\N,I;
H H o i H H OH
OH (0] (0]
OH
M GLU M-GLU
Scheme 1. Synthesis of M-GLY (a), M-ARG (b) and M-GLU (c).
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Fig. 3. Pictures of MMT water dispersion at t = 0, after 24 h under stirring and MMT/M-GLY, MMT/M-ARG and MMT/M-GLU after 0.5 h mixing (a). XRD spectra of

MMT, MMT/M-GLY, MMT/M-ARG and MMT/M-GLU (b).
2.3. Study of MMT/polyamidoamine interactions

MMT (0.10 g) was suspended in 10 mL water under stirring for 24 h.
Then, a PAA solution (0.70 g in 10 mL water) was added to the MMT
suspension and kept under stirring for 0.5 h. At the end, the suspension
containing MMT/PAA system was freeze-dried.

2.4. Treatment of cotton fabrics with MMT/PAAs

Strips of cotton fabrics 30 mm x 60 mm in size were initially dried at
100 °C for 4 min and then weighed. In parallel, a 1.0 wt.% MMT sus-
pension was prepared dispersing MMT in water and maintaining for 24 h
under stirring. Subsequently, cotton fabrics were sprayed with the MMT
suspension (2 x 10 mL), and then dried at 100 °C for 4 min. After this
time, the specimens were impregnated twice with PAA aqueous solu-
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and MMT/PAA adducts with a weight ratio of 1:7 in nitrogen (a) and air (b).

tions of suitable concentration, drying at 100 °C for 4 min after each treated with 2 % add-on sodium montmorillonite and 14 % add-on M-
deposition. The total dry solid add-ons (Add-on, wt.-%) were determined GLY.
weighing each sample before (W;) and after (Wy) the impregnation step.

The add-ons were calculated using Eq. (1):

W, — W,

Add — on = x 100

i

2.5. Characterization techniques

(€8]
Thermogravimetric analyses (TGA) of PAAs and PAA-treated cotton

The concentrations of the impregnating PAA solutions were 7.0 wt.% fabrics (5 mg in open alumina crucibles) were performed in inert (ni-
for reaching 14 % add-on, 5.0 wt.% for reaching 11 % add-on, and 4.0 trogen) and oxidative (air) atmosphere using a TAQ500 thermogravi-
wt.% for reaching 8 % add-on. The MMT add-on adopted was 2 % in all metric balance (TA Waters, Milan, Italy) from 50 to 800 °C, heating rate
experiments. Treated-cotton fabrics were coded as the following 10 °C min™", 20 mL min~"' gas flow.
example: COT/MMT/M-GLY, which is the code for a cotton sample The surface of untreated and PAA-treated cotton fabrics was

analyzed by an EVO 15 equipped with a ULTIM MAX 40 probe scanning
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Table 2
Thermal data of PAAs in nitrogen and air by thermogravimetric analysis.
Sample Tonset10 % Ty G Trmax2s Tmaxs © ( RMFgoo ©
°Q) °C) °C) (%)
Nitrogen
M-GLY 147 137,236° - 19
M-ARG 149 139,266° - 20
M-GLU 172 150,340° - 24
MMT © 635 628 - 88
MMT/M- 157 139,2429 - 190
GLY
MMT/M- 155 142,265° - 20
ARG
MMT/M- 144 135,306 ° - W
GLU
Air
M-GLY 159 148,236 9 450,540 8 1
M-ARG 155 137,263° 5669 i
M-GLU 145 149,242° 458,530 % 2
MMT © 642 111 626 88
MMT/M- 159 149,240 459,534 9 7
GLY
MMT/M- 156 142,2579 5689 5
ARG
MMT/M- 142 138,352°  458,5329 4
GLU

2 Onset decomposition temperature at 10 % weight loss. ) First temperature
at maximum weight loss rate. 9 Second and third temperature at maximum
weight loss rate. D Residual mass fraction at 800 °C. ® TG and dTG curves in
Figure S6. 2 corresponds to the maximum weight loss in the 200 - 350 °C
range (step 1). 8 Tmax2 and Tpaxs correspond to the maximum weight losses in
the 200 - 350 °C (step 2), and 350 - 600 °C (step 3) range, respectively. D This
value includes around 2 % MMT residue. MMT/PAA composition: 1:7 wt ratio.

COoT
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electron microscope (SEM) manufactured by Zeiss (Ramsey, NJ, USA)
and operating at 8.5 mm working distance, under 5 kV beam voltage. A
fabric piece (5 mm x 5 mm) was fixed to a sample holder and then gold-
metallized; the instrument was equipped with Energy-Dispersive X-ray
Spectroscopy probe (EDX, Jena, Germany) for elemental analysis.

X-ray diffraction spectra of MMT and MMT/PAAs were recorded
using a Miniflex 600 diffractometer (Rigaku Europe SE, Germany) under
40 kV voltage, 15 mA current, with Cu K; radiation at 1.5405 A.

2.6. Combustion tests of MMT/PAA-treated cotton fabrics

Horizontal flame spread tests (HFSTs) and Vertical flame spread tests
(VFSTs) were carried out by applying a 20 + 5 mm long butane flame to
the short side of 30 mm x 60 mm specimens according to the ISO 3795
[41] and ISO 15,025 [42] standards modified in terms of cotton size
specimens and flame application time. In the horizontal configuration
the sample was positioned in a metallic frame tilted at an angle of 45°
along its longer axis and then ignited for 3 s. In the vertical configura-
tion, the butane flame was applied for 2 s on the center of the short side
of the specimens. All combustion tests were tripled and the combustion
and afterglow time (s) and residual mass fraction (RMF,%) were deter-
mined. Limiting oxygen index (LOI) tests were performed with a Ceast
Fire apparatus (Turin, Italy) according to the ISO 4589 standard [43].

The resistance to a 35 kWem ~ 2 irradiative heat flux of square fabric
samples (100 mm x 100 mm) was investigated using an oxygen-
consuming cone calorimeter (Nose-lab ATS advanced, Milan, Italy).
Measurements were carried out in horizontal configuration following a
procedure previously reported [44], optimized based on the ISO5660
standard [45]. Parameters such as the time to ignition (TTI, s), peak of
heat release rate (pkHRR, kWem ~ 2), total heat release (THR, MJem ~ 2),

COT/MMT/M-GLY

Fig. 5. SEM micrographs (5000 x) of untreated cotton (COT) and cotton fabrics treated with MMT (add-on: 2 %) and M-GLY, M-ARG and M-GLU (add-on: 14 %).



A. Beduini et al.

Polymer Degradation and Stability 225 (2024) 110764

Fig. 7. EDX analysis of COT/MMT/M-ARG (add-on: 2 + 14 %). Distribution of carbon (C), oxygen (O), nitrogen (N), silica (Si) and aluminum (Al) elements.

and residual mass fraction (RMF, wt.%) were determined. Prior to the
combustion tests, all specimens were conditioned to constant weight at
23 + 1 °C for 48 h at 50 % relative humidity in a climatic chamber. Each
experiment was performed in triplicate and the mean standard deviation
calculated.

2.7. Whiteness index measurements of MMT/PAA-treated cotton fabrics

The whiteness index (WI) is a dimensionless parameter depending on
the color saturation and lightness of the sample, which ranges from 0 to
120 and indicates how white a sample is, the higher the value the whiter
the sample.
WI =100 — /(100 — L)* + +a? + b? )
where L indicates the sample brightness, a and b are chromaticity co-
ordinates. The whiteness index of untreated and MMT-, PAA- and MMT/
PAA-treated cotton samples was measured following the ISO 2469
standard [46], using the SA0835/0WM SAMA whiteness meter (SAMA
Tools, Viareggio, Italy). For each sample, measurements were performed

in triplicate, and the resulting WI value was obtained as the average of
three measurements.

2.8. Tensile tests of MMT/PAA-treated cotton fabrics

Tensile tests were performed on cotton specimens 100 mm x 15 mm
in length according to the 1SO13934 standard [47]. Analyses were
performed using an Instron 5966 (Instron, High Wycombe, UK) instru-
ment equipped with wave clamps; setting: 10 mmemin ™! strain rate, and
2 N preload.

3. Results and discussion
3.1. Rationale

In a previous work, the ability of an amphoteric and predominantly
cationic polyamidoamine named AGMAI1 to give rise to strong in-
teractions with MMT was demonstrated [39]. These interactions were
ascribed to the exchange reaction between the protonated guanidine
pendants and protonated tert-amines present in AGMA1 repeat units
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Fig. 8. EDX analysis of COT/MMT/M-GLU (add-on: 2 + 14 %). Distribution of carbon (C), oxygen (O), nitrogen (N), silica (Si) and aluminum (Al) elements.
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with the sodium cations placed in the interlayer space of MMT. The aim
of this work is to investigate whether differently charged amphoteric
a-amino acid-derived PAAs, namely M-GLY, M-ARG and M-GLU (Fig. 1)
can give rise to equally strong interactions with MMT (Fig. 2), forming
nanocomposite layers that improve the thermal-oxidative stability and
combustion resistance of cotton fabrics.

The pH-dependent speciation curves of M-GLY [35], M-ARG [35]
and M-GLU were obtained from the pK, values of the ionizable groups
present in their repeat units (Table 1), following the procedure described
in the Supplementary Materials (Figures S1 and S2 in Supplementary
Materials). Isoelectric point (IP) values are consistent with a slight net
positive charge per M-GLY repeat unit (+0.005), a high net positive
charge per M-ARG repeat unit (+1.02), and a negative charge per M-
GLU repeat unit (—0.35) at pH 4.0.

3.2. Synthesis of PAAs

M-GLY, M-ARG and M-GLU were prepared by the aza-Michael pol-
yaddition of N,N’-methylenebisacrilamide (M) with the a-amino acids
glycine, l-arginine and l-glutamic acid following a previously reported

procedure (Scheme 1) [37]. They were obtained in a single step in water
at pH 11 and solid concentrations from 40 to 50 wt.%. They were
retrieved by freeze-drying the polymerization mixture with no further
purification. The yields were therefore nearly quantitative. The PAA
structures were assessed by 'H NMR (Figures S3-S5).

3.3. Interactions between MMT and PAAs

Irrespective of the net average charge of their repeat units, all three
polymers proved to form stable interactions with MMT, as demonstrated
by their ability to coagulate an opalescent 2 % MMT water suspension
into a stable, dense, and milky suspension (Fig. 3a). This is in line with
previously reported findings that adsorption of glycine and glutamic
acid induces structural stress on montmorillonite and widens its inter-
layer space [48]. The occurrence of strong interactions between MMT
and PAAs was confirmed by X-ray diffraction (XRD) spectroscopy, which
was carried out on both the solid MMT/PAA coagulates retrieved from
the suspensions by freeze-drying and MMT alone. The XRD spectra of
MMT/PAAs (Fig. 3b) revealed that the typical 001 XRD diffraction of
MMT at 20 = 6.94° was shifted to lower angles for both M-GLY (4.96°)
and M-ARG (4.84°), indicating an increase of MMT interlamellar space
(from 1.27 nm to 1.78 and 1.82 nm, for MMT, M-GLY and M-ARG,
respectively) hence the formation of an intercalated system [49]. It is
apparent that the interaction between MMT and M-GLU is even stronger
than those in MMT/M-GLY and MMT/M-ARG since the diagnostic MMT
peak at 20 = 6.94°disappeared in the spectrum MMT/M-GLU, indi-
cating that this sample is exfoliated (Fig. 3b). It is reasonable to assume
that the different morphologies observed depend on the specific distri-
bution of ionic species of each PAA (Fig. 1).

In fact, thanks to the presence of the protonated amino groups in the
main chain and, in the case of M-ARG, of the positively charged gua-
nidinium pendants, all three PAAs can exchange with the sodium cations
present in the interlamellar spaces of the MMT giving intercalated sys-
tems. However, the predominant negative charges present in the
repeating units of M-GLU, due to the presence of a second carboxyl
group, can cause exfoliation of MMT due to electrostatic repulsion with
the negative charges present on the lamellae.

3.4. Effect of MMT on the thermal and thermo-oxidative stability of PAAs

The TG and dTG thermograms in nitrogen and in air between 50 and
800 °C of M-GLY, M-ARG and M-GLU, and their MMT adducts (MMT/M-
GLY, MMT/M-ARG and MMT/M-GLU) with a 1:7 MMT/PAA weight
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Fig. 10. Tensile stress-strain diagrams of COT and COT/MMT in comparison with COT/M-GLY and COT/MMT/M-GLY (a); COT/M-ARG and COT/MMT/M-ARG (b);
COT/M-GLU and COT/MMT/M-GLU (c); maximum tensile strengths of COT, COT/PAAs and COT/MMT/PAAs (d). Add-ons: 2 % MMT in COT/MMT; 14 % PAA in

COT/PAA samples; 2 % MMT and 12 % PAA in COT/MMT/PAA samples.

ratio, prepared as described in Section 2.3, are shown in Fig. 4. The
related onset decomposition temperature at 10 % weight loss, Tonset10 %,
temperature at maximum weight loss rate, Tpax, and residual mass
fraction measured at 800 °C, RMFgqo, are shown in Table 2.

As previously observed for other PAAs [35,37], the thermal
decomposition of PAA is driven by a complex multimodal mechanism
that occurs with one major weight loss phase in nitrogen between 200
and 500 °C and two weight loss phases in air between 200 and 350 °C
and 350 and 600 °C. The maximum weight losses are found in these
temperature ranges. The TG curves in nitrogen were like those in air up
to 350 °C, while, at higher temperatures, the two sets of curves diverged.
More specifically, all PAAs showed a main decomposition phase in ni-
trogen starting at the Topset10 9 (ranging from 137 to 150 °C, Table 2)
with a Tyay (236, 266 and 340 °C for M-GLY, M-ARG and M-GLU,
respectively) and ended at around 350 °C. This thermal decomposition
pattern did not change in the presence of MMT for M-GLY and M-ARG,
as demonstrated by the TG curves in Fig. 4a and Topset10 % and Tpax
values reported in Table 2. Conversely, in the case of M-GLU, MMT
caused an anticipation of the thermal decomposition, as clearly visible in
Fig. 4a and comparing the Topset10 % and Tpax values of M-GLU and
MMT/M-GLU in Table 2. The RMFgqq values were not affected by the
presence of MMT.

In air, as observed in previous works [35,37], PAAs exhibited two
decomposition steps (Fig. 4b) occurring with two maximum weight
losses in between 236 - 263 °C (Tpax1, Table 2) and 530 - 566 °C (Tpax2)-
The first decomposition started in the Topset10 9 range between 145 and
159 °C and ended at around 350 °C. The remaining residue oxidized

completely between 350 and 600 °C, leaving a negligible RMFgoo (1-2
%). In air, the presence of MMT did not significantly affect PAA
thermo-oxidative pattern, as visible in Fig. 4b. Tonset10 %, and Tmax; and
Tmax2 of PAAs were found to be comparable to those of MMT/PAAs. The
only difference attributable to the presence of MMT was that the residue
left at approximately 550 °C oxidized more slowly between 550 and 800
°C, as evidenced by comparison of the dTG curves. As a result, the
RMFgqq values of MMT/PAA were higher than those of PAAs (Table 2).

3.5. Morphological characterization of MMT/PAA-treated cotton fabrics

The morphology of COT/MMT/M-GLY, COT/MMT/M-ARG and
COT/MMT/M-GLU were observed by Scanning Electron Microscopy
(SEM) and compared to that of untreated cotton (Fig. 5). It is apparent
that, in the treated samples, the MMT/PAA coating created a continuous
film that filled the gap between the cellulose fibers. Both MMT and PAAs
appeared homogeneously dispersed on cotton surfaces, as revealed by
the EDX elemental mapping shown in Figs. 6-8 for COT/MMT/M-GLY,
COT/MMT/M-ARG and COT/MMT/M-GLU, respectively, and
Figures S7 for COT/MMT. Specifically, a continuous distribution was
observed not only of carbon (C) and oxygen (O), present in the cotton
matrix, but also of nitrogen (N), present only in the PAA coating, and of
silicon (Si) and aluminum (Al) present only in MMT.

3.6. Whiteness of MMT/PAA-treated cotton fabrics

The white index (WI) values of COT/MMT/M-GLY, COT/MMT/M-
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Fig. 11. TG and dTG thermograms of COT, COT/MMT and COT/MMT/PAAs in nitrogen (a) and air (b). Add-ons: 2 % MMT in COT/MMT; 14 % PAA in COT/PAA

samples; 2 % MMT and 14 % PAA in COT/MMT/PAA samples.

ARG and COT/MMT/M-GLU were measured and compared to that of
untreated cotton and cotton treated with MMT and PAAs alone (Fig. 9).
The presence of only 2 % add-on MMT in COT/MMT caused a notable
reduction in WI from approximately 82 down to 76, while 14 % add-on
PAAs caused a smaller reduction, although with qualification. In fact, in
the case of COT/M-GLY and COT/M-ARG, the WI of cotton dropped to
around 78 circa, while in COT/M-GLU to 75. The WI of COT/MMT/M-
GLY did not significantly change with respect to that of COT/M-GLY,
whereas it was further reduced to 75 in the case of COT/MMT/M-ARG
and COT/MMT/M-GLU.
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3.7. Mechanical properties of MMT/PAA-treated cotton fabrics

It has been previously observed that the hand of PAA-treated cotton
fabrics changed significantly only at high PAA add-ons, namely above
20 %, whereas for lower add-ons, they are rather soft and pleasant to the
touch [50]. The present study confirmed this general behavior, since 14
% PAA add-on did not significantly change the hand of the fabrics, while
COT/MMT coatings with 2 % MMT and COT/MMT/PAA (2 % MMT +
14 % PAA) made the cotton more rigid.

Furthermore, the effect of the PAA and the PAA/MMT nano-
composite coatings on the mechanical behavior of cotton textiles was
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Table 3
Thermal data of COT/PAA and COT/MMT/PAA samples in nitrogen and air by
thermogravimetric analysis.

Sample Add-on Tosserion®  Tama @ C Tmax2, RMFgo0 ©
“(%) (°0) °Q) Tinaa ™ ( %)
Q)
Nitrogen

coT - 335 356 < 6

COT/M- 14 247 310 - 23
GLY

COT/M- 14 269 324 w 23
ARG

COT/M- 14 262 309 - 23
GLU

COT/MMT 2 334 370 = i3®

CoT/ 2+12 267 314 - 279
MMT/M-
GLY

CoT/ 2412 266 276 = 299
MMT/M-
ARG

CoT/ 2412 254 345 - 289
MMT/M-
GLU

Air

COT - 324 342 472 0

COT/M- 14 256 304 433, 481 0
GLY

COT/M- 14 266 305 434, 473 1
ARG

COT/M- 14 274 308 446, 508 1
GLU

COT/MMT 2 397 353 487 99

CoT/ 2+12 268 311 446 29
MMT/M-
GLY

cot/ 2+12 266 276 466 99
MMT/M-
ARG

coT/ 2+12 256 309 440, 492 g
MMT/M-
GLU

) Add-on + 0.5%. ® Onset decomposition temperature at 10 % weight loss. 9
First temperature at maximum weight loss rate in the 300 - 400 °C range (step 1).
9 Second and third temperature at maximum weight loss rate in the 200 - 350°C
(step 2) and 350 - 600 °C (step 3) range, respectively). © Residual mass fraction
at 800 °C. ? This value includes around 2 % MMT residue.

Table 4
Combustion data of untreated cotton and MMT/PAA-treated cotton fabrics in
HFSTs.

Sample Add-on Afterglow Extinguishment ~ RMF »
(%) Time (%)
(s)

CoT - 6+1 NO <1

COT/MMT 2 51453 NO 17+ 3

COT/M-GLY 7 70 + 14 YES 71+1

COT/M-ARG 7 62+ 2 YES 7ot 7

COT/M-GLU 7 61+9 YES 85+ 4

COT/MMT/M- 245 3311 YES 82+
GLY 13

COT/MMT/M- 2+5 38+1 YES 72+ 2
ARG

COT/MMT/M- 245 37+ 1 YES 91 17
GLU

@ Add-on + 0.5%. ® Residual mass fraction.

studied by tensile tests and compared with that of a 2 % MMT coating.

The obtained stress-strain diagrams are shown in Fig. 10a—c, while
the maximum tensile strength values of all samples are shown in
Fig. 10d. The collected data are reported in Table S1. It is apparent that
none of the polymer coating, either PAA or MMT/PAA nanocomposite
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coatings, significantly affected the tensile behavior of cotton since the
stress-strain curves are very close to that of cotton. Only small differ-
ences (< 5 %) in the maximum tensile strength values of the treated
cotton samples were observed compared to untreated cotton, except for
COT/M-ARG, in which the strength of cotton was increased by 12 %,
probably due to the significant cationic nature of M-ARG (Table 1),
which favors the interaction with cellulose. A different effect was
observed in COT/MMT, where the inorganic coating induced a slight
increase in the maximum tensile strain, while maintaining the tensile
strength almost unaffected.

3.8. Effect of MMT on the thermal stability of PAA-treated cotton fabrics

The thermal stability of COT/PAAs and COT/MMT/PAAs was
investigated by TG analysis in nitrogen and air (Fig. 11a and b) in the
range 50-800 °C and the resulting thermograms compared with those of
COT and COT/MMT. The observed Tonset10 %, Tmax and RMFgoo data are
shown in Table 3. The effect of PAAs on the thermal and thermo-
oxidative stability of cotton was as previously described for all the
investigated PAAs [35,37]. In nitrogen (Fig. 11a), COT/PAA samples
with 14 % PAA add-on featured one single large weight loss, irrespective
of the PAA considered, as did cotton. However, the PAA coatings
induced a shift of Topset10 % and Tpaxy values to lower temperatures
(Table 3), as well as a significant increase of the residual mass fractions
above 350 °C. The replacement of 2 % PAA with an equivalent amount
of MMT induced only a slight increase in the thermal stability of
COT/M-GLY and COT/M-GLU and a significant improvement of the
thermal stability of COT/M-ARG, particularly above 350 °C. In air
(Fig. 11b), the TG curve of untreated cotton showed two inflections,
placed at 342 and 472 °C, and the RMF drops rapidly to 0 % from 350 to
500 °C. As in nitrogen, the PAA coating induced a shift of the Topset10 %
and Thax values to lower temperatures, as well as an evident increase of
the residual mass fraction above 350 °C, while the Tyax2 value remained
almost unchanged. As in nitrogen, the replacement of 2 % PAA with an
equivalent amount of MMT induced only a slight increase in the thermal
stability of COT/M-GLY and COT/M-GLU and a significant improvement
of the thermal stability of COT/M-ARG, particularly above 350 °C.

3.9. Combustion study of MMT/PAA-treated cotton fabrics

The aim of this work was to ascertain whether combining sodium
montmorillonite, which produces during burning a silica coating which
insulates and shields the underlying polymer, with intumescent PAA
flame retardants, could give rise to a synergistic behavior that signifi-
cantly improved the flame resistance of cotton. To demonstrate this
assumption, the combustion behavior of COT/MMT/M-GLY, COT/
MMT/M-ARG and COT/MMT/M-GLU was assessed by horizontal flame
spread tests (HFSTs), vertical flame spread (VFSTs), limiting oxygen
index (LOI) tests and oxygen-consumption cone calorimetry tests. The
outcomes were compared with those of COT as well as of COT/M-GLY,
COT/M-ARG, COT/M-GLU and COT/MMT,
formulations.

taken as reference

3.9.1. Horizontal flame spread tests

Cotton fabrics treated with the MMT/PAA coatings were tested in
horizontal configuration, applying a flame for 3 s. Their flame retardant
performances were assessed and compared with those of COT, COT/
MMT and COT/PAA fabrics used as benchmarks. Table 4 shows the
meaningful data, including add-ons, afterglow combustion time (Ay),
extinguishment and RMF. Fig. 12 shows snapshots taken during com-
bustion tests. As expected, when a flame was applied to an untreated
cotton fabric, it vigorously and completely burned, leaving <1 % residue
at the end of the test. The addition of 2 % add-on MMT did not allow to
extinguish the flame but increased the RMF value to 17 %. Conversely,
PAA coatings at 7 % add-on enhanced the flame retardancy of cotton,
suppressing the flame and leaving high RMF. However, the COT/PAA
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Flameout End Flameout End

Fig. 12. Snapshots of HFSTs carried out on COT, COT/MMT, COT/PAA and COT/MMT/PAA samples. Add-ons: 2 % MMT in COT/MMT; 7 % PAA in COT/PAA
samples; 2 % MMT and 5 % PAA in COT/MMT/PAA samples. Flameout indicates when the flame disappears, and combustion proceeds only due to the afterglow; End
means end of the combustion test.

COT/MMT COT/MMT/M-GLY COT/MMT/M-ARG COT/MMT/M-GLU

IGNITION

FLAME
EXTINGUISHING

END

Fig. 13. Snapshots of VFSTs carried out on COT, COT/MMT and COT/MMT/PAA samples. Add-ons: 2 % MMT in COT/MMT; 2 % MMT and 14 % PAA in COT/MMT/
PAA samples.

specimens were affected by long-lasting afterglow, which significantly 3.9.2. Vertical flame spread and LOI tests

reduced by replacing 2 % PAA with an equivalent amount of MMT, The vertical configuration is notoriously more drastic than the hor-

while maintaining substantially unchanged RMFs. izontal one, due to the natural upright direction of the flame, which
widens the contact area between the sample and the flame.

12;
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Table 5
Combustion data of untreated cotton and MMT/PAA-treated cotton fabrics in
VEFSTs.
Sample Add- Ignition  Combustion Extinguishment ~ RMF
on ¥ Time (%)
(%) )
CoT = YES 27 £1 NO <1
COT/MMT 2 YES 46+ 1 NO 12+ 2
)
COT/MMT/ 2+14 NO 7+10 - 99+
M-GLY 02
COT/MMT/ 2+14 NO 15+7 - 99+
M-ARG 0°
COT/MMT/ 2+14 NO 10+ 10 - 9931
M-GLU °)
COT/MMT/ 2+11 YES 138+ 3 NO 144
M-GLY 0°
COT/MMT/ 2+11 YES 234 + 64 YES 42+
M-ARG 109
COT/MMT/ 2+11 NO 10+ 67 - 99+
M-GLU 0°
COT/MMT/ 2+8 YES 1324+ 23 NO 12+ 2
M-GLY 8
COT/MMT/ 2+8 YES 115+ 8 NO 14+
M-ARG 0°
COT/MMT/ 2+8 YES 109 + 66 YES 82+ 2
M-GLU 8

@ Add-on + 0.5%. ® Residual mass fraction.” This value includes around 2 %
MMT residue.

Consequently, untreated cotton burned faster in VFSTs than in HFSTs,
leaving no residue at the end of the test (Fig. 13). Cotton fabrics treated
with the MMT/PAA coatings were tested in vertical configuration,
applying a flame for 2 s. Their flame retardant performances were
assessed and compared with those of COT, COT/MMT and COT/PAA
fabrics used as benchmarks. Table 5 shows the main combustion data,
namely add-ons, total combustion time, extinguishment and RMF.
Fig. 13 shows some snapshots taken during combustion tests. Since in
vertical configuration none of the investigated PAAs extinguished the
flame at 30 % add-on [37], this add-on value was initially taken as a
reference in VFSTs carried out on COT/MMT/PAA coatings by replacing
2 % add-on of PAA with an equivalent amount of MMT. Notably, at a 2 %
add-on, MMT did not extinguish the flame, although the final RMF was
12 %, that is, higher than that left by cotton. All COT/MMT/PAA
specimens containing 2 % MMT and 14 % PAA add-ons did not ignite,
exhibiting only slight thermo-oxidation as revealed by the low com-
bustion times (7 - 15 s) (Table 4) and the high RMF values, which stood
at 99 % for all samples. The marked flame resistance of the
COT/MMT/PAA samples compared to that of cotton samples coated
separately either with MMT or with each single PAA, clearly demon-
strates the emergence of a high synergy between the action of the MMT
and PAAs in the composite coatings.

To identify the minimum PAA add-on acting in synergy with 2 %
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MMT, combustion tests were carried out on samples containing PAA
coatings with 11 % and 8 % add-ons. Among cotton specimens treated
with 2 % MMT and 11 % PAA add-on, both COT/MMT/M-GLY and
COT/MMT/M-ARG samples ignited, although they exhibited a different
combustion resistance. MMT/M-GLY was indeed not effective in stop-
ping cotton burning, while MMT/M-ARG induced self-extinguishment of
cotton, although after a burning time as long as 234 s (Table 5 and
Figure S8). This resulted in substantially different RMF values (14 % and
42 % for COT/MMT/M-GLY and COT/MMT/M-ARG, respectively)
(Table 4). At the same add-on, the COT/MMT/M-GLU samples did not
ignite and left 99 % RMF (Table 4). Further reducing PAA content to 8
%, all samples ignited and only COT/MMT/M-GLU samples extin-
guished the flame, with an 82 % RMF (Figure S9).

The synergism between PAA and MMT was further confirmed by LOI
tests. Indeed, LOI values increased from 18 % for untreated cotton, COT/
MMT and COT/PAAs to 22.0 %, 23.5 % and 25.0 % for COT/MMT/M-
GLY, COT/MMT/M-ARG and COT/MMT/M-GLU, respectively. The
minor differences observed among the effects of the composite coatings
can reasonably be explained based on the different morphologies
revealed by the XRD analyses (Fig. 3b). In fact, while it has been
demonstrated that the MMT/M-GLY and MMT/M-ARG adducts are
intercalated systems, MMT/M-GLU proved to be an exfoliated system,
therefore probably characterized by better barrier properties against
oxygen and combustion gases [51].

Table 6
Combustion data of untreated cotton and MMT/PAA-treated cotton fabrics in
oxygen-consumption cone calorimeter tests.

Sample Add- TTI pHRR (kWem =  THR RMF
on” ®) ?) (MJeom ~ (%)
(%) (reduction, %) B}
coT - 21+ 125+3 39401 0
3
COT/MMT 2 19+ 114+ 2(-9) 40401 629+
1 2.8
COT/M-GLY 16 12+ 97+2(-22) 40+01 128+
3 0.4
COT/M-ARG 16 12+ 97+4(-22) 37401 144+
2 21
COT/M-GLU 16 14+  92+2(-26) 39402 132+
2 2.3
COT/MMT/M- 2+14 15+ 87 +2(-30) 36+01 144°+
GLY 1 25
COT/MMT/M- 2+14 14+ 86+ 4(-29) 36+02 1729+
ARG 0 2.8
COT/MMT/M-  2+14 14+  91+3(-27) 37400 1739+
GLU 2 3.9

@ Add-on + 0.5%. ® Residual mass fraction. © This value includes around 2 %

MMT residue.
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Fig. 14. HRR curves of COT, COT/MMT, COT/PAAs and COT/MMT/PAAs. Add-ons: 2 % MMT in COT/MMT; 2 % MMT and 14 % PAA in COT/MMT/PAA samples.
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3.9.3. Oxygen-consumption cone calorimeter tests

Cotton fabrics treated with the MMT/PAA coatings were subjected to
an irradiative heat flux of 35 kWem ~ 2 using an oxygen-consumption
cone calorimeter. Their behavior was compared with that of plane cot-
ton and PAA-treated cotton. The results, including combustion param-
eters such as TTL, pHRR, THR and RMF are reported in Table 6; HRR
curves are shown in Fig. 14. Observing TTI values and HRR curves in
between O - 15 s time range, it is apparent that the presence of the PAA
coatings has sensitized cotton towards thermal decomposition. Howev-
er, PAA-treatment induced a decrease in the cotton pHRR by around 25
% (22, 22 and 26 % for M-GLY, M-ARG and M-GLU, respectively,
Table 6) and increased the RMFs by approximately 13 % (12.8, 14.4 and
13.2% for M-GLY, M-ARG and M-GLU, respectively). MMT alone slightly
reduced cotton pHRR (9 %), promoting a significant RMF (6.2 %). The
latter value demonstrated that MMT promotes cellulose dehydration at
the expense of depolymerization since the amount of clay is only 2 %.
The MMT/PAAs combination decreased the pHRR of cotton by around
30 %, and slightly reduced its THR.

4. Conclusions

The a-amino acid-derived PAAs synthesized by the reaction of N,N’-
methylenebisacrylamide with glycine (M-GLY), arginine (M-ARG) and
glutamic acid (M-GLU) act as effective intumescent flame retardants for
cotton in horizontal flame spread tests, although they fail to induce
flame extinguishment in vertical flame spread tests. All three PAAs are
amphoteric and at pH 4.0, at which PAAs are normally deposited on
cotton, and present a different net charge per repeat unit, namely +1.02,
+0.005 and —0.35 for M-ARG, M-GLY and M-GLU, respectively. Irre-
spective of the net charge, they were found to give rise to strong in-
teractions in water with sodium montmorillonite, MMT, due to the
presence of protonated tert-amine groups in the main chain, and pro-
tonated guanidine pendants in the case of M-ARG. XRD analysis of the
MMT/PAA adducts prepared in water revealed that MMT was
completely exfoliated in MMT/M-GLU and intercalated in the MMT/M-
GLY and MMT/M-ARG. This experimental evidence formed the basis for
investigating whether MMT/PAA nanocomposite coatings can act as
synergistic flame retardants, combining the inherent intumescent
behavior of PAAs with the barrier properties of MMT, which creates a
silica film during combustion that stiffens the char and inhibits mass,
oxygen, and heat transfer.

TG analyses in nitrogen and air of MMT/PAA composites with the
same composition as in the protective coatings applied to cotton strips,
showed that in both atmospheres the clay induced only a slight
improvement in the thermal stability of PAAs. Not surprisingly, the same
result was observed in the TG analyses of MMT/PAA-treated cotton
textile.

The flame retardant effectiveness of the MMT/PAA nanocomposite
coatings were investigated by horizontal- and vertical-flame spread tests
as well as by oxygen-consumption cone calorimeter tests and compared
with those of the corresponding PAA coatings. In HFSTs, MMT/PAA
coatings proved to be almost equally effective than PAAs alone. In fact,
they extinguished the flame with a shorter afterglow time but with a
comparable RMF. In VFSTs, where all three PAAs failed to protect cotton
even at add-ons >30 %, all MMT/PAA coatings proved very efficient in
inhibiting cotton ignition, but with qualification. In the presence of 2 %
MMT add-on, the minimum add-on required to inhibit ignition was 14 %
M-GLY, 11 % for M-ARG and 8 % for M-GLU. In these conditions, the
combustion times were 7 s, 234 s and 109 s, and the RMF value 99 %, 42
% and 82 % for MMT/M-GLY, MMT/M-ARG and MMT/GLU, respec-
tively. In addition, the synergism between MMT and PAAs was
demonstrated by the increase of the LOI value of cotton from 18 % to
22.0 %, 23.5 %, 25.0 % for MMT/M-GLY, MMT/M-ARG and MMT/GLU,
respectively. In oxygen-consumption cone calorimeter tests performed
at a 35 kWm™2 heat flux, the effect of MMT/PAAs was found to be
cooperative in reducing pHRR and THR and improving the RMF.
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The results obtained in this work demonstrate that the interaction of
MMT with the protonated amine groups of a-amino acid-derived PAAs
induce the formation of even more substantial amounts of char than
PAAs alone, in particular between 300 °C and 500 °C when PAAs un-
dergo intumescence. The synergistic action between MMT and PAA can
be ascribed to the well-known ability of MMT to stiffen and strengthen
char in the combustion of nanocomposites, enhancing its effectiveness
as a shield for heat and mass transfer, and oxygen diffusion. These
findings let’s envisage a high potential for PAA-based hybrid organic/
inorganic formulations of flame retardant for cotton.

It should be observed that the washing durability of the MMT/PAA
systems is low, due to the high solubility of a-amino acid derived PAAs
in aqueous media. However, the results of this work could be transferred
to PAA-grafted cotton, which represent the goal of this line of research
[52].
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