
 

 
 

Enhancing the flame resistance of cotton by exploiting the in- 1 

teraction between calcium chloride and an aspartic acid-de- 2 

rived polyamidoamine  3 

Jenny Alongi, Rony Aad, Paolo Ferruti, Elisabetta Ranucci 4 

Dipartimento di Chimica, Università Degli Studi di Milano, Via C. Golgi 19, Milano, 20133, Italy. jenny.alongi@unimi.it 5 
(J.A.); rony.aad@studenti.unimi.it (R.A.); paolo.feruti@unimi.it (P.F.); elisabetta.ranucci@unimi.it (E.R.) 6 
 7 
* Corresponding author: elisabetta.ranucci@unimi.it; Tel. +390250214132.  8 

Abstract:  9 

The recent finding that Ca2+ ions enhance the efficacy of the glycine-derived polyamidoamine M- 10 

GLY as a flame retardant for cotton prompted to study their effect in this respect of other a-amino 11 

acid-derived polyamidoamines. In this work, the aspartic acid-derived polyamidoamine M-ASP, bear- 12 

ing two carboxyl group per repeat units, thus negatively charged at all pH’s, was investigated. IR 13 

analysis confirmed that Ca2+ ions form Lewis’s acid/base interactions with the amide groups of M- 14 

ASP. Their ionic interaction with the carboxylate pendants can reasonably be postulated. The effect 15 

of Ca2+ ions on the thermal and thermo-oxidative stability of cotton/M-ASP was superior to that of 16 

cotton/M-GLY, as demonstrated by thermogravimetric analysis. In horizontal flame spread tests, M- 17 

ASP/CaCl2 protected cotton more efficiently than M-ASP. The effect of Ca2+ ions on cotton/M-ASP 18 

was greater than that of cotton/M-GLY, both in terms of higher final residue and reduced flaming and 19 

afterglow combustion times. In vertical flame spread tests, while M-ASP failed to stop cotton com- 20 

bustion, M-ASP/CaCl2 coatings with add-ons 12% and 2%, respectively, inhibited cotton ignition, 21 

producing only modest afterglow, and leaving an almost intact mass. The effect was greater than that 22 

of M-GLY/CaCl2 coatings, for which at least 19% M-GLY add-on was required. These findings 23 

demonstrate that the interaction of Ca2+ ions with the cotton/a-amino acid-derived polyamidoamine 24 

systems remarkably improves their flame retardancy, to an extent depending on the PAA chemical 25 

structure. Furthermore, it is evident that if on the one hand the hydrophilicity of PAAs derived from 26 

α-amino acids determines their easy washability, on the other hand it allows for the intimate interac- 27 

tion between cellulose and PAA. This suggests that, to ensure the durability of PAA coatings, it could 28 

be highly advantageous to covalently graft them onto cotton. 29 
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1. Introduction 32 

Fires represent one of the greatest risks to personal safety worldwide. The latest bulletin of the Inter- 33 

national Association of Fire Rescue and Services, published in 2022, reports that in the 33 countries 34 

surveyed calls to the fire brigade were 49 per 1,000 people in 2020, of which 1.1 due to fires and that 35 

in 2020 alone 4.0 million fires were reported, resulting in 20.7 thousand deaths. In addition, 24.2% 36 

of all fires that occurred were recorded in residential buildings (8.0%) and vehicles (11.5%), where 37 

flammable fabrics, mainly made of polyester and cotton, are widely used. It is known, in fact, that 38 

one of the most flammable fabrics is cotton, as it ignites easily and burns quickly (Speece 1974; Islam 39 

and van de Ven 2021). For this reason, both academic and industrial research have focused on the 40 

development of new high-performance flame-retardants (FRs) that can inhibit or delay the ignition 41 

of cotton (Ling et al. 2023).  42 

Over the past 40 years, the most widely used durable FR formulations for cotton belong to two fam- 43 

ilies of phosphorus products (Horrocks et al. 2005, Horrocks 2011), namely tetrakis(hydroxyme- 44 

thyl)phosphonium salts (Proban®) and N-methylalkylphosphonopropionamides (Pyrovatex®) (Diao 45 

et al. 2023). Even today, compounds containing phosphorus (Salmeia et al. 2016a) are considered 46 

among the most effective FRs for cotton. Indeed, alkyl phosphates (Salmeia et al. 2016b; Salmeia et 47 

al. 2016c; Tian et al. 1995, 2003), phosphonic acid derivatives (Sun et al. 2021a, 2021b; Xu et al. 48 

2019), polyphosphoric acid derivatives (Horrocks 2011), phytic acid and phytic acid derivatives (Bar- 49 

balini et al. 2020; Kang et al. 2022; Zilke et al. 2020) have been and are extensively studied. However, 50 

some of these FRs emit opaque fumes during combustion (Bourbigot et al. 2004) and can have a 51 

significant impact on human health and the environment due to release of formaldehyde during man- 52 

ufacturing and service life (Horrocks 2011). With these premises, non-toxic and environmentally 53 

friendly FRs would be very welcome by international regulations (Horrocks 2013).  54 

It has long been known that the presence of inorganic salts or even of metal organic compounds 55 

modifies the thermal and thermo-oxidative decomposition pattern of cellulose (Cheng et al. 2013; 56 

Morterra and Low 1983, 1985; Patwardhan et al. 2010; Ponder et al. 1992; Sekiguchi et al. 1983; 57 

Sekiguchi and Shafizadeh 1984; Shafizadeh and Fu 1973; Shafizadeh and Sekiguchi 1983; Varhegyi 58 

et al. 1988; Yu 2013). Metal ions typically anticipate the onset of decomposition and maximum 59 

weight loss of cellulose and affect the nature and relative amount of its decomposition products. 60 

Thanks to their Lewis’s acid nature, they stabilize specific reaction intermediates, thus favoring the 61 

dehydration of cellulose rather than its depolymerization (Sekiguchi and Shafizadeh 1984; Shafiza- 62 

deh and Fu 1973) and giving rise to thermally stable aromatic chars (Ponder et al. 1992; Sekiguchi et 63 

al. 1983; Morterra and Low 1983, 1985). In this context, Ca2+ ions are no exception, thanks to their 64 

ability to interact with the hydroxyl groups of the glycosidic units of cellulose (Ponder et al. 1992).  65 
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Recently, flame-retardant nanocomposite coatings such as those obtained by combining in one case 66 

carbon black and carbon nanotubes with polyvinyl alcohol (Xia et al. 2022a), in a different case silver 67 

nanoparticles with a borate polymer (Xia et al. 2022b), have been used to produce multifunctional 68 

cotton fabrics. Their flame-retardant mechanism is explained by the ability of the nanofiller to accel- 69 

erate carbonization and dehydration of the substrate. 70 

Polyamidoamines (PAAs) are a family of linear polymers synthesized by the aza-Michael polyaddi- 71 

tion of bis-acrylamides with bis-sec-amines or prim-amines, including among the latter naturally oc- 72 

curring α-amino acids (Ferruti 2013). Their polymerization processes are normally carried out in wa- 73 

ter at room temperature, under basic conditions and in the absence of added catalysts. Since it is a 74 

polyaddition reaction, no by-products are formed. Many PAAs derived from α-amino acids are bio- 75 

compatible (Ferruti et al. 2002) and, in recent studies, some of them have been shown to be phyto- 76 

compatible (Alongi et al. 2022). Numerous α-amino acid-derived PAAs have been shown to be con- 77 

siderably active as intumescent FRs for cotton (Alongi et al. 2023; Beduini et al. 2019, 2021; Forte 78 

et al. 2021; Manfredi et al. 2018). All were shown to be non-flammable in powder form, but capable 79 

of forming stable charry crusts which prevented the underlying powder from burning (Beduini et al. 80 

2021; Forte et al. 2021). An in-depth study carried out by using Raman, X-ray photoelectron (XPS) 81 

and 13C solid state nuclear magnetic resonance (NMR) spectroscopies was carried out on the glycine- 82 

derived PAA, encoded M-GLY taken as a model of a-amino acid-derived PAA flame-retardants 83 

(Forte et al. 2021). Raman spectroscopy provided evidence on the degree of graphitization of un- 84 

treated and treated cotton char, whereas 13C solid state nuclear magnetic resonance spectroscopy pro- 85 

vided insight into the char structure, clearly indicating that M-GLY favors the carbonization of cotton 86 

and the formation of more highly condensed aromatic structures. 87 

Preliminary unpublished TG/FT-IR studies carried out both in nitrogen and in air on PAAs show that 88 

they decompose on heating releasing non-flammable gases, including water, ammonia, and carbon 89 

dioxide, not carbon monoxide, not even in traces. Additionally, TG/FT-IR studies carried out in air 90 

on PAAs bearing two carboxyl functions per repeat unit showed that the carbon dioxide release was 91 

the most evident event, overshadowing all the others. TG/FT-IR studies carried out in air on cotton 92 

treated with M-GLY, taken as simple model of a-amino acid-derived PAA (Forte et al. 2021), showed 93 

that the PAA coating, though present at a low add-on, significantly enhanced the release of CO2 and 94 

reduced the release of carbonyl compounds (namely, aldehydes and ketones), which represent com- 95 

bustible volatiles feeding the flame. This has been attributed to the fact that M-GLY promotes cellu- 96 

lose dehydration rather than depolymerization. 97 

In oxygen-consumption cone calorimetry tests, a-amino acid-derived PAAs improved the resistance 98 

of cotton to a 35 kWm-2 irradiative heat flux, which is typical of fire developing step. They also 99 
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reduced the heat release rate peak, as well as the production of carbon oxides and smoke. In combus- 100 

tion tests, cotton strips impregnated with a-amino acid-derived PAAs with add-ons ranging from 4 101 

to 7% inhibited or extinguished the flame in horizontal flame spread tests (HFSTs) (Manfredi et al. 102 

2018). Only the cystine-based polymer M-CYSS and the glycine/cystine copolymers have proven 103 

capable to extinguish the flame even in the severe vertical flame spread tests (VFSTs) (Beduini et al. 104 

2019).  105 

The presence of small amounts of Ca2+ ions was recently shown to significantly enhance the efficacy 106 

of the PAA encoded M-GLY as a flame-retardant of cotton (Alongi et al. 2023). Thermogravimetric 107 

analysis demonstrated superior thermo-oxidative stability of cotton treated with M-GLY/CaCl2 108 

blends compared to cotton treated separately with either M-GLY or CaCl2 above 350°C, suggesting 109 

that they act synergistically. In HFST, M-GLY/CaCl2 coatings were even more efficient than the M- 110 

GLY coatings and showed lower flaming and afterglow times at the same M-GLY add-on. In VFSTs, 111 

M-GLY/CaCl2 coatings with add-ons 19% and 2%, respectively, inhibited the ignition of cotton, pro- 112 

ducing only a modest afterglow and leaving 82% residue. It should be noted that, in VFSTs, M-GLY 113 

alone did not protect cotton even with >30% add-ons. The synergistic activity of Ca2+ ions and M- 114 

GLY has been explained by two concurring interactions. Ca2+ ions can, indeed, give rise to both ionic 115 

exchange equilibrium with the carboxylate pendants and Lewis’s acid/base interactions with the am- 116 

ide C=O of M-GLY. 117 

Considering the positive effect of Ca2+ ions on M-GLY activity, it was considered interesting to in- 118 

vestigate whether Ca2+ ions promoted a synergistic flame-retardant activity even when combined with 119 

other α-amino acid-derived PAAs. In particular, the performances as flame-retardants for cotton of 120 

M-ASP/CaCl2 formulations in which the polymeric component was the aspartic acid-derived PAA 121 

M-ASP, bearing in its repeat unit one additional carboxyl group with respect to M-GLY, were studied. 122 

The aim of this paper is to report on the obtained results.  123 

2. Materials and Methods 124 

2.1 Materials  125 

Aspartic acid (ASP, >98%), N,N′-methylenebisacrylamide (99%), lithium hydroxide monohydrate 126 

(LiOH.H2O, 98%), calcium chloride (CaCl2, >97%), hydrochloric acid (37% aqueous solution) and 127 

D2O and DCl (99.9%) were purchased from Sigma-Aldrich (Milano, Italy) and used as received. 128 

Aqueous solutions were prepared using deionized water obtained with a Q20 Millipore system. Cot- 129 

ton fabric (COT) having an area density of 200 gm-2 was purchased from Fratelli Ballesio S.r.l. (To- 130 

rino, Italy). 131 

 132 
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2.2 Characterization techniques  133 

The 1H-nuclear magnetic resonance (1H-NMR) spectra of PAAs were obtained in D2O at 25 °C using 134 

a Bruker Avance DPX-400 NMR spectrometer operating at 400.13 MHz. The thermal and thermal 135 

oxidative stability of PAAs, PAA-treated and PAA-Ca2+-treated cotton fabrics were evaluated by 136 

thermogravimetric analysis (TGA) in nitrogen and air from 50 to 800 °C with a heating rate 10 °C 137 

min-1. To this aim, a Perkin Elmer thermogravimetric balance, TGA 7 - Thermogravimetric Analyzer 138 

model, was used, placing samples (5 mg for both powders and textiles) in open platinum pans, in 139 

either inert or oxidative atmosphere, 20 mL min-1 gas flow (Perkin Elmer, Milano, Italy). The surface 140 

morphology of untreated, PAA-treated and PAA-Ca2+-treated cotton fabrics, and combustion residues 141 

was characterized using an EVO 15 equipped with a ULTIM MAX 40 probe scanning electron mi- 142 

croscope (SEM) (Zeiss, Ramsey, NJ, USA), operating at 8.5 mm working distance, under 5 kV beam 143 

voltage, equipped with Energy-Dispersive X-ray Spectroscopy (EDX, Jena, Germany) to perform 144 

elemental analyses. Fabric pieces (5 mm x 5 mm) or combustion residues were fixed to sample holder 145 

through conductive adhesive tapes and gold metalized.  146 

 147 

2.3 Synthesis of M-ASP  148 

M-ASP was synthesized as already reported (Beduini et al. 2021). Briefly, N,N′-methylenebisacryla- 149 

mide (MBA, 4.65 g; 0.03 mol), aspartic acid (4.10 g; 0.03 mol), and lithium hydroxide monohydrate 150 

(2.57 g; 0.06 mol) were suspended in water (17.0 mL). The reaction mixture was heated to 50-55 °C 151 

until complete dissolution of MBA and then left for 5 days at 25 °C in the dark. It was then diluted to 152 

25 mL with water, and the pH adjusted to 4.5 with 37% hydrochloric acid. The final product was 153 

retrieved by freeze-drying the retained portion. The yield was nearly quantitative. The chemical struc- 154 

ture of M-ASP was confirmed by 1H-NMR and FT-IR/ATR spectroscopies (Figures S1 andS2, re- 155 

spectively, in Supplementary Information).   156 

 157 

2.4 Impregnation of cotton fabrics  158 

Before impregnation, 40 mm x 80 mm strips of cotton fabrics were dried for 4 min at 110 °C, then 159 

weighed after 10 min at room temperature until constant weight.  160 

M-ASP-coated cotton strips (COT/M-ASP) were obtained by impregnating twice the dried cotton 161 

strips with an aqueous solution with known M-ASP concentration. The cotton strips were coated by 162 

uniformly wetting them with known aliquots of the M-ASP solution added in sequence (10 × 200 163 

µL), then drying them for 4 min at 110 °C, and finally weighing them. The concentration of the 164 

impregnating M-ASP solution was 3.5 wt.-%.  165 
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The total dry, solid add-ons (Add-on, wt.%) were determined by weighing each sample before (Wi) 166 

and after drying that follows the impregnation (Wf). The add-ons were calculated using Equation (1): 167 

 168 

𝐴𝑑𝑑 − 𝑜𝑛 = !!"!"

!"
× 100    Equation (1) 169 

 170 

The final add-ons for M-ASP treated fabrics were 7% for horizontal flame spread tests and 12% for 171 

vertical flame spread tests, by using 3.5 wt.-% and 5.5 wt.-% M-ASP solution concentrations. The 172 

add-ons selected for vertical flame spread tests were higher to those adopted in horizontal configura- 173 

tion, since the vertical configuration represents a more severe fire scenario, being the combustion 174 

forced by the chimney effect. 175 

CaCl2-coated cotton strips (COT-Ca2+) with add-on 2% were obtained by impregnating once the dried 176 

cotton strips with a 2 wt.% CaCl2 aqueous solution. 177 

Cotton fabrics impregnated with both M-ASP and CaCl2 (COT/M-ASP-Ca2+) were obtained adopting 178 

by first impregnating the cotton strips with CaCl2 and then with M-ASP following the above-de- 179 

scribed procedures. 180 

The chemical structure of COT/M-ASP, COT-Ca2+ and COT/M-ASP-Ca2+ was confirmed by FT- 181 

IR/ATR spectroscopy (Figures S3). 182 

 183 

2.5 Combustion tests 184 

The ignitability of M-ASP was determined by applying a butane flame of 20 mm length for 20 s to 185 

freeze-dried powdered polymer samples (350 mg) placed on a square piece of glass. The ignitability 186 

of M-ASP/CaCl2 mixtures (350 mg M-ASP and 25 mg CaCl2) was determined following the same 187 

procedure. The M-ASP/CaCl2 mixtures were obtained by grinding together the two components in a 188 

pestle and mortar to ensure homogenous dispersions. Before testing, the specimens were conditioned 189 

at 27 ± 1 °C and 50% relative humidity in a climate chamber until constant weight. All experiments 190 

were performed in duplicate. 191 

Combustion flame spread tests were carried out in horizontal and vertical configurations on 40 mm x 192 

80 mm rectangular specimens placed in a metal frame. In those for horizontal spread tests (HFSTs) 193 

the shorter side of the specimen was tilted by 45° with respect to the vertical axis. In all tests, the 194 

specimens were exposed to a butane flame (20 mm length), for 3 s in the horizontal configuration, 195 

and 2 s in the vertical configuration. All tests were repeated in sextuplicate. Flaming combustion time 196 

(s), afterglow combustion time (s) and residual mass fraction (RMF, wt.-%) were assessed and 197 
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compared with those of untreated cotton. The duration of flame application as well as the combustion 198 

times were determined by analyzing the videos of the experiments. 199 

The resistance to an irradiative heat flux of 100 mm x 100 mm x 2 mm square fabrics was investigated 200 

by using an oxygen-consumption cone calorimeter (Noselab, ats-fire testing, Monza-Brianza, Italy). 201 

Measurements were carried placing samples in horizontal configuration under 35 kW m-2 heat flux, 202 

following a procedure previously reported (Tata et al. 2011), optimized based on the ISO 5660 stand- 203 

ard (2002). Parameters such as the time to ignition (TTI, s), heat release rate peak (pkHRR, kW m-2), 204 

total heat release (THR, MJ m-2), and residual mass fraction (RMF, wt.%) were determined. Prior to 205 

the combustion tests, all specimens were conditioned to constant weight at 23 ± 1 °C for 48 h at 50% 206 

relative humidity in a climatic chamber. Each experiment was performed in triplicate and the mean 207 

standard deviation was calculated. 208 

3. Results 209 

3.1 Rationale 210 

As already stated in Introduction, it is known that the effect of Ca2+ ions on the thermal and thermo- 211 

oxidative stability of cellulose is due to their strength as Lewis’s acids. This allows Ca2+ ions to 212 

interact with the hydroxyl groups of the pyranose rings, promoting the homolytic cleavage of ring 213 

covalent bonds (Patwardhan et al. 2010) (Figure 1). This, in turn, favors dehydration reaction rather 214 

than depolymerization (Sekiguchi and Shafizadeh 1984; Shafizadeh and Fu 1973), and the formation 215 

of thermally stable aromatic char (Ponder et al. 1992; Sekiguchi et al. 1983; Morterra and Low 1983, 216 

1985). 217 

 218 

 219 
Figure 1. Interaction of cellulose with Ca2+ ions (Patwardhan et al. 2010). 220 

 221 

As already commented on in the case of M-GLY (Alongi et al. 2023), Ca2+ ions interact with the 222 

repeat units of M-ASP, whose structure is shown in Figure 2a, in different ways. In particular, ionic 223 

interactions and Lewis’s acid/base interactions may occur (Figure 3).  224 

Concerning the ionic species distribution of M-ASP it should be observed that its repeat units exhibit 225 

three ionizable functions, namely a tert-amine function with pKa1 7.40, and two carboxyl pendants 226 

with pKa2 3.37 and pKa3 1.85, respectively. M-ASP pKa values were determined from the half-equiv- 227 

alence points, where pH = pKa, as detected in the forward potentiometric titration (Figure S4a). Since 228 
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M-ASP was deposited on cotton at pH 3.5, the tert-amino groups in the backbone were 100% proto- 229 

nated, one of the carboxyl pendants was completely deprotonated, while the second carboxyl pendant 230 

was approximately 50% deprotonated. Thus, the net average charge of the M-ASP repeat units is 231 

negative, which allows for their ionic interaction with Ca2+ ions (Figure 2b).  232 

Furthermore, Lewis’s acid/base interactions can occur between Ca2+ ions and amide carbonyl groups 233 

(Figures 3a-3c) (see section 3.2), in line with what has already been postulated for M-GLY (Alongi 234 

et al. 2023). Ca2+ ions can also act as a bridge between cellulose and M-ASP repeat units, by means 235 

of ionic and Lewis’s acid/base interactions (Figure 3d).   236 

 237 

 238 

Figure 2. M-ASP repeat unit: structure (a) and pH-dependent ionic species distribution (b). 239 

 240 

 241 
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 242 

 243 
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 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

Figure 3. Examples of possible intramolecular and intermolecular ionic and Lewis’s acid/base interactions of Ca2+ ions 257 

with the repeat units of M-ASP and cellulose: intramolecular M-ASP/Ca2+ interactions (in red a,b); intermolecular M- 258 

ASP/Ca2+ interactions (in blue c); intermolecular M-ASP/Ca2+/cellulose interactions (in blue d). 259 

 260 

3.2 Synthesis of the aspartic acid-derived polyamidoamine M-ASP  261 

M-ASP was synthesized following an already reported procedure by the aza-Michael polyaddition of 262 

N,N′-methylenebisacrylamide (MBA) with aspartic acid in a 1:1 molar ratio (Scheme 1) (Beduini et 263 

al. 2021). M-ASP was prepared in a single step in water at pH 10.5 and a 40 wt.% concentration. The 264 

reaction mixture gradually became homogeneous and, after being left to rest under occasional stirring 265 

at 25°C for 5 days, was freeze-dried. The products were used with no further purification. The 266 
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chemical structure of M-ASP was confirmed by 1H-NMR and FT-IR/ATR spectroscopies (Figures 267 

S1 and S2, respectively). The number average molecular weight was calculated from the 1H-NMR 268 

spectrum from the ratio between the integrals of the resonance peaks relative to the terminal units and 269 

the integrals of the resonance peaks relative to the internal repeat units. The spectrum of M-ASP was 270 

consistent with an oligomer with molecular weight 3500.  271 

 272 

 273 
Scheme 1. Synthesis of M-ASP. 274 

The interaction mode of Ca2+ ions with the repeat units of M-ASP was studied by comparing the FT- 275 

IR/ATR spectrum of M-ASP with that of a 3.5:1 (on a weight basis) M-ASP/CaCl2 mixture, corre- 276 

sponding to the weight ratio found in the flame-retardant formulation adopted in this study in hori- 277 

zontal flame spread tests. This comparison is shown in Figure S2. The M-ASP spectrum has two 278 

diagnostic peaks placed at 1628 and 1546 cm-1. The first peak is due to the overlapping of the car- 279 

boxylate stretching and the amide I bands, while the second peak corresponds to the amide II band, 280 

namely, the amide N-H bending. In the M-ASP-Ca2+ mixture, the N-H bending band has significantly 281 

reduced, suggesting the occurrence of Ca2+/amide C=O groups interactions, which affects the H-bond 282 

strength involving the amide N-H, and causes the band shift to higher wavenumbers. This effect, also 283 

observed for M-GLY-Ca2+ (Alongi et al. 2023), has been already reported for polyamide 6,6 (Rietzler 284 

et al. 2021).  285 

 286 

3.3 Comparison between the thermal stability of M-ASP-Ca2+ and M-ASP  287 

Figure 4 shows the thermogravimetric curves (TG) and their first derivative (dTG) of M-ASP-Ca2+ 288 

and M-ASP in nitrogen (Figures 4a and 4c) and air (Figures 4b and 4d) in the 50 - 800 °C range. The 289 

thermal data collected are shown in Table 1. The M-ASP-Ca2+ sample was obtained by preparing first 290 

a solution of M-ASP with CaCl2 in a 3.5:1 weight/weight ratio in water and then freeze-drying it, thus 291 

achieving a homogeneous solid mixture. The M-ASP/CaCl2 weight ratio was the same used for im- 292 

pregnating cotton samples tested in horizontal flame spread tests. The weight loss of M-ASP-Ca2+ 293 

shown in Figure 4 from 100°C to 150°C is due to sample drying. This phenomenon is commonplace 294 

in highly hydrophilic polymers such as PAAs.  295 

Overall, the collected data indicate that the presence of Ca2+ remarkably anticipates both the thermal 296 

and thermo-oxidative decomposition of M-ASP, as clearly shown by the shift of the TG thermograms 297 
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towards lower temperature values in the 50-350 °C range (Figures 4a and 4b and Tonset10% and Tmax1 298 

values in Table 1). In nitrogen (Figure 4a), the presence of Ca2+ leads to the formation of a higher 299 

amount of char in the 350-400 °C range and to a higher residual mass fraction at 800 °C. The RMF800 300 

values were indeed 15.0% vs. 40.0% for M-ASP and M-ASP-Ca2+. The RMF800 of M-ASP-Ca2+ in- 301 

cludes a 2% CaCl2 residue (Table 1).  302 

In air (Figure 4b) M-ASP and M-ASP-Ca2+decomposition occurred through a complex mechanism, 303 

and once again the presence of Ca2+ favored the formation of a thermally stable char due to the intu- 304 

mescent character of PAAs in between 300-500 °C (Manfredi et al. 2018; Forte et al. 2021). In the 305 

case of M-ASP-Ca2+, this char partially oxidized at higher temperatures leaving 24% RMF800 (includ- 306 

ing a 2% CaCl2 residue), whereas in the case M-ASP oxidation was complete and RMF800 approached 307 

0%. This peculiar result clearly reveals the existence of synergism between M-ASP and Ca2+ ions, 308 

confirming the hypothesis postulated in this work of the occurrence of strong interactions among 309 

them (Figures 3a and 3c).  310 

A similar effect of Ca2+ ions was also observed in the case of M-GLY (Alongi et al. 2023). However, 311 

by comparing the RMF800 values both in nitrogen and air, it apparent that the effect on the M-ASP is 312 

remarkably higher than in M-GLY (RMF800 in nitrogen 20% and 37% for M-GLY and M-GLY-Ca2+; 313 

RMF800 in air 0% and 19% for M-GLY and M-GLY-Ca2+). This result can clearly be ascribed to the 314 

difference in the structural features of M-ASP and M-GLY repeat units. In particular, the presence in 315 

M-ASP of a second carboxyl pendant increases the density of negatively charged species facilitating 316 

the interaction with Ca2+ ions.  317 

 318 
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Figure 4. TG and dTG thermograms of M-ASP in nitrogen (a and c, respectively) and air (b and d, respectively). The 319 

3.5:1 M-ASP/CaCl2 ratio (w/w) in M-ASP-Ca2+ is the same used in HFSTs. 320 

Table 1. Thermal data of M-ASP and M-ASP-Ca2+ in nitrogen and air by thermogravimetric analysis. 321 

Sample Tonset10% a) (°C) Tmax1 b) (°C) Tmax2 c) (°C) RMF800 d) (%) 
Nitrogen 

M-ASP 294 354 - 15.0 
M-ASP-Ca2+ e) 149 f) 309/345 - 40.0 g) 

Air 
M-ASP 291 340 458 0 
M-ASP-Ca2+ e) 155 f) 304/333 487 24.0 g) 

a) Onset decomposition temperature at 10% weight loss. b) First temperature at maximum weight loss rate obtained from 322 

the derivative thermogravimetric curve (Figures 4c and 4d). c) Second temperature at maximum weight loss rate obtained 323 

from the derivative thermogravimetric curve (Figure 4d). d) Residual mass fraction at 800 °C. e) 3.5:1 M-ASP/CaCl2 ratio 324 

(w/w). f) This value is affected by the weight loss due to sample drying. g) This value includes a 2% CaCl2 residue. 325 

 326 

3.4 Ignitability of M-ASP-Ca2+  327 

The ignitability of M-ASP-Ca2+ was evaluated by exposing the surface of a mound of a homogeneous 328 

mixture of M-ASP/CaCl2 (350 mg M-ASP and 25 mg CaCl2) to a butane flame for 30 s. After this 329 

time, the initially white powder was covered with a hard carbonaceous coating (char). Results were 330 

compared with those obtained with an M-ASP powder sample of the same size (Figure 5). No signif- 331 

icant differences were observed in the char thickness formed on both M-ASP-Ca2+ and M-ASP sam- 332 

ples (1-2 mm), as well as on the residual mass fraction, approaching 98-99% in both cases.  333 

 334 

Figure 5. Snapshots of ignitability tests of M-ASP-Ca2+ and M-ASP.  335 

 336 

 337 
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3.5 Effect of Ca2+ ions on the thermal stability of M-ASP-treated cotton fabrics 338 

The TG and dTG thermograms of M-ASP-Ca2+-treated cotton in nitrogen and in air in the 50-800 °C 339 

range are shown in Figure 6. For comparison purposes, the TG thermograms of M-ASP-treated cotton 340 

and untreated cotton obtained in the same conditions are shown in the same figure. The thermal data 341 

are summarized in Table 2. Overall, in both nitrogen and air CaCl2, M-ASP and M-ASP-Ca2+ sensi- 342 

tized the thermal decomposition of cotton (Figure 6), as evidenced by the significant reduction of the 343 

Tonset10% values (Table 2) (Davies et al. 2005). In nitrogen, after the first weight loss, untreated cotton 344 

left approximately 10% residue, to be compared with a 25-35% residue for M-ASP- and Ca2+-treated 345 

cotton (Figure 6a). These residues further decomposed at higher temperatures but leaving a higher 346 

RMF800 with respect to that left by cotton; in fact, the RMF800 of COT/M-ASP-Ca2+ is significantly 347 

higher than that of COT/M-ASP: 24.5% vs. 15.0% (Table 2).  348 

In air, the thermal stability of COT/Ca2+, COT/M-ASP and COT/M-ASP-Ca2+ was much higher than 349 

that of untreated cotton, particularly in 350-650 °C range, where M-ASP underwent intumescence 350 

(Figure 6b). Above 500 °C the residual mass of COT/M-ASP-Ca2+ (approximately 30%, including 351 

2% CaCl2) was much higher than the sum of those of COT/Ca2+ and COT/M-ASP (5% and 2%, 352 

respectively), clearly indicating that M-ASP and CaCl2 synergically protect cotton from thermal ox- 353 

idation. This behavior can be ascribed to intramolecular and intermolecular ionic and Lewis’s 354 

acid/base interactions between M-ASP and Ca2+ (Figures 3a-3c) and to the occurrence intermolecular 355 

cellulose/Ca2+/M-ASP interactions (Figure 3d).  356 
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Figure 6. TG and dTG thermograms of: COT/M-ASP and COT/M-ASP-Ca2+ in nitrogen (a and c, respectively) and air 358 

(b and d, respectively); COT/Ca2+ add-on: 2%. COT/M-ASP add-on: 7%. COT/M-ASP-Ca2+ add-on: 2% CaCl2 and 7% 359 

M-ASP.  360 

Table 2. Thermal data of M-ASP and M-ASP-Ca2+-treated cotton fabrics in nitrogen and air by thermogravimetric 361 
analysis. 362 

Sample Tonset10% a) (°C) Tmax1 b) (°C) Tmax2 c) (°C) RMF800 d) (%) 
Nitrogen 

COT 339 363 - 7.5 
COT/Ca2+ e) 268 359 - 20.0 
COT/M-ASP f) 292 354 - 15.0 
COT/M-ASP-Ca2+ g) 268 339 - 24.5 h) 

Air 
COT 335 357 511 0 
COT/Ca2+ e) 264 352 440 4.0 
COT/M-ASP f) 292 339 460 0 
COT/M-ASP-Ca2+ g) 285 335 558 3.0 h) 

a) Onset decomposition temperature at 10% weight loss. b) First temperature at maximum weight loss rate obtained from 363 

the derivative thermogravimetric curve (Figures 6c and 6d). c) Second temperature at maximum weight loss rate obtained 364 

from the derivative thermogravimetric curve (Figure 6d). d) Residual mass fraction at 800 °C. e) COT/Ca2+ add-on: 2%. f) 365 

COT/M-ASP add-on: 7%. g) COT/M-ASP-Ca2+ add-on: 2% CaCl2 and 7% M-ASP. h) This value includes a 2% CaCl2 366 

residue. 367 

 368 

3.6 Morphological characterization of M-ASP-Ca2+-treated cotton fabrics  369 

The surface morphologies of cotton fabrics impregnated with M-ASP and M-ASP-Ca2+, whose struc- 370 

tures have been confirmed by FT-IR/ATR (Figure S3), were assessed by SEM observations. The 371 

SEM micrographs of untreated cotton, of cotton treated with M-ASP and M-ASP-Ca2+ are shown in 372 

Figure 7. Both untreated and M-ASP-treated cotton fabrics showed fibers characterized by smooth, 373 

flat surfaces that retained their discreteness. In case of M-ASP-Ca2+, the fiber surfaces appeared 374 

rougher due to the coating (Figures 7c,7d and 7e,7f for M-ASP and M-ASP-Ca2+, respectively). De- 375 

spite the very low add-on, the distribution of Ca2+ on treated cotton fabrics was found to be fine and 376 

homogeneous, as confirmed by the EDX analysis. In Figure 8, the mapping of C, O, and Ca elements 377 

of M-ASP-Ca2+ was reported.  378 

Furthermore, it should be noted that, thanks to their high-water solubility, all a-amino acid-derived 379 

polyamidoamines, including M-ASP, so far investigated as flame-retardants for cotton, have a high 380 

affinity for cotton, thus intimately impregnating cotton fibers, penetrating inside them (Beduini et al. 381 

2021) and generating a very thin layer on cotton surface that is barely visible even by SEM analysis. 382 

Only with very high PAA coating add-ons, above 20%, does the hand of the fabrics change 383 
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significantly, making them slightly stiffer. On the contrary, in this study, the COT/M-ASP-Ca2+ sam- 384 

ples have low add-ons, namely, 7-10% M-ASP and 2% CaCl2, and therefore are soft, pleasant to the 385 

touch and do not noticeably change the hand of the fabrics than that of untreated cotton. 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

Figure 7. SEM micrographs at different magnifications of: untreated cotton fabrics (a,b); cotton fabrics treated with M- 402 
ASP (c,d), and M-ASP-Ca2+ (e,f). COT/M-ASP add-on: 7%. COT/M-ASP-Ca2+ add-on: 2% CaCl2 and 7% M-ASP.  403 
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Figure 8. EDX analysis of COT/M-ASP-Ca2+ sample whose morphology is shown in Figure 7. Distribution of carbon 405 

(C), oxygen (O), and calcium (Ca) elements.  406 

3.7 Combustion of M-ASP-Ca2+-treated cotton fabrics 407 

3.7.1 Horizontal Flame Spread Tests (HFSTs) 408 

The combustion behavior of M-ASP-Ca2+-treated cotton fabrics was first studied by horizontal flame 409 

spread tests and compared with that of M-ASP-treated cotton fabrics and untreated cotton. Snapshots 410 

taken at the beginning and the end of the combustion are shown in Figure 9; relevant combustion data 411 

are listed in Table 3. Cotton (COT) burned slowly in the presence of flame for 80 s and then when 412 

the flame-out was reached, the unburned area was almost totally consumed due to afterglow lasting 413 

35 s (Figure 9). As already observed (Alongi et al. 2023), CaCl2 alone did not modify cotton behavior.  414 

Regarding M-ASP, the minimum add-on useful for reaching the self-extinguishment was 7% in line 415 

with the results of a previous work (Beduini et al. 2021). In fact, at this add-on, COT/M-ASP burned 416 

for only 17 s in the presence of flame and after 68 s afterglow reached self-extinguishment, consuming 417 

a very limited area (Figure 9), and leaving an RMF 90% (Table 3). The combination of M-ASP with 418 

CaCl2 was significantly more effective than M-ASP alone since cotton treated with M-ASP-Ca2+ 419 

burned for few seconds, only 3 s, and after 18 s afterglow left a residue higher than that left by M- 420 

ASP: 99% vs. 90% for M-ASP-Ca2+ and M-ASP, respectively (Table 3).  421 

It is reasonable to assume that this improvement was achieved thanks to the intramolecular and inter- 422 

molecular ionic and Lewis’s acid/base interactions of Ca2+ ions with the repeat units of M-ASP (Fig- 423 

ures 3a-3c) that allow Ca2+ ions catalyze the PAA cyclization reaction which induces the formation 424 

of char. Analogously, thanks to the possible intermolecular interactions M-ASP/Ca2+/cellulose inter- 425 

actions (Figure 3d), Ca2+ ions can catalyze the dehydration reaction of cellulose to form char, instead 426 

of depolymerization.  427 

Furthermore, it was observed that the effect of Ca2+ ions on the flame-retardant activity of M-ASP 428 

was higher than that of M-GLY, as clearly evidenced by comparing the combustion times (10 s vs. 3 429 

s as flaming combustion time and 51 s vs. 18 s afterglow combustion time for M-ASP-Ca2+ and M- 430 

GLY-Ca2+, respectively) and final RMF values (99% vs. 90% for M-ASP-Ca2+ and M-GLY-Ca2+, 431 

respectively).  432 
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 433 
Figure 9. Snapshots of horizontal flame spread tests for untreated cotton and cotton treated with Ca2+, M-ASP, and M- 434 

ASP-Ca2+. COT/Ca2+ add-on: 2%. COT/M-ASP add-on: 7%. COT/M-ASP-Ca2+ add-on: 2% CaCl2 and 7% M-ASP.  435 

Table 3. Combustion data of M-ASP and M-ASP-Ca2+-treated cotton fabrics from horizontal flame spread tests. 436 

Sample Flaming combustion 
time a) (s) 

Afterglow combus-
tion time a)  

(s) 

Extinguish-
ment  

RMF b) 
(%) 

COT 80 35 NO <1 

COT-Ca2+ c) 85 35 NO 16 

COT/M-ASP d) 17 68 YES 90 

COT/M-ASP-
Ca2+ e) 

3 18 YES 99 

a) Combustion time ± 1 s. b) RMF ± 1.0%. c) COT/Ca2+ add-on: 2%. d) COT/M-ASP add-on: 7%. e) COT/M-ASP-Ca2+ 

add-on: 2% CaCl2 and 7% M-ASP.  

  
The burnt areas of the residues from the burning tests of COT/M-ASP and COT/M-ASP-Ca2+ samples 437 

were analyzed by SEM (Figure 10). In both cases the texture of the cotton fabrics was preserved, 438 

despite the burning, thanks to the presence of the PAA coating, which remained intact. At the same 439 

time, the cotton fibers appeared partially consumed internally. It should be noted that the surface of 440 

COT/M-ASP-Ca2+ exhibited some partially exploded bubbles due to the intumescence of M-ASP.     441 
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 442 
Figure 10. SEM micrographs at different magnifications of the black portion of the combustion residues of COT/M-ASP 443 

and COT/M-ASP-Ca2+samples at the end of HFSTs (Figure 9). 444 

3.7.2 Vertical Flame Spread Tests (VFSTs) 445 

The combustion behavior of M-ASP-Ca2+-treated cotton fabrics was also studied by vertical flame 446 

spread tests and compared with those of M-ASP-treated cotton fabrics and untreated cotton. Snap- 447 

shots taken at the beginning and at the end of the combustion are shown in Figure 11. Relevant com- 448 

bustion data are listed in Table 4. Combustion tests performed in vertical configuration are more 449 

drastic than those performed in horizontal configuration, as evidenced by the fact that cotton burned 450 

much faster (80 s vs. 20 s in the presence of flame in VFSTs and HFSTs, respectively). Not unex- 451 

pectedly, considering the results of HFSTs, CaCl2 failed to inhibit cotton combustion, whereas M- 452 

ASP, in line with what previously found (Beduini et al. 2021), weakly protected cotton from com- 453 

bustion, as evidenced by the RMF values reported in Table 4, but was unable to suppress the flame. 454 

In contrast, COT/M-ASP-Ca2+ did not ignite, showing only a modest afterglow for 35 s, a negligible 455 

burned area (Figure 11), and an RMF of approximately 100% (Table 4). 456 

Analogously to what has already been observed in the HFSTs, the mechanism as a flame-retardant of 457 

the M-ASP/Ca2+ system can be ascribed to the catalytic action of the Ca2+ ions on M-ASP carboni- 458 

zation which occurs thanks to the strong interactions between the two species (Figures 3a-3c). In this 459 

drastic configuration due to the chimney effect during combustion, the synergism between M-ASP 460 

and the Ca2+ ions is even greater as cotton ignition is completely inhibited, while in the horizontal 461 

configuration cotton ignites, but only burns for a few seconds (flaming combustion time of 3 s, Table 462 

3).  463 

Furthermore, it can be observed that, in VFSTs, Ca2+ ions allowed to suppress the combustion of 464 

cotton impregnated with both M-ASP and M-GLY, although both PAAs failed in suppressing the 465 

flame in these tests, even at much higher add-ons.  466 
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However, significant differences were identified in the behavior of the two PAA/CaCl2 formulations, 467 

which suggested a greater efficacy of M-ASP compared to M-GLY in interacting with cotton in the 468 

presence of Ca2+. The first observation is that the minimum effective add-on was lower for M-ASP 469 

than for M-GLY (12% vs. 19%, respectively). At 12% add-on, COT/M-ASP-Ca2+ did not ignite, 470 

whereas COT/M-GLY-Ca2+ did at 19% add-on, although the flame extinguished after 5 sec. Sec- 471 

ondly, the afterglow flaming time observed with COT/M-ASP-Ca2+ was lower than with M-GLY- 472 

Ca2+ (35 s vs. 90 s, respectively). Finally, a lower RMF was obtained with M-GLY-Ca2+ compared to 473 

M-ASP-Ca2+ (82% vs. 100%, respectively).  474 

 475 
Figure 11. Snapshots of vertical flame spread tests for untreated cotton and cotton treated with Ca2+, M-ASP, and M- 476 

ASP-Ca2+. COT/Ca2+ add-on: 2%. COT/M-ASP add-on: 12%. COT/M-ASP-Ca2+ add-on: 2% CaCl2 and 12% M-ASP.  477 

Table 4. Combustion data of ASP and M-ASP-Ca2+-treated cotton fabrics from vertical flame spread tests. 478 

Sample Flaming combustion 
time a) (s) 

Afterglow combustion 
time a) (s) 

Ignition  RMF b) 
(%) 

COT 20 32 YES <1 

COT-Ca2+ c) 12 65 YES 5 

COT/M-ASP d) 14 221 YES 22 

COT/M-ASP-Ca2+ 

e) 
- 35 NO ~ 100 

a) Combustion time ± 1 s. b) RMF ± 1.0%. c) COT/Ca2+ add-on: 2%. d) COT/M-ASP add-on: 12%. e) COT/M-ASP-Ca2+ 

add-on: 2% CaCl2 and 12% M-ASP.  
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3.7.3 Oxygen-consumption cone calorimetry tests  479 

Cotton fabrics treated with M-ASP and M-ASP-Ca2+ were exposed to a 35 kWm−2 heat flux in an 480 

oxygen-consumption cone calorimetry. In this experimental condition the sample surface to approx- 481 

imately 520 °C (Schartel et al. 2006). Combustion parameters such as time to ignition (TTI), heat 482 

release rate peak (pkHRR), total heat release (THR), and residual mass fraction (RMF) were reported 483 

in Table 5. Figure 12 shows the heat release rate (HRR) curves of COT, COT-Ca2+, COT/M-ASP and 484 

COT/M-ASP-Ca2+. Both M-ASP and M-ASP-Ca2+ significantly affected cotton combustion, reduc- 485 

ing its TTI by almost 50%. This can be ascribed to the anticipated formation of thermally stable chars 486 

that protect cotton from combustion, reduncing the pkHRR by almost 40%. CaCl2 was found efficient 487 

as well as M-ASP in terms of pkHRR reductions. It may be observed that the pKHRR reductions 488 

were comparable to those of M-GLY, but in the case of M-ASP-Ca2+ the M-ASP add-on was lower 489 

than with M-GLY (12% vs. 19%, respectively) (Alongi et al. 2023).  490 

 491 
Figure 12. Heat release rate curves of COT, COT-Ca2+, COT/M-ASP and COT/M-ASP-Ca2+.  492 

CaCl2 add-on: 2%. M-ASP add-on: 12%. COT/M-ASP-Ca2+ add-on: 2% CaCl2 and 12% M-ASP.  493 

Table 5. Combustion data of M-ASP and M-ASP-Ca2+-treated cotton fabrics from oxygen-consumption cone calorimetry. 494 

Sample TTI a) 

(s) 

pkHRR b) 

(kWm-2), (reduction, %) 

THR c) 

(MJm-2) 

RMF d)  

(%) 

COT 50±3 130±2 3.3±0.4 0 

COT-Ca2+ e) 26±2 77±10 (-41%) 3.2±0.1 3±1 

COT/M-ASP f) 28±7 82±9 (-37%) 3.6±0.5 4±1 

COT/M-ASP-Ca2+ g) 28±3 77±14 (-41%) 3.1±0.3 9±1 
a) TTI: time to ignition. b) pkHRR: heat release rate peak. c) THR: total heat release. d) RMF: residual mass fraction. e) CaCl2 add-on: 495 
2%. f) M-ASP add-on: 12%. g) COT/M-ASP-Ca2+ add-on: 2% CaCl2 and 12% M-ASP. 496 

4. Conclusions 497 

In previous work, the PAA derived from the polyaddition of N,N'-methylenebisacrylamide with gly- 498 

cine, encoded M-GLY, was shown to protect cotton fabrics from burning in horizontal flame spread 499 
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tests, but not in the more drastic vertical flame spread tests. The addition of small amounts of CaCl2 500 

increased the effectiveness of M-GLY as a flame-retardant to such an extent that it suppressed flaming 501 

of cotton even in vertical flame spread tests. The underlying hypothesis was that Ca2+ ions could 502 

establish ionic and Lewis’s acid/base interactions with the repeating units of both cellulose and M- 503 

GLY thus affecting the thermo-oxidative decomposition of cellulose. This finding prompted to in- 504 

vestigate whether Ca2+ ions could even more strongly interact with the PAA synthesized by the pol- 505 

yaddition of N,N'-methylenebisacrylamide with aspartic acid, encoded M-ASP, featuring one addi- 506 

tional carboxyl pendant per repeat unit with respect to M-GLY.  507 

TG analysis of M-ASP/CaCl2 mixtures with the same composition used in the protective coatings of 508 

cotton, carried out in nitrogen and in air, demonstrated that in both atmospheres the M-ASP-Ca2+ 509 

adducts had much greater thermal stability than M-ASP alone above 350 °C, and left an unexpectedly 510 

high RMF800 in both atmospheres. As expected, also COT/M-ASP-Ca2+ was much more stable than 511 

COT/M-ASP in between 350-800 °C in both nitrogen and air. This finding demonstrated that M-ASP 512 

and Ca2+ interact synergistically with the pyranose rings of cellulose, favoring its dehydration rather 513 

than depolymerization, hence protecting cotton from thermal and thermo-oxidative decomposition.  514 

The performance of M-ASP-Ca2 as flame-retardant for cotton was investigated in different scenarios 515 

and compared with that of M-ASP. In horizontal flame spread tests, M-ASP-Ca2+ provided an even 516 

more effective protective coating than M-ASP, by exhibiting lower flaming and afterglow combus- 517 

tion times as well as residual mass fraction approaching 100%. The effect of CaCl2 on M-ASP-coated 518 

cotton was even more evident in vertical flame spread tests, where plain M-ASP at add-on 12% only 519 

weakly protected cotton, leaving a residual mass fraction of 20%, whereas the addition of 2% CaCl2 520 

inhibited ignition and left a residual mass fraction approaching 100%. In oxygen-consumption cone 521 

calorimetry tests, both M-ASP and M-ASP-Ca2+ significantly affected cotton combustion, reducing 522 

the heat release rate peak of approximately 40%.  523 

The results reported here confirm the hypothesis that Ca2+ ions, by establishing strong interactions 524 

with the repeating units of both cellulose and its a-amino acid-derived PAA coatings, significantly 525 

improve the thermal oxidative stability of the system. At the same time, they confirm that this favor- 526 

able effect can be further enhanced by properly designing the structure of the PAA coating. In partic- 527 

ular, the presence, in M-ASP, of one more carboxyl group per repeat unit with respect to M-GLY, 528 

make the overall charge of the polyelectrolytic PAA coating more anionic at all working pH’s, thus 529 

facilitating its interaction with Ca2+ ions.  530 

From the above results, it is apparent that if from one side the hydrophilicity of a-amino acid-derived 531 

PAAs causes their easy washability, from the other side it allows the intimate and homogeneous 532 

interaction between cellulose and PAA. This suggests that, to ensure the durability of the PAA 533 
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coatings, it could be highly advantageous to covalently graft them onto cotton. Studies in this direc- 534 

tion are currently underway (Beduini et al. 2022).  535 

 536 
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